
	

Continue

https://lazav.co.za/YmrXLWy8?keyword=reinforced%20concrete%20design%20manual%20aci%20318-14%20pdf


Reinforced	concrete	design	manual	aci	318-14	pdf

The	Reinforced	Concrete	Design	Handbook	provides	assistance	to	professionals	engaged	in	the	design	of	reinforced	concrete	buildings	and	related	structures.	This	edition	is	a	major	revision	that	brings	it	up-to-date	with	the	approach	and	provisions	of	Building	Code	Requirements	for	Structural	Concrete	(ACI	318-14).	The	layout	and	look	of	the
Handbook	have	also	been	updated.	The	Reinforced	Concrete	Design	Handbook	now	provides	dozens	of	design	examples	of	various	reinforced	concrete	members,	such	as	one-	and	two-way	slabs,	beams,	columns,	walls,	diaphragms,	footings,	and	retaining	walls.	For	consistency,	many	of	the	numerical	examples	are	based	on	a	fictitious	seven-story
reinforced	concrete	building.	There	are	also	many	additional	design	examples	not	related	to	the	design	of	the	members	in	the	seven	story	building	that	illustrate	various	ACI	318-14	requirements.	Each	example	starts	with	a	problem	statement,	then	provides	a	design	solution	in	a	three	column	format—code	provision	reference,	short	discussion,	and
design	calculations—	followed	by	a	drawing	of	reinforcing	details,	and	finally	a	conclusion	elaborating	on	a	certain	condition	or	comparing	results	of	similar	problem	solutions.	In	addition	to	examples,	almost	all	chapters	in	the	Reinforced	Concrete	Design	Handbook	contain	a	general	discussion	of	the	related	ACI	318-14	chapter.	All	chapters	were
developed	by	ACI	staff	engineers	under	the	auspices	of	the	ACI	Technical	Activities	Committee	(TAC).	To	provide	immediate	oversight	and	guidance	for	this	project,	TAC	appointed	three	content	editors:	Andrew	Taylor,	Trey	Hamilton	III,	and	Antonio	Nanni.	Their	reviews	and	suggestions	improved	this	publication	and	are	appreciated.	TAC	also
appreciates	the	support	of	Dirk	Bondy	and	Kenneth	Bondy	who	provided	free	software	to	analyze	and	design	the	post-tensioned	beam	example,	in	addition	to	valuable	comments	and	suggestions.	Thanks	also	go	to	JoAnn	Browning,	David	DeValve,	Anindya	Dutta,	Charles	Dolan,	Matthew	Huslig,	Ronald	Klemencic,	James	Lai,	Steven	McCabe,	Mike	Mota,
Hani	Nassif,	Jose	Pincheira,	David	Rogowski,	and	Siamak	Sattar,	who	reviewed	one	or	more	of	the	chapters.	Keywords:	anchoring	to	concrete;	beams;	columns;	cracking;	deflection;	diaphragm;	durability;	flexural	strength;	footings;	frames;	piles;	pile	caps;	post-tensioning;	punching	shear;	retaining	wall;	shear	strength;	seismic;	slabs;	splicing;
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—Introduction,	p.	133	7.2—Service	limits,	p.	133	7.3—Analysis,	p.	134	7.4—Design	strength,	p.	134	7.5—Temperature	and	shrinkage	reinforcement,	p.	140	7.6—Detailing,	p.	140	7.7—Examples,	p.	143	CHAPTER	8—DIAPHRAGMS	8.1—Introduction,	p.	281	8.2—Material,	p.	281	8.3—Service	limits,	p.	281	8.4—Analysis,	p.	281	8.5––Design	strength,	p.
283	8.6––Reinforcement	detailing,	p.	284	8.7—Summary	steps,	p.	286	8.8—Examples,	p.	289	CHAPTER	9—COLUMNS	9.1—Introduction,	p.	353	9.2—General,	p.	353	9.3—Design	limits,	p.	353	9.4—Required	strength,	p.	354	9.5—Design	strength,	p.	356	9.6—Reinforcement	limits,	p.	357	9.7—Reinforcement	detailing,	p.	357	9.8—Design	steps,	p.	359
9.9––Examples,	p.	362	CHAPTER	10—STRUCTURAL	REINFORCED	CONCRETE	WALLS	10.1—Introduction,	p.	391	10.2—General,	p.	391	10.3—Required	strength,	p.	393	10.4––Design	strength,	p.	394	10.5––Detailing,	p.	398	10.6––Summary,	p.	399	10.7—Examples,	p.	400	CHAPTER	11—FOUNDATIONS	11.1—Introduction,	p.	419	11.2—Footing
design,	p.	419	11.3—Design	steps,	p.	420	²)RRWLQJVVXEMHFWWRHFFHQWULFORDGLQJS	11.5—Combined	footing,	p.	423	11.6—Examples,	p.	425	1.1—Introduction	The	building	depicted	in	this	chapter	was	developed	to	show	how,	by	various	examples	in	this	Handbook,	to	design	and	detail	a	common	concrete	building	according	to	ACI	318-14.
This	example	building	is	seven	stories	above	ground	and	has	a	one	story	basement.	The	building	has	evenly	spaced	columns	along	the	grid	lines.	One	column	has	been	removed	along	Grid	C	on	the	second	level	so	that	there	is	open	space	for	the	lobby.	The	building	dimensions	are:	•	Width	(north/south)	=	72	ft	(5	bays	@	14	ft)	•	Length	(east/west)	=
218	ft	(6	bays	@	36	ft)	•	Height	(above	ground)	=	92	ft	•	Basement	height	=	10	ft	The	basement	is	used	for	storage,	building	services	and	mechanical	equipment.	It	is	ten	feet	high	and	has	an	extra	column	added	in	every	bay	along	Grids	A	through	F	to	support	a	two-way	slab	at	the	second	level.	There	are	basement	walls	at	the	perimeter.	The
structural	system	is	an	ordinary	concrete	shear	wall	in	the	north/south	direction	and	an	ordinary	concrete	moment	frame	in	east/west	direction.	These	basic	systems	were	chosen	as	a	starting	point	for	the	examples.	Member	examples	may	be	expanded	to	show	how	they	may	be	designed	in	intermediate	or	special	systems	but	a	new	structural	analysis
is	not	done.	The	following	analysis	results	provide	the	moments,	shears,	and	axial	loads	given	in	the	examples	in	other	chapters	in	the	manual.	Those	examples	may	modify	this	initial	GDWDWRGHPRQVWUDWHVRPHVSHFL¿FFRGHUHTXLUHPHQW	1.2—Building	plans	and	elevation	The	following	building	plans	and	elevation	provide	the	illustration	of
the	example	building.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Building	Example	CHAPTER	1—BUILDING	EXAMPLE	10	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	11	Building	Example	CHAPTER	1—BUILDING
EXAMPLE	A-A	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	12	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	1.3—Loads	The	following	loads	for	the	example	building	are	generated	in	accordance	with	ASCE7-10.	The	Risk	Category	is	II.	Gravity	Loads	Dead	Load,	D:	•	Self	weight	•	Additional	D	=	15
lb/ft2	•	Perimeter	walls	=	15	lb/ft2	Live	Load:	•	1st	and	2nd	Floors:	Lobbies,	public	rooms,	and	corridors	serving	them	=	100	lb/ft2	•	Typical	Floor:	Private	rooms	and	corridors	serving	them	=	65	lb/ft2	Roof	Live	Load:	•	Unoccupied	=	20	lb/ft2	Snow	Load:	•	Ground	load,	Pg	=	20	lb/ft2	•	Thermal,	Ct	=	1.0	•	Exposure,	Ce	=	1.0	•	Importance,	Is	=	1.0	•
Flat	roof	load,	Pf	=	20	lb/ft2	Lateral	Loads	Wind	Load:	•	Basic	(ultimate)	wind	speed	=	115	mph	•	Exposure	category	=	C	0	•	Wind	directionality	factor,	Kd	=	0.85	0	•	Topographic	factor,	Kst	=	1.0	5	((rigid)	•	Gust-effect	factor,	Gf	=	0.85	QW	+/-0.18	•	,QWHUQDOSUHVVXUHFRHI¿FLHQWGC	pi	=	+/	•	Directional	Procedure	Seismic	Load:	•
Importance,	Ie	=	1.0	•	Site	class	=	D	•	SS	=	0.15,	SDS	=	0.16	•	S1	=	0.08,	SD1	=	0.13	•	Seismic	design	category	=	B	•	Equivalent	lateral	force	procedure	•	Building	frame	system;	ordinary	reinforced	concrete	shear	walls	in	the	north-south	direction	ƕ	R=5	ƕ	Cs	=	0.046	•	Moment-resting	frame	system;	ordinary	reinforced	concrete	moment	frame	in
the	east-west	direction	ƕ	R=3	ƕ	Cs	=	0.032	The	fcƍIRUFROXPQVDQGZDOOVLQPXOWLVWRU\EXLOGLQJVPD\	be	different	than	the	fcƍXVHGIRUWKHÀRRUV\VWHP&RQFUHWH	SODFHPHQWXVXDOO\SURFHHGVLQWZRVWDJHVIRUHDFKVWRU\¿UVW	WKHYHUWLFDOPHPEHUVVXFKDVFROXPQVDQGVHFRQGWKHÀRRU	members,	such	as
beams	and	slabs.	It	is	desirable	to	keep	the	concrete	strengths	of	the	vertical	members	within	a	ratio	RIRIWKHÀRRUFRQFUHWHVWUHQJWK6HFWLRQLQ$&,	VWDWHVWKDWLIWKLVUDWLRLVH[FHHGHGWKHÀRRUFRQFUHWH	in	the	area	immediately	around	the	vertical	members	must	be	“puddled”	with	higher	strength	concrete.	Usually	this
situation	only	becomes	an	issue	for	taller	buildings.	For	this	example,	the	building	height	is	moderate	and	the	loads	are	typical.	The	locally	available	aggregate	is	a	durable	dolomitic	limestone.	Thus,	the	concrete	can	readily	have	a	higher	fcƍWKDQWKHLQLWLDODVVXPSWLRQRISVL$FKHFNRI	the	durability	requirements	of	Table	19.3.2.1	in	ACI
318-14	shows	that	5000	psi	will	satisfy	the	minimum	fcƍIRUDOOH[SRsure	classes.	For	this	concrete,	a	check	of	Table	19.2.1.1	in	ACI	318-14	shows	that	all	the	code	minimum	limits	are	satis¿HG7KHIROORZLQJFRQFUHWHPDWHULDOSURSHUWLHVDUHFKRVHQ	•	fcƍ	SVL	•	Normalweight,	wc	=	150	lb/ft3	•	Ec	=	4,030	4,030,000	psi	•	Ȟ		5	5	×	10–
6/F	•	eth	=5.5	The	usee	of	lightweight	concrete	can	reduce	seismic	forces	tweight	co	ndat	ads.	Based	on	local	experience,	however,	and	foundation	loads.	W	H	RRI	EXLOGLQJ	QJ	ZRQ¶W	WKLV	W\SH	ZRQ¶W	JUHDWO\	EHQH¿W	IURP	WKH	XVH	li	h	weig	The	modulus	of	elastic	for	concrete,	Ec,	is	off	lightweight.	alcul	ed	aaccording	g	to	19.2.
calculated	19.2.2	in	ACI	318.	For	normalweight	concr	e,	Eq	2.2.1.b	in	ACI	318	is	applicable.	Software	concrete,	Eq.	19.2.2.1.b	¿	L	¿QLWHH	O	SURJUDPVXVLQJ¿QLWHHOHPHQWDQDO\VLVFDQDFFRXQWIRUWKH	ect.	The	P	Poisson	effect.	Poisson	ratio	can	vary	due	to	material	erties,	but	an	average	value	for	concrete	is	0.2.	Recomproperties,
PHQGDWLR	PHQGDWLRQVIRUWKHWKHUPDOFRHI¿FLHQWRIH[SDQVLRQe	th,	of	concrete	can	be	found	in	ACI	209R.	The	most	common	and	most	available	nonprestressed	reinforcement	is	Grade	60.	Higher	grades	are	available	but	20.2.2.4	in	ACI	318-14	limits	many	uses	of	reinforcing	steel	to	60	ksi.	The	modulus	of	elastic	for	reinforcement,	Es,
is	given	in	20.2.2.2	in	ACI	318.	Reinforcement	Material	Properties	•	fy	=	60,000	psi	•	fyt	=	60,000	psi	•	Es	=	29,000,000	psi	1.4—Material	properties	The	material	properties	for	any	building	should	have	a	reasonable	knowledge	of	locally	available	concrete	and	steel	materials.	As	a	preliminary	value	for	this	example,	a
speci¿HGFRQFUHWHFRPSUHVVLYHVWUHQJWKfcƍRISVLXVXDOO\	SURYLGHV	IRU	D	VDWLVIDFWRU\	ÀRRU	GHVLJQ	,Q	WKH	86	UHLQIRUFLQJVWHHOIRUÀRRUGHVLJQLVXVXDOO\VSHFL¿HGDV	psi.	REFERENCES	American	Concrete	Institute	ACI	209R-92—Prediction	of	Creep,	Shrinkage,	and	Temperature	Effects	in	Concrete	Structures
American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	2—STRUCTURAL	SYSTEMS	2.2—Materials	The	concrete	mixture	proportion	needs	to	satisfy	the	design	properties	and	limits	in	ACI	318-14,	Chapter	19,	and	the	reinforcing	steel	needs	to	satisfy	the	design	properties	and	limits	in	Chapter	20	(ACI	318-14).	2.3—
Design	loads	ACI	318-14	assumes	that	ASCE	7-10	design	loads	are	applied	to	the	building’s	structural	system	and	to	individual	PHPEHUV	DV	DSSOLFDEOH	/RDGV	DUH	DVVXPHG	WR	EH	DSSOLHG	vertically	and	horizontally.	Horizontal	loads	are	assumed	to	Table	2.1—Member	chapters	Volume	no.	ACI	SP-17(14)	I	II	Chapter	name	ACI	SP-17(14)
Building	system	Structural	systems	Structural	analysis	Durability	2QHZD\VODE	Two-way	slab	Beams	Diaphragm	Columns	Walls	Foundations	Retaining	walls	Serviceability	Strut-and	tie	Anchoring	to	concrete	Chapter	no.	ACI	318-14	ACI	SP-17(14)	—	1	4	and	5	2	6	3	19	4	7	5	8	6	9	7	12	8	10	9	11	10	13	11	7	and	11	12	24	13	23	14	17	15	ogonal	direct	ons
Two	types	of	lateral	loads	are	act	in	orthogonal	directions.	ed	in	this	chapter:	discussed	nd	lloading	g	(elastic	analysis,	a	1.	Wind	ACI	318-14,	Chapter	6)	2.	E	rthqu	ading	(AC	Earthquake	loading	(ACI	318-14,	Chapter	18)	Wi	quake	lo	Wind	an	and	earthquake	loads	are	dynamic	in	nature;	owev	r,	th	however,	they	differr	in	the	m	manner	in	which	these
loads	are	induc	cture.	Wi	induced	in	a	structure.	Wind	loads	are	externally	applied	loa	d	hence,,	are	related	to	the	structure’s	exposed	loads	and,	thquake	lo	surface.	Earthquake	loads	are	inertial	forces	related	to	the	tude	and	dis	magnitude	distribution	of	the	mass	in	the	structure.	2.3.1	Win	Wind	loading—Wind	kinetic	energy	is	transformed	into
potential	energy	when	it	is	resisted	by	an	obstruction.	Wind	pressure	is	related	to	the	wind	velocity,	building	height,	building	surface,	the	surrounding	terrain,	and	the	location	and	size	of	other	local	structures.	The	structural	response	to	D	WXUEXOHQW	ZLQG	HQYLURQPHQW	LV	SUHGRPLQDQWO\	LQ	WKH	¿UVW	mode	of	vibration.	The	quasi-
static	approach	to	wind	load	design	has	generDOO\SURYHGVXI¿FLHQW,WPD\QRWEHVDWLVIDFWRU\KRZHYHU	for	very	tall	buildings,	especially	with	respect	to	the	comfort	of	the	occupants	and	the	permissible	horizontal	movement,	“or	drift,”	which	can	cause	the	distress	of	partitions	and	glass.	Therefore,	to	determine	design	wind	loads	for	very
tall	buildings,	wind	tunnel	testing	is	not	unusual.	2.3.2	Earthquake	loading²7KHPDLQREMHFWLYHRIVWUXFtural	design	is	life	safety;	that	is,	preserving	the	lives	of	occupants	and	passersby.	Serviceability	and	minimizing	HFRQRPLFDOORVVKRZHYHUDUHDOVRLPSRUWDQWREMHFWLYHV%\	studying	the	results	of	previous	earthquakes	on
various	structural	systems,	improvements	to	code	provisions	and	design	practices	have	been	achieved.	These	improvements	have	led	to	a	reduction	in	damage	of	reinforced	concrete	structures	that	experience	an	earthquake.	Some	code	improvements	for	PHPEHUVWKDWUHVLVWVLJQL¿FDQWVHLVPLFDFFHOHUDWLRQVDUH	American	Concrete
Institute	–	Copyrighted	©	Material	–	www.concrete.org	Structural	Systems	2.1—Introduction	A	chapter	on	structural	systems	of	reinforced	concrete	buildings	has	been	introduced	into	the	ACI	Code	(ACI	318-14).	This	chapter	gives	guidance	on	the	relationships	among	the	different	chapters	and	their	applicability	to	structural	systems.	A	structural
engineer’s	primary	concern	is	to	design	buildings	that	are	structurally	safe	and	serviceable	under	design	vertical	and	lateral	loads.	Prior	to	the	1970s,	reinforced	concrete	buildings	that	were	of	moderate	height	(less	than	20	stories),	not	in	seismically	active	areas,	or	constructed	with	nonstructural	masonry	walls	and	partitions,	were	seldom	explicitly
designed	for	lateral	forces	(ACI	Committee	442	1971).	Continuing	research,	advancement	in	materials	science,	and	improvements	in	analysis	tools	have	allowed	structural	engineers	to	develop	economical	building	designs	with	more	predictable	structural	performance.	Structural	systems	and	their	component	members	must	WLIIQHVV	VR	WKDW
SURYLGH	VXI¿FLHQW	VWDELOLW\	VWUHQJWK	DQG	VWLIIQHVV	ned,	desig	overall	structural	integrity	is	maintained,	design	loads	are	resisted,	and	serviceability	limits	are	m	met.	The	individual	ural	system	are	generally	members	of	a	building’s	structural	ertic	h	assumed	to	be	oriented	either	vertically	orr	horizontally,	with	ng	structure	ure
ramps.	Chap	er	4	the	common	exception	of	parking	Chapter	XF	PHPEHUVDQGFRQQHFRI$&,LGHQWL¿HVWKHVWUXFWXUDOPHPEHUVDQGFRQQHFed	concrete	bui	ing	tion	types	that	are	common	to	rei	reinforced	building	nd	ddetailing	ling	code	provi	ns	structural	systems	with	design	and	provisions	(ACI	318-14):	D		+RUL]RQWDO	ÀRRU	DQG
URRI	PHPEHUV	RQHZD\	DQG	two-way	slabs,	Chapters	7	and	8)	V	E		+RUL]RQWDO	VXSSRUW	PHPEHUV	EHDPV	DQG	MRLVWV	Chapter	9)	F	9HUWLFDOPHPEHUVFROXPQVDQGVWUXFWXUDOZDOOV&KDSters	10	and	11)	(d)	Diaphragms	and	collectors	(Chapter	12)	(e)	Foundations—isolated	footings,	mats,	pile	caps,	and	piles	(Chapter	13)	(f)
Plain	concrete—unreinforced	foundations,	walls,	and	piers	(Chapter	14)	(g)	Joints	and	connections	(Chapters	15	and	16)	In	Table	2.1,	code	chapters	are	correlated	with	the	chapters	LQ9ROXPHVDQGRIWKLV+DQGERRN	14	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	contains	provisions	meant	to	ensure	inelastic	deformation
capacity	in	regions	where	yielding	is	likely,	which	then	protects	the	overall	integrity	and	stability	of	the	building.	Dynamic	(modal)	analysis	is	commonly	used	for	larger	structures,	important	structures,	or	for	structures	with	an	irregular	vertical	or	horizontal	distribution	of	stiffness	or	mass.	For	very	important	and	potentially	critical	structures—for
example,	nuclear	power	plants—inelastic	dynamic	analysis	may	be	used	(ACI	Committee	442	1988).	Fig.	2.3.2—Typical	distribution	of	equivalent	static	lateral	.	forces	representing	seismic	forces	“ASCE	7-10.”	7KHUHTXLUHPHQWWKDWFROXPQVLQDIUDPHDUHÀH[XUDOO\	DIUDPH	ed	“st	stronger	than	beams—the	so-called	“strong	column-weak
beam”	concept	se	ductility	ity	and	large	en	gy	2.	Improve	detailing	to	increase	energy	ation	in	stiffnes	dissipation	capacity	(with	less	de	deterioration	stiffness	and	strength)	UV	WR	HQVXUH	ÀH	XUDO		'HVLJQLQJ	DQG	GHWDLOLQJ	PH	PHPEHUV	ÀH[XUDO	trength	yielding	before	reaching	nominal	sh	shear	strength	4.	Designing	and	detailing	the
connections	to	be	stronger	than	the	members	framing	into	them	/LPLWLQJVWUXFWXUDOV\VWHPLUUHJXODULWLHV	For	most	structures,	the	equivalent	lateral	force	procedure	given	in	ASCE	7-10	is	used.	Based	on	this	procedure,	the	distribution	of	design	forces	along	the	height	of	a	building	roughly	approximates	the	building’s	fundamental	mode
of	vibration	(Fig.	2.3.2).	Applying	recorded	earthquake	motions	to	a	structure	through	elastic	dynamic	analyses	usually	result	in	greater	force	demands	than	from	the	earthquake	design	forces	speci¿HGE\PRVWFRGHV7KLVLVEHFDXVHFRGHVJHQHUDOO\DFFRXQW	for	force	reductions	due	to	inelastic	response.	For	example,	ASCE	7-10	applies	an	R
IDFWRU	UHVSRQVH	PRGL¿FDWLRQ	factor),	which	accounts	for	the	ductility	of	a	building,	system	over-strength,	and	energy	dissipation	through	the	soil-founGDWLRQV\VWHP³$6&(´,WVLPSOL¿HVWKHVHLVPLFGHVLJQ	process	such	that	linear	static	elastic	analysis	can	be	used	for	building	designs.	The	R	factor	reduces	the	calculated	lateral	loads
and	assumes	a	building	may	be	damaged	during	an	earthquake	event,	but	will	not	collapse.	The	higher	the	R-value,	the	lower	the	lateral	design	load	on	a	structure.	R-values	range	from	1-1/2	for	structures	with	stiff	systems,	having	low	deformation	capacity,	to	8	for	ductile	systems,	KDYLQJ	VLJQL¿FDQW	GHIRUPDWLRQ	FDSDFLW\	,Q	D
GHVLJQOHYHO	earthquake,	it	is	expected	that	some	building	members	will	yield.	To	promote	appropriate	inelastic	behavior,	ACI	318	2.4—Structural	systems	All	structures	must	have	a	continuous	load	path	that	can	be	traced	from	all	load	sources	or	load	application	to	WKH	IRXQGDWLRQ	7KH	MRLQWV	EHWZHHQ	WKH	YHUWLFDO	PHPEHUV
(columns	and	walls)	and	the	horizontal	members	(beams,	slabs,	diaphragms,	and	foundations)	are	crucial	to	this	concept.	Properly	detailed	cast-in-place	(CIP)	reinforced	FRQFUHWHMRLQWVWUDQVIHUPRPHQWVDQGVKHDUVIURPWKHÀRRU	into	columns	and	walls,	thus	creating	a	continuous	load	path.	7KH	MRLQW	GHVLJQ	VWUHQJWK	$&,	
&KDSWHU			PXVW	of	course,	adequately	resist	the	factored	forces	applied	to	WKH	MMRLQW	5HIHU	DOVR	WR$&,	5	IRU	MRLQW	GHVLJQ	DQG	detailing	inform	information.	ngineers	commo	Engineers	commonly	refer	to	a	structure’s	gravity-loadJ	V\	VWHP	*/56	UHVLVWLQJ	V\VWHP	*/56		DDQ	DQG	ODWHUDOIRUFHUHVLVWLQJ	V\VWHP	$OO
PEHUVRID	/)56	$OOPHPEHUVRID&,3UHLQIRUFHGFRQFUHWHVWUXFWXUH	FRQ	XWHWR	*/56DQGP	FRQWULEXWHWRWKH*/56DQGPRVWFRQWULEXWHWRERWKV\VWHPV	For	lo	w-ris	structures,	ures,	the	inherent	lateral	stiffness	of	the	low-rise	/56	LV	V	RI	¿FLHQW	WR	UHVLVW	WKH	GHVLJQ	ODWHUDO	IRUFHV	*/56	RIWHQ
VXI¿FLHQW	ZLWKRX	DQ\	VWRWKHG	ZLWKRXWDQ\FKDQJHVWRWKHGHVLJQRUGHWDLOLQJRIWKH*/56	mem	rs.	A	uilding	in	members.	As	the	building	increases	in	height,	the	importance	L	DQG	QG	GGHWDLO	LOL	WKH	/5)6	WR	UHVLVW	ODWHUDO	ORDGV	RI	GHVLJQLQJ	GHWDLOLQJ	increases.	At	some	po	point,	stiffness	rather	than
strength	will	UQ	WKH	GHVLJQ	GHVLJQ	RI	WKH	/)56	,Q	WKH	GHVLJQ	SURFHVV	WKH	JRYHUQ	W\SH	RI	/	W\SHRI/)56LVXVXDOO\LQÀXHQFHGE\DUFKLWHFWXUDOFRQVLGerations	and	construction	requirements.	There	are	several	types	of	structural	systems	or	a	combination	thereof	to	resist	gravity,	lateral,	and	other	loads,	with	deformation
behavior	as	follows:	1.	Frames²/DWHUDO	GHIRUPDWLRQV	DUH	SULPDULO\	GXH	WR	VWRU\VKHDU7KHUHODWLYHVWRU\GHÀHFWLRQVWKHUHIRUHGHSHQG	on	the	horizontal	shear	applied	at	each	story	level.	2.	Walls²/DWHUDOGHIRUPDWLRQVDUHGXHWRERWKVKHDUDQG	bending.	The	behavior	predominate	mode	depends	on	the
wall’s	height-to-width	aspect	ratio.	3.	Dual	systems—Dual	systems	are	a	combination	of	moment-resisting	frames	and	structural	walls.	The	momentresisting	frames	support	gravity	loads,	and	up	to	25	percent	RIWKHODWHUDOORDG7KHVWUXFWXUDOZDOOVUHVLVWWKHPDMRULW\RI	the	lateral	loading.	4.	Frames	with	closely	spaced	columns,
known	as	cantilevered	column	system	or	a	tube	system²/DWHUDO	deformations	are	due	to	both	shear	and	bending,	similar	to	a	wall.	Wider	openings	in	a	tube,	however,	can	produce	a	behavior	intermediate	between	that	of	a	frame	and	a	wall.	Regardless	of	the	system,	a	height	is	reached	at	which	the	resistance	to	lateral	sway	will	govern	the	design	of
the	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	15	Structural	Systems	CHAPTER	2—STRUCTURAL	SYSTEMS	Fig.	2.4—Structural	systems	and	optimum	height	limitations	(Ali	and	Moon	2007).	ss,	not	strength,	structural	system.	At	such	a	height,	stiffness,	controls	the	building	design.	sions	that	determine	the	ASCE	7
(2010)	provides	provisions	C	A	tthrough	F).	As	a	buildSeismic	Design	Categories	(SDC	y	increases,	in	es,	from	A	thr	ing’s	Seismic	Design	Category	throughh	pro	sively	more	rigorous	rigo	ous	F,	ASCE	7	(2010)	requires	a	progressively	uct	system	stem	to	mainta	seismic	design	and	a	more	ductile	maintain	an	orm	e.	acceptable	level	of	seismic
performance.	ries	of	earthquake	arthquake	deta	g;	ACI	318	provides	three	categories	detailing;	ordinary,	intermediate,	and	special.	T	These	categories	provide	an	increasing	level	of	system	toughness.	Building	height	limits	in	ASCE	7	(2010)	are	related	to	the	/)56	For	buildings	in	SDC	A	and	B,	wind	load	will	usually	FRQWUROWKHGHVLJQRIWKH/)56
For	buildings	in	SDC	C,	seismic	loads	are	likely	to	control	GHVLJQIRUFHVDQGVHLVPLFGHWDLOLQJLVUHTXLUHG/)56VDUH	not	limited	in	height	for	most	systems	for	this	SDC,	but	interstory	drift	limits	from	ASCE	7	(2010)	must	be	met.	Again,	stiffness,	not	strength,	will	likely	control	the	lateralforce-resisting	system	design.	For	buildings	in	SDC	D,
E,	and	F,	seismic	loads	almost	always	control	design	forces,	and	increased	seismic	detailing	LV	UHTXLUHG	/)56	RIWHQ	KDYH	PD[LPXP	KHLJKW	OLPLWDWLRQV	based	on	assumed	structural	performance	level	behavior.	Figure	2.4	shows	approximate	height	limits	for	different	structural	systems.	Table	2.4	provides	ASCE	limits	for	choosing	a
structural	system	for	a	particular	building.	The	ranges	of	applicability	VKRZQ	DUH	LQÀXHQFHG	E\	RFFXSDQF\	UHTXLUHPHQWV	DUFKLWHFWXUDOFRQVLGHUDWLRQVLQWHUQDOWUDI¿FÀRZSDUWLFXODUO\LQ	WKHORZHUÀRRUV	WKHVWUXFWXUH¶VKHLJKWDQGDVSHFWUDWLRDQG	load	intensity	and	types	(live,	wind,	and
earthquake).	2.4.1	Gravity-resisting	systems—A	gravity-load-resisting	V\VWHP	*/56		LV	FRPSRVHG	RI	KRUL]RQWDO	ÀRRU	PHPEHUV	and	vertical	members	that	support	the	horizontal	members.	Gravity	loads	ar	are	resisted	by	reinforced	concrete	members	JK	D[LDO	ÀH[XU	WKURXJK	ÀH[XUDO	VKHDU	DQG	WRUVLRQDO	VWLIIQHVV	DQG	rma	m
strength..	Th	Thee	related	defo	deformations	are	exaggerated	and	shown	in	Fig.	2.4.1	2.4.1.	22.4.2	La	oad-resist	Lateral-load-resisting	system—A	lateral-forceUHVLVWL	JV\	)56	PX	UHVLVWLQJV\VWHP/)56	PXVWKDYHDQDGHTXDWHWRXJKQHVV	tain	integrity	y	during	high	wind	loading	and	design	to	maintain	earthq	ake	accelerations.	ations.	B
earthquake	Buildings	are	basically	cantilevered	memb	esigned	ffor	strength	(axial,	shear,	torsion,	members	designed	DQGVHUYL	DQGPRPHQW	DQGVHUYLFHDELOLW\GHÀHFWLRQDQGFUHHSPXVW	red	for	tall	buildings).	be	considered	CI	318-14,	Section	18.2.1,	lists	the	relevant	code	ACI	VHFWLRQV	VHFWLRQV	IRU	HDFK	6'&	DV	LW
DSSOLHV	WR	D	VSHFL¿F	VHLVPLF	force-resisting	system.	The	following	lateral-force-resisting	systems	are	addressed	as	follows.	2.4.2.1	Moment-resisting	frames—Cast-in-place	momentresisting	frames	derive	their	load	resistance	from	member	strengths	and	connection	rigidity.	In	a	moment-resisting	frame	structure,	the	lateral	displacement	(drift)
is	the	sum	of	three	parts:	1)	deformation	due	to	bending	in	columns,	EHDPVVODEVDQGMRLQWGHIRUPDWLRQV	GHIRUPDWLRQGXHWR	VKHDULQFROXPQVDQGMRLQWVDQG	GHIRUPDWLRQVGXHWRD[LDO	force	in	columns.	Yielding	in	the	frame	members	or	the	foundation	can
VLJQL¿FDQWO\LQFUHDVHWKHODWHUDOGLVSODFHPHQW7KHHIIHFWRI	secondary	moments	caused	by	column	axial	forces	multiSOLHGE\ODWHUDOGHÀHFWLRQVP¨HIIHFW	ZLOOIXUWKHULQFUHDVH	WKHODWHUDOGHÀHFWLRQ	In	buildings,	moment-resisting	frames	are	usually	arranged	parallel	to	the	principal	orthogonal	axes	of	the
structure	and	WKH	IUDPHV	DUH	LQWHUFRQQHFWHG	E\	ÀRRU	GLDSKUDJPV	$&,	318,	Chapter	12).	Moment-resisting	frames	usually	allow	WKH	PD[LPXP	ÀH[LELOLW\	LQ	VSDFH	SODQQLQJ	DQG	DUH	DQ	economical	solution	up	to	a	certain	height.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	16	THE
REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Table	2.4—Approximate	building	height	limits	for	various	LFRS	Practical	limit	of	system	(ASCE	7-10	limit	according	to	SDC)	SDC	Type	of	LFRS	A	and	B	C	D	E	F	Moment-resisting	frames	(only):	2UGLQDU\PRPHQWIUDPH20)	1/	NP	NP	NP	NP	Intermediate	moment	frame	(IMF)	1/	1/	NP	NP
NP	Special	Moment	frame	(SMF)	1/	1/	1/	1/	1/	Structural	walls	(only):	%XLOGLQJIUDPHV\VWHPVVWUXFWXUDOZDOOVDUHWKHSULPDU\/)56DQGIUDPHVDUHWKHSULPDU\*/56		2UGLQDU\VWUXFWXUDOZDOO26:	1/	1/	NP	NP	NP	Special	structural	wall	(SSW)*	1/	1/	160	ft	160	ft	100	ft	Bearing	wall	systems	(structural	walls	are	the	primary
lateral-	and	gravity-load-resisting	system):	26:	1/	1/	NP	NP	NP	SSW*	1/	1/	160	ft	160	ft	100	ft	'XDOV\VWHPVVWUXFWXUDOZDOOVDUHWKHSULPDU\/5)6DQGWKHPRPHQWUHVLVWLQJIUDPHVFDUU\DWOHDVW	of	the	lateral	load):	26:ZLWK20)	1/	NP	NP	NP	NP	26:ZLWK,0)	1/	1/	NP	NP	NP	26:ZLWK60)	1/	1/	NP	NP	NP	66:ZLWK20)	NP	NP	NP	NP
NP	SSW	with	IMF	1/	1/	160	ft	100	ft	100	ft	SSW	with	SMF	1/	1/	1/	1/	1/	F	*	Height	limits	can	be	increasedd	per	ASCE	7	(2010),	Section	12.2.5.4.	13	QRWS	1RWHV1/	QROLPLW13	QRWSHUPLWWHG	Fig.	2.4.2.2a—Coupled	shear	walls.	)LJ²'HÀHFWLRQVGXHWRJUDYLW\ORDG	2.4.2.2	Shear	walls—Reinforced	concrete	shear	walls	are	often	introduced
into	multistory	buildings	because	of	their	high	in-plane	stiffness	and	strength	to	resist	lateral	forces	or	when	the	building	program	is	conducive	to	layout	of	VWUXFWXUDOZDOOV)RUEXLOGLQJVZLWKRXWDVLJQL¿FDQWPRPHQW	frame,	shear	walls	behave	as	vertical	cantilevers.	Walls	can	be	designed	with	or	without	openings	(Fig.	2.4.2.2a).
Separate	walls	can	be	coupled	to	act	together	by	beams/slabs	or	deep	beams,	depending	on	design	forces	and	architectural	requirements.	Coupling	of	shear	walls	introduces	frame	DFWLRQ	WR	WKH	/)56	DQG	WKXV	UHGXFHV	ODWHUDO	GHÀHFWLRQ	RI	the	system.	Reinforced	concrete	walls	are	often	used	around
HOHYDWRUDQGVWDLUVKDIWVWRDFKLHYHWKHUHTXLUHG¿UHUDWLQJ	For	shear	wall	types	and	functions,	refer	to	Table	2.4.2.2.	A	shear	wall	building	usually	consists	of	a	series	of	parallel	shear	walls	in	orthogonal	directions	that	resists	lateral	loads	and	supports	vertical	loads.	,Q	PXOWLVWRU\	EHDULQJ	ZDOO	EXLOGLQJV	VLJQL¿FDQW
GLVFRQWLnuities	in	mass,	stiffness,	and	geometry	should	be	avoided.	Bearing	walls	should	be	located	close	to	the	plan	perimeter	if	possible	and	should	preferably	be	symmetric	in	plan	to	reduce	torsional	effects	from	lateral	loading	(refer	to	Fig.	2.4.2.2c).	2.4.2.3	Staggered	wall-beam	system—This	system	uses	story-high	solid	or	pierced	walls
extending	across	the	entire	width	of	the	building	and	supported	on	two	lines	of	columns	placed	along	exterior	faces	(Fig.	2.4.2.3).	By	staggering	the	ORFDWLRQVRIWKHVHZDOOEHDPVRQDOWHUQDWHÀRRUVODUJHFOHDU	DUHDVDUHFUHDWHGRQHDFKÀRRU	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org
CHAPTER	2—STRUCTURAL	SYSTEMS	17	Table	2.4.2.2—Shear	wall	types	and	functions	Behavior	Reinforcement	Remarks	/DWHUDOGHVLJQLVXVXDOO\FRQFHUQHG	only	with	shear	strength.	Bars	evenly	distributed	horizontally	and	vertically.	Wall	foundation	must	be	capable	of	resisting	the	actions	generated	in	the	wall.	Consider	sliding	resistance
provided	by	foundation.	Height-to-length	ratio	is	greater	than	2	/DWHUDOGHVLJQPXVWFRQVLGHU	both	the	wall’s	shear	and	moment	strength.	Evenly	distributed	vertical	and	horizontal	reinforcement.	Part	of	the	vertical	reinforcement	may	be	concentrated	at	ZDOOHQGV²ERXQGDU\HOHPHQWV9HUWLFDO	reinforcement	in	the	web	contributes	to
WKHÀH[XUDOVWUHQJWKRIWKHZDOO	Wall	foundation	must	be	capable	of	resisting	the	actions	generated	in	the	wall.	Consider	overturning	resistance	provided	by	foundation.	Ductile	structural	wall	/DWHUDOGHVLJQLVKHDYLO\LQÀXHQFHG	E\ÀH[XUHVWLIIQHVVDQGVWUHQJWK	Flexural	bar	spacing	and	size	should	be
VPDOOHQRXJKVRWKDWÀH[XUDOFUDFNLQJ	LVOLPLWHGLI\LHOGLQJRFFXUV2YHUUHLQIRUFLQJIRUÀH[XUHLVGLVFRXUDJHGEHFDXVH	ÀH[XUDO\LHOGLQJLVSUHIHUUHGRYHUVKHDU	failure.	Acceptable	ductility	can	be	obtained	with	proper	attention	to	axial	load	level,	FRQ¿QHPHQWRIFRQFUHWHVSOLFLQJRI	reinforcement,
treatment	of	construction	MRLQWVDQGSUHYHQWLRQRIRXWRISODQH	buckling.	Coupled	walls	with	shallow	coupling	beams	or	slabs	(Fig.	2.4.2.2b(a))	/LQNVODEÀH[XUDOVWLIIQHVVGHWHriorates	quickly	during	inelastic	reversed	loading.	Place	coupling	slab	bars	to	limit	slab	cracking	at	the	stress	concentrations	at	the	wall	ends.	Punching	shear
stress	around	the	wall	ends	in	the	slab	needs	to	be	checked.	Coupled	walls	with	coupling	beams	(Fig.	2.4.2.2b(b))	Depending	on	span-to-depth	ratio,	link	beams	may	be	designed	as	deep	beams.	Main	reinforcement	is	placed	horizontally	or	diagonally.	For	coupling	beams	with	main	reinforcement	placed	diagonally	from	the	deep	beam’s	corner	to	corner
QHGE\VSLUDORUFORVHG	PD\EHFRQ¿QHGE\VSLUDORUFORVHGWLHV	H[XUHDQGVKHDU	DQGGHVLJQHGWRUHVLVWÀH[XUHDQGVKHDU	directly.	Properly	detailed	coupling	beams	can	achieve	ductility.	Coupling	beams	should	maintain	their	load-carrying	capacity	under	reverse	inelastic	deformation.	,Q¿OOHGIUDPHV	(structural	or
nonstructural)	(Fig.	2.4.2.2b(c))	ehav	as	braced	frames,	Frames	behave	ng	tthe	lateral	al	strength	and	increasing	V7	OLQJDFWVDVDVWUXW	VWLIIQHVV7KHLQ¿OOLQJDFWVDVDVWUXW	n	ddiagonally	ly	opposite	frame	between	an	creates	tes	high	hig	shear	corners,	and	mns.	forces	in	th	the	columns.	HU	EH	LHQWO\
,Q¿OOZDOOVVKRXOGHLWKHUEHVXI¿FLHQWO\	parated	from	the	th	moment	men	frame	separated	making	them	nonstructural),	nonst	ctura	or	detailed	iled	(making	urally	with	the	too	be	connected	structurally	mome	frame.	moment	8	8QHYHQLQ¿OOLQJFDQFDXVHLUUHJXODULtie	of	the	moment	frame.	If	there	are	ties	QR
QRLQ¿OOVDWDJLYHQVWRU\OHYHOWKDW	stor	acts	as	a	weak	or	soft	story	that	is	story	vul	vulnerable	to	concentrated	damage	and	in	instability.	)LJE²&RXSOHGDQGLQ¿OOZDOOVD	VKDOORZFRXSOLQJEHDPVRUVODEVE	FRXSOLQJ	EHDPVDQGF	LQ¿OOZDOOV	The	staggered	wall-beam	building	is	suitable	for	multistory	construction	having
permanent	interior	partitions	such	as	apartments,	hotels,	and	student	residences.	An	advantage	of	the	wall-beam	building	is	the	large	open	DUHDWKDWFDQEHFUHDWHGLQWKHORZHUÀRRUVZKHQQHHGHGIRU	parking,	commercial	use,	or	even	to	allow	a	highway	to	pass	under	the	building.	This	system	should	be	considered	in	low
VHLVPLFDUHDVEHFDXVHRIWKHVWLIIQHVVGLVFRQWLQXLW\DWHDFKÀRRU	2.4.2.4	Tubes—A	tube	structure	consists	of	closely	spaced	columns	in	a	moment	frame,	generally	located	around	the	perimeter	of	the	building	(Fig.	2.4.2.4(a)).	Because	tube	structures	generally	consist	of	girders	and	columns	with	low	span-to-depth	ratios	(in	the	range
of	2	to	4),	shearing	deformations	often	contribute	to	lateral	drift	and	should	be	included	in	analytical	models.	Tubes	are	often	thought	of	as	behaving	like	a	perforated	diaphragm.	Frames	parallel	to	direction	of	force	act	like	webs	to	carry	the	shear	from	lateral	loads,	while	frames	perpendicular	to	WKH	GLUHFWLRQ	RI	IRUFH	DFW	DV	ÀDQJHV	WR
FDUU\	WKH	PRPHQW	from	lateral	loads.	Gravity	loads	are	resisted	by	the	exterior	frames	and	interior	columns.	A	reinforced	concrete	braced	tube	is	a	system	in	which	a	WXEHLVVWLIIHQHGDQGVWUHQJWKHQHGE\LQ¿OOLQJLQDGLDJRQDO	pattern	over	the	faces	of	the	building	(Fig.	2.4.2.4(b)).	This	bracing	increases	the	structure’s	lateral
stiffness,	reduces	the	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Structural	Systems	Structural	walls	Short—height-to-length	ratio	does	not	exceed	2	18	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Fig.	2.4.2.2c—Example	of	shear	wall	layouts.	Fig.	2.4.2.3—Staggered	wall-beam	system.	moments	in
the	columns	and	girders,	and	reduces	the	effects	of	shear	lag.	2.4.3	Dual	systems—Dual	systems	consist	of	combining	two	of	the	structural	systems	discussed	in	the	previous	VHFWLRQ7KH\DUHXVHGWRDFKLHYHVSHFL¿FUHVSRQVHFKDUDFteristics,	particularly	with	respect	to	seismic	behavior.	Some	of	the	more	common	dual	systems	are
discussed	in	2.4.3.1	through	2.4.3.6.	2.4.3.1	Wall-frame	systems²5LJLGMRLQWHG	IUDPHV	DQG	isolated	or	coupled	structural	walls	can	be	combined	to	SURGXFHDQHI¿FLHQWODWHUDOIRUFHUHVLVWLQJV\VWHP%HFDXVH	RI	WKH	GLIIHUHQW	VKHDU	DQG	ÀH[XUDO	ODWHUDO	GHÀHFWLRQ	FKDUacteristics	of	moment	frames	and
structural	walls,	careful	attention	to	the	interaction	between	the	two	systems	can	improve	the	structure’s	lateral	response	to	loads	by	reducing	ODWHUDOGHÀHFWLRQV)LJ		The	wall’s	overturning	moment	is	greatly	reduced	by	interaction	with	the	frame.	Because	drift	compatibility	is	forced	on	both	the	frame	and	the	wall,	and	the	frame-alone	and
wall-alone	drift	modes	are	different,	the	building’s	overall	lateral	stiffness	is	increased.	Design	of	the	frame	columns	J	IRUJUDYLW\ORDGVLVDOVRVLPSOL¿HGLQVXFKFDVHVDVWKHIUDPH	columns	are	as	assumed	to	be	braced	against	sidesway	by	the	walls.	-frame	dual	sy	The	wal	wall-frame	system	permits	the	structure	to	gned	for	a	desired
yielding	sequence	under	strong	be	designed	grou	eams	can	bbe	designed	to	experience	signifground	mot	motion.	Beams	icant	yielding	eldi	before	ore	inelas	inelastic	action	occurs	at	the	bases	h	walls.	wall	By	creating	reating	a	hinge	sequence,	and	considoff	the	ring	thee	re	conomy	with	which	yielded	beams	can	ering	relative	economy	be	repaired,	re
ired	wall-frame	-frame	str	structures	are	appropriate	for	use	iin	higher	seismic	mic	zone	zones.	However,	note	that	the	variation	nd	overtur	of	shears	and	overturning	moments	over	the	height	of	the	wall	and	frame	is	very	different	under	inelastic	versus	elastic	response	conditions.	2.4.3.2	Outrigger	systems—An	outrigger	system	uses	orthogonal	walls,
girders,	or	trusses,	one	or	two	stories	in	height,	to	connect	the	perimeter	columns	to	central	core	walls,	thus	enhancing	the	structure	lateral	stiffness	(Fig.	2.4.3.2)	In	addition	to	the	outrigger	girders	that	extend	out	from	the	core,	girders	or	trusses	are	placed	around	the	perimeter	of	the	structure	at	the	outrigger	levels	to	help	distribute	lateral	forces
between	the	perimeter	columns	and	the	core	walls.	These	perimeter	girders	or	trusses	are	called	“hat”	or	“top-hat”	bracing	if	located	at	the	top,	and	“belt”	bracing	if	located	at	intermediate	levels.	Some	further	reductions	in	total	drift	and	core	bending	moments	can	be	achieved	by	increasing	the	cross	section	of	the	columns	and,	therefore,	the	axial
stiffness,	and	by	adding	outriggers	at	more	levels.	2XWULJJHUVDUHHIIHFWLYHLQLQFUHDVLQJRYHUDOOEXLOGLQJVWLIIness	and,	thus,	resist	wind	loads	with	less	drift.	Design	of	outrigger-type	systems	for	SDC	D	through	F	must	consider	the	effect	of	the	high	local	stiffness	of	the	outriggers	on	the	inelastic	response	of	the	entire	system.
Members	framing	into	the	outriggers	should	be	detailed	for	ductile	response.	2.4.3.3	Tube-in-tube—For	tall	buildings	with	a	reasonably	large	service	core,	it	is	generally	advantageous	to	use	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	19	Structural	Systems	CHAPTER	2—STRUCTURAL	SYSTEMS	Fig.	2.4.2.4—Tube
systems.	Fig.	2.4.3.2—Outrigger	system.	Fig.	2.4.3.1—Shear	wall	and	moment	frame	system.	shear	walls	enclosing	the	entire	service	core	(inner	tube)	as	part	of	the	lateral-force-resisting	system.	The	outer	tube	is	formed	by	the	closely-spaced	column-spandrel	beam	frame.	A	bundled	tube	system	consists	of	several	framed	tubes	bundled	into	one	larger
structure	that	behaves	as	a	multicell	perforated	box	(Fig.	2.4.3.3).	The	tube-in-tube	system	combines	the	advantages	of	both	the	perimeter	framed	tube	and	the	inner	shear	walls.	The	inner	shear	walls	enhance	the	structural	characteristics	of	the	Fig.	2.4.3.3—Tube-in-tube	and	bundled	tube	systems.	perimeter	framed	tube	by	reducing	the	shear
deformation	of	the	columns	in	the	framed	tube.	The	tube-in-tube	system	can	EHFRQVLGHUHGDUH¿QHGYHUVLRQRIWKHVKHDUZDOOIUDPHLQWHUaction	type	structure.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	20	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	2.4.3.4	Bundled	tubes—A
bundled	tube	system	consists	of	several	framed	tubes	bundled	into	one	larger	structure	that	behaves	as	a	multicell	perforated	box.	Individual	tubes	can	be	terminated	at	different	heights.	The	bundled	tube	system	RIIHUVFRQVLGHUDEOHÀH[LELOLW\LQOD\RXWDQGSRVVHVVHVODUJH	WRUVLRQDODQGÀH[XUDOVWLIIQHVV	2.4.3.5	Mixed
concrete-steel	structures—Mixed	concretesteel	systems	consist	of	interacting	concrete	and	steel	assemblies.	The	resulting	composite	structure	displays	most	or	all	of	the	advantages	of	steel	structures	(large	spans	and	lightweight	construction)	as	well	as	the	favorable	characteristics	of	concrete	structures	(high	lateral	stiffness	of	shear	walls	and	cores,
and	high	damping).	Engineers	must	address	the	differential	vertical	creep	and	shrinkage	between	steel	and	concrete	to	prevent	uneven	displacement.	Because	the	erection	of	steel	and	concrete	structures	involves	different	building	trades	and	equipment,	engineers	who	design	mixed	construction	should	consider	scheduling	issues.	2.4.3.6	Precast
structures—Precast	concrete	members	are	widely	used	as	components	in	frame,	wall,	and	wall-frame	systems.	Mixed	construction,	consisting	of	precast	concrete	assemblies	connected	to	a	cast-in-place	concrete	core,	is	also	GVRQWKHH[WHQW	XVHG7KHHI¿FLHQF\RIVXFKV\VWHPVGHSHQGVRQWKHH[WHQW	ure,	the	si	of	standardization,	the
ease	of	manufacture,	simplicity	of	assembly,	and	the	speed	of	erection.	UJHV	3UHFDVWÀRRUV\VWHPVLQFOXGHODUJHVWDQGDUGL]HGUHLQIRUFHG	te	sl	(and	usually	prestressed)	concrete	slabs,	with	or	without	inteore	as	well	as	prefabri	ted	rior	cylindrical	voids	(hollow	core),	prefabricated	D	XDOO\DVVHPEOHG	URP
ULEVODEV5LJLGMRLQWHGIUDPHVDUHXVXDOO\DVVHPEOHGIURP	nd	coress	are	assembled	from	rom	H-	or	T-units,	and	shear	walls	and	s.	Planning	ning	and	desig	ng	prefabricated	single-story	panels.	designing	appropriate	connection	details	for	ppanels,	fframe	members,
DQGÀRRUDVVHPEOLHVLVWKHVLQJOHPRVWLPSRUWDQWRSHUDWLRQ	related	to	prefabricated	structures.	s:	Three	main	types	of	connections	are	described	as	follows:		6WHHO	UHLQIRUFHPHQW	EDUV	SURWUXGLQJ	IURP	DGMDFHQW	precast	members	are	made	continuous	by	mechanical	FRQQHFWRUV	ZHOGLQJ	RU	ODS	VSOLFHV	DQG
WKH	MRLQW	EHWZHHQ	WKHPHPEHUVLV¿OOHGZLWKFDVWLQSODFHFRQFUHWH,IZHOGLQJ	is	used,	the	engineer	should	specify	appropriate	welding	procedures	to	avoid	brittle	connections.	2.	Steel	inserts	(plates	and	angles)	provided	in	the	precast	members	are	bolted	or	welded	together	and	the	gaps	are	grouted.	3.	The	individual	precast
units	are	post-tensioned	together	DFURVVWKHMRLQWZLWKRUZLWKRXWDPRUWDUEHG	7KH	EHKDYLRU	RI	D	SUHFDVW	V\VWHP	VXEMHFWHG	WR	VHLVPLF	loading	depends	to	a	considerable	degree	on	the	characteristics	of	the	connections.	Connection	details	can	be	developed	that	ensure	satisfactory	performance	under	seismic	loadings,
provided	that	the	engineer	pays	particular	attention	to	steel	GXFWLOLW\DQGSRVLWLYHFRQ¿QHPHQWRIFRQFUHWHLQWKHMRLQWDUHD	2.5—Floor	subassemblies	6HOHFWLRQRIWKHÀRRUV\VWHPVLJQL¿FDQWO\DIIHFWVDVWUXFture’s	cost	as	well	as	the	performance	of	its	lateral-
forceUHVLVWLQJV\VWHP7KHSULPDU\IXQFWLRQRIDÀRRUV\VWHPLV	to	resist	gravity	load.	Additional	important	functions	in	most	buildings	are:	)LJ²7ZRZD\ÀDWSODWHV\VWHP	Fig.	2.5.2—Flat	slab	with	drop	panels	and	capitals.	(a)	Diaphragm	action:	The	slab’s	in-plane	stiffness	maintains	the	pplan	shape	of	the	structure,	and	distributes
horizontal	forces	to	th	the	lateral-force-resisting	system.	RPHQWUHVLVWDQ	7K	7	E	0RPHQWUHVLVWDQFH7KHÀH[XUDOVWLIIQHVVRIWKHÀRRUV	tegral	g	and	nec	may	be	an	integral	necessary	part	of	the	lateral-forceg	sys	resisting	system.	Co	rete	structures	ures	are	ccommonly	analyzed	for	lateral	Concrete	RDGV	DVVXPLQJ	VVXP	ORDGV
WKH	ÀRRU	ÀRRU	V\V	V\VWHP	DFWV	DV	D	GLDSKUDJP	LQ¿tiff	iin	its	plane.	ane.	This	assumption	is	not	valid	for	all	nitely	stiff	FRQ¿J	UDWLR	DQG	G	JHRPHW	FRQ¿JXUDWLRQV	JHRPHWULHV	RI	ÀRRU	V\VWHPV	)DFWRUV	affe	g	di	gm	stiffne	affecting	diaphragm	stiffness	are:	span-to-depth	ratio	of	the	mensions	rrelative	to	the	location	of	the
lateralslab’s	plan	dimensions	ting	memb	load-resisting	members,	slab	thickness,	locations	of	slab	RSHQLQJVDQGG	RSHQLQJVDQGGLVFRQWLQXLWLHVDQGW\SHRIÀRRUV\VWHPXVHG	7KH	ÀRRU	V\VWHP	ÀH[XUDO	VWLIIQHVV	FDQ	DGG	WR	WKH	ODWHUDO	stiffness	of	the	structure.	If	the	slab	is	assumed	to	act	as	part	of	a	frame	to	resist
lateral	moments,	engineers	usually	limit	the	effective	slab	width	(acting	as	a	beam	within	the	frame)	to	between	25	and	50	percent	of	the	bay	width.	2.5.1	Flat	plates²$ÀDWSODWHLVDWZRZD\VODEVXSSRUWHGE\	columns,	without	column	capitals	or	drop	panels	(Fig.	2.5.1).	7KH	ÀDW	SODWH	V\VWHP	LV	D	YHU\	FRVWHIIHFWLYH	ÀRRU	IRU
commercial	and	residential	buildings.	Simple	formwork	and	reinforcing	patterns,	as	well	as	lower	overall	building	height,	are	advantages	of	this	system.	In	designing	and	detailing	plate-column	connections,	particular	attention	must	be	paid	to	the	transfer	of	shear	and	unbalanced	moment	between	the	slab	and	the	columns	(ACI	318,	Chapters	8	and
15).	This	is	DFKLHYHGE\XVLQJDVXI¿FLHQWVODEWKLFNQHVVRUVKHDUUHLQforcement	(stirrups	or	headed	shear	studs)	at	the	slab-column	MRLQWDQGE\FRQFHQWUDWLQJVODEÀH[XUDOUHLQIRUFHPHQWRYHU	the	column	area.	2.5.2	Flat	slabs	with	drop	panels,	column	capitals,	or	both²7KH	VKHDU	VWUHQJWK	RI	ÀDW	VODEV	FDQ	EH
LPSURYHG	by	thickening	the	slab	around	columns	with	drop	panels,	column	capitals	(either	constant	thickness	or	tapered),	shear	FDSVRUDFRPELQDWLRQ)LJ	/LNHÀDWSODWHVÀDWVODE	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	21	Fig.	2.5.6—One-way	banded	one-way	slab.	)LJ²7ZRZD\JULGZDIÀH	VODE
systems	normally	act	as	diaphragms	transmitting	lateral	forces	to	columns	and	walls.	'URSSDQHOVLQFUHDVHDVODE¶VÀH[XUDODQGVKHDUVWUHQJWK	HÀDWVODE	DWWKHFROXPQDQGWKXVLPSURYHWKHDELOLW\RIWKHÀDWVODE	GFROXPQFDSLWDOV	WRSDUWLFLSDWHLQWKH/)566KHDUFDSVDQGFROXPQFDSLWDOV	creasing	the
slab	thickimprove	the	slab	shear	strength	by	increasing	ve	the	slab	shear	strength	ness	around	the	column.	To	improve	ness	engineers	can	provide	without	increasing	the	slab	thickness,	diating	out	from	the	he	closely	spaced	stirrups	or	shear	stu	studs	radiating	column.	PV	VWLQJRQO\RIÀD	VODE
/DWHUDOIRUFHUHVLVWLQJV\VWHPVFRQVLVWLQJRQO\RIÀDWVODE	WLO	PHVVWUXFWXUDOZ	OOV	RUÀDWSODWHIUDPHVZLWKRXWGXFWLOHIUDPHVVWUXFWXUDOZDOOV	ble	in	high	se	ic	or	other	bracing	members,	are	uns	unsuitable	seismic	areas	(SDC	D	through	F).	2.5.3	7ZRZD\	JULG	ZDIÀH		VODEV—For	longer	spans,	a	slab
system	consisting	of	a	grid	of	ribs	intersecting	at	a	b	constant	spacing	can	be	used	to	achieve	an	appropriate	slab	depth	for	the	longer	span	with	much	less	dead	load	than	a	solid	slab	(Fig.	2.5.3).	The	ribs	are	formed	by	standardized	dome	or	pan	forms	that	are	closely	spaced.	The	slab	thickness	between	the	ULEV	LV	WKLQ	DQG	QRUPDOO\
JRYHUQHG	E\	¿UH	UDWLQJ	UHTXLUHPHQWV	6RPH	SDQV	DGMDFHQW	WR	WKH	FROXPQV	DUH	RPLWWHG	WR	form	a	solid	concrete	drop	panel,	to	satisfy	requirements	for	transfer	of	shear	and	unbalanced	moment	between	the	slab	and	columns.	$	ZDIÀH	VODE	SURYLGHV	DQ	DGHTXDWH	VKHDU	GLDSKUDJP	7KH	VROLG	VODE
DGMDFHQW	WR	WKH	FROXPQ	SURYLGHV	VLJQL¿FDQW	WZRZD\	VKHDU	VWUHQJWK	6ODE	ÀH[XUDO	DQG	SXQFKLQJ	VKHDU	strength	can	be	increased	by	the	addition	of	closely	spaced	stirrups	radiating	out	from	the	column	face	in	two	direcWLRQV6WLUUXSVPD\DOVREHXVHGLQWKHULEV%HFDXVHDZDIÀH
VODEEHKDYHVVLPLODUO\WRDÀDWVODE/5)6VFRQVLVWLQJRQO\	RIZDIÀHVODEIUDPHVDUHXQVXLWDEOHLQKLJKVHLVPLFGHVLJQ	areas	(SDC	D	through	F).	2.5.4	One-way	slabs	on	beams	and	girders²2QHZD\	slabs	on	beams	and	girders	consist	of	girders	that	span	between	columns	and	beams	that	span	between	the	girders.	2QHZD\	VODEV
VSDQ	EHWZHHQ	WKH	EHDPV	7KLV	V\VWHP	provides	a	satisfactory	diaphragm,	and	uses	the	girder-	column	frames	and	beam-column	frames	to	resist	lateral	ORDGV$GHTXDWHÀH[XUDOGXFWLOLW\FDQEHREWDLQHGE\SURSHU	detailing	of	the	beam	and	girder	reinforcement.	The	beams	and	slabs	can	be	placed	in	a	composite	fashion	(with
precast	elements).	If	composite,	shear	connectors	are	placed	at	the	beam-slab	interface	to	ensure	composite	action.	This	system	can	provide	good	lateral	force	resistance,	provided	that	the	shear	connectors	are	detailed	with	VXI¿FLHQWVWUHQJWKDQGGXFWLOLW\6RPHH[DPSOHVRIWKLVW\SH	of	slab	system	include:	D		3UHFDVW	FRQF
FRQFUHWH	MRLVWV	ZLWK	VWHHO	VKHDU	FRQQHFWRUV	he	top	of	the	bea	e	between	the	beam	and	a	cast-in-place	concrete	KH	FFRQFUHWH	HWH	MRLVWV	DUH	XVXDOO\	IDEULFDWHG	WR	UHDGLO\	VODE	7KH	su	the	formwork	mwork	for	the	cast-in-place	slab.	In	this	support	th	V\VWHP	V\VWHP	WKH	WKH	MRLVWV	DUH	VXSSR
VXSSRUWHG	RQ	ZDOOV	RU	FDVWLQSODFH	oncre	e	be	ming	i	di	dire	concrete	beams	framing	directly	into	columns.	E	6WHHOMRLVWVZLWKWKHWRSFKRUGHPEHGGHGLQDFDVWLQ	HHOM	LWKWKHWR	place	concrete	oncr	b.	The	sl	slab.	slab	formwork	is	supported	from	WKH	V	Z	VXSSRUWV
WKHMRLVWVZKLFKVXSSRUWVWKHIUHVKVODEFRQFUHWH	eams	suppo	(c)	Steel	beams	supporting	a	noncomposite	steel	deck	with	n-place	con	a	cast-in-place	concrete	slab.	Note	that	ACI	318	does	not	govern	the	st	structural	design	of	concrete	slabs	for	composite	steel	decks.	2.5.5	One-way	ribbed	slabs	(joists)²2QHZD\	ULEEHG	VODEMRLVW
V\VWHPVFRQVLVWRIFRQFUHWHULEVLQRQHGLUHFWLRQ	spanning	between	beams,	which	span	between	columns.	The	size	of	pan	forms	available	usually	determines	rib	depth	and	spacing.	As	with	a	two-way	ribbed	system,	the	thickness	of	the	thin	slab	between	ribs	is	often	determined	by	the	buildLQJ¶V¿UHUDWLQJUHTXLUHPHQWV	This
system	provides	an	adequate	shear	diaphragm	and	is	used	in	a	structure	whose	lateral	resistance	comes	from	a	PRPHQWUHVLVWLQJIUDPHRUVKHDUZDOOV2QHURZRISDQVFDQ	EHHOLPLQDWHGDWFROXPQOLQHVJLYLQJDZLGHÀDWEHDPWKDW	PD\EHXVHGDVSDUWRIWKH/)56(YHQLIWKHVODEV\VWHP	GRHV	QRW	IRUP	SDUW	RI	WKH
GHVLJQDWHG	/5)6	WKH	HQJLQHHU	should	investigate	the	actions	induced	in	the	ribs	by	building	drift.	2.5.6	One-way	banded	slabs—A	one-way	banded	slab	is	a	continuous	drop	panel	(shallow	beam)	spanning	between	columns,	usually	in	the	long-span	direction,	and	a	one-way	slab	spanning	in	the	perpendicular	direction	(Fig.	2.5.6).The	shallow
beam	can	be	reinforced	with	closely	spaced	stirrups	near	the	support	to	increase	the	slab’s	shear	strength.	This	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Structural	Systems	CHAPTER	2—STRUCTURAL	SYSTEMS	22	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Fig.	2.5.7—Two-way	slab	with	edge
beams	around	perimeter.	system	is	also	sometimes	referred	to	as	wide-shallow	beams	with	one-way	slabs.	$	VWUXFWXUH	XVLQJ	WKLV	W\SH	RI	ÀRRU	V\VWHP	LV	OHVV	VWLII	laterally	than	a	structure	using	a	ductile	moment	frame	with	EHDPV	RI	QRUPDO	GHSWK	/DWHUDOIRUFHUHVLVWLQJ	V\VWHPV	FRQVLVWLQJ	RQO\	RI	ÀDW	VODE	RU
ÀDW	SODWH	IUDPHV	ZLWKRXW	ductile	frames,	structural	walls,	or	other	bracing	members,	are	not	suitable	in	SDC	D	through	F.	—As	shown	in	F	2.5.7	Two-way	slabs	with	edge	beams—As	Fig.	ms	in	two	tw	directions	on	2.5.7,	the	slab	is	supported	by	beams	the	perimeter	column	lines.	This	syste	system	is	useful	where	a	I	WKH	/)56	EHDPFROXPQ
IUDPH	LV	UHTXLUHG	DV	SDUW	RI	/)56	7KH	ter	slab	provides	high	diaphragm	sti	stiffness,,	and	the	perim	perimeter	DW	WLIIQHVV	DQG	VWUH	QJWK	EHDPV	FDQ	SURYLGH	VXI¿FLHQW	ODWHUDO	VWLIIQHVV	VWUHQJWK	though	frame	action	for	use	in	SD	SDC	D	throu	through	F.	rid	(Section	ction	2.5.3)	slab	may	For	longer	spans,	a	two-way
grid	EHXVHGLQVWHDGRIDÀDWSODWH	2.5.8	Precast	slabs—Precast,	one-way	slabs	are	usually	supported	by	bearing	walls,	precast	beams,	or	cast-in-place	beams.	Precast	slabs	may	be	solid,	hollow-core	slabs,	or	single-	or	double-T-sections.	They	are	sometimes	topped	by	a	thin	cast-in-place	concrete	layer,	referred	to	as	a	“topping	slab.”	Welded
connections	are	normally	used	to	transfer	in-plane	shear	forces	between	precast	slabs	and	their	supports.	Because	precast	slabs	are	individual	units	interconnected	PHFKDQLFDOO\	WKH	DELOLW\	RI	WKH	DVVHPEOHG	ÀRRU	V\VWHP	WR	act	as	a	shear	diaphragm	must	be	examined	by	the	engineer.	Boundary	reinforcement	may	be	required,
particularly	where	the	lateral-force-resisting	members	are	far	apart.	In	areas	of	high	seismicity,	the	connections	between	the	precast	slab	system	and	the	lateral-load-resisting	system	must	be	carefully	detailed.	A	concrete	topping	bonded	to	the	precast	slab	improves	the	ability	of	the	slab	system	to	act	as	a	shear	diaphragm,	and	can	be	used	in	SDC	D
through	F.	2.6—Foundation	design	considerations	for	lateral	forces	A	foundation	design	must	consider	the	weight	of	the	building,	live	loads,	and	the	transmission	of	lateral	forces	to	the	ground.	A	distinction	should	be	drawn	between	external	forces,	such	as	wind,	and	inertia	forces	that	result	from	the	building’s	response	to	ground	motions	during	an
earthquake.	External	lateral	forces	can	include	static	pressures	due	to	ZDWHUHDUWKRU¿OODQGHTXLYDOHQWVWDWLFIRUFHVUHSUHVHQWLQJ	the	effects	of	wind	pressures,	where	a	gust	factor	or	impact	factor	is	included	to	account	for	their	dynamic	nature.	The	soil	type	and	strata	usually	dictate	whether	the	foundation	is	deep	or	shallow.	A
soils	report	from	a	licensed	geotechnical	engineer	provides	the	detailed	information	and	foundation	recommendations	that	the	licensed	design	profesVLRQDO	/'3		QHHGV	WR	GHVLJQ	WKH	IRXQGDWLRQ	)RU	VKDOORZ	footings,	the	geotechnical	engineer	provides	an	allowable	soil	bearing	pressure	for	the	soil	at	the	foundation	elevation.



7KDWSUHVVXUHOLPLWWDUJHWVDFHUWDLQDPRXQWRIVRLOGHÀHFtion,	and	includes	consideration	of	the	anticipated	use	of	the	building.	If	allowable	soil	pressure	is	less	than	2500	lb/ft2,	the	soil	is	very	soft	and	deep	foundation	options	are	usually	FRQVLGHUHG2WKHUVRLOVLWXDWLRQVVXFKDVH[SDQVLYHFOD\RU
QRQVWUXFWXUDO¿OOPD\SUHFOXGHWKHXVHRIVKDOORZIRXQGDtions.	If	the	building	is	below	grade,	concrete	walls	can	be	part	of	the	foundation	system.	The	two	types	of	deep	foundations	are	caissons	(also	known	as	piers)	and	piles.	If	hard	rock	is	not	far	below	existing	grade,	caissons	can	transfer	a	column	load	directly	to	the	bedrock.
Bearing	values	for	solid	rock	can	be	more	Ca	are	large	in	diameter,	usually	than	10	kip/ft2.	Caissons	pproximately	30	in.	Piles	are	generally	smaller	in	starting	at	aapproximately	r,	st	g	at	aroun	diameter,	starting	around	12	in.,	and	can	be	cast-in-place	a	red	hholes	or	precast	piles	that	are	driven	into	place.	in	augered	signed	for	lighter	loads	than
caissons	are.	Piles	aaree	usu	usually	designed	p	Groups	of	piles	mayy	be	used	where	bedrock	is	too	deep	for	cais	n.	Tops	T	ca	a	caisson.	of	piles	or	caissons	are	bridged	by	pile	caps	g	de	bbeams	to	o	distribu	and	grade	distribute	column	loads	as	needed.	ndations	i	Shallow	foundations	are	referred	to	as	footings.	Types	of	footings	are	isolate	isolated,
combined,	and	mat.	Isolated	rectar	or	squar	angular	square	footings	are	the	most	common	types.	Combined	footings	are	often	needed	if	columns	are	too	close	together	for	two	isolated	footings,	if	an	exterior	column	is	too	close	to	the	boundary	line,	or	if	columns	are	transmitting	moments	to	the	footing,	such	as	if	the	column	is	part	of	a	lateral-force-
resisting	system.	If	the	column	loads	are	uniformly	large,	such	as	in	multistory	buildings,	or	if	column	spacing	is	small,	mat	foundations	are	considered.	2.6.1	Resistance	to	lateral	loads—The	vertical	foundation	pressures	resulting	from	lateral	loads	are	usually	of	short	duration	and	constitute	a	small	percentage	of	the	total	vertical	load	effects	that
govern	long-term	soil	settlements.	Allowing	a	temporary	peak	in	vertical	bearing	pressures	XQGHU	WKH	LQÀXHQFH	RI	VKRUWWHUP	ODWHUDO	ORDGV	LV	XVXDOO\	preferred	to	making	the	footing	areas	larger.	The	geotechnical	engineer	should	report	the	likelihood	of	liquefaction	of	sands	or	granular	soils	in	areas	with	a	high	groundwater	table,
or	the	possibility	of	sudden	consolidaWLRQRIORRVHVRLOVZKHQVXEMHFWHGWRMDUULQJ7KHFDSDFLW\RI	friction	piles	founded	in	soils	susceptible	to	liquefaction	or	consolidation	should	be	checked.	2.6.2	Resistance	to	overturning—The	engineer	should	investigate	the	safety	factor	of	the	foundation	against	overturning	and	ensure	it	is	within
the	limits	of	the	local	building	code.	2YHUWXUQLQJFDOFXODWLRQVVKRXOGEHPDGHZLWKUHPRYDEOHVRLO	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	¿OORUOLYHORDGFRPSOHWHO\UHPRYHGDQGVKRXOGEHEDVHGRQD	safe	(low)	estimate	of	the	building’s	actual	dead	load.	2.7—Structural	analysis	The
analysis	of	concrete	structures	“shall	satisfy	compatibility	of	deformations	and	equilibrium	of	forces,”	as	stated	in	6HFWLRQRI$&,7KH/'3PD\FKRRVHDQ\PHWKRG	of	analysis	as	long	as	these	conditions	are	met.	This	discussion	is	intended	to	be	a	brief	overview	of	the	analysis	process	as	it	relates	to	structural	concrete	design.	For	more	detailed
information	on	structural	analysis,	refer	to	Chapter	3	of	this	Handbook.	2.8—Durability	Reinforced	concrete	structures	are	expected	to	be	durable.	The	design	of	the	concrete	mixture	proportions	should	consider	exposure	to	temperature	extremes,	snow	and	ice,	and	ice-removing	chemicals.	Chapter	19	of	ACI	318-14	provides	mixture	requirements	to
protect	concrete	and	reinforcement	against	various	exposures	and	deterioration.	Chapter	20	of	ACI	318-14	provides	concrete	cover	requirements	to	protect	reinforcement	against	steel	corrosion.	For	more	information,	refer	to	Chapter	4	of	this	Handbook.	2.9—Sustainability	Reinforced	concrete	structures	are	eexpected	to	be	as	sustainable	as
practical.	ACI	318	allows	sustainability	sign,	but	they	must	st	requirements	to	be	incorporated	in	the	design,	cea	requirements.	not	override	strength	and	serviceability	2.10—Structural	integrity	tur	integrity	egrity	is	to	“imp	ve	The	ACI	Code	concept	of	structural	“improve	uc	the	redundancy	and	ductility	in	structures	so	th	thatt	iin	th	the	event	RI
GDPDJH	WR	D	PDMRU	VXSSRUWLQJ	HOHPHQW	RU	DQ	DEQRUPDO	ORDGLQJ	HYHQW	WKH	UHVXOWLQJ	GDPDJH	PD\	EH	FRQ¿QHG	WR	D	er	relatively	small	area	and	the	structure	will	have	a	better	chance	to	maintain	overall	stability”	(ACI	Committee	442	1971).	The	Code	addresses	this	concept	by	providing	system	continuity	through	design
and	detailing	rules	within	the	beam	and	two-way	slab	chapters.	2.11—Fire	resistance	0LQLPXPFRYHUVSHFL¿HGLQ&KDSWHURI$&,LV	LQWHQGHGWRSURWHFWUHLQIRUFHPHQWDJDLQVW¿UHKRZHYHUWKH	&RGHGRHVQRWSURYLGHDPHWKRGWRGHWHUPLQHWKH¿UHUDWLQJ	of	a	member.	The	International	Building	Code	(IBC)	2015
6HFWLRQSHUPLWVFDOFXODWLRQVWKDWGHWHUPLQH¿UHUDWLQJV	to	be	performed	in	accordance	with	ACI	216.1	for	concrete,	concrete	masonry,	and	clay	masonry	members.	23	2.12—Post-tensioned/prestressed	construction	The	introduction	of	post-tensioning/prestressing	to
FRQFUHWHÀRRUEHDPVDQGZDOOHOHPHQWVLPSDUWVDQDFWLYH	permanent	force	within	the	structural	system.	Because	castin-place	structural	systems	are	monolithic,	this	force	affects	the	behavior	of	the	entire	system.	The	engineer	should	FRQVLGHU	KRZ	HODVWLF	DQG	SODVWLF	GHIRUPDWLRQV	GHÀHFWLRQV	changes	in	length,	and
rotations	due	to	post-tensioning/	prestressing	affect	the	entire	system.	Special	attention	must	be	given	to	the	connection	of	post-tensioned/prestressed	members	to	other	members	to	ensure	the	proper	transfer	of	forces	between,	and	maintain	a	continuous	load	path.	Because	the	post-tensioning/prestressing	force	is	permanent,	the	system	creep	and
shrinkage	effects	require	attention.	2.13—Quality	assurance,	construction,	and	inspection	7KH	,QWHUQDWLRQDO	6WDQGDUGL]DWLRQ	2UJDQL]DWLRQ	,62		GH¿QHV	³TXDOLW\´	DV	WKH	GHJUHH	WR	ZKLFK	D	VHW	RI	LQKHUHQW	FKDUDFWHULVWLFV	IXO¿OOV	D	VHW	RI	UHTXLUHPHQWV	7KH	JRDO	RI
TXDOLW\DVVXUDQFHLVWRHVWDEOLVKFRQ¿GHQFHWKDWSURMHFWVDUH	EXLOW	LQ	FRPSOLDQFH	ZLWK	SURMHFW	FRQVWUXFWLRQ	GRFXPHQWV	Chapter	26	of	A	ACI	318-14	contains	requirements	to	facilitate	mplementation	of	competent	construction	documents,	the	implementation	nstruction,	aand	nd	d	iinspection.	material,,	co
construction,	REFE	REFERENCES	Amer	an	C	American	Concrete	Institute	216	Code	Requirements	R	ACI	216.1-14—Code	for	Determining	Fire	Resistance	Resist	Concre	and	Masonry	Construction	off	Concrete	Asse	lies	Assemblies	2	Reco	ACI	352R-02—Recommendations	for	Design	of	Beamnnections	in	Monolithic	Reinforced	Concrete	Column
Connections	ures	Structures	$&,		$&,5²5HVSRQVHRI%XLOGLQJVWR/DWHUDO)RUFHV	ACI	442R-88—Response	of	Concrete	Buildings	to	/DWHUDO)RUFHV	American	Society	of	Civil	Engineers	$6&(²0LQLPXP'HVLJQ/RDGVIRU%XLOGLQJVDQG	other	Structures	International	Code	Council	IBC	2015	International	Building	Code	Authored	documents
Ali,	M.	M.,	and	Moon,	K.	S.,	2007,	“Structural	Development	in	Tall	Buildings:	Current	Trends	and	Future	Prospects,”	Architectural	Science	Review	9		1R		SS	205-223.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Structural	Systems	CHAPTER	2—STRUCTURAL	SYSTEMS	24	THE	REINFORCED	CONCRETE	DESIGN
HANDBOOK—SP-17(14)	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	3––STRUCTURAL	ANALYSIS	3.2—Overview	of	structural	analysis	3.2.1	General—The	analysis	of	concrete	structures	“shall	um	of	satisfy	compatibility	of	deformations	and	equilibrium	CI	318-14.	The	forces,”	as	stated	in	Section	4.5.1	of	ACI
\FKRRVH	OLFHQVHGGHVLJQSURIHVVLRQDO/'3	PD\FKRRVHDQ\PHWKRG	ons	are	met.	ACI	318-14,	of	analysis	as	long	as	these	conditions	evels	of	analysis:	1)	elastic	Chapter	6,	is	divided	into	three	levels	GHU		LQHODVWLFVHF	G	¿UVWRUGHU	HODVWLFVHFRQGRUGHUDQG	LQHODVWLFVHFRQG	rm	thee	use	of	strut-an	-tie	order.	In	addition,
ACI	318	permits	strut-and-tie	sco	ous	regions.	modeling	for	the	analysis	of	discontinuous	8,	ACI	318	provisions	state	tate	Except	as	noted	in	Chapter	18,	ete	that	the	designer	may	assume	tthat	reinforced	con	concrete	d	It	is	also	members	behave	elastically	underr	design	lloads.	generally	acceptable	to	model	concrete	members	with	constant	sectional
properties	along	the	member	length.	ay	These	assumptions	simplify	analysis	models	but	they	may	differ	from	the	actual	behavior	of	the	concrete	member.	3.2.2	Elastic	analysis—Most	concrete	structures	are	modeled	using	an	elastic	analysis.	The	stability	of	columns	DQGZDOOVPXVWEHFRQVLGHUHGE\ERWK¿UVWRUGHUDQGVHFRQG	RUGHU
DQDO\VLV	)RU	¿UVWRUGHU	DQDO\VLV	HQG	PRPHQWV	RI	FROXPQVDQGZDOOVDUHFRQVHUYDWLYHO\DPSOL¿HGWRDFFRXQW	for	second-order,	or	P¨HIIHFWV)RUVHFRQGRUGHUDQDO\VLV	the	second-order	effects	are	calculated	directly	considering	the	loads	applied	on	the	laterally	deformed	structure.	A	series	of	analyses	are	made
where	the	secondary	moment	from	each	analysis	is	added	to	the	subsequent	analysis	until	equilibrium	is	achieved.	3.2.3	Inelastic	analysis—Inelastic	second-order	analysis	determines	the	ultimate	capacity	of	the	deformed	structure.	The	analysis	may	take	into	account	material	nonlinearity,	member	curvature	and	lateral	deformation	(second-order
effects),	duration	of	loads,	shrinkage	and	creep,	and	interaction	with	the	supporting	foundation.	The	resulting	strength	must	be	compatible	with	results	of	published	tests.	This	DQDO\VLV	LV	XVHG	IRU	VHLVPLF	UHWUR¿W	RI	H[LVWLQJ	EXLOGLQJV	design	of	materials	and	systems	not	covered	by	the	code;	and	evaluation	of	building	performance
above	code	minimum	Table	3.2.5—Common	analysis	types	and	tools	Analysis	type	First-order	/LQHDUHODVWLF	Static	load	Hand	calculations	Applicable	member	or	assembly	Analysis	tool	2QHZD\VODE	Analysis	tables*	Continuous	one-way	slab	6LPSOL¿HGPHWKRGLQ6HFWLRQ	6.5	of	ACI	318-14	Two-way	slab	Direct	design	method	in	Section	8.10
of	ACI	318-14	Equivalent	frame	method	in	Section	8.11	of	ACI	318-14	Beam	Analysis	tables*	Continuous	beam	6LPSOL¿HGPHWKRGLQ6HFWLRQ	6.5	of	ACI	318-14	Column	Interaction	diagrams*	Interaction	diagrams*	der	First-order	/L	ODVWLF	/LQHDUHODVWLF	ad	Static	load	Comp	er	pro	Computer	programs	Second-order	/LQHDUHODVWLF
Static	or	dynamic	load	Computer	programs	Second-order	Inelastic	*	Wall	Alternative	method	for	out-ofplane	slender	wall	analysis	in	Section	11.8	of	ACI	318-14	T	Two-dimension	fra	sional	frame	Portal	method	in	Section	3.3.3	of	this	chapter	Gravity-on	Gravity-only	systems	Spreadsheet	program	based	on	the	analysis	tools	for	hand	calculations	above
Program	based	on	matrix	PHWKRGVEXWRQO\DQDO\]HÀRRU	assemblies	for	gravity	loads	Two	d	Two-dimension	frames	sional	and	walls	Program	based	on	matrix	methods	without	iterative	capability	Two-dimensional	frames	and	walls	Programs	based	on	matrix	methods	with	iterative	capability	Three-dimensional	structure
3URJUDPVEDVHGRQ¿QLWH	element	methods	with	iterative	capability	Three-dimensional	structure	Beyond	the	scope	of	this	Handbook	Information	can	downloaded	from	the	ACI	website;	refer	to	Table	of	Contents.	requirements	(Deierlein	et	al.	2010).	This	handbook	does	not	include	discussion	of	the	inelastic	analysis	approach.	3.2.4	Strut-and-tie—
The	strut-and-tie	method	in	Chapter	23,	ACI	318-14,	is	another	analysis	method	that	is	permitted	by	ACI	318.	This	method	does	not	assume	that	plane	sections	of	unloaded	members	remain	plane	under	loading.	Because	this	method	also	provides	design	provisions,	it	is	considered	both	an	analysis	and	design	method.	This	method	is	applicable	where
the	sectional	strength	assumptions	in	ACI	318,	Chapter	22,	do	not	apply	for	a	discontinuity	region	of	a	member	or	a	local	area.	3.2.5	Analysis	types	and	tools—$&,LGHQWL¿HVWKUHH	JHQHUDO	W\SHV	RI	DQDO\VLV	VHH	6HFWLRQ				¿UVWRUGHU	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Structural	Analysiss	3.1
—Introduction	Structural	engineers	mathematically	model	reinforced	concrete	structures,	in	part	or	in	whole,	to	calculate	member	moments,	forces,	and	displacements	under	the	design	loads	WKDWDUHVSHFL¿HGE\DVWDQGDUGVXFKDV$6&(,QDOO	conditions,	equilibrium	of	forces	and	compatibility	of	deformations	must	be	maintained.	The
stiffnesses	values	of	individual	members	for	input	into	the	model,	under	both	service	loads	and	factored	loads,	are	discussed	in	detail	in	ACI	318-14,	Chapter	6.	The	factored	moments	and	forces	resulting	from	the	analysis	are	used	to	determine	the	required	strengths	for	individual	members.	The	calculated	displacements	and	drift	are	also	checked
against	commonly	accepted	serviceability	limits.	26	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Fig.	3.3.3—Frame	analyzed	by	portal	method.	linear	elastic;	2)	second-order	linear	elastic;	and	3)	secondorder	inelastic.	Table	3.2.5	shows	some	common	analysis	tools	used	for	different	analysis	methods,	loads,	and	systems.	3.3—
Hand	calculations	3.3.1	General—Before	computers	became	widely	availDEOHGHVLJQHUVXVHGVLPSOL¿HGFRGHHTXDWLRQVWRFDOFXODWH	gravity	design	moments	and	shears	(Section	6.5,	8.10,	and		LQ	$&,			DORQJ	ZLWK	D	VLPSOL¿HG	IUDPH	DQDO\VLV	such	as	the	portal	method,	to	calculate	frame	moments	and	plications,	the	shears	due
to	lateral	forces.	In	very	limited	applications,	design	of	an	entire	building	using	hand	calculation	calculations	is	still	ng	cod	possible	with	today’s	set	of	building	codes.	For	the	large	ZHYH	D	KDQG	FDOFXODWLRQ	PDMRULW\	RI	EXLOGLQJ	GHVLJQV	KRZHYHU	design	approach	is	not	practical	due	to	the	large	numbe	number	and	mbi	ns	necessary	to
fully	lly	complexity	of	design	load	combinations	meet	ASCE	7-10	requirements.	fo	moment	ment	and	shear—The	shear—	r	The	3.3.2	Code	design	equations	for	HIX	SXUSRVHVRISUH	PLVLPSOL¿HGFRGHHTXDWLRQVDUHXVHIXOIRUSXUSRVHVRISUHOLPLg	for	designing	iso	nary	estimating	or	member	sizing,	isolated	members	or	subassemblies,
and	to	complete	rough	checks	of	computer	program	output.	Because	these	equations	and	d	expressions	are	easy	to	incorporate	into	electronic	spreadsheets	and	equation	solvers,	they	continue	to	be	helpful.	In	the	member	chapters	of	this	handbook,	examples	of	hand	calculations	are	provided.	3.3.3	Portal	method—The	portal	method	was	commonly
used	before	computers	were	readily	available	to	calculate	a	frame’s	moments,	shears,	and	axial	forces	due	to	lateral	forces	(Hibbeler	2015).	This	method	has	been	virtually	abandoned	as	a	design	tool	with	the	widespread	use	of	commercial	design	software	programs.	The	portal	method	has	limitations	as	stated	in	the	assumptions	and	considerations
that	follow,	but	is	still	a	useful	tool	for	the	designer.	With	complex,	three-dimensional	modeling	becoming	commonplace,	there	is	always	a	chance	of	modeling	error.	The	portal	method	allows	the	designer	to	independently	and	quickly	¿QGDSSUR[LPDWHPRPHQWVDQGVKHDUVLQDIUDPH7KLVFDQ	be	very	useful	for	spot-checking	the	program
results	(Fig.	3.3.3).	The	basics	assumptions	to	the	portal	method	are:	(a)	Apply	only	the	lateral	load	to	the	frame	(b)	Exterior	columns	resist	the	overturning	from	lateral	loads	(c)	Shear	at	each	column	is	based	on	plan	tributary	area	G		,QÀHFWLRQSRLQWVDUHDVVXPHGWREHORFDWHGDWPLGKHLJKW	of	column	and	midspan	of	beams	(e)	Shear	in
the	beam	is	the	difference	between	column	D[LDOIRUFHVDWDMRLQW	(f)	Beam	axial	force	is	to	be	zero	These	assumptions	reduce	a	statically	indeterminate	problem	to	a	statically	determinate	one.	The	following	should	be	considered	when	using	this	method:	(a)	Discontinuity	in	geometry	or	stiffness,	such	as	setbacks,	changes	iin	story	height,	and
large	changes	in	member	VL]HVFDQFDXVH	VL]HVFDQFDXVHPHPEHUPRPHQWVWRGLIIHUVLJQL¿FDQWO\	hose	calculat	d	bby	a	computer	analysis.	from	those	calculated	(b)	Thee	lat	lateral	deformati	deformation	will	be	larger	than	the	lateral	orm	calculated	by	a	computer	analysis.	deformation	(c)	A	ial	ccolumn	deformati	Axial	deformation	is
ignored.	.4	om	program	3.4—Computer	programs	3.4	—Computin	power	and	structural	software	3.4.1	Gen	General—Computing	KD	DQ	JJQL¿FDQ	KDYHDGYDQFHGVLJQL¿FDQWO\IURPWKHWLPHFRPSXWHUVZHUH	o	the	des	introduced	to	designer.	Numerous	complex	computer	ms	and	specialized	spe	programs	analysis	tools	have	been	developed,
taking	takin	advantage	of	increasing	computer	speeds.	&XUUHQWO\GHVLJQHUVFRPPRQO\XVH¿QLWHHOHPHQWDQDO\VLVWR	design	structures.	A	multistory	building	only	takes	minutes	of	computing	time	on	a	personal	computer	compared	to	the	past,	when	it	would	take	several	hours	on	a	large	mainframe	computer.	Computer	software	has	also
greatly	improved:	user	interfaces	have	become	more	intuitive;	members	can	be	automatically	meshed;	and	input	and	output	data	can	be	reviewed	graphically	and	tabular	in	a	variety	of	preproJUDPPHGRUXVHUGH¿QHGPHQXV	Although	three-dimensional	models	are	becoming	commonplace,	many	engineers	still	analyze	the	building	as	a	series	of	two-
dimensional	frames.	Matrix	methods	mentioned	in	Table	3.2.5	are	programs	based	on	the	direct	stiffness	method.	Simpler	programs	model	the	structure	as	GLVFUHWHPHPEHUVFRQQHFWHGDWMRLQWV7KHPHPEHUVFDQEH	divided	into	multiple	elements	to	account	for	changes	in	member	properties	along	its	length.	The	two-dimensional
stiffness	method	is	relatively	easy	to	program	and	evaluate.	A	more	sophisticated	use	of	the	direct	stiffness	method	is	the	¿QLWHHOHPHQWPHWKRG7KHVWUXFWXUHLVPRGHOHGDVGLVFUHWH	elements	connected	at	nodes.	Each	member	of	the	struc-	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	ture	consists	of
multiple	rectangular	elements,	which	more	accurately	determine	the	behavior	of	the	member.	The	act	of	modeling	members	as	an	assembly	of	these	discrete	elements	is	called	“meshing”	and	can	be	a	time-consuming	task.	A	large	amount	of	data	is	generated	from	this	type	of	analysis,	which	may	be	tedious	for	the	designer	to	review	and	process.
)RUVWUDLJKWIRUZDUGGHVLJQVDGHVLJQHUPD\PRUHHI¿FLHQWO\	analyze	the	structure	by	dividing	it	into	parts	and	using	less	complicated	programs	to	analyze	each	part.	3.4.2	Two-dimensional	frame	modeling—A	building	can	be	divided	into	parts	that	are	analyzed	separately.	For	example,	structures	are	often	symmetrical	with	regularly
spaced	columns	in	both	directions.	There	may	be	a	few	isolated	areas	of	the	structure	where	columns	are	irregularly	spaced.	These	columns	can	be	designed	separately	for	gravity	load	and	checked	for	deformation	compatibility	ZKHQVXEMHFWHGWRWKHH[SHFWHGRYHUDOOODWHUDOGHÀHFWLRQRI	the	structure.	Buildings	designed	as
moment-resisting	frames	can	often	be	effectively	modeled	as	a	series	of	parallel	planar	frames.	The	complete	structure	is	modeled	using	orthogonal	sets	RI	FURVVLQJ	IUDPHV	&RPSDWLELOLW\	RI	YHUWLFDO	GHÀHFWLRQV	metry	of	beams	at	crossing	points	is	not	required.	The	geometry	HP	)RU	VO	FDQ	YDU\	GHSHQGLQJ	RQ	WKH	ÀRRU
V\VWHP	VODEFROXPQ	moment	frames,	it	may	be	possiblee	to	m	model	according	to	the	equivalent	frame	method	in	Sect	Section	8.11	in	ACI	318.	mes,	it	is	permitted	to	m	el	For	beam-column	moment	frames,	model	om	iven	in	Section	6.3.2	3.2	T-beams,	with	the	limits	on	geometry	given	en	simpler	ler	to	ignore	the	slab	of	ACI	318;	however,	it	is
often	gl	For	or	beams	in	inte	meand	model	the	beams	as	rectangles.	intermesumption	of	a	rectctdiate	or	special	moment	frames,,	th	the	assumption	rv	f	tto	S	angular	section	may	not	be	conservative;	refer	Sections	18.4.2.3,	18.6.5.1,	and	18.7.3.2	in	ACI	318.	7KHVWLIIQHVVRIWKHEHDPFROXPQMRLQWLVXQGHUHVWLPDWHG	mn	if	the	beam	spans
are	assumed	to	extend	between	column	centerlines	and	the	beam	is	modeled	as	prismatic	along	the	entire	span.	Many	computer	programs	thus	allow	for	the	beam	to	be	modeled	as	spanning	between	faces	of	columns.	To	do	this,	a	program	may	add	a	rigid	zone	that	extends	from	the	face	of	the	column	to	the	column	centerline.	If	the	program	does	not
provide	this	option,	the	designer	can	increase	the	beam	stiffness	in	the	column	region	10	to	20	percent	to	account	for	this	change	of	rigidity	(ACI	442-71).	Walls	with	aspect	ratios	of	total	height	to	width	greater	than	2	can	sometimes	be	modeled	as	column	elements.	A	thin	wall	may	be	too	slender	for	a	conventional	column	analysis,	and	a	more	detailed
evaluation	of	the	boundary	elements	and	panels	may	be	necessary.	Where	a	beam	frames	into	a	wall	that	is	modeled	as	a	column	element,	a	rigid	link	should	be	provided	between	the	edge	of	the	wall	and	centerline	of	the	ZDOO$OO	ZDOOV	FDQ	EH	PRGHOHG	XVLQJ	¿QLWH	HOHPHQW
DQDO\VLV:KHUHD¿QLWHEHDPHOHPHQWIUDPHVLQWRD¿QLWHZDOO	element,	rotational	compatibility	should	be	assured.	:DOOV	ZLWK	RSHQLQJV	FDQ	EH	PRUH	GLI¿FXOW	WR	DQDO\]H$	wall	with	openings	can	be	modeled	as	a	frame,	but	the	rigidity	RIWKHMRLQWVQHHGVWREHFDUHIXOO\FRQVLGHUHG6LPLODUWRWKH
EHDPFROXPQ	MRLQW	PRGHOLQJ	GLVFXVVHG	SUHYLRXVO\	D	ULJLG	link	should	be	modeled	from	the	centerline	of	the	wall	to	the	27	edge	of	the	opening	(Fig.	3.4.2a).	Finite	element	analysis	and	the	strut-and-tie	method,	however,	are	more	commonly	used	to	analyze	walls	with	openings.	For	lateral	load	analysis,	all	of	the	parallel	plane	frames	in
a	building	are	linked	into	one	plane	frame	to	enforce	lateral	deformation	compatibility.	Alternately,	two	identical	frames	can	be	modeled	as	one	frame	with	doubled	stiffness,	obtained	by	doubling	the	modulus	of	elasticity.	Structural	walls,	if	SUHVHQW	VKRXOG	EH	OLQNHG	WR	WKH	IUDPHV	DW	HDFK	ÀRRU	OHYHO	(Fig.	3.4.2b).	Note	that
torsional	effects	need	to	be	considered	after	the	lateral	deformation	compatibility	analysis	is	run.	For	seismic	loads,	rigid	diaphragms	are	required	to	account	for	accidental	torsion	according	to	Section	12.8.4.2	in	ASCE	7-10.	For	wind	loads,	a	torsional	moment	should	be	applied	according	to	Fig.	27.4-8	in	ASCE	7-10.	3.4.3	Three-dimensional	modeling
—A	three-dimensional	model	allows	the	designer	to	observe	structural	behavior	that	a	two-dimensional	model	would	not	reveal.	The	effects	of	structural	irregularities	and	torsional	response	can	be	directly	analyzed.	Current	computer	software	that	provides	WKUHHGLPHQVLRQDO	PRGHOLQJ	RIWHQ	XVH	¿QLWH	HOHPHQW	DQDOyysis	with
automatic	meshing.	These	high-end	programs	are	capable	of	run	running	a	modal	response	spectrum	analysis,	mic	response	hist	seismic	history	procedures,	and	can	perform	a	host	e-consuming	ma	m	of	other	tim	time-consuming	mathematical	tasks.	GXFH	FRPSXWDWLRQ	PSXWDWLRQ	WLPH	FRQFUHWH	ÀRRUV	DUH	VRPH7R	UHGXFH	time	times
mode	modeled	as	rigid	dia	diaphragms,	reducing	the	number	RIG\Q	PLF	VRIIUHHG	RIG\QDPLFGHJUHHVRIIUHHGRPWRRQO\WKUHHSHUÀRRUWZR	i	tal	ttranslations	ons	and	one	rotation	about	a	vertical	horizontal	xis).	ASCE	SCE	7-10	allows	for	fo	diaphragms	to	be	modeled	as	axis).	rigid	if	the	ffollowing	ing	condi	conditions	are	met:	((a)	For
seismic	i	c	loading	di	loading,	no	structural	irregularities	and	the	-depth	ratios	rat	span-to-depth	are	3	or	less	(Section	12.3.1.2	in	ASCE	7-10)	(b)	For	w	wind	loading,	the	span-to-depth	ratios	are	2	or	less	(Section	27.5.4	in	ASCE	7-10)	If	a	rigid	diaphragm	is	assumed,	the	stresses	in	the	diaphragm	are	not	calculated	and	need	to	be	derived	from	the
UHDFWLRQVLQWKHZDOOVDERYHDQGEHORZWKHÀRRU$VHPLULJLG	diaphragm	requires	more	computation	power	but	provides	a	distribution	of	lateral	forces	and	calculates	slab	stresses.	A	semi-rigid	diaphragm	can	also	be	helpful	in	analyzing	torsion	effects.	For	more	information	on	torsion,	refer	to	the	code	and	commentary	in	Section	12.8	of
ASCE	7.	3.5—Structural	analysis	in	ACI	318	3.5.1	Arrangement	of	live	loads—Section	4.3.3	in	ASCE	7	states	that	the	“full	intensity	of	the	appropriately	reduced	live	load	applied	only	to	a	portion	of	a	structure	or	member	shall	be	accounted	for	if	it	produces	a	more	unfavorable	load	effect	than	the	same	intensity	applied	over	the	full	structure	or
member.”	This	is	a	general	requirement	that	acknowledges	greater	moments	and	shears	may	occur	with	a	pattern	load	than	with	a	uniform	load.	There	have	been	a	variety	of	methods	used	to	meet	this	requirement.	Cast-in-place	concrete	is	inherently	continuous,	and	Section	6.4	in	ACI	318	provides	acceptable	arrangements	of	pattern	live	load
IRUFRQWLQXRXVRQHZD\DQGWZRZD\ÀRRUV\VWHPV	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Structural	Analysiss	CHAPTER	3––STRUCTURAL	ANALYSIS	28	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Fig.	3.4.2a—Element	and	frame	analogies.	Fig.	3.4.2b—Idealization	for	plane	frame
analysis.	3.5.2	6LPSOL¿HG	PHWKRG	RI	DQDO\VLV	IRU	QRQSUHVWUHVVHG	continuous	beams	and	one-way	slabs—Section	6.5	in	ACI	318	provides	approximate	equations	for	conservative	design	PRPHQWVDQGVKHDUVZKLFKJUHDWO\VLPSOL¿HVWKHGHVLJQRI	FRQWLQXRXV	ÀRRU	PHPEHUV	7KLV	PHWKRG	LV	SUREDEO\	XVHG	more	often
to	estimate	initial	member	sizes	for	computer	LQSXWRUIRULQLWLDOFRVWHVWLPDWHVWKDQIRU¿QDOGHVLJQ	3.5.3	First-order	analysis²&RGH	UHTXLUHPHQWV	IRU	¿UVW	order	analysis	are	provided	in	Section	6.6	in	ACI	318.	3.5.3.1	Section	properties—Section	properties	for	elastic	analysis	are	given	in	Table	6.6.3.1.1(a)	of	ACI	318.	The
PRPHQW	RI	LQHUWLD	YDOXHV	KDYH	D	VWLIIQHVV	UHGXFWLRQ	�k	of	0.875	already	applied.	These	properties	are	acceptable	for	the	analysis	of	the	structure	for	strength	design.	For	service	level	load	analysis,	the	moment	of	inertia	values	in	Table	6.6.3.1.1(a)	can	be	multiplied	by	1.4.	Table	6.6.3.1.1(b)	offers	a	more	accurate	estimation	of
stiffness	by	including	the	effects	of	axial	load,	eccentricity,	reinforcement	ratio,	and	concrete	compressive	strength.	These	equations	can	also	be	used	to	calculate	member	stiffness	at	factored	load	levels	by	using	the	factored	axial	load	and	moment,	as	presented,	but	the	equations	can	be	used	to	calculate	member	stiffness	for	any	given	axial	load	and
moment.	These	moment-of-	LQHUWLDHTXDWLRQVDOVRKDYHWKHVWLIIQHVVUHGXFWLRQ�k	already	applied.	Section	6.6.3.1.2	of	ACI	318	also	allows	a	VLPSOL¿FDWLRQRIXVLQJIg	for	all	members	in	a	lateral	load	analysis.	This	is	helpful	for	hand-calculation	methods	such	as	the	portal	method.	It	is	important	to	note	that	the	stiffness	reduction
factor	used	for	moment	of	inertia	discussed	previously	is	for	global	building	behavior.	The	moment	of	inertia	for	second-order	effects	related	to	an	individual	column	or	wall	should	have	DVWLIIQHVVUHGXFWLRQ�k	of	0.75,	as	discussed	in	R6.6.4.5.2	of	ACI	318.	3.5.3.2	Slenderness	effects²$	¿UVWRUGHU	DQDO\VLV	LQ	ACI	318	assumes	that	only
primary	stresses	are	calculated.	6HFRQGDU\	VWUHVVHV	FDXVHG	E\	WKH	ODWHUDO	GHÀHFWLRQ	FDXVHG	by	the	design	loads	are	not	calculated.	First-order	analysis	is	typical	when	hand-calculation	methods	are	used	or	basic	matrix	analysis	computer	programs	are	used	that	are	not	programmed	for	iterative	analysis.	This	method	ignores	the
P¨	HIIHFWV	ZKLFK	DUH	WKH	second-order	moments	caused	by	vertical	loads	acting	on	the	EXLOGLQJ¶VODWHUDOO\GHIRUPHGFRQ¿JXUDWLRQ)LJ	7R	approximately	account	for	these	secondary	effects,	a	moment	PDJQL¿HULVDSSOLHGWR¿UVWRUGHUFROXPQGHVLJQPRPHQWV	American	Concrete	Institute	–	Copyrighted	©	Material	–
www.concrete.org	)LJ²3¨HIIHFWV	7KHGHVLJQHUPXVWDFFRXQWIRUVOHQGHUQHVVLQD¿UVWRUGHU	DQDO\VLV	)LJXUH	5	LQ$&,		SURYLGHV	D	ÀRZ	FKDUW	that	illustrates	the	options	to	account	for	slenderness.	In	summary,	slenderness	can	be	neglected	if	the	column	or	wall	meets	the	requirement	of	Section	6.2.5	in	ACI	318.	If	slenderness
cannot	be	neglected,	the	next	step	is	to	determine	if	way.	If	the	the	building	story	being	analyzed	is	sway	or	nonsway.	story	is	nonsway,	the	column	or	wall	end	moments	are	only	PHPEHU	PDJQL¿HGIRUPįHIIHFWVDORQJWKHPHPEHU,IWKHVWRU\LV	RPHQW	DUH	PDJQL¿HG	IRU	VZD\	WKH	FROXPQ	RU	ZDOO	HQG	PRPHQWV	Pį
P¨HIIHFWVDORQJWKHPHPEHUPį	DQGDWWKHHQGVGXHWR	story	drift	(P¨		DU	VLVDOORZVIRUV	SHU3.5.3.3	Superposition²/LQHDUDQDO\VLVDOORZVIRUVXSHUmb	loads.	This	is	very	position	to	be	used	when	combining	ations.	The	des	ner	helpful	when	performing	hand	ccalculations.	designer	or	calculates	the	member	moment,	sh	shear,	and
axial	loa	load	for	each	load.	The	reactions	are	then	superimposed	according	to	the	applicable	load	combination.	Many	hand-calculation	WRROV	VXFK	DV	WKH	PRPHQW	PDJQL¿FDWLRQ	PHWKRG	DVVXPH	that	the	designer	is	performing	a	linear	analysis	with	superposition	of	multiple	load	effects.	3.5.3.4	Redistribution	of	moments—ACI	318	allows
for	WKH	GHVLJQHU	WR	DGMXVW	GHVLJQ	VODE	DQG	EHDP	PRPHQWV	DQG	shears	by	taking	advantage	of	the	ductility	provided	through	the	code	detailing	requirements.	Ductile	detailing	is	required	IRU	FRQWLQXRXV	¿EHUV	DW	VXSSRUWV	DQG	PLGVSDQ	0RPHQW	redistribution	can	be	very	helpful	in	creating	economical
GHVLJQV)RUH[DPSOHLQD¿QDOGHVLJQPRPHQWUHGLVWULEXtion	may	permit	the	designer	to	specify	uniform	beam	sizes	over	multiple	beam	spans.	If	column	spacing	is	not	uniform,	some	beam	design	moments	may	be	slightly	lower	than	the	EHDPUHTXLUHGPRPHQWV2QFHVWHHO\LHOGLQJKDVGHYHORSHG	at	factored	loads,	however,	the
moments	will	redistribute	to	regions	that	have	not	yet	yielded,	and	the	beam	design	moments	will	satisfy	the	beam	required	moments	throughout	the	multiple	beam	spans.	3.5.4	Second-order	analysis—In	Section	6.7	of	ACI	318,	a	second-order	analysis	assumes	that	the	effect	of	loads	on	the	laterally	deformed	structure	is	included	in	the	computer
analysis.	The	initial	P¨HIIHFWVRQWKHPHPEHUGXHWRVWRU\	drift	are	computed.	A	computer	algorithm	then	automatically	FDUULHVRXWDVHULHVRILWHUDWLYHDQDO\VHVXVLQJWKHQHZGHÀHFWLRQYDOXHVXQWLOWKHVROXWLRQFRQYHUJHVWRWKH¿QDOVHFRQGDU\	29	moments.	Note	that	linear	material	properties	are	used	with
this	method,	but	the	results	of	a	second-order	analysis	is	a	nonlinear	solution.	This	is	referred	to	as	“geometric	nonlinearity.”	This	means	that	the	load	cases	cannot	be	computed	separately	and	then	combined	for	the	calculation	of	the	secondary	moments.	Software	should	be	checked	to	determine	how	it	accounts	for
P¨HIIHFWV6RIWZDUHFDQHDVLO\FDOFXODWHWKHDGGLWLRQDO	moment	due	to	building	lateral	deformation	but	some	software	does	not	calculate	the	secondary	moments	along	the	member	length.	The	designer	may	have	to	model	the	column	as	at	least	two	segments	to	capture	this	effect.	Even	though	a	column	member	is	modeled	by	two
elements,	the	designer	must	account	for	the	smaller	stiffness	reduction	factor	for	the	moment	of	inertia	(refer	to	Section	3.5.3.1),	because	GHÀHFWLRQ	DORQJ	WKH	PHPEHU	LV	D	ORFDO	HIIHFW	%HFDXVH	RI	WKH	GLI¿FXOW\	RI	DSSURSULDWHO\	FDSWXULQJ	WKH	VHFRQGDU\	moment	along	the	column	length,	many	programs	calculate	the
secondary	moments	due	to	lateral	deformation	and	use	6.6.4.5	of	ACI	318	in	a	post-processing	program	to	account	for	the	secondary	moment	along	the	length	of	the	column.	3.5.5	Inelastic	second-order	analysis—The	consideration	of	the	no	nonlinear	behavior	of	structures	arising	from	inearity	of	the	st	nonlinearity	stress-strain	curve	for	concrete	and
steel	ement,	particula	rly	ly	under	large	deformations,	can	reinforcement,	particularly	ant	in	seis	become	im	important	seismic	analysis.	Nonlinearities	in	stru	al	re	e,	whethe	structural	response,	whether	arising	from	material	properties	as	for	or	co	concrete	or	steel,	lo	loading	conditions	(for	example,	i	l	load	ad	effects	on	bendin	axial	bending	stiffness)
or	geometry	(for	xamp	e,	ssecond-order	order	mo	example,	moments)	are	best	handled	by	nume	cal	it	numerical	iterativee	or	stepstep-by-step	procedures.	For	inelastic	d	analysis,	nalysis,	l	i	tthe	h	principle	of	superposition	should	second-order	Nonlinea	analysis	is	beyond	the	scope	of	this	not	be	used..	Nonlinear	book.	Sever	Handbook.	Several
references	that	provide	further	information	on	nonlinear	n	analysis	are	ASCE	41-13,	FEMA	report,	and	Deierlein	et	al.	(2010).	3.5.6	Finite	element	analysis²7KH¿QLWHHOHPHQWDQDO\VLV	of	concrete	structures	is	permitted	by	ACI	318	and	can	be	XVHGWRVDWLVI\HDFKWKH¿UVWRUGHUHODVWLFVHFRQGRUGHUDQG	inelastic	second-order
analyses	as	long	as	the	element	types	are	compatible	with	the	response	required.	Section	6.9	in	ACI	318	was	added	to	acknowledge	that	¿QLWHHOHPHQWDQDO\VLVLVDZLGHO\XVHGDQGDFFHSWDEOHWRRO	IRU	DQDO\VLV	0DQ\	SURJUDPV	DUH	EDVHG	RQ	¿QLWH	HOHPHQW	analysis	and	have	sophisticated	auto-mesh	capabilities.	Finite
element	analysis	is	a	tool	that	may	be	used	for	either	linear	or	nonlinear	analyses,	but	care	should	be	exercised	in	selecting	element	types,	numerical	solver	methods,	and	nonlinear	element	properties.	3.6—Seismic	analysis	For	seismic	loads,	the	structure	may	go	through	multiple	F\FOHVRIVLJQL¿FDQWLQHODVWLFGHIRUPDWLRQV$6&
(SURYLGHV	WKH	HTXLYDOHQW	ODWHUDO	IRUFH	(/)		DQDO\VLV	SURFHGXUH	(Section	12.8	of	ASCE	7)	to	allow	a	linear	elastic	analysis	even	though	the	structure	will	actually	behave	inelastically.	7KH(/)SURFHGXUHLVDFRPPRQO\XVHGGHVLJQPHWKRGDQG	LVDGHTXDWHIRUPRVWVWUXFWXUHV7KH(/)DQDO\VLVDVVXPHV	American
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estimated	behavior.	Detailed	explanations	of	these	factors	and	their	application	can	be	found	in	ASCE	7	and	FEMA	P-750.	For	reinforced	concrete	structures,	ACI	318	provides	structures	with	the	ability	to	deform	inelastically	by	enforcing	special	seismic	detailing	requirements.	The	seismic	detailing	requirements	in	Chapter	18	of	ACI	318	are	additive
to	the	detailing	requirements	in	the	member	chapters,	or	the	seismic	detailing	requirements	supersede	the	member	chapter	requirements.	The	detailing	requirements	IRU	D	SDUWLFXODU	/)56	QHHG	WR	EH	DSSOLHG	HYHQ	LI	VHLVPLF	loads	do	not	govern	the	required	strength	of	the	structure.	Fig.	3.6—Inelastic	force-deformation	curve	(SEAOC
Seismology	Committee	2008).	an	approximately	uniform	distribution	of	mass	and	stiffness	along	the	building	height	with	minor	torsional	effects.	6WUXFWXUHV	DQDO\]HG	XVLQJ	WKH	(/)	SURFHGXUH	IRU	VHLVPLF	loads	must	comply	with	several	limitations.	Depending	on	g	the	Seismic	Design	Category	(SDC),	the	building	height	rities,	a	Modal
and	type,	and	the	type	of	structural	irregularities,	Response	Spectrum	analysis	(Sectionn	12.9	of	ASCE	7)	cedure	either	linear	or	or	Seismic	Response	History	procedure,	nonlinear	(Ch.	16	of	ASCE	7),	may	be	required.	RegardRFH	VDFFHSWDEOHI	OO	OHVVRILUUHJXODULWLHVWKH(/)SURFHGXUHLVDFFHSWDEOHIRUDOO	1	ft	inn	height.
buildings	in	SDC	A	and	B	up	too	160	ov	limitations	relat	d	to	Section	12.3	of	ASCE	7	provides	related	HV	$6&(	&(		GHVFULEHV	W\SHV	RI	VWUXFWXUDO	LUUHJXODULWLHV	GHVFULEHV	¿YH	¿YH	sio	2)	reentrant	co	er;	horizontal	irregularities:	1)	torsion;	corner;	ut	ne	offset;	an	3)	diaphragm	discontinuity;	4)	out-of-plane	and	5)	QRQSDUDOOHO
V\VWHPV	$6&(		DOVR	GHVFULEHV	¿YH	YHUWLFDO	irregularities:	1)	stiffness-soft	story;	2)	weight;	3)	vertical	ng	geometry;	4)	in-plane	discontinuity	in	lateral	force-resisting	V\VWHPV/)56V	DQG	GLVFRQWLQXLW\LQODWHUDOVWUHQJWK
%HFDXVHWKHDFWXDOVWUXFWXUHZLOOXQGHUJRJUHDWHUGHÀHFWLRQVDQGVWUHVVHVWKDQSUHGLFWHGE\DQ(/)DQDO\VLV$6&(	7	and	ACI	318	have	additional	requirements	to	account	for	WKHDQWLFLSDWHGEHKDYLRU/DWHUDOIRUFHUHVLVWLQJV\VWHPVIRU	FRQFUHWH	VWUXFWXUHV	DUH	GH¿QHG	LQ$6&(		DQG
&KDSWHU		RI$&,(DFK/)56KDVDUHVSRQVHPRGL¿FDWLRQFRHI¿FLHQWRRYHUVWUHQJWKIDFWRUȍDQGGHÀHFWLRQDPSOL¿FDWLRQ	REFERENCES	American	Concrete	Institute	ACI	Committee	442-77—Response	of	Buildings	to	/DWHUDO)RUFHV	American	Society	of	Civil	Engineers	$6&(²0LQLPXP'HVLJQ/RDGVIRU%XLOGLQJVDQG
2WKHU6WUXFWXU	2WKHU6WUXFWXUHV	6&(²6H	$6&(²6HLVPLF(YDOXDWLRQDQG5HWUR¿W5HKDELOListing	Buildi	ngs	gs	tation	off	Ex	Existing	Buildings	Fed	cy	Manage	Federal	Em	Emergency	Management	Agency	FEM	A	44	Improvem	of	Nonlinear	Static	Seismic	FEMA	440-05—Improvement	l	s	Pr	Analysis	Proceduress	FEM	A	P-750—
NEHRP	P	NEHRP	Recommended	Seismic	ProviFEMA	VLRQV	U1H	LOGLQJVDQ	VLRQVIRU1HZ%XLOGLQJVDQG2WKHU6WUXFWXUHV	eference	Authored	references	erlein,	G.	G.;	G	Reinhorn,	A.	M.;	and	Willford,	M.	R.,	Deierlein,	2010	“N	2010,	“Nonlinear	Structural	Analysis	for	Seismic	Design,”	NEHRP	Seismic	Design	Technical	Brief	No.	4	(NIST
GCR	10-917-5),	National	Institute	of	Standards	and	Technology,	Gaithersburg,	MD,	36	pp.	Hibbeler,	R.,	2015,	Structural	Analysis,	ninth	edition,	Prentice	Hall,	New	York,	720	pp.	6($2&	6HLVPRORJ\	&RPPLWWHH		³$	%ULHI	*XLGH	to	Seismic	Design	Factors,”	Structure	Magazine,	Sept.,	pp.	30-32.	.	aspx?articleID=756	American	Concrete	Institute	–
Copyrighted	©	Material	–	www.concrete.org	4.1—Introduction	Durability	of	structural	concrete	is	its	ability,	while	in	service,	to	resist	possible	deterioration	due	to	the	surrounding	environment,	and	to	maintain	its	engineering	properties.	This	can	be	accomplished	by	proper	proportioning	and
VHOHFWLRQRIPDWHULDOVIRUWKHFRQFUHWHPL[WXUHGHVLJQ2WKHU	DVSHFWVLQÀXHQFLQJGXUDELOLW\LQFOXGHUHLQIRUFLQJEDUVHOHFtion,	detailing,	and	construction	practices.	The	ACI	318	Code	provides	minimum	requirements	to	protect	the	structure	against	early	serviceability	deterioration.	Depending	on	Fig.	4.1.1a—
Permeability	versus	capillary	porosity	for	cement	paste.	Different	symbols	designate	different	cement	pastes	(Powers	1958).	exposure	conditions,	structural	concrete	may	be	required	to	resist	chemical	or	physical	attack,	or	both.	The	attack	mechanisms	the	Code	covers	include	exposure	to	freezing	and	thawing,	soil	and	water	sulfates,	wetting	and
drying,	and	reinforcement	corrosion	due	to	chlorides.	All	these	failure	mechanisms	depend	on	transport	of	water	through	concrete.	For	this	reason,	it	is	essential	to	understand	the	mechanisms	themselves	and	how	different	concrete-making	mateULDOVLQFOXGLQJDGPL[WXUHVDQGWKHLUSURSRUWLRQVLQÀXHQFH	concrete’s	resistance	to	these
mechanisms.	4.1.1	Permeability²3HUPHDELOLW\FDQEHGH¿QHGDV³WKH	HDVHZLWKZKLFKDÀXLGFDQÀRZWKURXJKDVROLG´RUDV³WKH	ability	of	concrete	to	resist	penetration	by	water	or	other	substances	(liquid,	gas,	or	ions)”	(ACI	365.1R;	Kosmatka	DQG	:LOVRQ			/RZSHUPHDELOLW\	FRQFUHWHV	DUH	PRUH	resistant	to	resaturation,
freezing	and	thawing,	sulfate	and	chloride	ion	penetration,	and	other	forms	of	chemical	attack	(Kosmatka	and	Wilson	2011).	Concrete	permeability	is	related	to	poro	porosity	(volume	of	voids/pores	in	concrete)	and	QQHFWLYLW\RIWKHVH	FRQQHFWLYLW\RIWKHVHSRUHV2XWRIWKHSRUHVSUHVHQWLQFRQFUHWH	ores	in	cemen	capillary
ppores	cement	pa	paste	are	relevant	to	concrete	durare	responsi	bility,	ass	the	they	are	responsible	for	the	transport	properties	of	FRQ	$&	5.RVP	FRQFUHWH$&,5.RVPDWNDDQG:LOVRQ	7KHLQÀXence	of	o	capi	rosity	in	ccement	paste	on	permeability	was	capillary	porosity	t	by	Powers	(Fig.	Fig.	4.1.1	reported	4.1.1a)	(Powers	1958).	Con	rete
permeability,	bility,	dif	Concrete	diffusivity,	and	electrical	conductivity	can	an	bbe	reduced	ced	with	llower	water-cement	ratios	(w/c),	the	use	off	S	d	extended	t	SCMs,,	and	moist	curing	(Kosmatka	and	).	Effects	of	the	w/c	and	duration	of	the	moist	Wilson	2011).	curing	on	permeab	permeability	is	presented	in	Fig.	4.1.1b.	4.1.2	F	Freezing	and	thawing—
When	water	freezes	in	concrete,	it	causes	cement	paste	to	dilate	destructively	by	generating	hydraulic	and	osmotic	pressure.	While	hydraulic	SUHVVXUH	IRUFHV	ZDWHU	DZD\	IURP	WKH	IUHH]LQJ	ZDWHU¿OOHG	capillary	cavities,	osmotic	pressure	is	produced	by	water	Fig.	4.1.1b—(left)	Effect	of
w/cDQGLQLWLDOFXULQJRQK\GUDXOLFZDWHU	SHUPHDELOLW\DQG	(right)	effect	of	w/c	and	curing	duration	on	permeability	(leakage)	of	mortar	(Kosmatka	and	Wilson	2011).	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Durability	CHAPTER	4—DURABILITY	32	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK
—SP-17(14)	Fig.	4.1.3—Effect	of	w/c	ratio	on	sulfate	resistance	for	different	ASTM	C150/C150M	types	of	cement,	(lower	visual	rating	indicates	better	resistance)	(Stark	1989).	Fig.	4.1.2—Effect	of	w/c,	air-entrainment,	and	curing/drying	on	resistance	to	freezing	and	thawing	of	concrete	(Kosmatka	et	al.	2008).	entering	partly	frozen	capillary	cavities
(Powers	1958).	Hydraulic	pressures	in	cement	paste	are	generated	by	the	9	percent	expansion	of	water	when	it	freezes	and	changes	to	ice.	For	the	freezing	to	take	place,	a	capillary	has	to	reach	its	FULWLFDOVDWXUDWLRQSHUFHQW¿OOHGZLWKZDWHU.RVPDWND	DQG:LOVRQ	2VPRWLFSUHVVXUHVGHYHORSGXHWRYDULRXV
concentrations	of	alkali	solutions	in	the	paste.	When	pressure	in	concrete	due	to	freezing	exceeds	the	tensile	strength	of	concrete,	some	damage	occurs,	especially	if	concrete	is	saturated	with	water	and	exposed	to	repeated	cycles	of	freezing	and	thawing.	The	resulting	damage	is	cumulative	as	it	increases	with	additional	repetitions	of	freezing	and
thawing	cycles.	Deterioration	due	to	freezing	and	thawing	can	appear	in	the	form	of	cracking,	scaling,	disintegration,	or	all	three	of	these	(Kosmatka	and	Wilson	2011).	/RZ	SHUPHDELOLW\	DQG	ORZ	DEVRUSWLRQ	DUH	PDLQ	FKDUDFteristics	needed	for	concrete	to	be	frost	resistant,	while	airentraining	admixtures	are	used	to	control	the	pressure
generated	in	concrete	paste	during	freezing-and-thawing	cycles.	In	other	words,	high	resistance	to	freezing	and	thawing	is	associated	with	entrained	air,	low	w/c,	and	a	drying	period	freezin	prior	to	freezing-and-thawing	exposure,	which	is	demoned	by	data	presented	prese	strated	in	Fig.	4.1.2.	fates—Sulfates	ppresent	in	soil	and	water	can	react	4.1.3
Sulf	Sulfates—Sulfates	ydrat	compounds	in	the	hardened	cement	paste	with	hydrated	DQG	XFH	VXI¿FLHQW	LHQW	SUHVVX	DQG	LQGXFH	SUHVVXUH	WR	GLVLQWHJUDWH	WKH	FRQFUHWH	Howe	er,	formation	f	n	of	new	crystalline	substances	due	to	However,	eacti	artly	res	those	reactions	is	partly	responsible	for	the	expansion.	If	water	can	an
fr	fuse	out	oof	capillaries	in	the	cement	paste,	freely	diffuse	the	volume	v	ume	of	growing	owing	cr	crystals	cannot	exceed	the	space	m.	A	At	th	h	same	time,	however,	the	swelling	available	to	them.	the	n	also	arise	from	the	diffusion	of	the	sulfate	salts	pressure	can	he	gel	pores,	pores	which	disturbs	the	equilibrium	between	into	the	the	gel	an	and	its
surrounding	liquid	phase,	resulting	in	the	movement	of	more	water	from	the	outside	into	the	gel	pores	(Hewlett	1998).	Although	ordinary	portland	cements	are	most	susceptible	to	sulfate	attack,	the	use	of	sulfate-resistant	cements	will	not	stop	the	sulfate	attack,	either	(Fig.	4.1.3).	Resistance	to	sulfate	attack	can	be	greatly	increased	by	decreasing	the
permeability	of	concrete	through	reduction	of	the	watercementitious	material	ratio	(w/cm)	(Stark	1989).	4.1.4	Corrosion—Alkaline	nature	of	concrete	(pH	greater	than	13)	will	induce	formation	of	a	passive,	noncorroding	layer	on	reinforcing	steel.	If,	however,	chloride	ions	are	present	in	concrete,	they	can	reach	and	disrupt	that	layer	and	lead	to
corrosion	of	steel	in	the	presence	of	water	DQG	R[\JHQ	2QFH	FRUURVLRQ	LQLWLDWHV	FRUURVLRQ	SURGXFWV	form	and	may	cause	cracking,	spalling,	or	delamination	of	concrete.	This	allows	for	easier	access	of	aggressive	agents	to	the	steel	surface	and	increases	the	rate	of	corrosion.	Cross-sectional	area	of	the	corroding	steel	will	decrease
and	the	load-carrying	capacity	of	the	member	will	be	reduced	(Neville	2003).	Chlorides	can	be	introduced	to	concrete	with	materials	used	to	produce	the	mixture	(contaminated	aggregate	or	water,	or	some	admixtures),	with	deicing	chemicals,	or	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	4—DURABILITY	4.2
—Background	To	produce	durable	structural	concrete,	concrete	materials	g	and	mixture	proportions	are	selected	based	on	design	strength	ns,	and	required	requirements,	anticipated	exposure	conditions,	on	of	ma	service	life	of	the	structure.	The	selection	materials	and	mpani	by	appropriate	mixture	proportions	has	to	be	accompanied	RQWUR
WHVWLQJ	LQVSHFWLRQ	¿HOG	SUDFWLFHV	VXFK	DV	TXDOLW\	FRQWURO	DQ	QJSUDFWLFHV	DQGSURSHUSODFHPHQW¿QLVKLQJDQGFXULQJSUDFWLFHV	-14,	“The	purpo	As	stated	in	Section	1.3.1	of	AC	ACI	318-14,	purposee	of	ic	health	h	and	safety	by	eestababthis	Code	is	to	provide	for	public	or	strength,	gth,	stability,	serviceser
icelishing	minimum	requirements	for	ures.”	Section	44.8	of	ability,	and	integrity	of	concrete	st	structures.”	il	requirements	i	t	related	ACI	318-14	addresses	global	durability	to	material	selection	for	concrete	mixtures	and	corrosion	protection	of	reinforcement.	ACI	318-14,	Chapters	19	and	te	20,	provide	detailed	durability	requirements	for	concrete
and	reinforcing	steel,	respectively.	ACI	318-14,	Chapter	26,	GLVFXVVHVZKDWGXUDELOLW\UHTXLUHPHQWVPXVWEHVSHFL¿HGLQ	DSURMHFW¶VFRQVWUXFWLRQGRFXPHQWV	The	Code’s	durability	focus	is	mainly	on	concrete	resisWDQFHWRÀXLGSHQHWUDWLRQZKLFKLVSULPDULO\DIIHFWHGE\WKH	w/cm	and	the	composition	of	those
materials.	The	use	of	6&0V	VXFK	DV7\SH	)	DQG7\SH	&	À\	DVKHV	VODJ	FHPHQW	silica	fume,	calcined	shale,	calcined	clay	or	metakaolin,	or	WKHLU	FRPELQDWLRQV	FDQ	UHVXOW	LQ	D	VLJQL¿FDQW	LPSURYHPHQW	in	concrete	durability.	The	SCMs	affect	concrete	properties	in	many	ways,	depending	on	their	type,	dosage,	and	other	mixture
proportions	and	composition.	In	general,	SCMs	have	the	following	impacts	on	hardened	concrete	properties	(Kosmatka	and	Wilson	2011):	•	Increase	long-term	strength	•	Have	varied	effect	on	early	age	strength	gain	(Type	F	À\DVKFDOFLQHGVKDOHVDQGFOD\VORZHUHDUO\VWUHQJWK	silica	fume	and	metakaolin	increase	early	strength	gain)	•
Reduce	permeability	and	absorption	•	Improve	resistance	to	corrosion	•	Increase	sulfate	resistance	(with	the	exception	of	Type	C	À\	DVK	ZKLFK	PD\	KDYH	HLWKHU	D	SRVLWLYH	RU	QHJDWLYH	effect)	•	+DYH	QR	VLJQL¿FDQW	LPSDFW	RQ	DEUDVLRQ	UHVLVWDQFH	drying	creep	and	shrinkage,	and	freezing	and	thawing	•	May	reduce
resistance	to	deicer	scaling	The	Code	does	not	cover	all	topics	related	to	concrete	durability.	It	does	not	include	recommendations	for	extreme	exposure	conditions	(that	is,	acids,	high	temperature,	or	H[SRVXUH	WR	¿UH		DONDOLDJJUHJDWH	UHDFWLRQ	RU	DEUDVLRQ	7KH	&RGH	FRPPHQWDU\	5		LGHQWL¿HV	WKH	LPSRUWDQFH	RI
preventive	maintenance;	however,	the	topic	is	not	explicitly	addressed	in	the	Code.	Additionally,	the	Code	does	not	cover	ZDWHUSURR¿QJURXWLQHLQVSHFWLRQVFRQGLWLRQDVVHVVPHQWRU	service	life	prediction.	Information	related	to	these	topics	are	found	in	other	ACI	documents,	including:	•	ACI	201.2R—Guide	to	Durable	Concrete	•
ACI/TMS	216.1—Code	Requirements	for	Determining	Fire	Resistance	of	Concrete	and	Masonry	Construction	Assemblies	•	ACI	221.1R—Report	on	Alkali-Aggregate	Reactivity	•	ACI	362.1R—Guide	for	the	Design	and	Construction	of	Durable	Concrete	Parking	Structures	•	ACI	222R—Protection	of	Metals	in	Concrete	Against	Corrosion	•	ACI	222.2R
222.2R—Report	on	Corrosion	of	Prestressing	Steels	•	ACI	222.3R—	222.3R—Guide	to	Design	and	Construction	ctices	to	Mitiga	tee	C	Practices	Mitigate	Corrosion	of	Reinforcement	in	ncre	Structures	ructures	Concrete	•	ACII	224.1R—Causes,	22	—Causes,	Evaluation,	E	and	Repair	of	Cracks	in	Conc	uctures	Concrete	Structures	Guide	for	Concrete
Inspection	•	A	ACII	31	311.4R—Guide	,	6HUYLFH/	•	$	$&,5²6HUYLFH/LIH3UHGLFWLRQ	•	A	—Guide	to	Selecting	Protective	Treatments	ACII	51	515.2R—Guide	for	C	Concretee	562—Cod	•	ACI	562—Code	Requirements	for	Evaluation,	Repair,	and	Rehabilitation	of	Concrete	Buildings	and	Com	Commentary	4.3—Requirements	for	concrete	in	various
exposure	categories	The	Code	addresses	durability	by	requiring	that	four	exposure	categories	be	assigned	to	each	concrete	member.	The	four	exposure	categories	are:	1.	F:	concrete	exposed	to	moisture	and	cycles	of	freezing	and	thawing	(with	or	without	deicing	chemicals);	2.	S:	concrete	in	contact	with	soil	or	water	containing	deleterious	amounts	of
water-soluble	sulfate	ions;	3.	W:	concrete	in	contact	with	water	but	not	exposed	to	freezing	and	thawing,	chlorides,	or	sulfates;	4.	C:	concrete	exposed	to	conditions	that	require	additional	protection	against	corrosion	of	reinforcement.	Each	exposure	category	is	divided	into	exposure	classes	WKDW	GH¿QH	VHYHULW\	RI	WKH	H[SRVXUH	VWDUWLQJ
ZLWK		IRU	D	QHJOLJLEOH	H[SRVXUH	2QFH	DOO	VWUXFWXUDO	PHPEHUV	DUH	assigned	exposure	classes	and	the	concrete	mixtures	for	these	members	satisfy	those	various	requirements,	the	Code’s	minimum	durability	requirements	are	met.	4.3.1	Freezing	and	thawing	(F)—The	volume	of	ice	is	9	percent	larger	than	water.	As	water	freezes	in
satuUDWHG	FRQFUHWH	FHPHQW	SKDVH	DQG	DJJUHJDWHV	DUH	VXEMHFW	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Durability	through	marine	exposure	(seawater	or	brackish	water).	To	reduce	likelihood	of	corrosion	initiation,	total	chloride-ion	content	should	not	exceed	a	certain	concentration	value,	referred
to	as	the	chloride	threshold.	A	literature	review	of	reported	chloride	threshold	values	revealed	“that	there	is	no	single	threshold	value,	but	a	range	based	on	the	conditions	and	materials	in	use”	and	were	found	to	vary	from	0.1	to	1	percent	by	mass	of	cement	(Taylor	et	al.	1999).	ACI	318-14	limits	water-soluble	chlorides	to	0.15	percent	by	mass	of
cement	for	concrete	exposed	to	external	chlorides	RUVHDZDWHU9DOXHRISHUFHQWWRWDOFKORULGHE\PDVVRI	cement	is	given	in	British	and	European	Standards	(Neville	2003;	Whiting	et	al.	2002).	Corrosion	of	the	reinforcing	steel	in	concrete	can	be	reduced	or	prevented	by	minimizing	the	w/cm	ratio	(permeability),	ensuring	maximum	cover
depth	of	concrete	over	steel	(Stark	2001),	and	use	of	corrosion	inhibitors	or	corrosion	resistant	steel.	33	34	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	to	internal	pressure,	which	then	causes	concrete	tensile	stresses.	If	those	stresses	are	greater	than	the	tensile	strength	of	concrete,	cracking	will	occur.	The	cumulative
expansion	after	many	cycles	of	freezing	and	thawing	may	lead	to	signifLFDQWFRQFUHWHGDPDJH2QHPHWKRGWRSURWHFWFRQFUHWHIURP	freezing-and-thawing	damage	is	to	reduce	moisture	penetration	so	it	does	not	become	critically	saturated;	however,	this	is	not	always	possible.	The	other	method	is	to	generate	small	air	bubbles	in	fresh
concrete	by	addition	of	an	air-entraining	admixture,	which	creates	voids	for	the	freezing	water	to	expand	into	without	creating	internal	stress.	The	Code	requires	concrete	in	structural	members	exposed	to	cycles	of	freezing	and	thawing	to	be	protected	by	using	airHQWUDLQHG	FRQFUHWH$LU	HQWUDLQPHQW	VLJQL¿FDQWO\	LPSURYHV
resistance	of	saturated	concrete	to	freezing	and	thawing.	ACI	212.3R	provides	an	in-depth	discussion	on	these	materials,	their	applications,	dosage	rates,	effects	on	fresh	and	KDUGHQHGFRQFUHWHDQGRWKHUIDFWRUVWKH\LQÀXHQFH	7KHVSHFL¿HGDPRXQWRIDLUHQWUDLQPHQWGHSHQGVSULPDULO\	on	frequency	of	exposure	to	water
(exposure	class),	but	also	on	nominal	maximum	aggregate	size	and	concrete	compresg	sive	strength.	To	achieve	similar	freezing-and-thawing	y	required	for	protection,	higher	air	content	is	generally	concrete	mixtures	with	smaller	nominal	maximum	aggregate	/8	in.	aggregate	requires	size.	For	example,	concrete	with	3/8	n	con	50	percent	higher	air
content	than	concrete	with	2	in.	aggre.1)	The	Code	requires	that	at	gate	(ACI	318-14,	Table	19.3.3.1).	DO	VSHFLI\WKHQRP	QDO	WKHOLFHQVHGGHVLJQSURIHVVLRQDO/'3	VSHFLI\WKHQRPLQDO	ac	concrete	ncrete	mixture	iin	the	maximum	aggregate	size	for	each	nal	maximum	imum	aggregate	size	construction	documents.	Nominal	reg	as	well
as	cons	ucdepends	on	locally	available	aggregates,	construcwo	member	b	depth,	d	th	and	tion	issues	such	as	size	of	formwork,	clear	bar	spacing.	The	criteria	for	maximum	size	selection	are	given	in	Section	26.4.2.1	of	ACI	318-14.	Table	19.3.3.1	ng	lists	target	air	content	for	Classes	F1,	F2	and	F3,	depending	on	the	nominal	maximum	aggregate	size.
Another	factor	affecting	selection	of	target	air	content	is	compressive	strength.	An	air	content	reduction	of	1	percent	LVDOORZHGIRUFRQFUHWHZLWKVSHFL¿HGFRPSUHVVLYHVWUHQJWK	exceeding	5000	psi	(ACI	318-14,	Section	19.3.3.3).	The	reason	for	air	content	reduction	is	that	concretes	with	higher	strengths	are	characterized	by	lower
w/cm	and	reduced	porosity,	which	improve	resistance	to	freezing-and-thawing	cycles.	For	example,	a	structural	member	in	Exposure	Class	F2	with	1/2	in.	nominal	maximum	aggregate	size	requires	concrete	with	a	target	air	content	of	7	percent	(or	6	percent	for	concrete	with	compressive	strength	exceeding	5000	psi).	%HFDXVH	H[DFW	DLU
FRQWHQW	LV	GLI¿FXOW	WR	DFKLHYH	WKH	&RGH	allows	tolerance	for	air	content	in	as-delivered	concrete	of	±1.5	percentage	points.	This	is	consistent	with	the	tolerances	in	ASTM	C94/C94M	and	ASTM	C685/C685M	(Section	R26.4.2.1(a)(5)).	The	required	air	content	range,	therefore,	is	from	5.5	to	8.5	percent	(or	4.5	to	7.5	percent	for	concrete
with	compressive	strength	exceeding	5000	psi).	Additional	requirements	or	limitations,	such	as	minimum	compressive	strength,	minimum	w/cm,	or	limits	on	cementitious	materials,	depend	on	the	exposure	class	assigned	to	a	particular	member.	Interior	members,	foundations	below	the	frost	line,	or	structures	in	climates	where	freezing	temperatures
are	not	anticipated	are	assigned	Exposure	Class	F0.	These	conditions,	therefore,	do	not	require	air	entrainment	and	there	is	no	limit	on	maximum	w/cm	or	on	the	use	of	cementitious	materials.	The	minimum	compressive	strength	for	concrete	in	Exposure	Class	F0	is	the	Code	minimum:	2500	psi.	Freezing-and-thawing	cycles	have	little	effect	on
concrete	that	is	not	critically	saturated.	Structural	members	exposed	to	freezing	and	thawing	cycles,	but	with	low	likelihood	of	being	saturated,	are	assigned	exposure	class	F1.	Concrete	for	this	exposure	must	be	air	entrained	(Table	19.3.3.1	of	ACI	318)	in	case	there	is	occasional	saturation	during	freezing.	In	addition,	the	concrete	should	have
maximum	w/cm	of	0.55	and	at	least	3500	psi	compressive	strength.	Exposure	Classes	F2	and	F3	are	assigned	to	concrete	in	structural	members	with	a	high	likelihood	of	water	saturation	during	freezing.	The	distinction	between	the	two	classes	is	that	Class	F2	anticipates	no	exposure	to	deicing	chemicals	or	seawater,	while	Class	F3	does.	Concrete	in
F2	and	F3	exposure	classes	must	be	air	entrained	(Table	19.3.3.1	of	ACI	318)	an	and	have	a	maximum	w/cm	of	0.45	and	0.40,	ectively.	The	mi	respectively.	minimum	concrete	compressive	strengths	4	for	F2	and	F3	classes	aaree	4500	and	5000	psi,	respectively.	st	se	The	most	severee	class	of	eexposure,	F3,	also	has	a	limit	on	cem	tiou	materials	erials
in	co	cementitious	concrete	mixtures,	given	in	ACI	T	ble	226.4.2.2(b).	(b).	318,	Table	Th	umm	The	summary	of	requirem	requirements	for	concrete	in	Exposure	Categ	y	F	is	listed	in	Table	19.3.2.1	of	ACI	318.	Category	4.3	S)—All	so	4.3.2	Sulf	Sulfate	(S)—All	soluble	forms	of	sulfate,	sodium,	ium,	or	m	calcium,	potassium,	magnesium	have	a	detrimental
effect	on	concrete..	Dependin	Depending	on	the	sulfate	form,	they	react	with	ated	cement	phases	and	result	in	formation	of	ettringite	hydrated	or	gypsum	gypsum.	Depending	on	the	reaction	product,	the	concrete	either	expands	and	cracks	(ettringite),	or	softens	and	loses	strength	(gypsum).	The	most	effective	measure	to	reduce	the	effects	of	sulfate
reactions,	apart	from	reducing	moisture	ingress,	is	to	use	cements	with	a	low	content	of	tricalcium	aluminate	(C3A).	A	more	detailed	discussion	on	sulfate’s	effect	on	concrete	can	be	found	in	ACI	201.2R.	Exposure	Category	S	applies	to	structural	members	that	will	likely	be	affected	by	external	source	of	sulfates,	which	predominantly	come	from
exposure	to	soil,	groundwater,	RU	VHDZDWHU	7KH	H[SRVXUH	FODVVL¿FDWLRQ	FODVV		LV	VHOHFWHG	EDVHG	RQ	WKH	FRQFHQWUDWLRQ	RI	VXOIDWH	LRQV	6242–),	which	should	be	determined	in	accordance	with	ASTM	C1580	for	soil	samples	and	with	ASTM	D516	or	ASTM	D4130	for	ZDWHU	VDPSOHV	7KH	&RGH	UHTXLUHV	WKH	/'3
WR	VSHFLI\	WKH	H[SRVXUHFODVVE\FRPSDULQJ¿HOGWHVWUHVXOWVZLWKFRQFHQtration	ranges	in	Table	19.3.1.1	of	ACI	318.	Note	that	VHDZDWHUH[SRVXUHLVFODVVL¿HGDV6HYHQWKRXJKWKHVXOIDWH	concentration	(in	seawater)	is	usually	higher	than	1500	ppm.	The	reason	for	lower	class	for	seawater	is	the	presence	of	chloride
ions,	which	inhibit	expansive	reaction	due	to	sulfate	attack.	Class	S0	is	assigned	to	concrete	in	members	not	exposed	to	sulfates	and	there	is	no	restriction	on	w/cm,	or	type	or	limit	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	on	cementitious	materials.	The	only	requirement	for	concrete
FODVVL¿HGDV6LVWKHPLQLPXPFRPSUHVVLYHVWUHQJWKEHDW	least	2500	psi.	Greater	minimum	compressive	strength	and	maximum	w/cm	limits	are	imposed	on	concrete	in	Exposure	Classes	S1	through	S3.	For	these	exposure	classes,	the	type	RIFHPHQWLVWKHPDMRUUHTXLUHPHQW	A	summary	of	all	requirements	for	concrete	in
Exposure	Category	S	is	listed	in	Table	19.3.2.1	of	ACI	318-14.	4.3.3	In	contact	with	water	(W)—The	durability	of	structural	members	in	direct	contact	with	water,	such	as	foundation	walls	below	the	groundwater	table,	may	be	affected	by	water	penetration	into	or	through	concrete.	Apart	from
H[WHUQDOV\VWHPVVXFKDVGUDLQDJHV\VWHPVRUZDWHUSURR¿QJ	membranes	for	foundations,	the	most	effective	way	to	reduce	concrete	permeability	is	to	keep	the	w/cm	low.	Concrete	for	members	assigned	to	Exposure	Class	W0	has	no	unique	requirements	except	that	it	has	a	minimum	compressive	strength	of	2500	psi.	Concrete	in
structural	members	assigned	to	Exposure	Class	W1	requires	low	permeability.	Table	19.3.2.1	of	ACI	318-14	requires	w/cm	not	to	exceed	0.50	and	compressive	strength	to	be	at	least	4000	psi.	Note	that	additional	requirements	are	imposed	if	the	member’s	durability	is	to	be	affectedd	by	reinforcexposure	to	cycles	of	ment	corrosion,	sulfate	exposure,	or
exposure	ations	for	the	design	and	freezing	and	thawing.	Recommendations	construction	of	water	tanks	and	rese	reservoirs	are	provided	in	ACI	350.4R,	ACI	334.1R,	and	ACI	372R.	E	re	Class	W	are	listed	ted	Requirements	for	concrete	in	Exposure	4.	in	Table	19.3.2.1	of	ACI	318-14.	sio	off	reinforcement	may	4.3.4	Corrosion	(C)—Corrosion	QG
VWUXFWXUDO	FWXUDO	FDSDFLW\	RI	I	D	VLJQL¿FDQWO\	DIIHFW	GXUDELOLW\	DQG	member.	Reinforcement	corrosion	uusually	occurs	as	a	result	of	the	presence	of	chlorides	or	steel	depassivation	due	to	carbonation.	Corrosion	products	(rust)	are	larger	in	volume	re	than	the	original	steel	and	therefore	exert	internal	pressure	on	the
surrounding	concrete,	causing	it	to	crack	or	delamiQDWH$VLJQL¿FDQWORVVRIUHLQIRUFLQJEDUFURVVVHFWLRQOHDGV	to	increased	steel	stresses	under	service	load	and	reduced	member	nominal	strength.	Because	moisture	and	oxygen	must	be	present	at	the	steel	surface	for	corrosion	to	occur,	the	quality	of	concrete	and	the	reinforcing	bar
cover	are	of	great	importance.	Corrosion	can	be	mitigated	by	proper	mixture	design	and	construction	practices;	application	of	sealers,	coatings,	or	membranes	that	protect	concrete	from	moisture	and	chloride	penetration;	use	of	corrosion	resistant	reinforcement;	or	inclusion	of	corrosion	inhibitors	in	the	mixture	to	elevate	the	corrosion	threshold
concentration.	Refer	to	ACI	222R,	ACI	222.3R,	and	ACI	212.3R	for	additional	information.	Each	exposure	class	within	the	corrosion	exposure	category	has	a	limit	on	water-soluble	chloride-ion	content	in	concrete.	The	chloride-ion	content	is	measured	in	accordance	with	ASTM	C1218/C1218M,	which	requires	the	sample	be	representative	of	all
concrete-making	ingredients—that	is,	FHPHQWLWLRXVPDWHULDOV¿QHDQGFRDUVHDJJUHJDWHZDWHUDQG	admixtures.	Because	chloride	limits	are	imposed	even	on	concrete	in	Exposure	Class	C0,	all	structural	concrete	must	comply	with	the	Code’s	maximum	chloride	ion	limits.	Chlo-	35	ride	limits	for	nonprestressed	concrete,	expressed	as
percent	of	cement	weight,	are	1	percent	for	Class	C0,	0.30	percent	for	Class	C1,	and	0.15	percent	for	Class	C2.	Chloride	limit	for	prestressed	concrete	is	0.06	percent	by	cement	weight,	regardless	of	exposure	class.	Apart	from	chloride	limits,	Exposure	Classes	C0	and	C1	have	no	additional	requirements,	as	there	is	no	limit	on	w/cm	and	the	minimum
compressive	strength	is	2500	psi.	Class	C2	requires	concrete	strength	of	at	least	5000	psi,	a	maximum	w/cm	RI		DQG	UHLQIRUFLQJ	VWHHO	VSHFL¿HG	cover	to	satisfy	the	Code’s	minimum	concrete	cover	provisions.	The	minimum	concrete	cover	depends	on	exposure	to	weather,	contact	with	ground,	type	of	member,	type	of	reinforcement,	diameter
and	arrangement	(bundling)	of	reinforcement,	method	of	construction	(cast-in-place	or	precast),	and	if	the	member	is	prestressed.	Tables	20.6.1.3.1,	20.6.1.3.2,	and	20.6.1.3.3	of	ACI	318-14	provide	cover	provisions	for	cast-in-place	nonpressessed,	cast-in-place	pressessed,	and	precast	nonpressessed	or	pressessed	concrete	members,	respectively.	If
the	design	requires	bundled	bars,	FKHFN6HFWLRQRI$&,IRUVSHFL¿FUHTXLUHments.	Concrete	cover	requirements	in	corrosive	environments	or	other	ssevere	exposure	conditions	are	more	stringent	S	and	are	provided	in	Section	20.6.1.4	of	ACI	318-14.	rem	ments	for	con	re	in	Exposure	Class	C	are	listed	ret	Requirements	concrete	1	of	ACI	3318-
14.	in	Tablee	19.	19.3.2.1	4.4—	onc	valuation	acceptance,	and	4.4—Concrete	evaluation,	tion	inspection	Dur	bility	requirements	rements	aare	met	once	concrete	proporDurability	tions	and	d	pr	es	satisfy	the	minimums	set	by	the	Code.	properties	T	he	ddelivered	deliv	li	To	assure	that	the	concrete	achieves	the	desired	KH/'3VK
GXUDELOLW\WKH/'3VKRXOGVSHFLI\FRQFUHWHHYDOXDWLRQDQG	ptance	criter	acceptance	criteria	consistent	with	ACI	318-14,	Section			DQG	DQ	¿HOG	LQVSHFWLRQ	FRQVLVWHQW	ZLWK	$&,			Section	26.13.	4.5—Examples	The	following	examples	illustrate	one	approach	of	implementing	minimum	durability	requirements	of	the	Code.	In
some	cases,	durability	requirements	for	material	properties	may	exceed	those	of	the	structural	design.	This	is	more	likely	for	severe	exposure	conditions,	which	require	a	minimum	compressive	strength	of	5000	psi.	In	some	cases,	SCMs	may	be	required,	which	may	extend	setting	time	and
HDUO\DJHVWUHQJWKDQGUHVXOWLQPRGL¿FDWLRQVWRFRQVWUXFtion	schedule.	For	these	reasons,	cooperation	with	engineers	experienced	with	concrete	materials	and	mixture	proportioning,	and	with	concrete	suppliers,	is	recommended.	4.5.1	([DPSOH,QWHULRUVXVSHQGHGVODEQRWH[SRVHGWR	moisture	or	freezing	and	thawing—
Consider	the	design	of	D	FDVWLQSODFH	QRQSUHVWUHVVHG	VODE	LQ	D	PXOWLVWRU\	RI¿FH	building.	It	is	located	in	a	climate	zone	with	frequent	freezing-and-thawing	cycles;	however,	the	slab	will	be	constructed	during	summer	and	the	temperatures	at	night	during	construction	are	expected	to	remain	above	40	to	45°F.	It	is	desirable	for	the
slab	to	quickly	gain	strength	to	meet	the	construction	schedule.	For	this	reason,	calcium	chloride	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Durability	CHAPTER	4—DURABILITY	36	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	was	proposed	as	an	accelerating	admixture.	The	required	minimum
compressive	strength,	from	structural	analysis,	is	4000	psi.	The	slab	is	7	in.	thick	with	top	and	bottom	mats	of	No.	5	bars	spaced	at	8	in.	What	additional	information	VKRXOGEHVSHFL¿HGIRUWKHVODEFRQFUHWHWRPHHWGXUDELOLW\	requirements?	Answer:7KH¿UVWVWHSLVWRDVVLJQH[SRVXUHFODVVHVZLWKLQ	every	exposure	category
to	each	structural	member	or	group	RIPHPEHUV2QFHH[SRVXUHFODVVHVDUHDVVLJQHGWKH&RGH	JXLGHV	WKH	/'3	WR	VDWLVI\	WKH	GXUDELOLW\	UHTXLUHPHQWV7KH	step-by-step	instructions	are	as	follows:	Step	description/	action	item	Selection	and	discussion	Code	reference	spaced	at	6	in.	What	additional	information	is	needed	for
balcony	concrete	to	meet	durability	requirements?	Answer:	Durability	requirements	are	met	once	the	most	ULJRURXVUHTXLUHPHQWVRIWKH&RGHDUHVDWLV¿HG7KH¿UVWVWHS	is	to	assign	exposure	classes	within	every	exposure	category
WRHDFKVWUXFWXUDOPHPEHURUJURXSRIPHPEHUV2QFHH[SRVXUHFODVVHVDUHDVVLJQHGWKHFRGHJXLGHVWKH/'3WRVHWWKH	minimum	durability	requirements.	The	step-by-step	instructions	are	as	follows:	Step	description/	action	item	Selection	and	discussion	Code	reference	Assign	exposure	classes	within	each	exposure	category	F2
(concrete	exposed	to	freezing-and-thawing	cycles	with	frequent	exposure	to	water)	S0	(soil	not	in	contact	with	FRQFUHWHORZDQGLQMXULRXV	sulfate	attack	is	not	a	concern)	W0WKHUHDUHQRVSHFL¿F	requirements	for	low	permeability)	C1	(concrete	exposed	to	moisture	but	not	to	an	external	source	of	chlorides)	Table	19.3.1.1	Assign	required
minimum	sive	compressive	strength	4500	psi	(based	on	F2);	because	450	4500	psi	iss	greater	than	design	streng	h	of	4000	psi,	the	4500	strength	psi	governs	gover	Table	19.3.2.1	Ass	maxim	Assign	maximum	w/cm	0.45	(based	on	F2)	Table	19.3.2.1	Assign	minim	minimum	oncre	cove	concrete	cover	.5	in.	(exposed	(expo	1.5	to	weather,	No.	5	bar	and
sm	smaller)	Table	20.6.1.3.1	Assig	nominal	nomin	Assign	i	of	maximum	size	aggregate	2	in.	(1/3	x	6-in.	–	slab	thi	k	thickness,	3/4	x	6-in.	clear	bar	spaci	spacing	–	top	mat	bars);	use	1	iin.	as	readily	available	26.4.2.1(a)(4)	require	air	Assign	required	content	6%	±	1.5%	(for	1	in.	aggregate	and	F2	class)	[Note:	1	in.	aggregate	can	be	substituted	with	3/4
in.	aggregate	with	no	air	content	change]	Table	19.3.3.1	and	Section	R26.4.2.1(a)(5)	Assign	exposure	classes	within	each	exposure	category	F0	(concrete	not	exposed	to	freezing-and-thawing	cycles)	S0	(soil	not	in	contact	with	FRQFUHWHORZDQGLQMXULRXV	sulfate	attack	is	not	a	concern)	W0WKHUHDUHQRVSHFL¿F	requirements	for	low
permeability)	C0	(concrete	dry	or	protected	from	moisture)	Table	19.3.1.1	Assign	required	minimum	compressive	strength	2500	psi	(based	on	F0)	Table	19.3.2.1	Assign	maximum	w/cm	ed	on	o	all	expoNot	limited	(based	sure	classes)	Table	19.3.2.1	Assign	minimum	concrete	cover	po	0.75	in.	(not	exposed	to	.,	N	weather,	slabs...,	No.	11	bars	and
smaller)	le	Table	1.3.1	20.6.1.3.1	Assign	nominal	maximum	size	of	aggregate	lea	bar	2	in.	(3/4	x	3	in.	clear	t	spacing	–	top	and	bottom	mat,	or	1/3	x	7	in.	–	slab	thickness);	use	1	in.	as	readily	available	26.4.2.1(a	26.4.2.1(a)(4)	Assign	required	air	content	Not	air	entrained	Table	19.3.2.1	Assign	limits	on	cementitious	materials	No	limits	Table	19.3.2.1
Assign	limits	on	calcium	chloride	admixture	No	restriction	(based	on	S0)	[Note:	chloride	ions	from	the	DGPL[WXUHZLOOVLJQL¿FDQWO\	affect	measured	chloride	ion	content	in	concrete.]	Table	19.3.2.1	Assign	limits	on	cementitious	materials	No	limits	Table	19.3.2.1	1.00	(based	on	C0,	watersoluble	chloride-ion	content	from	all	concrete	ingredients
determined	by	ASTM	C1218/	C1218M	at	age	between	28	and	42	days)	Table	19.3.2.1	0.30	(water-soluble	chloride	ion	content	from	all	concrete	ingredients	determined	by	ASTM	C1218/1218M	at	age	between	28	and	42	days)	Table	19.3.2.1	Assign	maximum	water-soluble	chloride	ion	(Cl–)	content	in	concrete,	percent	by	weight	of	cement	Assign
maximum	water-soluble	chloride	ion	(Cl–)	content	in	concrete,	percent	by	weight	of	cement	Provide	guidance	on	cold	weather	construction	Consult	ASTM	C94/C94M,	ACI	306R,	and	ACI	301	for	guidance	on	temperature	limits	for	concrete	delivered	in	cold	weather.	Section	26.5.4.1	4.5.2	([DPSOH		%DOFRQ\	VODE	H[SRVHG	WR	PRLVWXUH	DQG
freezing	and	thawing²$Q	/'3	GHVLJQV	D	FDVWLQSODFH	QRQSUHVWUHVVHGEDOFRQ\VODELQDPXOWLVWRU\RI¿FHEXLOGLQJ	located	in	a	climate	zone	with	frequent	freezing-and-thawing	cycles.	It	is	anticipated	that	the	balconies	will	be	exposed	to	moisture,	but	not	deicing	salts.	The	required	minimum	compressive	strength,	from	structural
analysis,	is	4000	psi.	The	balcony	slabs	are	6	in.	thick	with	top	mat	of	No.	4	bars	4.5.3	([DPSOH		:DOO	IRXQGDWLRQ	H[SRVHG	WR	VXOIDWH	soil	and	deicing	salts	while	in	service²$Q/'3GHVLJQVD	cast-in-place,	nonprestressed	foundation	wall	of	a	partially	underground	parking	structure.	The	structure	is	located	in	a	northern	climate	zone	with
frequent	freezing-and-thawing	F\FOHVKLJKVXOIDWHVRLOFRQWHQWSHUFHQW6242–	by	mass)	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	and	exposure	to	deicing	salts	are	anticipated	as	a	runoff	from	the	nearby	streets	and	a	sidewalk.	It	is	desirable	for	the	foundation	wall	to	quickly	gain	strength	to	reduce	possible
frost	damage	and	to	meet	the	construction	schedule.	The	required	minimum	compressive	strength,	from	structural	analysis,	is	4000	psi.	The	foundation	wall	is	8	in.	thick	with	inside	face	and	outside	face	mats	of	No.	4	bars	spaced	at	12	in.	What	DGGLWLRQDO	LQIRUPDWLRQ	VKRXOG	EH	VSHFL¿HG	IRU	IRXQGDWLRQ	wall	concrete	to	meet
durability	requirements?	Answer:7KH¿UVWVWHSLVWRDVVLJQH[SRVXUHFODVVHVZLWKLQ	every	exposure	category	to	each	structural	member	or	group	RIPHPEHUV2QFHH[SRVXUHFODVVHVDUHDVVLJQHGWKHFRGH	JXLGHVWKH/'3WRVHWWKHPLQLPXPGXUDELOLW\UHTXLUHPHQWV	The	step-by-step	instructions	are	as	follows:	Step
description/	Action	item	Selection	and	discussion	Code	reference	Assign	exposure	classes	within	each	exposure	category	F3	(concrete	exposed	to	freezing-and-thawing	cycles	with	frequent	exposure	to	water	and	exposure	to	deicing	chemicals)	S3	(structural	concrete	members	in	direct	contact	with	soluble	sulfates	in	soil	or	water)	act	with	W1
(concrete	in	contact	meabil	is	water	and	low	permeability	required)	pos	to	C2	(concrete	exposed	n	ex	moisture	and	an	external	source	m	deicing	g	of	chlorides	from	chemicals)	Table	19.3.1.1	Assign	minimum	compressive	strength	d	C2);	5000	psi	(based	on	F3	and	han	because	5000	psi	is	gr	greater	than	design	strength	of	4000	psi,	5000	psi	governs
Table	19.3	1	19.3.2.1	Assign	maximum	w/cm	0.40	(based	on	F3	and	C2)	Table	19.3.2.1	Assign	minimum	concrete	cover	2.0	in.	–	outside	face	of	wall	(1.5	in.	cover	is	listed	in	Table	20.6.1.3.1	for	exposure	to	weather	or	in	contact	with	ground	for	No.	5	bar	and	smaller;	cover	increased	to	2.0	in.	based	on	20.6.1.4.1)	3/4	in.	–	inside	face	of	wall	(side	of	the
wall	not	exposed	to	weather	or	in	contact	with	ground)	Table	20.6.1.3.1	20.6.1.4.1	Assign	nominal	maximum	size	of	aggregate	1.5	in.	(1/5	x	8	in.	–	wall	thickness,	3/4	x	3-1/4	in.	clear	bar	spacing	–	between	interior	and	exterior	mats	of	reinforcing	steel);	use	1.5	in.	Section	26.4.2.1(a)(4)	Assign	required	air	content	5.5%	±	1.5%	(for	1.5	in.	Table	19.3.3.1
aggregate	and	F3	class)	[Notes:	1.	Changing	to	lower	nominal	maximum	aggregate	size	will	require	higher	air	content;	$LUFRQWHQWUHGXFWLRQRI	WR“	LVDOORZDEOHLI	concrete	compressive	strength	exceeds	5000	psi;	refer	to	19.3.3.3]	37	Assign	limits	on	cementitious	materials	/LPLWVLQDFFRUGDQFHZLWK7DEOH	26.4.2.2(b)	Cement



combinations	(for	Class	S3	in	Table	19.3.2.1)	must	be	tested	in	accordance	with	ASTM	C1012/C1012M	and	meet	the	maximum	expansion	UHTXLUHPHQWRI&ODVV	S3);	check	Table	26.4.2.2(c)	Table	19.3.2.1	Table	26.4.2.2(b)	Table	26.4.2.2(c)	Assign	limits	on	calcium	chloride	admixture	Not	permitted	(based	on	S2	and	C2)	Table	19.3.2.1	Assign
maximum	water-soluble	chloride-ion	(Cl–)	content	in	concrete,	percent	by	weight	of	cement	0.15	(based	on	C2,	watersoluble	chloride	ion	content	from	all	concrete	ingredients	determined	by	ASTM	C1218/	C1218M	at	age	between	28	and	42	days)	Table	19.3.2.1	REFERENCES	American	Concrete	Institute	ACI	201.2R-08—Guide	to	Durable	Concrete	ACI
212.3R-10—Report	on	Chemical	Admixtures	for	Concrete	ACI	222R-01—Protection	222R-0	of	Metals	in	Concrete	Against	osion	Corrosion	22.3R-11—Guidee	to	t	Design	and	Construction	PracACI	222.3R-11—Guide	Corrosio	of	Reinforcement	in	Concrete	tices	to	Mit	Mitigatee	Corrosion	Str	res	Structures	$&		HFL¿FDWLR
$&,²6SHFL¿FDWLRQIRU6WUXFWXUDO&RQFUHWH	AC	uide	to	Cold	C	ACI	306R	306R-10—Guide	Weather	Concreting	AC	334.	—Concret	Shell	Structures-Practice	and	ACI	334.1R-92—Concrete	Com	ntar	Commentary	ease	cor	ACI	350	350—Please	correct	document	number	and	add	title	rrect	refere	here	and	correct	reference	in	body	of	text
(Section	4.3.3)	CI	372R-13—	ACI	372R-13—Guide	to	Design	and	Construction	of	Circular	WireW	and	Strand-Wrapped	Prestressed	Concrete	Structures	ASTM	International	$670	&&0²6WDQGDUG	6SHFL¿FDWLRQ	IRU	Ready-Mixed	Concrete	ASTM	C1012/C1012M-13—Standard	Test	Method	for
/HQJWK&KDQJHRI+\GUDXOLF&HPHQW0RUWDUV([SRVHGWRD	Sulfate	Solution	ASTM	C1218/C1218M-99—Standard	Test	Method	for	Water-Soluble	Chloride	in	Mortar	and	Concrete	$670	&&0²6WDQGDUG	6SHFL¿FDWLRQ	IRU	Portland	Cement	ASTM	D516-11—Standard	Test	Method	for	Sulfate	Ion	in	Water	$670	&&0²6WDQGDUG
6SHFL¿FDWLRQ	IRU	&RQFUHWH	0DGH	E\	9ROXPHWULF	%DWFKLQJ	DQG	&RQWLQXRXV	Mixing	ASTM	C1580-09-Standard	Test	Method	for	WaterSoluble	Sulfate	in	Soil	ASTM	D4130-15—Standard	Test	Method	for	Sulfate	Ion	in	Brackish	Water,	Seawater,	and	Brines	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org
Durability	CHAPTER	4—DURABILITY	38	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Authored	documents	Hewlett,	P.	C.,	ed.,	1998,	Lea’s	Chemistry	of	Cement	and	Concrete,	fourth	edition,	John	Wiley	&	Sons,	New	York,	Toronto,	1057	pp.	Kosmatka,	S.	H.;	Kerkhoff,	B.;	and	Panarese,	W.	C.,	2002,	Design	and	Control	of	Concrete
Mixtures	(EB001),	14th	edition,	fourth	printing	(rev.),	Portland	Cement	Association,	6NRNLH,/)HESS	.RVPDWND	6	+	DQG	:LOVRQ	0	/		Design	and	Control	of	Concrete	Mixtures	(EB001),	15th	edition,	PortODQG&HPHQW$VVRFLDWLRQ6NRNLH,/SS	Neville,	A.,	ed.,	2003,	1HYLOOH	RQ	&RQFUHWH	$Q	([DPLnation	of	Issues	in	Concrete	Practice,
American	Concrete	Institute,	publisher,	Farmington	Hills,	MI,	510	pp.	Powers,	T.	C.,	1958,	“Structure	and	Physical	Properties	of	Hardened	Portland	Cement	Paste,”	Journal	of	the	American	Ceramic	Society91RSS	Stark,	D.,	1989,	“Durability	of	Concrete	in	Sulfate-Rich	6RLOV	5'	´	3RUWODQG	&HPHQW$VVRFLDWLRQ	6NRNLH	,/	14	pp.	6WDUN	'	
³/RQJ7HUP	3HUIRUPDQFH	RI	3ODLQ	DQG	Reinforced	Concrete	in	Seawater	Environments	(RD119),”	3RUWODQG&HPHQW$VVRFLDWLRQ6NRNLH,/SS	Taylor,	P.	C.;	Nagi,	M.	A.;	and	Whiting,	D.	A.,	1999,	“Threshold	Chloride	Content	for	Corrosion	of	Steel	in	&RQFUHWH$/LWHUDWXUH5HYLHZ5'	´3RUWODQG&HPHQW
$VVRFLDWLRQ6NRNLH,/SS	Whiting,	D.	A.;	Taylor,	P.	C.;	and	Nagi,	M.	A.,	2002,	³&KORULGH/LPLWVLQ5HLQIRUFHG&RQFUHWH5'	´3RUWODQG&HPHQW$VVRFLDWLRQ6NRNLH,/SS	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	5—ONE-WAY	SLABS	5.2—Analysis	ACI	318	allows	for	the	designer	to	use
any	analysis	proce\	GXUHWKDWVDWLV¿HVHTXLOLEULXPDQGJHRPHWULFFRPSDWLELOLW\	as	long	as	design	strength	and	serviceability	requirements	DUH	PHW		7KH	&RGH	LQFOXGHV	D	VLPSOL¿HG	PHWKRG	RI	DQDO\VLVIRURQHZD\VODEVWKDWUHOLHVRQFRHI¿FLHQWVWRFDOFXODWH	moments	and	shears.	5.3—Service	limits
5.3.1	Minimum	thickness—For	nonprestressed	slabs,	the	Code	allows	the	designer	for	slabs	not	supporting	or	attached	to	partitions	or	other	construction	likely	to	be	GDPDJHG	E\	ODUJH	GHÀHFWLRQ	WR	HLWKHU	FDOFXODWH	GHÀHFWLRQV	or	simply	satisfy	a	minimum	slab	thickness	(Section	7.3.1,	ACI	318-14).	In	the	case	where	loads	are
heavy,	nonuniIRUPRUGHÀHFWLRQLVDFRQFHUQFDOFXODWLRQVVKRXOGYHULI\	WKDW	VKRUW	DQG	ORQJWHUP	GHÀHFWLRQV	DUH	ZLWKLQ	WKH	&RGH	limits	(Section	24.2.2,	ACI	318-14).	The	Code	does	not	provide	a	minimum	thickness-tospan	ratio	for	PT	two-way	slabs,	but	Table	9.3	of	The	PostTensioning	Manual	(Post-Tensioning
Institute	(PTI)	2006),	lists	span-to-depth	ratios	for	different	members	that	have	been	found	from	experience	to	provide	satisfactory	structural	performance.	5.3.2	'HÀHFWLRQV—For	nonprestressed	slabs	that	are	thinner	than	the	ACI	318	minimum,	or	if	the	slab	resists	a	Fig.	5.3.3—Load	balancing	concept.	very	heavy	live	load,	superimposed	dead	load,
or	both,	and	IRU37VODEVDVZHOOWKHGHVLJQHUFDOFXODWHVGHÀHFWLRQV7KH	FDOFXODWHG	GHÀHFWLRQV	PXVW	QRW	H[FHHG	WKH	OLPLWV	JLYHQ	LQ	6HFWLRQ$&,'HÀHFWLRQVFDQEHFDOFXODWHGE\	any	appropriate	method,	such	as	classical	equations	or	software	results.	Note	that	the	spacing	of	slab	reinforcing	bar	to	limit
crack	width,	timing	of	form	removal,	concrete	quality,	timing	of	construction	loads,	and	other	construction	variables	all	FRXOG	DIIHFW	WKH	DFWXDO	GHÀHFWLRQ		7KHVH	YDULDEOHV	VKRXOG	EH	FRQVLGHUHG	ZKHQ	DVVHVVLQJ	WKH	DFFXUDF\	RI	GHÀHFWLRQ	calculat	calculations.	In	addition,	creep	over	time	will	increase	the
LPPHGLDWHGHÀH	LPPHGLDWHGHÀHFWLRQV	LFDOO\	ZLWK	D	3	7\SLFDOO\	37	VODE	VODE	GHÀHFWLRQV	DUH	XVXDOO\	im	m	the	maximum	net	concrete	small.	If	th	thee	designer	limits	crac	tensile	stres	stress	to	below	cracking	stress	under	service	loads,	GHÀH	RQF	LRQVFDQFR
GHÀHFWLRQFDOFXODWLRQVFDQFRQVLGHUWKHJURVVVODESURSHUWLHV	5.3.	5.3.3	Co	Concrete	service	stress—Nonprestressed	slabs	igne	for	strength	rength	w	are	designed	without	reference	to	a	concrete	SVHXG	VHUY	XUDOVWUHV	SVHXGRVHUYLFHÀH[XUDOVWUHVVOLPLW	)R	DQDO\	)RU	37	VVODEV	WKH	DQDO\VLV	RI
FRQFUHWH	ÀH[XUDO	WHQVLRQ	itical	part	of	the	design.	In	Section	8.3.4.1	of	stresses	is	a	critical	WKHFRQF	$&,WKHFRQFUHWHÀH[XUDOWHQVLOHVWUHVVLQQHJDWLYH	ent	areas	aat	columns	in	PT	slab	is	limited	to	6	f	c′	.	moment	At	positive	moment	sections,	Section	8.6.2.3	of	ACI	318-14	posi	requires	slab	reinforcing	bar	if	the	concrete
tensile	stress	exceeds	2	f	c′		7KHVH	VHUYLFH	WHQVLOH	ÀH[XUDO	VWUHVV	OLPLWV	are	below	the	concrete	cracking	stress	of	7.5	f	c′	,	thus	KDYLQJWKHHIIHFWRIOLPLWLQJGHÀHFWLRQV,QDGGLWLRQ6HFWLRQ	8.6.2.1	of	ACI	318-14	requires	a	PT	slab’s	axial	compressive	stress	in	both	directions,	due	to	PT,	to	be	at	least	125	psi.
%HIRUHWKHVODEÀH[XUDOVWUHVVHVLQDGHVLJQVWULSFDQEH	FDOFXODWHGWKHWHQGRQSUR¿OHVKRXOGEHGH¿QHG%RWKSUR¿OH	and	tendon	force	are	directly	related	to	slab	forces	and	moments	created	by	PT.	A	common	approach	to	calculate	PT	slab	moments	is	the	use	of	the	“load	balancing”	concept.
7HQGRQVDUHW\SLFDOO\SODFHGLQDSDUDEROLFSUR¿OHVXFKWKDW	the	tendon	is	at	the	minimum	cover	requirements	at	midspan	and	over	supports;	this	maximizes	the	parabolic	drape.	Anchors	are	typically	placed	at	mid-depth	at	the	slab	edge	(Fig.	5.3.3).	The	tendon	exerts	a	uniform	upward	force	along	its	length	that	counteracts	a	portion	of
the	gravity	loads,	usually	60	to	SHUFHQWRIWKHVODEVHOIZHLJKWDFFRUGLQJWR/LEE\		hence,	the	term	“load	balancing.”	The	load	effect	from	the	prestressing	force	in	the	tendon	is	then	combined	with	the	load	effect	of	the	gravity	loads	to	determine	net	concrete	stresses.	American	Concrete	Institute	–	Copyrighted	©	Material	–
www.concrete.org	One-Way	Slabss	5.1—Introduction	A	one-way	slab	is	generally	used	in	buildings	with	vertical	supports	(columns	or	walls)	that	are	unevenly	spaced,	creating	a	long	span	in	one	direction	and	a	short	span	in	the	SHUSHQGLFXODUGLUHFWLRQ2QHZD\VODEVW\SLFDOO\VSDQLQWKH	short	direction	and	are	supported	by	beams	in
the	long	direction.	During	preliminary	design,	the	designer	determines	the	loads	and	spans,	reinforcement	type	(post-tensioned	[PT]	or	nonprestressed),	and	slab	thickness.	The	designer	determines	the	concrete	strength	based	on	experience	and	the	Code’s	exposure	and	durability	provisions.	This	chapter	discusses	cast-in-place,	nonprestressed,	and
PT	slabs.	The	Code	allows	for	either	bonded	or	unbonded	tendons	in	a	PT	slab.	Because	bonded	tendons	are	not	usually	used	in	slabs	in	the	United	States,	this	chapter	will	address	PT	slabs	with	unbonded	tendons.	At	times,	the	design	of	a	one-way	slab	will	require	point	rages.	load	considerations,	such	as	wheel	loads	in	parking	garages.	These	result	in
local	shear	forces	on	the	slab,,	requiring	veriU	VWUHQJWK	¿FDWLRQ	RI	WKH	VODE¶V	SXQFKLQJ	VKHDU	VWUHQJWK	3XQFKLQJ	or	two	shear	is	addressed	in	Chapter	6	for	two-way	slabs	in	this	Handbook.	ning	trim	m	bars	can	be	used	d	For	relatively	small	slab	openings,	y	geometric	g	tric	stress	concentraconce	trato	limit	crack	widths	caused	by
cal	increase	ase	in	slab	thick	ess,	tions.	For	larger	openings,	a	local	thickness,	m	may	be	necessa	y	to	as	well	as	additional	reinforcement,	necessary	nd	strength.	ngth.	provide	adequate	serviceability	and	40	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	To	achieve	Code	stress	limits,	the	designer	can	use	an	iterative	or	direct
approach.	In	the	iterative	approach,	the	WHQGRQ	SUR¿OH	LV	GH¿QHG	DQG	WKH	WHQGRQ	IRUFH	LV	DVVXPHG	7KH	DQDO\VLV	LV	H[HFXWHG	ÀH[XUDO	VWUHVVHV	DUH	FDOFXODWHG	DQG	WKH	GHVLJQHU	WKHQ	DGMXVWV	WKH	SUR¿OH	RU	IRUFH	RU	ERWK	depending	on	results	and	design	constraints.	In	the	direct	approach,	the
designer	determines	the	highest	tensile	stress	permitted,	then	rearranges	equations	so	that	the	analysis	calculates	the	tendon	force	required	to	achieve	the	stress	limit.	The	Code	does	not	impose	a	minimum	concrete	compresVLYHVWUHVVGXHWR37EXWPDMRULW\RIHQJLQHHUVXVHSVLDV	a	general	minimum	for	cast-in-place	slabs.	For	slabs
exposed	to	aggressive	environments,	engineers	usually	design	slabs	with	an	increased	minimum	concrete	compressive	stress.	5.4—Required	strength	The	design	of	one-way	slabs	are	typically	controlled	by	moment	strength,	not	concrete	stress	or	shear	strength.	Assuming	a	uniform	load,	the	designer	calculates	the	unit	(usually	a	1	ft	width)	factored
slab	moments.	The	required	DUHDRIÀH[XUDOUHLQIRUFHPHQWRYHUDXQLWVODEZLGWKLVFDOFXlated	with	the	same	assumptions	as	a	beam.	ment	stre	5.4.1	Calculation	of	required	moment	strength—For	nonprestressed	reinforced	slabs,	a	quick	way	to	calculate	a	slab’s	gravity	design	moments	(iff	the	slab	meets	the	speciRQV	WKHPRPHQW
¿HGJHRPHWULFDQGORDGFRQGLWLRQV	LVE\WKHPRPHQWFRHI	&KDSWHU		RI	RI	$&,	¿FLHQWV	LQ	6HFWLRQ		RI	$&,		$&,	ct	analysis	ysis	methods.	318-14	permits	other,	more	exact	ion	induced	duced	by	prestressing	prestre	ing	For	PT	slabs,	effects	of	reactions	o	the	factored	gr	ity	(secondary	moments)	should	be	add	added	to	gravity	l	l	t	Mu.
moments	per	Section	5.3.11	of	ACII	318-14	tto	calculate	The	slab’s	secondary	moments	are	a	result	of	the	beam’s	vertical	restraint	of	the	slab	against	the	PT	“load”	at	each	ed	support.	Because	the	PT	force	and	drape	are	determined	during	the	service	stress	checks,	secondary	moments	can	be	quickly	calculated	by	the	“load-balancing”	analysis
concept.	A	simple	method	for	calculating	the	secondary	moment	is	to	subtract	the	tendon	force	multiplied	by	the	tendon	eccentricity	(distance	from	the	neutral	axis)	from	the	total	balance	moment,	expressed	mathematically	as	M2	=	Mbal	–	Pe.	The	critical	locations	to	calculate	Mu	along	the	span	are	usually	at	the	support	and	midspan.	Section	7.4.2.1
of	ACI	318-14	allows	Mu	to	be	calculated	at	the	face	of	support	rather	than	the	support	centerline.	5.4.2	Calculation	of	required	shear	strength—Assuming	a	uniform	load,	the	designer	calculates	the	unit	(usually	a	1	IWZLGWK	IDFWRUHGVODEVKHDUIRUFHE\HLWKHUWKHFRHI¿FLHQW	method	or	more	exact	calculations.	5.5—Design	strength
2QHZD\VODEVPXVWKDYHDGHTXDWHRQHZD\VKHDUVWUHQJWK	and	moment	strength	in	all	design	strips.	5.5.1	Calculation	of	design	moment	strength—The	UHTXLUHGDUHDRIÀH[XUDOUHLQIRUFHPHQWIRUDQRQSUHVWUHVVHG	and	PT	unit	slab	width	are	calculated	with	the	same	assumptions	as	for	a	beam,	Chapter	7,	of	this	Handbook.
Table	5.6.1a—As,min	for	nonprestressed	one-way	slabs	(Table	7.6.1.1,	ACI	318-14)	Reinforcement	type	fy,	psi	As,min,	in.2	Deformed	bars	<	60,000	0.0020Ag	Deformed	bars	or	welded	wire	reinforcement	•	Greater	of:	0.0018	×	60,	000	Ag	fy	0.0014Ag	Table	5.6.1b—Maximum	spacing	of	bonded	reinforcement	in	nonprestressed	and	Class	C	prestressed
(Table	24.3.2	one-way	slabs	and	beams,	ACI	318-14,	partial)	/HVVHURI:	⎛	40,	000	⎞	15	⎜	⎟	−	2.5cc	⎝	fs	⎠	12(40,000/fs)	5.5.2	Calculation	of	design	shear	strength—Discussion	for	nominal	one-way	shear	strength	is	the	same	as	for	a	beam,	Chapter	7,	of	this	Handbook.	rei	5.6—Flexure	reinforcement	detailing	RGHUHTXLUHVD	PLQL	LQ
7KH&RGHUHTXLUHVDPLQLPXPDUHDRIÀH[XUDOUHLQIRUFHd	iin	ttension	regions	to	ensure	that	the	slab	ment	bee	pla	placed	ation	and	crack	wid	deformation	widths	are	limited	when	the	slab’s	crack	g	str	cracking	strength	iss	exceede	exceeded.	If	more	than	the	minimum	area	by	analysis	analysis,	that	reinforcement	area	must	rea	iis	required
requ	y	be	provided.	vided	Reinforcement	forcemen	in	one	way	slabs	is	usually	XQLIRUPO\VSDFHGXQOHVVWKHUHLVDVLJQL¿FDQWSRLQWORDGRU	XQLIRU	O\V	XQOHVVWK	ope	opening..	prestressed	reinforced	slab	–	Flexural	rein5.6.1	Nonprestressed	nt	area	and	placing—For	nonprestressed	slabs,	the	forcement	PLQLPXPÀH[
PLQLPXPÀH[XUDOEDUDUHDAs,min,	is	given	in	Table	7.6.1.1	of	ACI	318-14	(Table	5.6.1a	of	this	Handbook).	7KHPD[LPXPVSDFLQJRIÀH[XUDOEDUVLVJLYHQLQ7DEOH	24.3.2	of	ACI	318-14	(Table	5.6.1b	of	this	Handbook).	Because	fs	is	usually	taken	as	40,000	psi,	the	maximum	spacing	will	not	exceed	12	in.	The	bar	termination	rules	in	Section
7.7.3	of	ACI	318-14	cover	general	conditions	that	apply	to	beams,	but	because	one-way	slab	bars	are	usually	spaced	close	to	the	maximum,	bars	generally	cannot	be	terminated	without	violating	the	maximum	spacing.	This	usually	results	in	all	bottom	bars	extending	full	length	into	the	beams.	5.6.2	Post-tensioned	slab	–	Flexural	tendon	area	and	placing
—For	PT	one-way	slabs,	the	Code	does	not	have	a	limit	for	minimum	tendon	area	or	a	minimum	compressive	VWUHVVGXHWR377KLVLVFRQVLVWHQWZLWKWKHÀH[LEOHDSSURDFK	on	service	stresses.	The	Code	limits	the	maximum	tendon	spacing	to	8h	or	5	ft.	5.6.3	Post-tensioned	slab	–	Flexural	reinforcing	bar	area	and	placing—The	Code
requires	the	reinforcing	bar	area,	As,min,	to	be	placed	close	to	the	slab	face	at	the	bottom	at	midspan	and	the	top	at	the	support.	For	one-way	PT	slabs	As,min	=	0.004Act.	Because	the	one-way	slab	strip	is	rectangular,	Act	=	0.5Ag.	This	minimum	is	independent	of	service	stress	level.	American	Concrete	Institute	–	Copyrighted	©	Material	–
www.concrete.org	CHAPTER	5—ONE-WAY	SLABS	If	the	designer	uses	tendons,	the	minimum	slab	effective	compression	force	due	to	temperature	and	shrinkage	tendons	is	100	psi.	The	purpose	of	this	reinforcement	is	to	restrain	the	size	and	spacing	of	slab	cracks,	which	can	occur	due	to	volume	variations	caused	by	temperature	changes	and	slab
shrinkage	over	time.	In	addition,	if	the	slab	is	restrained	against	movement,	the	Code	requires	the	designer	to	provide	reinforcement	that	accounts	for	the	resulting	tension	stress	in	the	slab.	Authored	references	/LEE\	-		0RGHUQ	3UHVWUHVVHG	&RQFUHWH	'HVLJQ	Principles	and	Construction	Methods,	fourth	edition,	Springer,	871	pp.	Post-
Tensioning	Institute	(PTI),	2006,	Post-Tensioning	Manual,	sixth	edition,	PTI	TAB.1-06,	354	pp.	One-Way	Slabss	The	maximum	spacing	of	reinforcing	bar	in	a	PT	one-way	slab	is	the	lesser	of	3h	and	18	in.	,I	WKH	VODE	GHVLJQ	PRPHQW	VWUHQJWK	LV	IXOO\	VDWLV¿HG	E\	the	tendons	alone,	the	termination	length	of	As,min	bars	for	bottom	bars	is	(a)
and	for	top	bars	is	(b):	(a)	At	least	Ɛn/3	in	positive	moment	areas	and	be	centered	in	those	areas	(b)	At	least	Ɛn/6	on	each	side	of	the	face	of	support	The	termination	length	for	bars	that	are	required	for	strength	are	the	same	as	for	nonprestressed	slabs.	5.6.4	Temperature	and	shrinkage	reinforcement	and	placing—Shrinkage	and	temperature	(S&T)
slab	reinforcement	is	required	and	could	be	either	reinforcing	bar	or	WHQGRQVSODFHGSHUSHQGLFXODUWRÀH[XUDOUHLQIRUFHPHQW	If	the	designer	uses	reinforcing	bar,	the	minimum	area	of	temperature	and	shrinkage	Grade	60	bar	is	0.0018Ag.	41	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	42	THE
REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	5.7—Examples	One-way	Slab	Example	11RQSUHVWUHVVHGRQHZD\VODE²	'HVLJQDQGGHWDLOWKHVHFRQGVWRU\RIWKHVHYHQVWRU\EXLOGLQJ7KHRQHZD\VODEFRQVLVWVRI¿YHVSDQVRIIWHDFK7KHVODE	is	supported	by	18	in.	beams.	A	6	ft	cantilever	extends	at	the	left	end
of	the	slab	(Fig.	E1.1).	Given:	Load—	Service	live	load	L	=	100	psf	Concrete—	fc’	=	5000	psi	(normalweight	concrete)	fy	=	60,000	psi	Geometry—	Span	length:	14	ft	Beam	width:	18	in.	Column	dimensions:	24	in.	x	24	in.	)LJ(²3ODQRI¿YHVSDQRQHZD\VODE	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	ACI	318-14
Discussion	Step	1:	Geometry	Calculation	7.3.1.1	Determine	slab	thickness	using	ratios	from	Table	7.3.1.1.	h≥	A	(14	ft)(12	in./ft)	=	=	7	in.	24	24	Determine	cantilever	thickness:	h≥	A	(6	ft)(12	in./ft)	=	=	7.2	in.,	say,	7	in.	10	10	43	Because	the	slab	and	cantilever	satisfy	ACI	318-14	span-to-depth	ratios	(Table	7.3.1.1),	the	designer	does
QRWQHHGWRFKHFNGHÀHFWLRQVXQOHVVWKHVODELVVXSporting	breakable	partitions.	Note:	Architectural	requirements	specify	a	3/4	in.	step	at	the	cantilever.	Detail	to	maintain	7	in.	slab	thickness.	Self-weight	Slab:	ws	=	(7	in./12	in./ft)(150	lb/ft3)	=	87.5	psf	6WHS/RDGVDQGORDGSDWWHUQV	5.3.1	The	service	live	load	is	100	psf	in
assembly	areas	and	corridors	per	Table	4-1	in	ASCE	7-10.	For	cantilever	use	100	psf.	To	account	for	weights	from	FHLOLQJVSDUWLWLRQV+9$&V\VWHPVHWFDGGSVI	WHPVHWFDGGSVI	ad.	as	miscellaneous	dead	load.	quired	streng	h	eq	The	required	strength	equations	to	be	considered	are:	U	=	1.4D	(5.3.1a)	U	=	1.4	(87.55	psf	+	15	psf)	=	143.5
psf	1	(102.55	psf)	+	1.6	1.	(100	psf)	U	=	1.2D	+	1.6L	(5.3.1b)	U	=	1.2	=	123	psf	+	160	psf	=	283	psf	Controls	art	oof	a	The	slab	resists	ggravity	only	and	is	not	part	is	ystem,	except	to	act	as	a	lateral	force-resisting	system,	diaphragm.	A	provide	id	guidance	for	add	Both	ASCE	7	and	ACI	dressing	live	load	patterns.	Either	approach	is	acceptable.	wo
patACI	318	allows	the	use	of	the	following	two	terns,	Fig.	E1.2:	Factored	dead	load	is	applied	on	all	spans	and	fac6.4.2	tored	live	load	is	applied	as	follows:	(a)	Maximum	positive	Mu	near	midspan	occurs	with	factored	live	load	on	the	span	and	on	alternate	spans.	(b)	Maximum	negative	Mu	at	a	support	occurs	with
IDFWRUHGOLYHORDGRQDGMDFHQWVSDQVRQO\	Fig.	E1.2—Live	load	loading	pattern.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	One-Way	Slabss	CHAPTER	5—ONE-WAY	SLABS	44	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	3:	Concrete	and	steel	material	requirements	7.2.2.1	The
mixture	proportion	must	satisfy	the	durability	requirements	of	Chapter	19	and	structural	strength	requirements	of	ACI	318-14.	The	designer	determines	the	durability	classes.	Please	refer	to	Chapter	4	of	this	design	Handbook	for	an	in-depth	discussion	of	the	categories	and	classes.	$&,LVDUHIHUHQFHVSHFL¿FDWLRQWKDWLVFRRUGLnated	with
ACI	318.	ACI	encourages	referencing	$&,LQWRMREVSHFL¿FDWLRQV	7.2.2.2	By	specifying	that	the	concrete	mixture	must	be	in	accordance	with	ACI	301-10	and	providing	the	exposure	classes,	Chapter	19	(ACI	318-14)	requirements	are	VDWLV¿HG	Based	on	durability	and	strength	requirements,	and	experience	with	local	mixtures,	the	compressive
strength	RIFRQFUHWHLVVSHFL¿HGDWGD\VWREHDWOHDVW	psi.	There	are	several	mixture	options	within	ACI	301,	such	as	admixtures	and	pozzolans,	which	the	designer	can	require,	permit,	or	review	if	suggested	by	the	contractor.	The	reinforcement	must	satisfy	Chapter	20	of	ACI	318-14.	The	designer	determines	the	grade	of	bar	and	if	the
reinforcing	bar	should	be	coated	by	epoxy	or	galvanized,	or	both.	Step	4:	Slab	analysis	ldi	relies	ies	on	the	build	g’s	other	6.3	Because	the	building	building’s	LVW	DOORDGVWKHVODE	TXDOL¿H	PHPEHUVWRUHVLVWODWHUDOORDGVWKHVODETXDOL¿HV	mptions,	as	discu	ed	in	i	the	for	braced	framee	assumptions,	discussed	commentary.	6.6
The	analysis	should	be	consistent	with	the	overall	assumptions	about	the	role	of	the	slab	within	the	building	system.	Because	the	lateral	forceresisting-system	only	relies	on	the	slab	to	transmit	D[LDOIRUFHVD¿UVWRUGHUDQDO\VLVLVDGHTXDWH	Step	5:	Required	moment	strength	7.4.2	The	slab’s	negative	design	moments	are	taken	at	the	face	of
support	as	is	permitted	by	the	Code	(Fig.	E1.3).	By	specifying	the	reinforcing	bar	grade	and	any	coatings,	and	that	the	reinforcing	bar	must	be	in	accordance	with	ACI	301-10,	Chapter	20	requirements	DUHVDWLV¿HG,Q	DUHVDWLV¿HG,QWKLVFDVHDVVXPH*UDGHEDUDQGQR	ggs	coatings.	delin	assumptions:	umptions:	Modeling	A	ume	an
effective	ctive	mom	Assume	moment	of	inertia	for	the	entire	gth	oof	the	slab.	ab.	length	Ig	ore	ttorsional	al	stiffness	stiffnes	of	beams.	Ignore	\WK	DWWKLVOH	2QO\WKHVODEDWWKLVOHYHOLVFRQVLGHUHG	Analysis	approach:	The	connection	to	the	beams	is	monolithic;	however,	ZKHQWKH
ZKHQWKHVODELVIXOO\ORDGHGÀH[XUDOFUDFNLQJZLOO	VRIWHQWKHMRLQW	Fig.	E1.3—Moment	envelope.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	5—ONE-WAY	SLABS	45	The	negative	moment	at	the	centerline	of	the	end	right	support	is	0.0	ft-kip.
7KHPD[LPXPSRVLWLYHPRPHQWLQWKHHQGVSDQ()LVIWNLS7KHLQÀHFWLRQSRLQWVIRUSRVLWLYHPRPHQWV	DUHIWIURPWKHH[WHULRUVXSSRUWFHQWHUOLQHDQGIWIURPWKH¿UVWLQWHULRUVXSSRUWFHQWHUOLQHFROXPQ	OLQH&/	(
7KHPD[LPXPQHJDWLYHPRPHQWDWWKHIDFHRIWKH¿UVWLQWHULRUVXSSRUWIURPWKHULJKWHQG&/(	LVIWNLS	7KHQHJDWLYHPRPHQW¶VULJKWLQÀHFWLRQSRLQWLVIWIURPWKHVXSSRUWFHQWHUOLQH2QWKHOHIWVLGHDQGIRU	WKHIXOOOHQJWKRIWKHVODEWKHUHLVQRLQÀHFWLRQSRLQW
7KHPD[LPXPSRVLWLYHPRPHQWLQWKHLQWHULRUVSDQ&/%&LVIWNLS7KHLQÀHFWLRQSRLQWVIRUSRVLWLYH	PRPHQWVDUHIWIURPWKH¿UVWLQWHULRUVXSSRUWFHQWHUOLQHDQGIWIURPWKHVHFRQGLQWHULRUVXSSRUW	centerline.	Because	of	pattern	loading,	a	small	negative	moment	can	exist	across	all	spans	with	the
exception	of	the	last	span.	7KHPD[LPXPQHJDWLYHPRPHQWDWWKHH[WHULRUOHIWVXSSRUW&/$LVIWNLSEHFDXVHRIWKHFDQWLOHYHUHG	slab.	Table	1.1—Maximum	moments	at	supports	and	midspans	Location	from	left	to	right	along	the	span	Required	strength	Exterior	support	First	midspan	Second	support	Second	midspan	Third	support
Third	midspan	Mu,	ft-kip	–6.0	+2.7	–4.7	+3.8	–5.8	+3.6	Required	strength	Fourth	support	Fou	Fourth	midspan	Fifth	support	Fift	Fifth	midspan	E	End	support	Mu,	ft-kip	–5.3	+3.3	–6.3	+4.4	0	Continue:	Step	6:	Required	shear	strength	h	7.4.3.1	The	slab’s	maximum	shear	support	m	hear	is	taken	at	tthee	sup	centerline	for	simplicity.	mp	y.	The	maximum
shear	hear	under	all	conditions	is	2.4	4	kip	(Fig	ig	E1.4).	E1	4)	Fig.	E1.4—Shear	envelope.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	One-Way	Slabss	Location	from	left	to	right	along	the	span	46	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	7:	Design	moment	strength	7.5.1	The	two	common
strength	inequalities	for	oneway	slabs,	moment	and	shear,	are	noted	in	Section	7.5.1.1.	7.5.2	The	one-way	slab	chapter	refers	to	Section	22.3	for	FDOFXODWLRQRIÀH[XUDOVWUHQJWK	7.3.3.1	To	ensure	a	ductile	failure	usually	the	Code	requires	slabs	to	be	designed	such	that	the	steel	strain	at	ultimate	strength	exceeds	0.004	in./in.	In	most
reinforced	slabs,	such	as	this	example,	reinforcing	bar	strain	is	not	a	controlling	issue.	21.2.1(a)	22.2.2.1	The	design	assumption	is	that	slabs	will	be	WHQVLRQHGFRQWUROOHG7 �								KLVDVVXPSWLRQZLOO	be	checked	later.	Determine	the	effective	depth	assuming	No.5	bars	and	0.75	in.	cover	(Fig.	E1.5):	Fig.	E1	F	E1.5—Effective	ective	dep	depth.
American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	5—ONE-WAY	SLABS	7.7.1.1	20.6.1.3.1	2QHURZRIUHLQIRUFHPHQW	d	=	t	–	cover	–	db/2	22.2.2.1	The	concrete	compressive	strain	at	nominal	moment	VWUHQJWKLVFDOFXODWHGDWİcu	=	0.003	22.2.2.2
7KHWHQVLOHVWUHQJWKRIFRQFUHWHLQÀH[XUHLVDYDULable	property	and	is	approximately	10	to	15	percent	of	the	concrete	compressive	strength.	ACI	318	neglects	the	concrete	tensile	strength	to	calculate	nominal	strength.	22.2.2.3	Determine	the	equivalent	concrete	compressive	stress	at	nominal	strength:	d	=	7	in.	–	0.75	in.	–0.625	in./2	=
6.18	in.,	say,	6.0	in.	The	concrete	compressive	stress	distribution	is	inelastic	at	high	stress.	The	Code	permits	any	stress	distribution	to	be	assumed	in	design	if	shown	to	result	in	predictions	of	ultimate	strength	in	reasonable	agreement	with	the	results	of	comprehensive	tests.	Rather	than	tests,	the	nt	rectangular	Code	allows	the	use	of	an	equivalent
ution	of	0.85f	5	cƍ	with	a	compressive	stress	distribution	depth	of:	function	of	concrete	compresa	ȕ1cZKHUHȕ1	iss	a	fu	sive	strength	and	is	obtained	from	Table	22.2.2.4.3.	o	22.2.2.4.3	VL	For	fcƍ”SVL	22.2.1.1	len	concrete	ncrete	compressi	Find	the	equivalent	compressivee	depth,	a,,	om	sion	force	to	th	ension	by	equating	the	compression	the	tension
force	within	the	beam	cross	section:	β1	=	0.8	0.85	−	0.05(5000	5(5000	ps	psi	−	4000	psi)	=	0.8	1000	psi	One-Way	Slabss	22.2.2.4.1	47	C=T	0.85fc’ba	=	Asfy	Effective	width:	12	in.	0.85(5000	psi)(b)(a)	=	As(60,000	psi)	a=	As	(60,000	psi)	=	1.176	As	0.85(5000	psi)(12	in.)	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	48
THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	7KHVODELVGHVLJQHGIRUWKHPD[LPXPÀH[XUDO	moments	obtained	from	the	approximate	method	above.	7.5.1.1	7KH¿UVWLQWHULRUVXSSRUWZLOOEHGHVLJQHGIRUWKH	larger	of	the	two	moments.	The	beam’s	design	strength	must	be	at	least	the	required	strength	at	each
section	along	its	length:	�Mn•0u	�Vn•9u	Calculate	the	required	reinforcement	area:	a⎞	⎛	φM	n	≥	M	u	=	φAs	f	y	⎜	d	−	⎟	⎝	2⎠	A	No.	5	bar	has	a	db	=	0.625	in.	and	an	As	=	0.31	in.2	Maximum	positive	moment:	1.176	AS	⎞	⎛	4.9	ft-kip	≤	(0.9)(60	ksi)	As	⎜	6.0	in.	−	⎝	2	⎟⎠	A+s’req’d	=	0.18	in.2/ft	Use	No.	4	at	12	in.	on	center	or	No.	5	at	18	in.	center	botto
bottom.	Try	No.5	at	18	in.	on	center	(0.31	in.2/ft)(12	in./18	in.)	=	0.21	in.2/ft	As,provd.	=	(0.3	in	2/ft	>	A+s,req’d	=	0.18	in.2/ft	As,provd.	rovd.	=	21	in.	OK	ximu	negative	gative	mom	Maximum	moment:	1.176	As	⎞	⎛	9)(60	ksi)	s	)	As	⎜	6.0	in.	−	6.3	ft-k	ft-kip	≤	(0.9)(60	⎝	2	⎟⎠	Aís,req’d	=	0.24	24	iin.2/f	/ft	Use	No.	5	at	12	in.	on	center	top	As,provd.	=	31
in.2/ft	>	Aís,req’d	=0.24	in.2/ft	OK	Check	if	the	calculated	strain	exceeds	0.005	in./in.	(tension	controlled).	Form	similar	triangles	(Fig.	E1.6).	a=	As	f	y	0.85	f	c′b	and	c	=	aȕ1	ZKHUHȕ1	=	0.8	for	fcƍ	SVL	εt	=	ε	cu	(d	−	c)	c	Top	reinforcement	a	=	1.176As	=	(1.176)(0.31	in.2)	=	0.36	in.	c	=	0.36/0.8	=	0.46	in.	εt	=	0.003	(6	in.	−	0.46	in.)	=	0.036	≥	0.005
0.46	in.	Fig.	E1.6—Strain	distribution	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	OK	CHAPTER	5—ONE-WAY	SLABS	49	Step	8:	Design	shear	strength	7.5.3	Assuming	a	one-way	slab	won’t	contain	shear	reinforcement,	Vn	is	equal	to	Vc.	Assuming	negligible	axial	force,	the	Code	provides	the	following	expression,
22.5.5.1	21.2.1	Vc	=	2	f	c′bd	Shear	strength	reduction	factor:	Vc	=	2	5000	psi(12	in.)(6	in.)	=	10,180	lb/ft	≅	10	kip/ft	 	�0.75 �	=	 Vc	=	(0.85)(10,000	lb)	=	8500	lb	>	2400	lb	OK	This	exceeds	the	maximum	Vu	(2.4	kip/ft);	therefore,	no	shear	reinforcement	is	required.	6WHS0LQLPXPÀH[XUDOUHLQIRUFHPHQW	7.6.1	Check	if	design	reinforcement
exceeds	the	minimum	required	by	the	Code.	As,min	=	0.0018	×	6	×	12	=	0.13	in.2/ft	At	all	critical	sections,	the	required	As	is	greater	than	the	minimum.	Step	10:	Shrinkage	and	temperature	reinforcement	7.6.4	For	one-way	with	Grade	60	bars,	the	minimum	24.4.3.2	area	of	shrinkage	and	temperature	(S+T)	bars	is	0.0018Ag.	The	maximum	spacing	g
of	S+T	reinforcing	bar	is	the	lesser	of	3h	and	18	in.	S+T	steel	area	=	0.0018	×	12	×	7	=	0.15	in.2	PXP	FLQJRIÀH[XUDOU	LQIRUFHPHQW	6WHS0LQLPXPDQGPD[LPXPVSDFLQJRIÀH[XUDOUHLQIRUFHPHQW	7.7.2.1	The	minimum	spacing	must	pa	between	bars	m	st	not	be	25.2.1	less	than	the	greatest	ate	of:	(a)	1	in.	(a)	1	in.	(b)	db	(b)	0.625	25	in.
(c)	(c)	4/3dagg	c)	(4/3)(1	in.)	in	=	1.33	in.	7.7.2.2	24.3.2	Assume	1	in.	maximum	aggregate	size.	For	reinforcement	closest	to	the	tension	face,	the	spacing	between	reinforcement	is	the	lesser	of	(a)	and	(b):	(a)	12(40,000/fs)	(b)	15(40,000/fs)	–	2.5cc	24.3.2.1	fs	=	2/3fy	=	40,000	psi	7.7.2.3	The	maximum	spacing	of	deformed	reinforcement	is	the	lesser	of
3h	and	18	in.	Controls	(a)	12(40,000/40,000)	=	12	in.	Controls	(b)	15(40,000/40,000)	–	2.5(0.75	in.)	=	13.1	in.	3(7	in.)	=	21	in.	>	18	in.	Therefore,	Section	24.3.2	controls;	12	in.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	One-Way	Slabss	Based	sed	oon	S+T	steel	t	l	area,	solutions	are	No.	4	at	16	in.	No	5	at	18	8	in.;	use
No.	N	4	at	16	in.	placed	atop	and	or	No.	S	SHQG	WRWKHERWW	SHUSHQGLFXODUWRWKHERWWRPÀH[XUHUHLQIRUFHPHQW	50	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	12:	Select	reinforcing	bar	size	and	spacing	Based	on	the	above	requirement,	use	No.	5	bars.	Spacing	on	top	and	bottom	bars	is	12	in.	Note	that
there	is	no	point	of	zero	negative	moment	along	all	spans	except	the	last	bay,	so	continue	the	top	bars	across	all	spans.	Also,	No.	4	bars	can	be	used	instead	of	No.	5.	While	this	solution	is	slightly	conservative	(No.	5	versus	No.	4	bars),	the	engineer	may	desire	consistent	spacing	and	reinforcing	bar	use	for	easier	installation	and	inspection.	Step	13:	Top
reinforcing	bar	length	at	the	exterior	support	,QÀHFWLRQSRLQWV	The	top	bars	have	to	satisfy	the	following	provisions:	7KHLQÀHFWLRQSRLQWIRUQHJDWLYHPRPHQWDWHQGVSDQ	is	5.0	ft	from	support	centerline.	7.7.3.3	Reinforcement	shall	extend	beyond	the	point	at	ZKLFKLWLVQRORQJHUUHTXLUHGWRUHVLVWÀH[XUHIRUD	distance
equal	to	the	greater	of	d	and	12db,	except	at	d	spans	and	at	free	ends	supports	of	simply-supported	of	cantilevers.	Bar	cutoffs	([WHQGEDUVEH\RQGWKHLQÀHFWLRQSRLQWDWOHDVW	d	=	6	in.	or	(12)(0.625	in.)	=	7.5	in.	Therefore,	use	7.5	in.	7.7.3.8.4	d	the	negative	moment	reinforceAt	least	one-third	rt	sshall	have	ave	an	embedm	ment	at	a
support	embedmentt	length	QW	HFWLRQDWOHDVWWK	JUHDWHVWRI	EH\RQGWKHSRLQWRILQÀHFWLRQDWOHDVWWKHJUHDWHVWRI	16	SHUF	HEDUVWR	d,	12db,	and	Ɛn/16.	SHUFHQWRIWKHEDUVWRH[WHQGEH\RQGWKHLQÀHFWLRQ	po	nt	at	least	point	((14	ft	–	1.5	ft)(12)/16	(12)/16	=	9.4	in.	>	12db	=	7.5	in.	>	d	=	6	in.	Because	thee
reinfor	reinforcing	bar	is	already	at	maximum	g,	no	percentage	perce	spacing,	of	bars	(as	permitted	by	Section	7.7.3.3	ccheck)	can	be	cut	off	in	the	tension	zone.	Step	14:	Development	and	splice	lengths	7.7.1.2	ACI	provides	two	equations	for	calculating	25.4.2.3	GHYHORSPHQWOHQJWKVLPSOL¿HGDQGGHWDLOHG,QWKLV	The	development	length
of	a	No.	5	black	bar	in	a	7	in.	example,	the	detailed	equation	is	used:	slab	with	0.75	in.	cover	is:	⎛	⎞	⎜	⎟	3	f	y	ψt	ψeψs	⎟	d	Ad	=	⎜	⎜	40	λ	f	c′	⎛	cb	+	K	tr	⎞	⎟	b	⎜	⎜⎝	d	⎟⎠	⎟⎠	⎝	b	⎛	3	60,	000	psi	(1.0)(1.0)(0.8)	⎞	Ad	=	⎜	⎟	(0.625	in.)	1.7	in.	⎝	40	(1.0)	5000	psi	⎠	where	ȥt	=	bar	location;	not	more	than	12	in.	of	fresh	concrete	below	horizontal	reinforcement	ȥe	=
coating	factor;	uncoated	ȥs	=	bar	size	factor;	No.	7	and	larger	ȥt	=	1.0,	because	not	more	than	12	in.	of	concrete	is	placed	below	bars.	ȥe	=	1.0,	because	bars	are	uncoated	ȥs	=	0.8,	because	bars	are	smaller	than	No.	7	However,	the	expression:	taken	greater	than	2.5.	cb	+	K	tr	must	not	be	db	=	19	in.	1.06	in.	+	0	=	1.7	in.	0.625	in.	American	Concrete
Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	5—ONE-WAY	SLABS	7.7.1.3	25.5	25.5.1.1	Splice	The	maximum	bar	size	is	No.	5,	therefore,	splicing	is	permitted.	25.5.2.1	Tension	lap	splice	length,	Ɛst,	for	deformed	bars	in	tension	must	be	the	greater	of:	1.3Ɛd	and	12	in.
6WHS%RWWRPUHLQIRUFLQJEDUOHQJWKDORQJ¿UVWVSDQ	The	bottom	bars	have	to	satisfy	the	following	provisions:	7.7.3.3	Reinforcement	must	extend	beyond	the	point	at	ZKLFKLWLVQRORQJHUUHTXLUHGWRUHVLVWÀH[XUHIRUD	distance	equal	to	the	greater	of	d	and	12db,	except	at	supports	of	simply-supported	spans	and	at	free	ends	of
cantilevers.	51	Ɛst	=	(1.3)(19	in.)	=	24.7	in.;	use	36	in.	,QÀHFWLRQSRLQWV	7KHLQÀHFWLRQSRLQWVIRUSRVLWLYHPRPHQWVDUHIW	IURPH[WHULRUVXSSRUWFHQWHUOLQHDW&/)DQGIW	IURPWKH¿UVWLQWHULRUVXSSRUWFHQWHUOLQH&/(	7.7.3.4	&RQWLQXLQJÀH[XUDOWHQVLOHUHLQIRUFHPHQWPXVW
7KLVFRQGLWLRQLVVDWLV¿HGDORQJDWDQ\VHFWLRQDORQJ	have	an	embedment	length	not	less	than	Ɛd	the	beam	span.	beyond	the	point	where	bent	or	terminated	tensile	UHLQIRUFHPHQWLVQRORQJHUUHTXLUHGWRUHVLVWÀH[XUH	7.7.3.5	Flexural	tensile	reinforcement	must	not	be	terminatVVD	E		HGLQDWHQVLOH]RQHXQOHVVD	E
RUF	LVVDWLV¿HG	(2/3)(10,800	llb)	=	7200	lb	Vu”	�Vn	at	the	cutoff	point.	2400	lbb	<	(2/3)(10,800	OK	7.7.3.8.2	ur	the	maximum	posit	At	least	one-fourth	positivee	mo	moment	end	along	the	sl	b	bott	reinforcement	mu	must	extend	slab	bottom	ous	support	port	a	minimum	off	6	in.	into	the	continuous	7.7.3.8.3	$WSRLQWVRILQÀHFWLRQdb	for
positive	moment	tensile	reinforcement	shall	be	limited	such	that	Q	E		ƐdIRUWKDWUHLQIRUFHPHQWVDWLV¿HVFRQGLWLRQE		EHFDXVHHQGUHLQIRUFHPHQWLVQRWFRQ¿QHGE\D	compressive	reaction.	One-Way	Slabss	d	(c	ot	apply.	Note	that	(b)	and	(c)	do	not	Check	if	bar	size	is	adequate	Mn	for	an	7	in.	slab	with	No.	5	at	12	in.,	0.75	in.
cover	is:	Ɛd”Mn/Vu	+	Ɛa	Ɛa	is	the	greater	of	d	and	12db	=	7.5	in.	a⎞	⎛	M	n	=	As	f	y	⎜	d	−	⎟	⎝	2⎠	Mn	=	(0.31	in.2/ft)(60,000	psi)(6	in.	–	18	in.)	=	108,252	in.-lb	#	108,000	in.-lb	The	elastic	analysis	indicates	that	VuDWLQÀHFWLRQ	point	is	1800	lb.	A	d	=	19	in.	≤	108,	000	in.-lb	+	7.5	in.	=	67.5	in.	1800	lb	Therefore,	No.	5	bar	is	Step	16:	Bottom	bar	length
The	bar	cut	offs	that	are	implicitly	permitted	from	the	Code	provisions	because	of	reduced	required	strength	along	the	span	do	not	apply	before	the	LQÀHFWLRQSRLQWVIRUWKLVVODEEHFDXVHLIDQ\EDUV	were	cut	off,	the	maximum	reinforcing	bar	spacing	would	be	violated.	Because	all	bottom	bars	extend	past	the	tensile	zone,	Section	7.7.3.5
does	not	apply.	All	bottom	bars	need	to	extend	at	least	7	in.	(refer	to	Section	7.7.3.3)	beyond	the	positive	moment	LQÀHFWLRQSRLQWV	OK	The	Code	requires	that	at	least	25	percent	of	bottom	bars	be	full	length,	extending	6	in.	into	the	support.	Because	the	cut	off	locations	are	close	to	the	supports
DQGIRU¿HOGSODFLQJVLPSOLFLW\H[WHQGDOOEDUVLQ	into	both	supports.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	52	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	17:	Slab	detailing	Fig.	E1.7—One-way	slab	reinforcement.	American	Concrete	Institute	–	Copyrighted	©	Material	–
www.concrete.org	CHAPTER	5—ONE-WAY	SLABS	53	One-way	Slab	Example	2:	Assembly	loading—	Design	and	detail	a	one-way	nonprestressed	reinforced	concrete	slab	both	for	service	conditions	and	factored	loads.	The	one-way	slab	spans	20	ft-0	in.	and	is	supported	by	12	in.	thick	walls	on	the	exterior,	and	12	in.	wide	beams	on	the	interior.	Given:
Load—	/LYHORDGL	=	100	psf	&RQFUHWHXQLWZHLJKWȖs	=	150	lb/ft3	Geometry—	Span	=	20	ft	Slab	thickness	t	=	9	in.	One-Way	Slabss	Material	properties—	fcƍ	SVLQRUPDOZHLJKWFRQFUHWH	fy	=	60,000	psi	Fig.	E2.1—One-way	slab	framing	plan.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	54	THE
REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	ACI	318-14	Discussion	Calculation	Step	1:	Geometry	7.3.1.1	7KHVSHFL¿HGVODEWKLFNQHVVLVLQ6LQFHWKHVODE	VDWLV¿HVWKH$&,VSDQWRGHSWKUDWLRV7DEOH	A	(20	ft)(12	in./ft)	=	8.89	in.,	say,	9	in.		WKHGHVLJQHUGRHVQRWQHHGWRFKHFNGHÀHF-	h	≥	27	=	27	tions
unless	supporting	or	attached	to	partitions	or	This	ratio	is	less	than	the	table	value	for	“both	ends	other	construction	likely	to	be	damaged	by	large	FRQWLQXRXV´VRGHÀHFWLRQVDUHQRWUHTXLUHGWREH	GHÀHFWLRQV	checked.	6WHS/RDGVDQGORDGSDWWHUQV	5.3.1	For	hotel	lobbies,	the	live	load	is	assembly	occupancy;	the	design	live
load	is	100	psf	per	Table	4-1	in	ASCE	7-10.	A	9	in.	slab	is	a	112	psf	dead	load.	To	account	for	loads	due	to	ceilings,	partitions,	+9$&V\VWHPVHWFDGGSVIDVPLVFHOODQHRXV	dead	load.	The	required	strength	equations	to	be	considered	are:	U	=	1.4D	(5.3.1a)	U	=	1.4(122)	=	171	psf	U	=	1.2D	+	1.6L	(5.3.1b)	U	=	1.2(122)	+	1.6(100)	=	146	+	160	=
306	psf	The	slab	resists	gravity	only	and	is	not	part	of	a	Controls	lateral	force-resisting	system,	except	to	act	as	a	diaphragm.	CI	provide	pro	Both	ASCE	7	and	ACI	guidance	for	addressing	live	load	patt	patterns.	Either	approach	is	acceptable.	followin	two	patACI	318	allowss	tthe	usee	of	the	following	terns,	Fig.	E2.2::	6.4.2	d	iis	applied	ied	on	all	spa	nd
Factored	dead	load	spans	and	factored	live	load	is	applied	as	follows:	(a)	Maximum	positive	Mu	near	midspan	occurs	with	factored	live	load	on	the	span	and	on	alternate	spans.	(b)	Maximum	negative	Mu	at	a	support	occurs	with	IDFWRUHGOLYHORDGRQDGMDFHQWVSDQVRQO\	Fig.	E2.2—Live	load	loading	pattern.	American	Concrete	Institute	–
Copyrighted	©	Material	–	www.concrete.org	CHAPTER	5—ONE-WAY	SLABS	Step	3:	Concrete	and	steel	material	requirements	7.2.2.1	The	mixture	proportion	must	satisfy	the	durability	requirements	of	Chapter	19	and	structural	strength	requirements	of	ACI	318-14.	The	designer	determines	the	durability	classes.	Please	refer	to	Chapter	4	of	this
Handbook	for	an	in-depth	discussion	of	the	categories	and	classes.	55	By	specifying	that	the	concrete	mixture	must	be	in	accordance	with	ACI	301-10	and	providing	the	exposure	FODVVHV&KDSWHUUHTXLUHPHQWVDUHVDWLV¿HG	Based	on	durability	and	strength	requirements,	and	experience	with	local	mixtures,	the	compressive	strength
RIFRQFUHWHLVVSHFL¿HGDWGD\VWREHDWOHDVWSVL	$&,LVDUHIHUHQFHVSHFL¿FDWLRQWKDWLVFRRUGLnated	with	ACI	318.	ACI	encourages	referencing	$&,LQWRMREVSHFL¿FDWLRQV	There	are	several	mixture	options	within	ACI	301,	such	as	admixtures	and	pozzolans,	which	the	designer	can	require,	permit,	or	review	if	suggested
by	the	contractor.	The	reinforcement	must	satisfy	Chapter	20	of	ACI	318-14.	The	designer	determines	the	grade	of	bar	and	if	the	reinforcing	bar	should	be	coated	by	epoxy	or	galvanized,	or	both.	Step	4:	Slab	analysis	ding	relies	on	the	building’s	other	6.3	Because	the	building	LVW	OORDGVWKHVODE	XDOL¿HV
PHPEHUVWRUHVLVWODWHUDOORDGVWKHVODETXDOL¿HV	me	assumptions,	mptions,	as	discu	ed	in	the	for	braced	frame	discussed	commentary.	By	specifying	the	reinforcing	bar	grade	and	any	coatings,	and	that	the	reinforcing	bar	must	be	in	accordance	with	ACI	301-10,	Chapter	20	requirements	DUHVDWLV¿H
DUHVDWLV¿HG,QWKLVFDVHDVVXPH*UDGHEDUDQGQR	coatings.	delin	assumptions:	sumptions:	Modeling	A	ply	tthe	effective	ctive	mom	Apply	moment	of	inertia	for	the	entire	le	gth	oof	the	slab.	b	length	Ig	ore	ttorsional	al	stiffness	stiffnes	of	beams.	Ignore	6.6	VODEDWWKLV	2QO\WKHVODEDWWKLVOHYHOLVFRQVLGHUHG	The	analysis
should	be	consistent	with	the	overall	assumptions	tions	about	the	role	of	the	slab	within	the	building	V\VWHPRQO\UHOLHVR	V\VWHP%HFDXVHWKHODWHUDOIRUFHUHVLVWLQJV\VWHPRQO\UHOLHVRQWKHVODEWRWUDQVPLWD[LDOIRUFHVD¿UVWRUGHU	analysis	is	adequate.	Analysis	approach:
7KHFRQQHFWLRQWRWKHZDOOLVPRQROLWKLFKRZHYHUZKHQWKHVODELVIXOO\ORDGHGÀH[XUDOFUDFNLQJZLOO	VRIWHQWKHMRLQW5DWKHUWKDQDWWHPSWLQJWRHVWLPDWHDQDSSURSULDWHOHYHORIVRIWHQLQJWKHVODELVVLPSO\PRGeled	twice:
7RVLPXODWHHIIHFWRIFUDFNLQJUHGXFHÀH[XUDOVWLIIQHVVE\LQFUHDVLQJWKHOHQJWKRIVXSSRUW,QWKLVH[DPSOH	support	lengths	are	increased	to	100	ft	long	columns.	Assume	fully	connected	slab	to	exterior	wall,	with	uncracked	moment	of	inertia,	modelled	by	a	10	ft,	12	in.	x	12.	in.	columns,	and	the	middle	three	supports	are
slender,	100	ft	columns.	Note:	The	moments	resulting	from	analysis	maximize	the	moments	and	may	be	used	to	design	the	exterior	wall.	Step	5:	Required	moment	strength	7.4.2	The	slab’s	negative	design	moments	are	taken	at	the	face	of	support,	as	is	permitted	by	the	Code.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org
One-Way	Slabss	7.2.2.2	56	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Analysis	(a):	Note:	The	moment	at	the	exterior	support	is	near	zero	(refer	to	Fig.	E2.3):	Fig.	E2.3—Moment	envelope.	The	negative	moment	at	the	centerline	of	the	exterior	support	is	0.0	ft-kip
7KHPD[LPXPSRVLWLYHPRPHQWLQWKHHQGVSDQLVIWNLS7KHLQÀHFWLRQSRLQWVIRUSRVLWLYHPRPHQWVDUH	IWIURPWKHH[WHULRUVXSSRUWFHQWHUOLQHDQGIWIURPWKH¿UVWLQWHULRUVXSSRUWFHQWHUOLQH
7KHPD[LPXPQHJDWLYHPRPHQWDWWKHIDFHRIWKH¿UVWLQWHULRUVXSSRUWLVIWNLS7KHQHJDWLYHPRPHQW¶V	WKHVXSSRUWFHQWHUOLQH2QWK	OHIWLQÀHFWLRQSRLQWLVIWIURPWKHVXSSRUWFHQWHUOLQH2QWKHULJKWVLGHXQGHUWKHSLQQHGDWZDOO	ÀHFWLRQSRLQW%HFDXVHRISDWWHUQORDGLQJ
DVVXPSWLRQWKHUHLVQRLQÀHFWLRQSRLQW%HFDXVHRISDWWHUQORDGLQJDVPDOOQHJDWLYHPRPHQWFDQH[LVW	across	the	span.	VLWLYHPRPHQWLQWKHLQWHULRUVSDQLVIWNLS	IWN	7K	L	À	WL	7KHPD[LPXPSRVLWLYHPRPHQWLQWKHLQWHULRUVSDQLVIWNLS7KHLQÀHFWLRQSRLQWVIRUSRVLWLYHPRPHQWV	KH¿	SS
IW	IU	KHVHFRQGL	DUHIWIURPWKH¿UVWLQWHULRUVXSSRUWFHQWHUOLQHDQGIWIURPWKHVHFRQGLQWHULRUVXSSRUWFHQWHUOLQH	QH	HPRPHQWDWWKH	DFHRIWKHVHFRQ	LQWH	SRUW	LV			S	7KHPD[LPXPQHJDWLYHPRPHQWDWWKHIDFHRIWKHVHFRQGLQWHULRUVXSSRUWLVIWNLS2QWKHOHIWVLGH	G
DOODVVXPSWLRQWKHUHLV	QSR	XQGHUWKHSLQQHGDWZDOODVVXPSWLRQWKHUHLVQRLQÀHFWLRQSRLQW	n	lloading,	ng,	a	small	neg	ss	the	spa	Because	of	pattern	negativee	moment	can	exis	exist	across	span.	Table	2.1—maximum	moment	for	hinged	end	condition	(Approach	oach	(a))	n	from	left	to	right	along	a	Location	the	span
Required	strength	Exterior	support	First	midspan	Second	support	Second	midspan	Middle	support	Mu,	ft-kip	0.0	+10.9	–12.4	+7.3	–9.5	Analysis	(b)	(end	support	is	monolithic	with	wall)	)LJ(²0RPHQWHQYHORSHZLWK¿[HGHQGFRQGLWLRQ	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	5—ONE-WAY	SLABS	57
7KHQHJDWLYHPRPHQWDWWKHIDFHRIWKHH[WHULRUVXSSRUWLVIWNLS7KHQHJDWLYHPRPHQW¶VLQÀHFWLRQSRLQW	is	3.8	ft	from	the	support	centerline.	7KHPD[LPXPSRVLWLYHPRPHQWLQWKHHQGVSDQLVIWNLS7KHLQÀHFWLRQSRLQWVIRUSRVLWLYHPRPHQWVDUH
IWIURPWKHH[WHULRUVXSSRUWFHQWHUOLQHDQGIWIURPWKH¿UVWLQWHULRUVXSSRUWFHQWHUOLQH	7KHPD[LPXPQHJDWLYHPRPHQWDWWKHIDFHRIWKH¿UVWLQWHULRUVXSSRUWLVIWNLS7KHQHJDWLYHPRPHQW¶V
OHIWLQÀHFWLRQSRLQWLVIWIURPWKHVXSSRUWFHQWHUOLQHDQGWKHULJKWLQÀHFWLRQSRLQWLVIWIURPWKHVXSport	centerline.	7KHPD[LPXPSRVLWLYHPRPHQWLQWKHLQWHULRUVSDQLVIWNLS7KHLQÀHFWLRQSRLQWVIRUSRVLWLYHPRPHQWV
DUHIWIURPWKH¿UVWLQWHULRUVXSSRUWFHQWHUOLQHDQGIWIURPWKHVHFRQGLQWHULRUVXSSRUWFHQWHUOLQH	The	maximum	negative	moment	at	the	face	of	the	second	interior	support	is	9.9	ft-kip.	The	negative
moPHQW¶VOHIWLQÀHFWLRQSRLQWLVIWIURPWKHVXSSRUWFHQWHUOLQHDQGWKHULJKWLQÀHFWLRQSRLQWLVIWIURPWKH	support	centerline.	Following	are	the	maximum	moments	from	a	combination	of	Analysis	(a)	and	(b)	(conservative	approach).	Table	2.2—Maximum	moment	for	continuity	condition	between	slab	on	wall	(Approach
(b))	Exterior	support	First	midspan	Second	ssupport	Second	midspan	Middle	support	Mu,	ft-kip	–8.7	+6.8	–9.9	+7.2	–9.9	Step	6:	Required	shear	strength	7.4.3.1	The	slab’s	maximum	mum	shear	is	taken	at	the	support	centerline	for	simplicity.	mp	The	maximum	shear	ear	under	any	condition	iss	33.4	kips.	ps.	Step	7:	Design	moment	strength	th	n
strength	gth	inequalities	forr	one7.5.1	The	two	common	nt	aand	shear,	hear,	are	noted	in	Section	way	slabs,	moment	$&,	7KHÀH[XUDOVWUHQJWKUHGXF21.2.1	tion	factor	in	Section	7.5.1.2	is	assumed	to	be	0.9,	which	will	be	checked	later.	7.5.2	The	one-way	slab	chapter	refers	to	Section	22.3	$&,	IRUFDOFXODWLRQRIÀH[XUDOVWUHQJWK
American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	One-Way	Slabss	Location	from	left	to	right	along	the	span	Required	strength	58	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	22.2.1	22.2.2.2	Chapter	22	(ACI	318-14)	provides	the	design	assumptions	for	reinforced	concrete	members.	To	calculate	As	in
terms	of	the	depth	of	the	compression	block,	a,	set	the	section’s	concrete	compressive	strength	equal	to	steel	tensile	strength:	Generate	the	minimum	area	of	steel	for	the	required	moment.	T=C	As	=	Asfy	=	0.85fcƍb)a	22.2.2.4.1	0.85(5000	psi)(12	in.)a	=	0.85a	60,000	psi	The	effective	depth,	d,	is	the	overall	slab	height	minus	the	cover	(3/4	in.)	minus
half	the	bar	diameter	(for	a	single	layer	of	reinforcing	bar).	Assuming	a	To	calculate	the	minimum	required	As,	set	the	design	No.	5	bar,	therefore,	strength	moment	equal	to	the	required	strength	moment.	d					LQ		�						LQ		�							LQ				=	7.9	in.	�Asfy(d	–	a/2)	=	Mu	As	⎞	⎛	0.9	As	(60,000	psi)	⎜	7.9	in.	−	=	Mu	⎝	2(0.85)	⎟⎠	Table	2.3	following	shows	the	required	area	of
steel	corresponding	to	the	maximum	moments	from	a	alysis	(a)	and	(b).	conservative	combination	of	Analysis	m	moment	of	Approaches	(a)	and	(b)	Table	2.3—Summary	of	maximum	Location	from	left	to	righ	right	along	the	span	Mu,	ft-kip	2	Req’d	As,	in.	per	foot	Exterior	support	uppo	First	midspan	Second	support	suppo	Second	midspan	Middle
support	–8.7	8.7	+10.9	–12.4	.4	+7	+7.3	–9.9	0.26	.26	0.32	00.37	7	00.22	2	0.28	To	ensure	a	ductile	steel	strain	at	til	failure	ure	mode,	the	st	el	stra	hm	n./in.	For	ultimate	strength	must	be	at	least	0.004	in./in.	ab	such	h	as	this	example,	exa	bar	usual	reinforced	slabs,	strain	does	not	usually	control	the	design.	calculate	reinforcing	To	calcu	nforcing	bar
strain,	begin	with	force	within	eequilibrium	ilibr	ithin	the	ssection:	T=C	Asfy	=	0.85f	85f	5fcƍba	A	strain	diagram	is	drawn	(Fig.	E2.5).	where	b	=	12	in./ft;	fy	=	60,000	psi;	and	the	slab’s	maximum	reinforcement	is	As	=	0.37	in.2	From	above	calculations:	As	=	0.85a	or	a	=	As/0.85	22.2.2.1	Maximum	strain	at	the	extreme	concrete
FRPSUHVVLRQ¿EHULVDVVXPHGHTXDOWR	İcu	=	0.003	in./in.	Therefore,	a	=	0.44	in.	where	a	=	ȕ1c	and	ȕ1	=	0.80	for	fcƍRISVL	so	c	=	0.55	in.	From	similar	triangles	(Fig.	E2.5):	0.003(7.9	in.	−	0.55	in.)	εt	=	=	0.040	≥	0.004	(0.55	in.)	Therefore,	the	assumption	of	0.9 �	=	 	is	correct.	American	Concrete	Institute	–	Copyrighted	©	Material	–
www.concrete.org	CHAPTER	5—ONE-WAY	SLABS	59	22.5.5.1	Vc	=	2	f	c′bd	Vc	=	2	5000	psi(12	in.)(7.9	in.)	=	13,	400	lb	21.2.1	Shear	strength	reduction	factor:	 	�0.75 �	=	 Vc		OE		OE!OE2.	This	exceeds	the	maximum	Vu	(3.4	kip/ft);	therefore,	no	shear	reinforcement	is	required.	6WHS0LQLPXPÀH[XUDOUHLQIRUFHPHQW	ement	exce	7.6.1	Check	if
design	reinforcement	exceeds	the	minimum	ent	by	Code.	required	reinforcement	As,	minn	=	0.0018	x	9	in.	n.	x	12	in.	=	0.20	in.2/ft.	cr	al	sections,	the	required	As	is	greater	than	At	all	critical	the	min	minimum.	Step	10:	Shrinkage	and	temperature	reinforcement	rat	inforcement	ab	withh	grade	60	bars,	thee	minim	7.6.4	For	one-way	slabs	rin	and
temperatur	24.4.3.2	mum	area	of	shrinkage	temperature	(S+T)	bars	is	0.0018	Ag.	Th	The	maximum	aximum	spacin	spacing	of	S+T	0.0	reinforcing	bar	is	the	lesser	of	3h	and	18	in.	S+T	steel	area	=	0.0018	x	12	in.	x	9	in.	=	0.20	in.2	Based	on	S	S+T	steel	area,	solutions	are	No.	4	at	12	in.	or	No.	5	at	18	in.;	use	No.	5	at	18	in.	placed	atop	and
SHUSHQGLFXODUWRWKHERWWRPÀH[XUHUHLQIRUFHPHQW	6WHS0LQLPXPDQGPD[LPXPVSDFLQJRIÀH[XUDOUHLQIRUFHPHQW	7.7.2.1	The	minimum	spacing	between	bars	must	not	be	25.2.1	less	than	the	greatest	of:	(a)	1	in.	(a)	1	in.	(b)	db	(b)	0.625	in.	(c)	(4/3)(1	in.)	=	1.33	in.	(c)	4/3dagg	Assume	1	in.	maximum	aggregate	size.	American
Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Controls	One-Way	Slabss	Fig.	E2.5—Strain	distribution.	Step	8:	Design	shear	strength	7.5.3	Assuming	a	one	way	slab	won’t	contain	shear	reinforcement,	Vn	is	equal	to	Vc.	Assuming	negligible	axial	force,	the	Code	provides	a	simple	expression:	60	THE	REINFORCED	CONCRETE
DESIGN	HANDBOOK—SP-17(14)	7.7.2.2	24.3.2	For	reinforcement	closest	to	the	tension	face,	the	spacing	between	reinforcement	is	the	lesser	of	(a)	and	(b):	(a)	12(40,000/40,000)	=	12	in.	Controls	(b)	15(40,000/40,000)	–	2.5(0.75	in.)	=	13.1	in.	(a)	12(40,000/fs)	(b)	15(40,000/fs)	–	2.5cc	24.3.2.1	fs	=	2/3fy	=	40,000	psi	7.7.2.3	The	maximum	spacing	of
deformed	reinforcement	is	the	lesser	of	3h	and	18	in.	3(7	in.)	=	21	in.	>	18	in.	Therefore,	Section	24.3.2	controls;	12	in.	Step	12:	Select	reinforcing	bar	size	and	spacing	Table	2.4—Bar	spacing	Location	from	left	to	right	along	the	span	Bar	size	Exterior	support	First	midspan	Second	support	Second	midspan	Middle	support	No.	4	at	spacing,	in.	9	7	6	10
8	No.	5	at	spacing,	in.	12	11	10	12	12	No.	6	at	spacing,	in.	12	12	12	12	12	Refer	to	Fig.	E2.6	for	provided	bar	spacing.	Based	on	the	above,	use	No.	5	bars.	Spacing	of	top	bars	at	exterior	supportt	is	12	in.,	interior	supports	here	is	no	point	of	zero	negais	10	in.	Note	that	there	ng	th	tive	moment	along	the	second	and	third	span,	so	p	ba	oss	both	spans
hile	this	continue	the	top	bars	across	spans.	While	htly	conservative	servative	(10	in.	versus	ersus	12	solution	is	slightly	eer	may	desire	co	nsiste	in.	spacing),	thee	eengineer	consistent	er	installation	llation	and	inspe	tion.	spacing	for	easier	inspection.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	5—ONE-WAY
SLABS	61	Step	13:	Top	reinforcing	bar	length	at	the	exterior	support	,QÀHFWLRQSRLQWV	7KHLQÀHFWLRQSRLQWIRUQHJDWLYHPRPHQWLVIWIURP	support	centerline.	Bar	cutoffs	([WHQGEDUVEH\RQGWKHLQÀHFWLRQSRLQWDWOHDVW	d	=	7.9	in.	or	(12)(0.625	in.)	=	7.5	in.;	Therefore,	use	8	in.	~	7.9	in.	7.7.3.3	Reinforcement	shall	extend
beyond	the	point	at	ZKLFKLWLVQRORQJHUUHTXLUHGWRUHVLVWÀH[XUHIRUD	distance	equal	to	the	greater	of	d	and	12db,	except	at	supports	of	simply-supported	spans	and	at	free	ends	of	cantilevers.	7.7.3.8.4	At	least	one-third	the	negative	moment	reinforcement	at	a	support	shall	have	an	embedment	length
EH\RQGWKHSRLQWRILQÀHFWLRQDWOHDVWWKHJUHDWHVWRI	d,	12db,	and	Ɛn/16.	SHUFHQWRIWKHEDUVWRH[WHQGEH\RQGWKHLQÀHFWLRQ	point	at	least	(19	ft	×	12	in./ft)/16	=	15	in.	>	d	=	8	in.	>	12db	=	7.5	in.	Because	the	reinforcing	bar	is	already	at	maximum	spacing,	no	percentage	of	bars	(as	permitted	by	Section	7.7.3.3	of	ACI
318-14)	can	be	cut	off	in	the	tension	zone.	Bars	at	the	wall	connection	It	is	assumed	that	the	walll	is	placed	several	days	ODE%H	EHIRUHWKH¿UVWÀRRUVODE%HFDXVHWKHZDOODQGWKH	FRQQ	VODEZLOOEH¿UPO\FRQQHFWHGWKHZDOOZLOOWHQGWR	king	as	it	cu	restrain	the	slab	from	shrinking	cures.	Many	inforcement	alo	g	the	slab
designers	place	ex	extra	reinforcement	along	o	tthe	wall,	all,	to	limit	width	edge,	parallel	to	widths	of	possible	his	restraint.	aint.	cracks	due	to	this	ce	lengths	hs	Step	14:	Development	and	splice	eq	f	calculating	devell	7.7.1.2	ACI	provides	two	equations	for	25.4.2.3	opment	length;	VLPSOL¿HGDQGGHWDLOHG,QWKLVH[DPSOHWKHGHtailed
equation	is	used:	Solutio	Solution	len	The	top	bar	length	is	6	in.	(wall	beyond	centerline)	IWLQÀHFWLR	S	S	SOXVIWLQÀHFWLRQ	SOXVDQH[WHQVLRQRIHLWKHULQ	5	in	cause	th	the	ttwo	cut	off	locations	are	close	or	15	in.	B	Because	the	use	a	15	in.	ex	together,	extension	for	all	bars.	A	practical	le	gth	for	f	top	bars	is:	length	⎛	⎞	⎜	f	ψ	t	ψ	e	ψ	s	⎟⎟	3
y	d	Ad	=	⎜	⎜	40	λ	f	c′	⎛	cb	+	K	tr	⎞	⎟	b	⎜	⎜⎝	d	⎟⎠	⎟⎠	⎝	b	where	ȥt	=	bar	location;	not	more	than	12	in.	of	fresh	concrete	below	horizontal	reinforcement	ȥe	=	coating	factor;	uncoated	ȥs	=	bar	size	factor;	No.	7	and	larger	7.7.1.3	25.5	25.5.1.1	25.5.2.1	c	+	K	tr	must	not	be	taken	But	the	expression:	b	db	greater	than	2.5.	Splice	The	maximum	bar	size	is	No.	5,
therefore,	splicing	is	permitted.	3.8	ft	+	0.5	ft	+	1.25	ft	=	5.55	ft,	say,	6	ft.	The	development	length	of	a	No.	5	black	bar	in	an	7	pment	le	in.	slab	with	0.75	in.	cover	is:	⎛	3	60,	000	psi	(1.0)(1.0)(0.8)	⎞	Ad	=	⎜	⎟	(0.625	in.)	1.7	in.	⎝	40	(1.0)	5000	psi	⎠	=	19	in.	ȥt	=	1.0,	because	not	more	than	12	in.	of	concrete	is	placed	below	bars.	ȥe	=	1.0,	because	bars	are
uncoated	ȥs	=	0.8,	because	bras	are	smaller	than	No.	7	1.06	in.	+	0	=	1.7	in.	0.625	in.	Tension	lap	splice	length,	Ɛst,	for	deformed	bars	in	tension	must	be	the	greater	of:	1.3Ɛd	and	12	in.	Ɛst	=	(1.3)(19	in.)	=	24.7	in.;	use	36	in.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	One-Way	Slabss	The	top	bars	have	to	satisfy	the
following	provisions:	62	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	6WHS%RWWRPUHLQIRUFLQJEDUOHQJWKDORQJ¿UVWVSDQ	The	bottom	bars	have	to	satisfy	the	following	provisions:	7.7.3.3	Reinforcement	must	extend	beyond	the	point	at	ZKLFKLWLVQRORQJHUUHTXLUHGWRUHVLVWÀH[XUHIRUD	distance	equal	to
the	greater	of	d	and	12db,	except	at	supports	of	simply-supported	spans	and	at	free	ends	of	cantilevers.	7.7.3.4	&RQWLQXLQJÀH[XUDOWHQVLOHUHLQIRUFHPHQWPXVW	have	an	embedment	length	not	less	than	Ɛd	beyond	the	point	where	bent	or	terminated	tensile	reinIRUFHPHQWLVQRORQJHUUHTXLUHGWRUHVLVWÀH[XUH	7.7.3.5	Flexural
tensile	reinforcement	shall	not	be	terminated	in	a	tensile	zone	unless	(a),	(b),	or	(c)	is	VDWLV¿HG	(a)	Vu	”	�Vn	at	the	cutoff	point	7.7.3.8.2	7.7.3.8.3	,QÀHFWLRQSRLQWV	7KHLQÀHFWLRQSRLQWVIRUSRVLWLYHPRPHQWVDUHIW	from	the	exterior	support	centerline	(analysis	(a))	and
IWIURPWKH¿UVWLQWHULRUVXSSRUWFHQWHUOLQHDQDO\VLVE		7KLVFRQGLWLRQLVVDWLV¿HGDORQJDWDQ\VHFWLRQDORQJ	the	beam	span.	Note	that	(b)	and	(c)	do	not	apply.	At	least	one-fourth	the	maximum	positive	moment	reinforcement	must	extend	along	the	slab	bottom	nimum	of	6	in.	into	the	continuous	support	a	minimum
$WSRLQWVRILQÀHFWLRQdb	for	positiv	positive	moment	tensile	reinforcementt	must	be	limited	such	that	Ɛd	PHQW	IRUWKDWUHLQIRUFHPHQWVDWLV¿HVFRQGLWLRQE		QIRU	QWLVQRWFRQ¿Q	E\D	EHFDXVHHQGUHLQIRUFHPHQWLVQRWFRQ¿QHGE\D	act	compressive	reaction.	Ɛd”0n/VuƐa	Ch	ck	iif	bar	sizee	is	adeq	Check	adequate	q	Mn
for	an	a	9	in.	slab	with	No.	5	at	12	in.,	0.75	in.	cover	is:	a⎞	⎛	M	n	=	As	f	y	⎜	d	−	⎟	⎝	2⎠	)(60,000	psi)(7.9	in.	–	0.4	in.)	Mn	=	(0.31	in.2)(	140,	=	140,000	in.-lb	The	elastic	analysis	indicates	that	VuDWLQÀHFWLRQ	point	is	2800	lb.	The	term	Ɛa	is	8	in.	140,000	lb	+	8	in.	=	58	in.	>	19	in.	2800	lb	Therefore,	No.	5	bar	is	OK	Step	16:	First	span	bottom	bar
length	The	bar	cut	offs	that	are	implicitly	permitted	from	prior	Code	provisions	because	of	reduced	required	strength	along	the	span	do	not	apply	before	the	LQÀHFWLRQSRLQWVIRUWKLVVODEEHFDXVHLIDQ\EDUV	were	cut	off,	the	maximum	reinforcing	bar	spacing	would	be	violated.	Because	all	bottom	bars	extend	past	the	tensile	zone,	Section
7.7.3.5	does	not	apply.	All	bottom	bars	need	to	extend	at	least	7	in.	(refer	to	Section	7.7.3.3)	beyond	the	positive	PRPHQWLQÀHFWLRQSRLQWV	Ad	≤	The	Code	requires	that	at	least	25	percent	of	bottom	bars	be	full	length,	extending	6	in.	into	the	support.	Because	the	cut	off	location	is	close	to	the	right
supSRUWDQGIRU¿HOGSODFLQJVLPSOLFLW\H[WHQGDOOEDUV	in.	into	both	supports.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	5—ONE-WAY	SLABS	Step	17:	Interior	span	bottom	reinforcing	bar	lengths	,QÀHFWLRQSRLQWV	7KHLQÀHFWLRQSRLQWVIRUSRVLWLYHPRPHQWVDUH	ft	from	the	left
support	centerline	and	4.2	ft	from	the	right	support	centerline.	Bar	cutoffs	6LPLODUWRWKH¿UVWLQWHULRUVSDQDOOERWWRPEDUV	PXVWH[WHQGDWOHDVWLQSDVWLQÀHFWLRQSRLQWV7KH	Code	requires	at	least	25	percent	of	bottom	bars	be	full	length,	extending	6	in.	into	the	support.	Step	18:	Top	reinforcing	bar	length	at	the	middle
support	,QÀHFWLRQSRLQWV	7KHUHDUHQRLQÀHFWLRQSRLQWVRYHUHLWKHUVSDQWKDW	frame	into	the	middle	support.	63	Create	a	partial	length	bar	that	is	symmetrical	within	WKHVSDQVRDVVXPHERWKLQÀHFWLRQSRLQWVDUH¶7KH	minimum	length	is	20	ft	–	3.6	ft	–	3.6	ft	+	(2	ft)(0.5)	=	13.8	ft,	say,	14	ft	0	in.	In	a	repeating	pattern,
use	3	No.	5	at	14	ft	long	and	1	No.	5	at	21	ft	long.	The	required	reinforcing	bar	is	No.	5	at	12	in.	in	the	PLGGOHVXSSRUW%HFDXVHWKHWRSEDUIURPWKH¿UVWVXSport	is	No.	5	at	10	in.,	extend	the	No.	5	at	10	in.	top	over	the	middle	support	for	simplicity.	One-Way	Slabss	Bar	cutoffs	ill	be	con	Because	the	top	bars	will	continuous,	no	bars	are	cut
off.	Step	19:	Detailing	Fig.	E2.6—Slab	reinforcement	detailing.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	64	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	One-way	Slab	Example	3:	One-way	slab	post-tensioned	–	Hotel	loading	There	are	four	spans	of	20	ft-0	in.	each,	with	a	3	ft-0	in.	cantilever
balcony	at	each	end.	The	slab	is	supported	by	12	in.	walls	on	the	exterior,	and	12	in.	wide	beams	on	the	interior	(Fig.	E3.1).	This	example	will	illustrate	the	design	and	detailing	of	a	one-way	post-tensioned	(PT)	slab,	both	for	service	conditions	and	factored	loads.	Fig.	E3.1—One-way	slab.	American	Concrete	Institute	–	Copyrighted	©	Material	–
www.concrete.org	CHAPTER	5—ONE-WAY	SLABS	ACI	318-14	Discussion	Step	1:	Geometry	7.3.2	The	ACI	318-14	span-to-depth	ratios	do	not	apply	to	PT	slabs.	The	Post-Tensioning	Manual,	2006,	sixth	edition	Chapter	9,	Table	9.3,	suggests	a	ratio	limit	of	Ɛ/48.	65	Calculation	For	this	example,	this	ratio	gives	a	slab	thickness	of	(20	ft)(12	in./ft)/48	=	5.0
in.	This	example	uses	a	6	in.	thick	slab.	6WHS/RDGVDQGORDGSDWWHUQV	7.4.1.1	For	hotel	occupancy,	the	design	live	load	is	40	psf	per	Table	4-1	in	ASCE	7-10.	A	6	in.	slab	is	a	75	psf	dead	load.	To	account	for	weights	from	ceilLQJVSDUWLWLRQV+9$&V\VWHPVHWFDGGSVIDV	miscellaneous	dead	load.	D	=	75	psf	+	10	psf	=	85	psf	5.3.1	7.4.1.2	U
=	1.4D	U	=	1.2D+1.6L	Both	ASCE	7	and	ACI	CI	provide	provi	guidance	for	addressing	live	load	patte	patterns.	Either	approach	is	acceptable.	The	required	strength	equations	to	be	considered	are:	U	=	1.4(85)	=	119	psf	1	U	=	1.2(85)	+	1.6(40)	=	102	+	64	=	166	psf	sign	to	use	the	following	fo	lowing	two	ACI	318	allowss	tthe	design	3.	patterns	(Fig.
E3.2):	6.4.2	i	applied	plied	on	all	spans	spa	and	facFactored	dead	loadd	is	tored	live	load	is	applied	as	follows:	(a)	Maximum	positive	Mu+	near	midspan	occurs	ZLWKIDFWRUHG/RQWKHVSDQDQGRQDOWHUQDWHVSDQV	(b)	Maximum	negative	Mu–	at	a	support	occurs	with	IDFWRUHG/RQDGMDFHQWVSDQVRQO\	American	Concrete	Institute	–
Copyrighted	©	Material	–	www.concrete.org	Controls	One-Way	Slabss	The	slab	resists	gravity	only	and	is	not	part	of	a	lateral-force-resisting	system,	except	to	act	as	a	diaphragm.	66	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Fig.	E3.2—Live	load	pattern	used	in	elastic	analysis	of	slab	for	unbalanced	loads.	Step	3:	Concrete	and
steel	material	requirements	The	mixture	proportion	must	satisfy	the	durability	7.2.2.1	requirements	of	Chapter	19	and	structural	strength	requirements.	The	designer	determines	the	durability	classes.	Please	refer	to	Chapter	4	of	this	design	Handbook	for	an	in-depth	discussion	of	the	Categories	and	Classes.	7.2.2.2
$&,LVDUHIHUHQFHVSHFL¿FDWLRQWKDWLVFRRUGLVSHFL¿FDWLR	nated	with	ACI	318.	ACI	eencourages	referencing	$&,LQWRMREVSHFL¿FDWLRQV	VSHF	By	specifying	that	th	the	concrete	mixture	shall	be	in	accordance	ce	with	ACI	3301-10	01-	and	providing	the	exposure	FODVVHV&KDSWHUUHTXLUHPHQWVDUHVDWLV¿HG	VHV
SWHUUHT	There	are	several	within	ACI	al	mixture	ure	options	with	301,	such	as	admixtures	pozzolans,	whic	which	the	m	s	and	pozzolans	designer	can	require,	permit,	suggested	qu	ermit,	or	review	iff	sugg	by	the	contractor.	r	Based	B	ed	oon	durability	ility	and	strength	requirements,	and	experience	mixtures,	the	compressive	strength	enc	with	local
cal	mixtu	RIFRQFUHWHLVVSHFL¿HGDWGD\VWREHDWOHDVW	RI	RQFU	SHFL¿HGD	ppsi.	The	reinforcement	must	satisfy	Chapter	20.	In	this	example,	unbonded,	1/2	in.	single-strand	trand	tendons	are	assumed.	specifying	the	reinforcement	shall	be	in	accorBy	spe	dance	with	ACI	301-10,	the	PT	type	and	strength,	and	reinforcing	bar	grade	(and
any	coatings),	Chapter	20	UHTXLUHPHQWVDUHVDWLV¿HG	In	this	example,	assume	grade	60	bar	and	no	coatings.	The	designer	determines	the	grade	of	bar	and	if	the	reinforcement	should	be	coated	by	epoxy	or	galvanized,	or	both.	20.3	The	Code	requires	strand	material	to	be	270	ksi,	low	relaxation	(ASTM	A416a).	20.3.2.5.1
7KH86LQGXVWU\XVXDOO\VWUHVVHVRUMDFNVPRQRstrand	to	impart	a	force	equal	to	the	least	of	0.80fpu	and	0.9fy.	immediate	and	long-term	losses	will	reduce	this	force.	20.3.2.5.1	where	fy	=	0.94fu	(Table	20.3.2.5.1)	0.80fpu	controls,	the	maximum	allowed	by	the	Code.	7KHMDFNLQJIRUFHSHULQGLYLGXDOVWUDQGLV	(270	ksi)(0.8)(0.153
in.2)	=	33	kip.	This	is	immediately	reduced	by	seating	and	friction	ORVVHVDQGHODVWLFVKRUWHQLQJRIWKHVODE/RQJWHUP	losses	will	further	reduce	the	force	per	strand.	Refer	to	Commentary	R20.3.2.6	of	ACI	318-14.	A	PT	force	design	value	of	26.5	kips	per	strand	is	common.	American	Concrete	Institute	–	Copyrighted	©	Material	–
www.concrete.org	CHAPTER	5—ONE-WAY	SLABS	Step	4:	Slab	analysis	6.3	Because	the	building	relies	on	the	building’s	other	PHPEHUVWRUHVLVWODWHUDOORDGVWKHVODETXDOL¿HV	for	braced	frame	assumptions,	as	discussed	in	the	commentary.	67	Modeling	assumptions:	Slab	will	be	designed	as	Class	U.	Consequently,	use	the	gross
moment	of	inertia	of	the	slab	in	the	analysis.	Assume	the	supporting	beams	have	no	torsional	resistance	and	act	as	a	knife	edge	support.	2QO\WKHVODEDWWKLVOHYHOLVFRQVLGHUHG	6.6	The	analysis	performed	should	be	consistent	with	the	overall	assumptions	about	the	role	of	the	slab	within	the	building	system.	Because	the	lateral	force-
resisting	system	only	relies	on	the	slab	to	WUDQVPLWD[LDOIRUFHVD¿UVWRUGHUDQDO\VLVLVDGequate.	Although	gravity	moments	are	calculated	independent	of	PT	moments,	the	same	model	is	used	for	both.	Analysis	approach:	7RDQDO\]HWKHÀH[XUDOHIIHFWVRISRVWWHQVLRQLQJRQ	the	concrete	slab	under	service	loads,	the	tendon
drape	is	assumed	to	be	parabolic	with	a	discontinuity	at	the	support	centerline	shown	as	follows,	which	imparts	a	uniform	uplift	over	each	span	when	tensioned.	The	magnitude	of	the	uplift,	wp,	or	“balanced	load,”	in	each	span	of	a	prismatic	member	is	calculated	as:	wp	=	8Fa/Ɛ2	20.6.1.3.2	¿OH	RVHQWRSURYLGH	PD[LPXP
7KHVWUDQGVSUR¿OHLVFKRVHQWRSURYLGHPD[LPXP	ad	load	and	live	load.	A	resistance	to	dead	At	the	entricity	of	0.25	in.	n.	is	chosen	exterior	supportt	aan	eccentricity	an	r	load.	At	the	in	erior	to	balance	the	cantilever	interior	spa	the	he	maximum	ppossible	ible	supports	and	midspans,	eccentricity	is	chosen	(1	in.	cover)
)LJ(²3RVWWHQVLRQLQJVWUDQGSUR¿OH	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	One-Way	Slabss	where	F	is	the	effective	PT	force	and	a	is	the	tendon	drape	(average	of	the	two	high	points	minus	the	oint).	In	this	eexample	am	the	PT	force	is	assumed	low	point).	stan	for	all	ll	spans,	bbut	the	uplift	force	varies	due
to	constant	eren	tendon	don	drapes.	different	68	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	5:	Slab	stress	limits	7.3.4.1	This	example	assumes	a	Class	U	slab;	that	is,	a	slab	under	full	service	load	with	a	concrete	tension	19.2.3.1	stress	not	exceeding	7.5	f	c′	.	The	slab	analysis	model	for	the	service	condition	is	the	same	as
for	the	nominal	condition.	19.2.3.1	7.5	5000	psi	=	530	psi	To	verify	that	the	concrete	tensile	stresses	are	less	than	7.5	5000	psi	,	the	net	service	moments	and	tensile	stresses	at	the	face	of	supports	are	needed.	This	example	assumes	two	parameters:	(a)	The	PT	force	provides	a	F/A	slab	compressive	stress	of	at	least	125	psi	(9	kip/ft),	and	E
7KHFRPELQDWLRQRI37IRUFHDQGVWUDQGSUR¿OH	provides	an	uplift	force	wp	to	balance	at	least	75	percent	of	the	slab	weight,	or	56	psf	(Fig.	E3.4).	The	basic	equation	for	concrete	tensile	stress	is:	ft	=	M/S	–	F/A,	where	M	is	the	net	service	moment.	ape	is	3.25	in.	At	the	exterior	support,	the	drape	d	force	is	calculated	(Fig.	E3.3).	The	required
from:	wp	=	8Fa/Ɛ2	where	wp	=	0.056	kip/f	kip/ft	S	=	(12	in.)(6	in.)2/6	=	72	in.3(section	modulus),	A	=	(12	in.)(6	iin.)	=	72	in.2	(gross	slab	area	per	foot).	F=	(0	056	kip/ft)(2	(0.056	kip/ft)(20	0	ft	fft)	2	=	10.3	kip/ft	8(3.25	in./ft)	8(3	in.)/(12	in./	Fig.	E3.4—Uplift	force	due	to	tendon	layout.	7.3.4.2	The	service	gravity	load	is	125	psf.	The	PT	uplift	is
subtracted	from	the	gravity	load.	Location	from	left	to	right	along	the	span	7.3.4.2	Service	loads	Cantilever	First	span	Second	midspan	Gravity	uniform	load,	psf	125	125	125	PT	uniform	uplift,	psf	47	56	69	Net	“unbalanced	load,”	psf	78	69	56	The	slab	stresses	are	determined	from	an	elastic	analysis	using	the	“net”	load,	minus	the	slab’s	axial
compression.	Slab	axial	compression	force:	F/A	=	(10.3	kip/ft)(1000	lb/kip)	(6	in.)(12	in./ft)	=	143	psi.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	5—ONE-WAY	SLABS	7.3.4.2	7.3.4.2	19.2.3.1	Location	from	left	to	right	along	the	span	Exterior	support	First	midspan	Interior	support	Second	midspan	Net	service
unbalanced	moments,	ft-kip/ft	0.2	1.5	2.2	1.1	Net	tensile	stress,	psi				�							�								�															�															�										The	cantilever	moment	at	the	support	centerline	is:	wnetƐ2/2	=	(0.078	psf)(3	ft)2/2	=	0.351	kip-ft/ft.	ACI	318-14	permits	to	calculate	the	design	slab	moment	at	the	face	of	the	support:	0.2	kip-ft/ft.	The	moments	for	the	interior	supports	are	calculated	at	the	faces	of	interior
supports.	The	aforementioned	results	show	the	maximum	slab	tensile	stress	(224	psi)	calculated	for	an	average	PT	force	of	10.3	kip/ft	is	less	than	7.5	f	c′	=	530	psi.	Therefore,	the	slab	is	uncracked	and	the	aforementioned	assumption	is	correct.	One-Way	Slabss	7.4.2.1	69	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	70
THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	6WHS'HÀHFWLRQV	7.3.2.1	This	chapter	refers	to	Section	24.2	of	ACI	318-14,	³'HÀHFWLRQVGXHWRVHUYLFHOHYHOJUDYLW\ORDGV´	for	allowable	stiffness	approximations	to	calculate	LPPHGLDWHDQGWLPHGHSHQGHQWORQJWHUP	GHÀHFtions.	Section	24.2.2	provides
maximum	allowed	span-toGHÀHFWLRQUDWLRV	Because	slab	is	a	Class	U,	use	Ig:	24.2.3.8	Ig	=	(12	in.)(6	in.)3	=	216	in.4	12	The	balanced	portion	of	the	total	load	is	offset	by	the	camber	from	the	prestressing,	which	results	in	D]HURQHWGHÀHFWLRQ8QEDODQFHGORDGKRZHYHU
ZLOOUHVXOWLQVKRUWDQGORQJWHUPGHÀHFWLRQVWKDW	must	be	checked.	The	following	equation,	which	can	be	downloaded	from	the	Reinforced	Concrete	Design	Handbook	Design	Aid	–	Analysis	Tables:	.	aspx?ItemID=SP1714DA,	will	be	used	to	calculate	FWLRQRIWKHVODE	DQDSSUR[LPDWHPD[LPXPGHÀHFWLRQRIWKHVODE	alanced
load	(6	span	with	the	largest	unbalanced	(69	psf).	QVGRQR	,QJHQHUDOGHÀHFWLRQVGRQRWFRQWUROWKHGHVLJQRI	PT	slabs.	¨max	=	0.0065ZƐƐ4//EI	Δ	maxx	=	(0.0065)(69	0.0065)(69	psf	)(240	in.)	4	=	0.14	in.	(4,	030,000	psi)(216	in.4	)/(12	in./ft)	000	psi)(2	Expressed	ress	as	a	ratio,	atio,	WLP	SHQGHQWGHÀHFWL	QLVW
7KHDGGLWLRQDOWLPHGHSHQGHQWGHÀHFWLRQLVWKH	Ɛ	Ɛ		LQ		Ɛǻ	LQLQ		FWL	XHWRVXVWDLQHGO	DGPXOWL	LPPHGLDWHGHÀHFWLRQGXHWRVXVWDLQHGORDGPXOWLnlon	and	Sup	nt,	2011,	plied	by	two	(referr	to	Scanlon	Suprenant,	³(VWLPDWLQJ7ZR:D\6ODE'HÀHFWLRQV´Concrete	International91R-XO\SS		24.2.2	Assume	that	no
portion	of	the	live	load	is	sustained.	&DOFXODWHWKHLPPHGLDWHGHÀHFWLRQEDVHGRQDWRWDO	(0.14	in.)(85	psf	–	56	psf)/(69	psf)	=	0.06	in.	sustained	load	of	85	psf	reduced	by	the	unbalanced	Ɛǻ	LQ	Ɛ920	load	of	56	psf.	7KHORQJWHUPPXOWLSOLHURQWKHLPPHGLDWHGHÀHFtion	is	2,	so	the	ratio	is:
7KHGHÀHFWLRQUDWLRVDUHPXFKOHVVWKDQWKHOLPLW	of	ƐVRGHÀHFWLRQVDUHVDWLV¿HGZLWKRXWPRUH	detailed	calculations.	Step	7:	Required	moment	strength	7.4.2	The	gravity	design	moments,	including	pattern	loading,	are	shown	in	Fig.	E3.5:	Fig.	E3.5—Moment	envelope	due	to	factored	loads.	American	Concrete	Institute	–
Copyrighted	©	Material	–	www.concrete.org	CHAPTER	5—ONE-WAY	SLABS	7.4.1.3	7.4.1.3	7.4.2.1	71	The	Code	requires	that	moments	due	to	reactions	induced	by	prestressing	(secondary	moments)	be	included	with	a	load	factor	of	1.0.	Secondary	moments	are	calculated	at	each	support	as:	M2	=	Mpt	–	Fe.	The	secondary	moment	diagram	is	linear
between	supports	(Fig.	E3.6).	The	PT	secondary	moments	are:	Fig.	E3.6—Secondary	moments	due	to	post-tensioning.	The	combined	factored	and	secondary	moments,	which	are	the	required	moment	strengths,	are	shown	in	Fig.	E3.7:	Fig.	E3.7—Moment	envelope	including	factored	load	effect	and	secondary	mo	moments.	Required	strength	(Gravity
only)	Face	of	ex	exterior	support	po	First	midsp	midspan	n	Face	ace	of	second	cond	support	rt	Second	econd	midspan	mid	Face	of	middle	support	Factored	mom.	at	face,	ft-kip	�					5.5	��				3.6	�				M2,	ft-kip	0.0	0.4	0.8	0.65	0.5	Mu,	ft-kip	�				5.9	�				4.3	�				Step	8:	Calculate	required	As	7.7.4.2	&KHFN	ÀH[XUDO	VWUHQJWK	FRQVLGHULQJ	RQO\	37	WHQGRQV	If	the
PT	tendons	alone	provide	the	design	strength,	•�Mn,,	then	the	Code	permits	the	reinforcing	bar	to	be	a	reduced	length.	If	the	PT	tendons	alone	do	not	provide	the	design	strength,	then	the	reinforcing	bar	The	depth	of	the	equivalent	stress	block,	a,	is	calculength	is	required	to	conform	to	standard	lengths.	lated	by	a=	Aps	f	ps	0.85	f	c′(12	in.-ft)	where



Aps	is	the	tendon	area	perfoot	of	slab.	UHIHUVWRIRUWKHFDOFXODWLRQRI�Mn.	Section	22.3	refers	to	22.2	for	calculation	of	Mn.	Section	22.2.4	refers	to	20.3.2.4	to	calculate	fps.	The	span-to-depth	ratio	is	240/6	=	40,	so	the	following	equation	applies:	f	ps	=	f	se	+	10,	000	+	f	c′	300ρ	p	The	reinforcing	bar	and	tendons	are	usually	at	the	same
height	at	the	support	and	at	midspan.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	One-Way	Slabss	Location	L	tion	from	left	tto	right	ght	aalong	the	span	72	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	20.3.2.4	Each	single	unbonded	tendon	is	stressed	to	the	value	prescribed	by	the	supplier.	Friction
losses	cause	a	variation	of	fse	along	the	tension	length,	but	for	design	purposes,	fse	is	usually	taken	as	the	average	value.	The	tendon	supplier	usually	calculates	fse,	and	175,000	psi	is	a	common	value.	The	force	per	strand	is	therefore:	175,000	psi	×	0.153	in.2	=	26,800	lb	The	effective	force	per	foot	of	slab	is	10.3	kip/ft	,	so	the	spacing	of	tendons	is:
26.8	kip/10.3	kip	×	12	in./ft	=	31	in.,	or	2	ft-7	in.	Aps	=	(0.153	in.2)(12	in./ft)/(31	in.)	=	0.059	in.2/ft.	ȡp	=	0.059	in.2/ft	/	60	in2	=	0.00098	5000	psi	f	ps	=	175,000	psi	+10,000	psi	+	=	202,000	psi	0.294	The	value	of	Aps	is	therefore,	The	value	of	ȡp	in	Aps/(b	×	dp)	20.3.2.4.1	fps	limit	as	follows:	(a)	fse	+	30,000	and	(b)	fpy	=	0.9fpu	(a)	175,000	psi	+
30,000	psi	=	205,000	psi	and	(b)	(0.9)(270,000	psi)	=	243,000	psi	So	the	design	value	of	fps	=	202,000	psi	The	compression	block	depth	is	therefore:	Aps	f	ps	a=	0.85	f	c′(12	in/ft.)	22.2.2.4.1	a=	Note	that	the	effectivee	depth	is	5	in.	at	critical	locaH[WH	WLRQVH[FHSWDWWKHH[WHULRUMRLQW7KHUHIRUHWKH	Code	permits	a	mini	minimum	d	of
0.8h,	or	4.8	in.	er,	For	3/4	in.	cover,	�Mn	�Apsfps(d	–	a/2)	(0.059	in.2	)(202,000	psi)	=	0.23	in.	((0.85)(5000	psi)(12	in./ft)	�Mn	=	((0.9)(0.059	59	iin.2)(202,000	.2)(2	)(	psi)(5	in.	–	0.12	in.)	=	552,129	in.-lb	.-lb	=	44.34	ft-kip/ft.	kip/ft.	Location	from	left	to	right	along	the	span	Face	of	exterior	support	First	midspan	Face	of	second	support	rt	Second
midspan	S	Face	of	middle	support	�Mn,	only	tendons,	ft-kip	4.16	4.34	44.34	34	4.34	4.34	Mu,	ft-kip	�				5.9	�				4.3	�				%HFDXVH	DOPRVW	DOO	WKH	GHVLJQ	PRPHQWV	DUH	JUHDWHU	WKDQ	�Mn	when	considering	the	tendons	alone,	standard	reinforcement	lengths	must	be	used.	6WHS0LQLPXPÀH[XUDOUHLQIRUFHPHQW	7.6.2.3
7KHPLQLPXPDUHDRIÀH[XUDOUHLQIRUFLQJEDUSHU	foot	is	a	function	of	the	slab’s	cross-sectional	area.	Step	10:	Design	moment	strength	7.5.1	The	two	common	strength	inequalities	for	oneway	slabs,	moment	and	shear,	are	noted	in	Section	7.5.1.1	of	ACI	318-11.	The	strength	reduction	factor	in	Section7.5.1.2	is	assumed	to	be	0.9.	As,	min	=
0.004	×	12	in.	×	3	in.	=	0.15	in.2/ft.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	5—ONE-WAY	SLABS	7.5.2	73	Determine	if	supplying	the	minimum	area	of	reinIRUFLQJEDULVVXI¿FLHQWWRDFKLHYHDGHVLJQVWUHQJWK	that	exceeds	the	required	strength.	Comparing	this	value	with	the	required	moment
strength	Mu	indicates	that	the	minimum	reinforcement	plus	the	tendons	supply	enough	tensile	reinforcement	for	slab	to	resist	the	factored	loads	at	Set	the	section’s	concrete	compressive	strength	equal	all	locations.	to	steel	tensile	strength,	and	rearrange	for	compression	block	depth	a:	Aps	f	ps	+	As	f	y	(0.059	in.2	)(202,000	psi)	+	(0.15	in.2	)(60,000
psi)	a=	a	=	0.85	f	c′(12	in./ft)	(0.85)(5,	000	psi)(12)	a	=	0.41	in.	For	3/4	in.	cover:	a⎞	⎛	M	n	=	φ	⎡⎣	Aps	f	ps	+	As	f	y	⎤⎦	⎜	d	−	⎟	⎝	2⎠	=	0.9[0.059	×	202,000	+	0.15	×	60,000](5	–	0.21)	=	90,200	in.-lb	=	7.5	ft-kip	refore,	minimu	Therefore,	minimum	rei	reinforcement	provides	adequate	ngth	to	o	resist	the	app	strength	applied	moment.	OK	21.2.1	edu	n
factor:	Shear	strength	reduction	Vc	=	2	(	5000 �								�						(	 	psi	si	(12	in.)(5	in	in.)	=	8500	lb	(	)	φVc	=	(0.75)(2)	75)(2)	55000	psi	(12	in.)(5	in.)	=	6364	lb	Note:	Shear	does	not	typically	control	the	thickness	of	one-way	post-tensioning	slab	system.	Thee	maximum	Vu	NLSVDWWKH¿UVWLQWHULRUVXSport	Therefore,	OK.	port.	American	Concrete	Institute	–
Copyrighted	©	Material	–	www.concrete.org	One-Way	Slabss	Step	11:	Design	shear	strength	im	hear	is	taken	at	tthe	support	7.5.3.1	The	slab’s	maximum	shear	im	y.	centerline	for	simplicity.	74	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	12:	Shrinkage	and	temperature	reinforcement	7.6.4.2	To	control	shrinkage	and
temperature	stresses	in	the	direction	to	the	span,	it	is	typical	to	use	tendons	rather	than	mild	reinforcement	in	one-way	post	tensioning	slabs.	To	calculate	the	number	and	spacing	of	temperature	tendons,	the	Code	allows	the	designer	to	consider	the	effect	of	beam	tendons	on	the	slab.	Assuming	the	beam	is	12	in.	x	30	in.,	the	concrete
FURVVVHFWLRQDODUHDLQWKHEHDPLQÀXHQFHDUHDLV	ALQÀDUHD	=	(6	in.)(20	ft)(12	in./ft)	+	(12	in.)(24	in.)	=	1726	in.2	Assume	the	beam	has	an	effective	post-tensioning	force	of	189	kips,	which	results	in	an	average	compression	of:	7KLVDPRXQWLVWKHUHIRUHVXI¿FLHQWWRPHHWWKH	Code	minimum	of	100	psi.	The	Code	also	has
three	spacing	requirements	which	apply:	ı	OE	LQ2)	=	109	psi.	Provide	at	least	one	tendon	on	each	side	of	the	beam.	oes	not	exceed	If	temperature	tendon	spacing	does	ing	bar	is	not	nneeded;	4.5	ft,	additional	reinforcing	ndon	sp	but	if	temperature	tendon	spacing	exceeds	4.5	ft,	force	supplemental	reinforcement	is	required	along	the	DGMD
WHQGRQDQF	HGJHRIWKHVODEDGMDFHQWWRWHQGRQDQFKRUV	ohibited.	Spacing	above	6	fft	is	prohibited.	rature	tendons,	sstarting	arting	at	4	In	this	example,,	ttemperature	PD	SHFL¿HGDWIWR	FHQWHU1R	IWIURPWKHEHDPDUHVSHFL¿HGDWIWRQFHQWHU1R	rcement	is	ne	supplemental	edgee	rreinforcement	needed.
6WHS0D[LPXPVSDFLQJRIÀH[XUDOUHLQIRUFHPHQW	7.7.2.3	7KHPD[LPXPVSDFLQJRIÀH[XUDOUHLQIRUFLQJEDULQ	7KHDUHDRIÀ	7KHDUHDRIÀH[XUDOUHLQIRUFLQJEDUPXVWEHDWOHDVW	00.15	15	in.2/ft,	use	No.	4	bar	at	16	in.	on	center,	which	a	PT	slab	is	the	lesser	of	3h	and	18	in.
DOVRVDWLV¿HVWKHPD[LPXPVSDFLQJUHTXLUHPHQW	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	5—ONE-WAY	SLABS	7.7.3.3	7.7.3.8.4	The	top	bars	have	to	satisfy:	Reinforcement	must	extend	beyond	the	point	at	ZKLFKLWLVQRORQJHUUHTXLUHGWRUHVLVWÀH[XUHIRUD	distance	equal	to	the
greater	of	d	and	12db,	except	at	supports	of	simply-supported	spans	and	at	free	ends	of	cantilevers.	,QÀHFWLRQSRLQWV	7KHLQÀHFWLRQSRLQWIRUQHJDWLYHPRPHQWLVIWIURP	exterior	support	centerline.	Bar	cutoffs	Section	7.7.3.3	requires	all	bars	to	extend	beyond	the	LQÀHFWLRQSRLQWDWOHDVWd	(5	in.)	or	12	x	0.5	in;	therefore	6	in.
At	least	one-third	the	negative	moment	reinforcement	at	a	support	shall	have	an	embedment	length	EH\RQGWKHSRLQWRILQÀHFWLRQDWOHDVWWKHJUHDWHVWRI	d,	12db,	and	Ɛn/16.	In	addition,	Section	7.7.3.8.4	requires	33	percent	of	WKHEDUVWRH[WHQGEH\RQGWKHLQÀHFWLRQSRLQWDWOHDVW	(19	ft)(12	in./ft)/16	=	15	in.	The	top
bars	at	the	exterior	MRLQWZLOOH[WHQGIURPWKHHQGRIWKHFDQWLOHYHUSDVW	the	support	and	into	the	span.	Because	the	reinforcing	bar	is	at	wide	spacing,	no	percentage	of	bars	(as	permitted	by	Section	7.7.3.8)	can	be	cut	off	in	the	tension	zone.	Balcony	considerations	VODEUHFHVVRI
7KHDUFKLWHFWXVXDOO\VSHFL¿HVDVODEUHFHVVRI	or	wall	of	residential	about	0.75	in.	at	the	exterior	units	to	guard	againstt	water	intrusion.	In	addition,	O\VS	WKHDUFKLWHFWXVXDOO\VSHFL¿HVDEDOFRQ\VORSHRI	etail	result	in	a	slab	ab	about	1/4	in./ft.	The	These	two	details	onsiderthickness	at	the	ed	edge	of	4.5	in.	Balcony
consideruss	in	detail	by	Suprenant	Supren	nt	in,	“Unations	are	discussed	lco	Drainage,”	rainage,”	2004,	Concr	derstanding	Balcony	Concrete	an.	International,	Jan.	Solution	7KHWRS	7KHWRSEDUOHQJWKLVIWEDOFRQ\	SOXVIWLQÀHFtion)	plus	an	ex	extension	of	15	in.	A	practical	length	for	ars	is	6	ft.	top	bars	m	ba	he	outside	eedge	Trim	bar	at	the
T	rs	usually	require	two	No.	4	continuous	The	PT	suppliers	“b	ck-u	bars	bbehind	hi	d	th	“back-up”	the	anchorages,	about	2	to	3	in.	m	th	bar	can	also	limit	widths	of	posfrom	the	edge.	These	bars	si	cra	unex	siblee	cracks	duee	to	unexpected	restraint,	drying	shrinkage,	or	other	local	issu	issues.	At	the	edge	of	the	balcony,	PPHQGHGW
LWLVUHFRPPHQGHGWRKRRNWKHWRSÀH[XUHEDUVDURXQG	the	continuous	edge	bars.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	One-Way	Slabss	Step	14:	Top	reinforcing	bar	length	at	the	exterior	support	7.7.3	Reinforcing	bar	length	and	details	at	the	exterior	support	75	76	THE	REINFORCED	CONCRETE
DESIGN	HANDBOOK—SP-17(14)	6WHS%RWWRPUHLQIRUFLQJEDUOHQJWKDORQJ¿UVWVSDQ	7.7.3	The	bottom	bars	have	to	satisfy	the	following	provisions:	7.7.3.3	Reinforcement	must	extend	beyond	the	point	at	ZKLFKLWLVQRORQJHUUHTXLUHGWRUHVLVWÀH[XUHIRUD	distance	equal	to	the	greater	of	d	and	12db,	except	at	supports	of
simply-supported	spans	and	at	free	ends	of	cantilevers.	7.7.3.4	&RQWLQXLQJÀH[XUDOWHQVLOHUHLQIRUFHPHQWPXVW	have	an	embedment	length	not	less	than	Ɛd	beyond	the	point	where	bent	or	terminated	tensile	reinIRUFHPHQWLVQRORQJHUUHTXLUHGWRUHVLVWÀH[XUH	⎛	⎞	⎜	ψ	t	ψ	e	ψ	s	⎟⎟	3	fy	Ad	=	⎜	d	⎜	40	λ	f	c′	⎛	cb	+	K	tr	⎞	⎟	b	⎜	⎜⎝	d
⎟⎠	⎟⎠	⎝	b	7.7.3.5	Flexural	tensile	reinforcementt	must	not	be	terminated	in	a	tensile	zone	unle	unless	(a),	(b),	or	(c)	is	VDWLV¿HG	Note:	the	development	length	of	a	No.	4	black	bar	in	an	6	inch	slab	with	0.75	in	cover	is:	⎛	⎞	⎜	3	60,	000	psi	1.0	×	1.0	×	0.8	⎟	Ad	=	⎜	⎟	0.5	=	13	in	.	⎜	40	1.0	5000	psi	⎛	1.0	+	0	⎞	⎟	⎜⎝	⎟	⎜⎝	0.5	⎠	⎟⎠	Vu”	�V	”	�V	Vn	att	the	th	cutoff
t	point.		DQG�V	Vn	=	6364	lb	(refer	to	Step	11)	Vu	OEDQG�V		�V	Vn	=	4243	lb	>	Vu	=	2000	lb	therefore,	OK	�V	d	(c)	do	nnot	apply.	Notee	th	that	(b)	and	7.7.3.8.2	7.7.8.3	th	the	maximum	posit	At	least	one-fourth	positive	moment	l	reinforcement	mustt	extend	along	the	slab	bottom	into	the	continuous	support	a	minimum	of	6	in.	Extend	bottom	rei
reinforcement	minimum	6	in.	into	the	supports.	ment	$WSRLQWVRILQÀHFWLRQdb	for	positive	moment,	tensile	reinforcement	must	be	limited	such	that	Ɛd	IRUWKDWUHLQIRUFHPHQWVDWLV¿HV(T	RI	ACI	318-14.	Ɛd”Mn/Vu	+	Ɛa	,QÀHFWLRQSRLQWV	7KHLQÀHFWLRQSRLQWVIRUSRVLWLYHPRPHQWVDUH	ft	from	the	exterior	support
centerline	and	3.0	ft	IURPWKH¿UVWLQWHULRUVXSSRUWFHQWHUOLQH	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	5—ONE-WAY	SLABS	77	Bar	cutoffs	The	bar	cutoffs	that	are	implicitly	permitted	in	the	aforementioned	code	provisions	do	not	apply
EHIRUHWKHLQÀHFWLRQSRLQWVIRUWKLVVODEEHFDXVHLI	any	bars	were	cut	off,	the	maximum	reinforcing	bar	spac	ing	would	be	violated.	Because	all	bottom	bars	extend	past	the	tensile	zone,	Section	7.7.3.5	does	not	apply.	All	bottom	bars	need	to	extend	at	least	5	in.	(Refer	to	Section	7.7.3.3)	beyond	the	positive
PRPHQWLQÀHFWLRQSRLQWV	The	Code	requires	that	at	least	25	percent	of	bottom	bars	be	full	length,	extending	6	in.	into	the	support.	Check	bar	size	Mn	is:	a⎞	a⎞	⎛	⎛	M	n	=	[	As	f	y	]	⎜	d	−	⎟	+	[	Aps	f	ps	]	⎜	d	p	−	⎟	⎝	⎝	2⎠	2⎠	Mn	=	(0.15	in.2)(60,000	psi)(5	in.	–	0.21	in.)	+	[(0.059	in.2)(202,000	psi)(4.8	in.	–	0.21	in.)]	=	97.8	in.-kip	The	elastic	analysis
indicates	that	VuDWLQÀHFWLRQ	point	is	2.0	kips.	The	term	Ɛa	iss	5	in.	Ɛd	”Mn/Vu	+	Ɛa	Ad	≤	Mn	9	8	in.-kip	97.8	+	5	in.	=	+	5	=	54	in.	Vu	2.0	kip	B	ause	the	cut	off	locat	Because	location	is	within	a	foot	of	the	left	ssupport,	port	extend	nd	all	bott	bottom	bars	6	in.	into	left	support	h	to	the	h	edge	d	of	the	cantilever.	These	bottom	and	then	bars	will	ll
support	sshrinkage	and	temperature	bars	in	the	balcony.	alcony.	)RU¿HOGSODFLQJVLPSOLFLW\VSHFLI\DOOERWWRPEDUVLQ	)RU	¿	this	span	also	extend	6	in.	into	the	right	support.	6WHS7RSUHLQIRUFLQJEDUOHQJWKDWWKH¿UVWLQWHULRUVXSSRUW	7.7.3.3	7.7.3.8.4	Bar	cutoffs
$OOEDUVPXVWH[WHQGEH\RQGWKHLQÀHFWLRQSRLQWDW	least	d	(5	in.)	or	12	×	0.5	in;	In	addition,	33	percent	of	the	bars	must	extend	EH\RQGWKHLQÀHFWLRQSRLQWDWOHDVW	,QÀHFWLRQSRLQWV	7KHLQÀHFWLRQSRLQWVIRUQHJDWLYHPRPHQWVDUHIW	IURPWKHVXSSRUWFHQWHUOLQHDQGIWIURPWKH¿UVW	interior
support	centerline.	Therefore,	6	in.	(19	ft	x12	in./ft)/16	=	15	in.	+RZHYHUWKHWRSEDUVDWWKHH[WHULRUMRLQWZLOOH[tend	from	the	end	of	the	cantilever,	past	the	support	and	into	the	span.	Because	the	reinforcing	bar	is	at	wide	spacing,	no	percentage	of	bars	(as	permitted	7KHUHIRUHWKHWRSEDUOHQJWKLVIWLQÀHFWLRQ	SOXV	by
Section	7.7.3.8)	can	be	cut	off	in	the	tension	an	extension	of	15	in.	plus	7.5	ft	plus	15	in.	A	practical	zone.	length	for	top	bars	is	16	ft.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	One-Way	Slabss	!LQWKHUHIRUH1REDULV2.	!	LQ	RUH1R	78	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	17:
Second	span	bottom	reinforcing	bar	lengths	,QÀHFWLRQSRLQWV	7KHLQÀHFWLRQSRLQWVIRUSRVLWLYHPRPHQWVDUHIW	from	the	left	support	centerline	and	2.5	ft	from	the	right	interior	support	centerline.	Bar	cutoffs	The	bar	cut	offs	that	are	implicitly	permitted	by	the	&RGHGRQRWDSSO\EHIRUHWKHLQÀHFWLRQSRLQWVIRUWKLV	slab,
because	if	any	bars	were	cut	off,	the	maximum	reinforcing	bar	spacing	would	be	violated.	Because	all	bottom	bars	extend	past	the	tensile	zone,	Section	7.7.3.5	doesn’t	apply.	All	bottom	bars	need	to	extend	at	least	5	in.	(Refer	to	Section	7.7.3.3)	beyond	the	SRVLWLYHPRPHQWLQÀHFWLRQSRLQWV	The	Code	requires	that	at	least	25	percent	of
bottom	bars	be	full	length,	extending	6	in.	into	the	support.	Solution	The	minimum	bottom	bar	length	is	(20	ft	minus	3.5	IWLQÀHFWLRQ	SOXVDQH[WHQVLRQRILQPLQXVIW	LQÀHFWL	LQÀHFWLRQ	SOXVLQ$SUDFWLFDOOHQJWKIRUERWWRP	bars	is	one	at	20	ft	and	three	at	16	ft.	DWWKH
6WHS7RSUHLQIRUFLQJEDUOHQJWKDWWKHPLGGOHVXSSRUW&/&	7.7.3	ve	to	t	satisfy	sfy	the	followi	The	top	bars	have	following	provisions:	7.7.3.3	xtend	beyond	the	point	aat	Reinforcement	mu	must	extend	QJH	TXLUHGWRUHVLVW	[XUHIRUD	ZKLFKLWLVQRORQJHUUHTXLUHGWRUHVLVWÀH[XUHIRUD	he	greater	off	d	and	12db,	exceptt
distance	equal	to	the	at	supports	of	simply-supported	spans	and	at	free	ends	of	cantilevers.	7.7.3.8.4	At	least	one-third	the	negative	moment	reinforcement	at	a	support	must	have	an	embedment	length	EH\RQGWKHSRLQWRILQÀHFWLRQDWOHDVWWKHJUHDWHVWRI	d,	12db,	and	Ɛn/16.	,QÀHFWLRQSRLQWV	HFWLR	RLQWV	LQÀ	SRLQWVIRU
7KHLQÀHFWLRQSRLQWVIRUQHJDWLYHPRPHQWVDUHIW	fr	m	th	rt	centerli	from	the	support	centerline	on	both	sides.	Bar	ccutoffs	Section	7.7.3.3	requires	all	bars	to	extend	beyond	WKHLQÀHFWLRQSRLQWDWOHDVWd	(5	in.)	or	12	x	0.625	in;	therefore,	8	in.	In	addition,	Section	7.7.3.8.4	requires
SHUFHQWRIWKHEDUVWRH[WHQGEH\RQGWKHLQÀHFWLRQ	point	at	least	(19	×	12)/16	=	15	in.	Because	the	reinforcing	bar	is	already	at	maximum	spacing,	no	percentage	of	bars	(as	permitted	by	Section	11.7.3.5	or	7.7.3.8	of	ACI	318-14)	can	be	cut	off	in	the	tension	can	be	cut	off	in	the	tension	zone.	Solution
7KHWRSEDUOHQJWKLVWZRWLPHVIWLQÀHFWLRQ	SOXV	an	extension	of	15	in.	at	each	end)	A	practical	length	for	top	bars	is	15	ft.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	5—ONE-WAY	SLABS	79	7.7.4.3.1	Post-tensioned	anchorage	zones	must	be	designed	and	detailed	in	accordance	with	Section	25.9
of	ACI	318-14.	The	concrete	around	the	anchorage	is	divided	into	a	local	zone	and	a	general	zone.	For	monostrand	anchorages,	the	local	zone	reinforcement,	according	to	Code,	“shall	meet	the	bearing	resistance	requirements	of	ACI	423.7.”	ACI	423.7	limits	the	bearing	stresses	an	anchorage	can	impose	on	the	concrete,	unless	the	monostrand
anchorage	is	tested	to	perform,	as	well	as	those	meeting	those	stresses.	All	U.S.	manufacturers’	supply	tested	anchorages.	For	the	general	zone,	Section	25.9.3.1	(a)	of	ACI	31814	requires	two	“back	up”	bars	for	monostrand	anchorages	at	the	edge	of	the	slab,	and	Section	25.9.3.2	(b)	is	not	applicable	to	this	example.	7.7.4.3.2	Post-tensioning
anchorages	and	couplers	must	be	designed	and	detailed	in	accordance	with	25.7.	The	information	in	Section	25.7	of	ACI	318-14	provides	performance	requirements	for	the	design	of	PT	anchora	anchorages.	These	only	apply	to	the	anchorage	design,	so	the	engineer	rarely	(if	ever)	is	concerned	about	Section	25.7.	ure	ttendons	Step	20:	Shrinkage	and
temperature	per	tendons	evenly	spaced	aced	7.7.6.3	There	are	4	temperature	W	&	%HFDXVHWK	VSDFLQJ	SHUVSDQDWIWLQ2&	%HFDXVHWKHVSDFLQJ	edg	reinforcereinf	is	less	than	4	ft	6	in.,	noo	additional	edge	d	bby	the	Code.	The	com	mentar	ment	is	required	commentary	cin	temperature	mperature	tendo	recommends	placing	tendons	so
that	hi	the	kern	off	the	slab	(middle	ddl	2	the	resultant	is	within	inches).	Anchors	are	usually	attached	to	the	outside	forms	at	mid-height	of	the	slab	and	longitudinally	LQ	VXFK	D	VXSSRUWHGGLUHFWO\E\WKHÀH[XUDOWHQGRQVLQVXFKD	manner	as	to	meet	this	recommendation.	Step	21:	Detailing	Fig.	E3.8—Slab	reinforcement.	American
Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	One-Way	Slabss	Step	19:	Tendon	termination	There	are	requirements	both	for	anchorage	zones	(the	reinforced	concrete	around	the	anchorage)	and	for	the	anchorages	themselves.	80	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	American	Concrete	Institute	–
Copyrighted	©	Material	–	www.concrete.org	CHAPTER	6—TWO-WAY	SLABS	6.2—Analysis	er	tto	use	any	analysis	pproceACI	318-14	allows	the	designer	DQ	PHWULFFRPSDWLE	LW\	GXUHWKDWVDWLV¿HVHTXLOLEULXPDQGJHRPHWULFFRPSDWLELOLW\	d	sserviceability	eability	requirem	ents	as	long	as	design	strength	and	requirements	ile
provisions	visions	for	the	D	rect	are	met.	The	Code	includes	detailed	Direct	alent	Frame	Me	od	Design	Method	(DDM)	and	the	Eq	Equivalent	Method	t	Element	El	(EFM),	as	well	as	general	provisionss	for	Finite	Analysis	(FEA).	The	commentary	notes	that	while	the	analysis	of	a	slab	system	is	important,	the	design	results	should	not	HG
GHYLDWHIDUIURPFRPPRQSUDFWLFHXQOHVVLWLVMXVWL¿HGEDVHG	on	the	reliability	of	the	calculations	used	in	the	analysis.	6.2.1	Direct	Design	Method—The	DDM	(ACI	318-14,	6HFWLRQ			LV	D	VLPSOL¿HG	PHWKRG	RI	DQDO\VLV	WKDW	KDV	several	geometric	and	loading	limitations.	Nonprestressed
UHLQIRUFHGÀDWSODWHVÀDWVODEVDQGZDIÀHVODEVFDQDOOEH	designed	by	this	method.	The	Code	does	not	permit	PT	slabs	to	be	designed	by	DDM.	The	results	of	the	DDM	are	the	approximate	magnitude	and	distribution	of	slab	moments,	ERWKDORQJWKHVSDQDQGWUDQVYHUVHWRLW7KHFRHI¿FLHQWVWKDW	distribute	the	total
static	moment	in	the	design	panel	to	the	column	and	middle	strips	are	based	on	papers	by	Corley,	Jirsa,	Sozen,	and	Siess	(Corley	et	al.	1961;	Jirsa	et	al.	1963,	1969;	Corley	and	Jirsa	1970).	The	total	static	moment	is	determined	assuming	that	the	reactions	are	along	the	faces	RI	WKH	VXSSRUW	SHUSHQGLFXODU	WR	WKH	VSDQ	FRQVLGHUHG
2QFH	the	total	static	moment	is	determined,	it	is	then	distributed	to	negative	and	positive	moment	areas	of	the	slab.	From	there,	it	is	further	distributed	to	the	column	strip	and	middle	strips.	7KH	GHVLJQHU	XVHV	WKHVH	PRPHQWV	WR	FDOFXODWH	WKH	ÀH[XUDO	reinforcement	area	in	the	direction	being	designed.	The	designer	needs	to
perform	calculations	in	both	directions	to	determine	two-way	slab	reinforcement.	The	DDM	also	provides	the	design	shear	at	each	column.	6.2.2	Equivalent	Frame	Method—The	EFM	(ACI	318-14,	Section	8.11)	can	be	used	for	a	broader	range	of	slab	geometries	than	are	allowed	for	DDM	use,	as	well	as	PT	slabs.	)ODWSODWHVÀDWVODEV
DQGZDIÀHVODEV	FDQDOOEH	GHVLJQHG	by	this	method.	The	EFM	assumptions	used	to	calculate	the	effective	stiffness	of	the	slab,	torsional	beams,	and	columns	DW	HDFK	MRLQW	DUH	EDVHG	RQ	SDSHUV	E\	&RUOH\	-LUVD	6R]HQ	and	Siess	(Corley	et	al.	1961;	Jirsa	et	al.	1963,	1969;	Corley	and	Jirsa	1970).	The	EFM	models	a	three-
dimensional	slab	system	by	a	series	of	two-dimensional	frames	that	are	then	analyzed	for	loads	acting	in	the	plane	of	the	frames.	The	original	analysis	method	used	with	the	EFM	was	the	moment	distribution	method;	however,	any	linear	elastic	analysis	will	work.	The	analysis	calculates	design	moments	and	shears	along	the	length	of	the	model.	For
nonprestressed	slabs,	the	()0XVHV''0FRHI¿FLHQWVWRGLVWULEXWHWKHWRWDOPRPHQWV	into	column	strips	and	middle	strips.	For	prestressed	slabs,	the	sslab	ab	sstrip	is	from	the	middle	of	one	bay	to	the	middle	of	the	QH[WED\DQGLV	QH[WED\DQGLVGHVLJQHGLQÀH[XUHDVDZLGHVKDOORZEHDP	3	Finite	Element	Elem	6.2.3	Method—A
great	variety	of	FEA	er	ssoftware	oftware	prog	ram	am	are	available,	including	those	computer	programs	form	static,	tic,	dynam	that	perform	dynamic,	elastic,	and	inelastic	analysis.	Any	two-way	o-w	slab	b	geometry	can	be	accommodated.	Finite	eleme	ould	hav	element	mo	models	could	have	beam-column	elements	that	truc	ming	me	model	structural
framing	members	along	with	plane	stress	leme	s;	pl	ments;	and	shell	elements,	brick	elements,	elements;	plate	elements;	RUER	WKD	XVHGWRP	RUERWKWKDWDUHXVHGWRPRGHOWKHÀRRUVODEVPDWIRXQGDi	ms,	wall	tions,	diaphragms,	walls,	and	connections.	The	model	mesh	d	should	bbe	capable	of	determining	the	structural	size	selected
RQVHLQVXI¿F	UHVSRQVHLQVXI¿FLHQWGHWDLO$Q\VHWRIUHDVRQDEOHDVVXPStions	for	member	stiffness	is	allowed.	6.3—Service	limits	6.3.1	Minimum	thickness²)RUQRQSUHVWUHVVHGÀDWSODWHV
DQGÀDWVODEVWKH&RGHDOORZVWKHGHVLJQHUWRHLWKHUFDOFXODWHVODEGHÀHFWLRQVRUVLPSO\VDWLVI\DPLQLPXPVODEWKLFNQHVV$&,6HFWLRQ	0RVWÀDWVODEDQGÀDWSODWH	designs	simply	conform	to	the	minimum	thickness	criteria	DQGWKHUHIRUHGHVLJQHUVGRQRWXVXDOO\FDOFXODWHGHÀHFWLRQV	for
nonprestressed	reinforced	two-way	slabs.	The	Code	does	not	provide	a	minimum	thickness-to-span	ratio	for	PT	two-way	slabs,	but	the	ratio	for	usual	conditions	is	in	the	range	of	37	to	45.	6.3.2	'HÀHFWLRQV²)RUQRQSUHVWUHVVHGWZRZD\ÀDWSODWH	RUÀDWVODEVWKDWDUHWKLQQHUWKDQWKH$&,PLQLPXPIRU
VODEVWKDWUHVLVWVDKHDY\OLYHORDGIRUZDIÀHVODEVDQGIRU	37VODEVWKHGHVLJQHUFDOFXODWHVGHÀHFWLRQV'HÀHFWLRQVFDQ	be	calculated	by	EFM,	the	FEM,	or	classical	methods.	For	EFM,	the	slab	system	is	modelled	in	both	directions,	and	the	FDOFXODWHGGHÀHFWLRQDWPLGVSDQRIDSDQHOLVWKHVXPRIWKH
FROXPQ	VWULS	GHÀHFWLRQ	DQG	WKH	SHUSHQGLFXODU	PLGGOH	VWULS	GHÀHFWLRQUHIHUWRWKHFURVVLQJEHDPPHWKRG$&,5		American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Two-Way	Slabss	6.1—Introduction	A	two-	way	slab	is	usually	used	in	buildings	with	columns	that	are	approximately	evenly	spaced,
creating	a	span	length	in	one	direction	that	is	within	a	factor	of	2	to	the	perpendicular	direction.	Structural	concrete	two-way	slabs,	which	have	been	constructed	for	over	100	years,	have	taken	many	forms.	The	basic	premise	for	these	forms	is	that	the	slab	system	transmits	the	applied	loads	directly	to	the	supporting
FROXPQVWKURXJKLQWHUQDOÀH[XUDODQGVKHDUUHVLVWDQFH	This	chapter	discusses	cast-in-place,	nonprestressed,	and	post-tensioned	(PT)	slabs.	The	Code	(ACI	318-14)	allows	for	either	bonded	or	unbonded	tendons	in	a	PT	slab.	Because	bonded	tendons	are	not	usually	placed	in	two-way	slabs	in	the	U.S.,	this	chapter	only	discusses	PT	slabs
with	unbonded	tendons.	At	the	preliminary	design	level,	with	spans	given	by	the	architect,	the	designer	determines	the	loads,	reinforcement	s.	The	type	(prestressed	or	nonprestressed),	and	slab	thickness.	perience	and	the	preliminary	concrete	strength	is	based	on	experience	ons.	Code’s	exposure	and	durability	provisions.	82	THE	REINFORCED
CONCRETE	DESIGN	HANDBOOK—SP-17(14)	7KH	FDOFXODWHG	GHÀHFWLRQV	PXVW	QRW	H[FHHG	WKH	OLPLWV	LQ	Section	24.2	of	ACI	318-14.	For	most	buildings,	the	limit	of	ƐIRUORQJWHUPGHÀHFWLRQVXVXDOO\FRQWUROV	Note	that	the	spacing	of	slab	reinforcing	bar	to	limit	crack	width,	timing	of	form	removal,	concrete	quality,
timing	of	construction	loads,	and	other	construction	variables	all	can	DIIHFWWKHDFWXDOPHDVXUHGGHÀHFWLRQ7KHVHYDULDEOHVVKRXOG	EH	FRQVLGHUHG	ZKHQ	DVVHVVLQJ	WKH	DFFXUDF\	RI	GHÀHFWLRQ	calculations.	In	addition,	creep	over	time	will	increase	the	LPPHGLDWHGHÀHFWLRQV	Typically,	with	a	PT	slab	thickness-to-
span	ratios	in	WKH	UDQJH	RI		WR		VODE	GHÀHFWLRQV	DUH	XVXDOO\	ZLWKLQ	the	Code	allowable	limits.	The	Code	limits	the	maximum	service	concrete	tensile	stress	to	below	cracking	stress,	so	GHÀHFWLRQFDOFXODWLRQVXVHWKHJURVVVODESURSHUWLHV	6.3.3	Concrete	service	stress—Nonprestressed	slabs	are	designed	for	strength
without	reference	to	a	pseudo-concrete	VHUYLFHÀH[XUDOVWUHVVOLPLW	)RU	37	VODEV	WKH	DQDO\VLV	RI	FRQFUHWH	ÀH[XUDO	WHQVLRQ	stresses	is	a	critical	part	of	the	design.	In	ACI	318-14,	Section	WKHFRQFUHWHWHQVLOHÀH[XUDOVWUHVVLQQHJDWLYHPRPHQW	areas	at	columns	PT	slab	is	limited	to	6	f	c′	.	At	positive	lab
reinforcing	moment	sections,	Section	8.6.2.3	requires	slab	This	bottom	bar	if	the	concrete	tensile	stress	exceeds	2	f	c′	.	T	ed.	Th	reinforcing	bar	is	often	not	required.	These	service	tensile	KH	FR	ÀH[XUDO	VWUHVV	OLPLWV	DUH	EHORZ	WKH	FRQFUHWH	FUDFNLQJ	VWUHVV	FWR	FLQJGHÀHFWLRQ	Q	of	7.5	f	c′	,
WKXVKDYLQJWKHHIIHFWRIUHGXFLQJGHÀHFWLRQV,Q	es	a	PT	slab’s	axial	comprescom	esaddition,	Section	8.6.2.1	requires	ue	to	post-tensioning	st-tensioning	to	bee	at	sive	stress	in	both	directions	due	least	125	psi.	VVH	LQ	D	GHVLJQ	VWULS	DQ	%HIRUH	WKH	VODE	ÀH[XUDO	VWUHVVHV	VWULS	FDQ	¿	G	7KH	EH	FDOFXODWHG	WKH
WHQGRQ	SUR¿OH	QH	QHHGV	WR	EEH	GGH¿QHG	SUR¿OHDQGWKHWHQGRQIRUFHDUHGLUHFWO\UHODWHGWRWKHVODE	forces	and	moments	created	by	the	PT.	A	common	approach	to	calculate	PT	slab	moments	is	to	use	the	“load	balancing”	g	FRQFHSWZKHUHWKHSUR¿OHLVXVXDOO\WKHPD[LPXPSUDFWLFDO
FRQVLGHULQJFRYHUUHTXLUHPHQWVWKHWHQGRQSUR¿OHLVSDUDbolic,	the	parabola	has	an	angular	“break”	at	the	column	centerlines,	and	that	the	tendon	terminates	at	middepth	at	the	exterior	(refer	to	Fig	6.3.3).	The	load	balancing	concept	assumes	the	tendon	exerts	a	uniform	upward	“load”	in	the	parabolic	length,	and	a	point	load	down	at
the	support.	These	loads	are	then	combined	with	the	gravity	loads,	and	the	analysis	is	performed	with	a	QHWORDG)LJVKRZVWKHFRPPRQO\XVHGVLPSOL¿FDWLRQ	RIWKHWHQGRQSUR¿OH7KHUHDOWHQGRQSUR¿OHLVVPRRWKZLWK	reverse	parabolas	over	the	interior	supports	rather	than	cusps.	To	conform	to	the	Code	stress	limits,	the
designer	can	use	an	iterative	approach	or	a	direct	approach.	In	the	iterative	DSSURDFKWKHWHQGRQSUR¿OHLVGH¿QHGDQGWKHWHQGRQIRUFH	LV	DVVXPHG	7KH	DQDO\VLV	LV	H[HFXWHG	ÀH[XUDO	VWUHVVHV	DUH	FDOFXODWHGDQGWKHGHVLJQHUWKHQDGMXVWVWKHSUR¿OHRUIRUFH	or	both,	depending	on	results	and	design
constraints.	In	the	direct	approach,	the	designer	determines	the	highest	tensile	stress	permitted,	then	rearranges	equations	so	that	the	analysis	calculates	the	tendon	force	needed	to	achieve	the	stress	limit.	Fig.	6.3.3—Load	balancing	concept.	Fig.	6.4.1—Punching	shear	failure.	Fig.	6.4.2—Critical	.2—	section	ggeometry.	6.4—	hea	strength	ength	6.4—
Shear	abs	must	have	h	Two-way	slabs	adequate	one-way	shear	strength	esign	strip	(assuming	the	slab	is	a	wide,	shallow	in	each	design	beam)	and	ade	adequate	two-way	shear	strength	at	each	column.	The	discussion	for	the	nominal	one-way	shear	strength	are	the	same	as	provided	in	Chapter	7	(Beams)	of	this	Handbook	and	is	not	reproduced	here.
6.4.1	Punching	shear	strength—Two-way	shear	strength,	also	called	punching	shear	strength,	is	considered	a	critical	strength	for	two-way	slabs.	ACI	318	calculates	nominal	punching	shear	strength	based	on	the	slab’s	concrete	strength	and	shear	reinforcement	when	provided.	The	effect	of	the	slab’s
ÀH[XUDOUHLQIRUFHPHQWRQSXQFKLQJVKHDUVWUHQJWKLVLJQRUHG	The	assumed	punching	shear	failure	shape	(Fig.	6.4.1)	is	usually	a	truncated	cone	or	pyramid-shape	surface	around	the	column.	6.4.2	Critical	section—For	geometric	simplicity,	ACI	318	assumes	a	critical	section.	This	is	a	vertical	section	extended	from	the	column	at	a
distance	d/2,	where	d	is	the	slab’s	effective	depth.	In	Fig.	6.4.2,	the	critical	perimeter	is	bo	=	2[(c1	+	d)	+	(c2	+	d)].	The	critical	section	to	calculate	concrete	shear	stress	is	bod.	6.4.3	Calculation	of	nominal	shear	strength—In	ACI	318,	punching	shear	strength	limits	are	given	in	terms	of	stress.	As	shown	below,	the	shear	stress	limit	for	a
nonprestressed	reinforced	slab	is	the	least	of	three	expressions:	The	Code	punching	shear	strength	limit	for	PT	slabs	are	usually	slightly	higher	than	those	for	nonprestressed	rein-	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	6—TWO-WAY	SLABS	83	Table	6.4.3—Calculation	of	vc	for	two-way	shear	(ACI	318-14,
Table	22.6.5.2)	vc	4λ	f	c′	/HDVWRI	⎛	4⎞	2	+	⎟	λ	f	c′	⎝⎜	β⎠	⎛	αsd	⎞	⎜⎝	2	+	b	⎟⎠	λ	f	c′	o	Note:	ȕ	is	the	ratio	of	long	side	to	short	side	of	the	column	and	Įs	is	40	for	interior	columns,	30	for	edge	columns,	and	20	for	corner	columns.	(	)	(a)	vc	=	3.5λ	f	c′	+	0.3	f	pc	+	Vp	bo	d	Vp	⎛	α	d⎞	(b)	vc	=	⎜	1.5	+	s	⎟	λ	f	c′	+	0.3	f	p	c	+	b	b	⎝	o	⎠	od	where	Įs	is	the	same	as	in
Table	bl	6.4.3,	3,	the	value	of	fpcc	is	ire	s,	limited	to	500	psi,	the	average	of	fpc	in	the	two	directions,	ective	prestress	force	rce	Vp	is	the	vertical	component	of	the	effective	he	value	of	f	c′	is	lim	limited	d	crossing	the	critical	section,	and	the	to	70	psi.	Because	of	the	shallow	depth	of	most	PT	slabs,	many	engineers	conservatively	ignore	the	Vp/bod
component	when	calculating	vc.	The	Code	also	requires	the	engineer	to	consider	slab	openings	close	to	the	column.	Such	openings,	which	are	commonly	used	for	heating,	ventilating,	and	air	condiWLRQLQJ+9$&	DQGSOXPELQJFKDVHVZLOOUHGXFHWKHVKHDU	strength.	The	Code	requires	a	portion	of	bo	enclosed	by
VWUDLJKWOLQHVSURMHFWLQJIURPWKHFHQWURLGRIWKHFROXPQDQG	tangent	to	the	boundaries	of	the	opening	to	be	considered	ineffective	(ACI	318-14,	Section	22.6.4.3).	6.5—Calculation	of	required	shear	strength	The	factored	punching	shear	stress	at	a	column,	vu,	is	the	total	of	two	components:	1)	direct	shear	stress,	vug;	and	2)	shear
stresses	due	to	moments	transferred	from	the	slab	to	the	column.	The	two	stress	diagrams	are	added	and	the	total	is	the	required	shear	stress	diagram	at	the	critical	section.	Direct	shear	stress	vug	is	calculated	by	vug	=	Vu/bod.	To	FDOFXODWHWKHVKHDUVWUHVVHVGXHWRVODEEHQGLQJ$&,¿UVW	stipulates	that	a	percentage	of	the
unbalanced	slab	moment	at	the	column,	MscLVUHVLVWHGE\VODEÀH[XUHZLWKLQDOLPLWHG	width	over	the	column.	The	remaining	percentage	of	Msc	is	transferred	to	the	slab	by	eccentricity	of	shear.	The	follow	two	sections	of	Chapter	8	(ACI	318-14)	state	that:	Fig.	6.5—Assumed	distribution	of	shear	stress	(ACI	318-14,	Commentary	Section
R8.4.4.2.3).	8.4.2.3.2	The	fraction	fract	of	factored	slab	moment	resisted	by	mn	ȖfMsc,	sha	shall	be	assumed	to	be	transferred	by	the	column,	ZKH	f	shall	h	ll	bbe	calculated	c	by:	ÀH[XUHZKHUHȖ	γf	=	1	⎛	2⎞	b	1+	⎜	⎟	1	⎝	3	⎠	b2	8.4.4.2.2	The	fraction	oof	Msc	transferred	by	eccentricity	of	b	applied	at	the	centroid	of	the	critical	shear,	ȖvMsc,	shall	be	ac
section	in	accordance	with	Section	8.4.4.1	(ACI	318-14),	where	Ȗv	±Ȗf	Under	certain	circumstances	given	in	Table	8.4.2.3.4	of	$&,		WKH	YDOXH	RI	Ȗf	can	be	increased,	which	then	decreases	the	fraction	of	Msc	required	to	be	transferred	by	eccentricity	of	shear.	1RWHWKDWWKHVHPRGL¿HGYDOXHVGRQRWDSSO\IRU37VODEV	The	slab	shear
stresses	due	to	the	unbalanced	moment	transferred	to	the	column	by	eccentricity	of	shear	is	calcuODWHGE\ȖvMscc/Jc,	where	c	is	the	distance	from	b0	to	the	critical	section	centroid,	and	Jc	is	the	polar	moment	of	inertia	of	the	critical	section	about	its	centroidal	axis.	When	vug	is	added,	the	total	shear	stress	diagram	is	shown	by	Fig.	6.5.	If	the
maximum	total	factored	shear	stress	does	not	exceed	the	design	shear	stress,	the	slab’s	concrete	shear	strength	is	adequate.	If	the	maximum	total	factored	shear	stress	exceeds	the	design	shear	stress,	the	slab	thickness	near	the	column	can	be	increased	by	using,	for	example,	shear	capitals	(ACI	318-14,	Section	8.2.5)	or	shear	reinforcement	can	be
added.	At	times,	the	design	of	a	two-way	slab	requires	point	loads	to	be	considered,	such	as	wheel	loads	in	parking	garages.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Two-Way	Slabss	forced	slabs	as	shown	in	the	following	Eq.	(a)	and	(b).	For	PT	two-way	slabs,	the	designer	can	use	Eq.	(a)	and	(b)	unless	the	column	is
closer	to	a	discontinuous	edge	than	four	times	the	slab	thickness	h.	For	many	edge	columns,	this	requires	shear	strength	to	be	calculated	by	Table	6.4.3.	For	prestressed,	two-way	members,	vc	is	permitted	to	be	the	lesser	of	(a)	and	(b)	(ACI	318-14,	Eq.	22.6.5.5	(a)	and	(b):	84	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Table	6.6a
—Maximum	vc	for	two-way	members	with	shear	reinforcement	(ACI	318-14,	Table	22.6.6.1)	Type	of	shear	reinforcement	Maximum	vc	at	critical	VHFWLRQVGH¿QHG$&,	318-14,	Section	22.6.4.1	Maximum	vc	at	critical	VHFWLRQGH¿QHGLQ$&,	318-14,	Section22.6.4.2	Stirrups	2λ	f	c′	2λ	f	c′	Headed	shear	stud	reinforcement	3λ	f	c′	2λ	f	c′	The
contribution	of	shear	reinforcement	is	calculated	by:	vs	=	Av	fyt/bos	(ACI	318-14,	Eq.	(22.6.8.2)).	Table	6.6b—Maximum	vu	for	two-way	members	with	shear	reinforcement	(ACI	318-14,	Table	22.6.6.2)	Type	of	shear	reinforcement	Maximum	vu	at	critical	sections	GH¿QHGLQ	Stirrups	φ6	f	c′	Headed	shear	stud	reinforcement	φ8	f	c′	These	result	in	local
shear	slab	stresses,	and	thee	slab	slab’ss	REHYHUL¿HG	SXQFKLQJVKHDUVWUHQJWKLQWKDWDUHDQHHGVWREHYHUL¿HG	force	6.6—Calculation	of	shear	reinforcement	ovide	to	increase	the	slab’s	Shear	reinforcement	can	be	provided	umn.	Assuming	the	he	nominal	shear	strength	close	to	a	column.	mly	spaced,	ed,	shear	streng	h	is	shear
reinforcement	is	uniformly	strength	DO	VHFWLRQ	RQ	DDW	d/2	beyond	yon	the	¿UVW	FKHFNHG	DW	WKH	¿UVW	FULWLFDO	trib	n	of	shear	reinf	rcecolumn	face	including	the	contribution	reinforced	at	d/	dd/2	2	beyon	he	ment.	The	shear	strength	is	then	ch	checked	beyond	the	outermost	peripheral	line	of	shear	reinforcement,	without	the
contribution	of	shear	reinforcement.	In	slabs	without	shear	reinforcement,	vc	is	usually	4	f	c′	;	however,	for	slab	sections	with	shear	reinforcement,	the	concrete	contribution	to	shear	strength	is	limited	to	the	values	in	Table	6.6a.	There	is	an	upper	limit	to	a	slab’s	nominal	shear	strength	even	with	shear	reinforcement,	as	shown	in	Table	6.6b.	The	Code
states	this	limit	in	terms	of	the	maximum	factored	two-way	shear	stress,	vu,	calculated	at	a	critical	section.	Note	that	the	use	of	stirrups	as	slab	shear	reinforcement	is	limited	to	slabs	with	an	effective	depth	d	that	satisfy	(a)	and	(b):	(a)	d	is	at	least	6	in.	(b)	d	is	at	least	16db,	where	db	is	the	diameter	of	the	stirrups	The	use	of	shear	studs	is	not	limited
by	the	slab	thickness,	EXW	WKH	VWXGV	PXVW	¿W	ZLWKLQ	WKH	JHRPHWULF	HQYHORS	7KH	overall	height	of	the	shear	stud	assembly	needs	to	be	at	least	the	thickness	of	the	slab	minus	the	sum	of	(a)	through	(c):	D	&RQFUHWHFRYHURQWKHWRSÀH[XUDOUHLQIRUFHPHQW	(b)	Concrete	cover	on	the	base	rail	F		2QHKDOI	WKH	EDU
GLDPHWHU	RI	WKH	ÀH[XUDO	WHQVLRQ	reinforcement	6.7—Flexural	strength	After	the	designer	calculates	the	factored	slab	moments,	WKHUHTXLUHGDUHDRIÀH[XUDOUHLQIRUFHPHQWRYHUDVODEZLGWK	is	calculated	with	the	same	behavior	assumptions	as	a	beam.	6.7.1	Calculation	of	required	moment	strength—There	are	two
calculations	for	required	moment	strength	for	two-way	VODEV7KH	¿UVW	FDOFXODWLRQ	LV	WR	GHWHUPLQH	IDFWRUHG	PRPHQWV	over	the	entire	panel	in	the	positive	and	negative	moment	areas.	For	nonprestressed	reinforced	slabs,	the	slab	analysis	should	provide	the	distribution	of	panel	factored	moments	to	the	column	strip	and	middle
strip.	For	PT	slabs,	effects	of	reactions	induced	by	prestressing	(secondary	moments)	need	to	be	included.	The	slab’s	secondary	moments	are	a	result	of	the	column’s	vertical	restraint	of	the	slab	against	the	PT	load	at	each	support.	Because	the	PT	force	and	drape	are	determined	during	the	service	stress	checks,	secondary	moments	can	be	quickly
calculated	by	the	load-balancing	analysis	concept.	A	simple	way	to	calculate	the	secondary	moment	is	to	subtract	the	tendon	force	times	the	tendon	eccentricity	(distance	from	the	NA)	from	the	total	balance	moment,	expressed	mathematically	as	M2	=	Mbal	–	P	×	e.	The	second	calculation	is	to	determine	ȖfMsc	at	each
slabFROXPQMRLQW7KHYDOXHRIMsc	is	the	difference	between	the	design	moments	on	either	side	of	the	column.	6.7.2	Calculation	of	design	moment	strength—In	a	nonprestressed	slab,	the	required	reinforcement	area	As	resisting	ting	the	column	and	middle	strip’s	negative	and	posiu	placed	placed	uuniformly	across	each	strip.	The	tive	Mu	is
usually	required	reinforcement	area	AsUHVLVWLQJȖfMsc	must	be	placed	d	rein	cement	are	wit	a	wid	within	width	bslabb.	T	slabs,	sl	For	PT	the	tendons	are	banded,	which	is	where	all	d	are	placed	together	ogether	iin	a	line	that	follows	the	column	tendons	ines	iin	one	direction	on	and	un	lines	uniformly	distributed	in	the	other.	7KHV	EÀH
VWUHQJWKF	7KHVODEÀH[XUDOVWUHQJWKFDOFXODWLRQVIRUWHQGRQVZLWKf	ps	ddetermined	d	from	mS	Section	i	20.3.2.4	of	ACI	318-14	substituted	equation)	in	the	banded	direction	and	in	the	for	fy	in	the	Mn	equati	rm	direction	are	the	same,	regardless	of	the	tendon’s	uniform	horizonta	location	within	the	slab.	horizontal	For	PT	slabs,	the
reinforcement	area	As	resisting	the	panel’s	negative	Mu	is	usually	placed	only	at	the	column	region.	The	As	plus	Apt	resisting	ȖfMsc	must	be	placed	within	a	width	bslab	per	ACI	318-14,	Section	8.4.2.3.3.	If	the	panel	reinforcement	already	within	bslabLVQRWVXI¿FLHQWGHVLJQHUV	usually	add	only	AsWRLQFUHDVHWKHÀH[XUDOVWUHQJWK	For
PT	slabs,	the	Apt	provided	to	limit	concrete	service	WHQVLOH	VWUHVVHV	ZLOO	XVXDOO\	EH	VXI¿FLHQW	WR	DOVR	UHVLVW	WKH	panel’s	positive	Mu.	6.8—Shear	reinforcement	detailing	6.8.1	Stirrups—If	stirrups	are	provided	to	increase	shear	strength,	ACI	318	provides	limits	on	their	location	and	spacing	in	Table	6.8.1.	The	related	ACI	318-14
Commentary	Fig.	R8.7.6d	as	shown	in	the	following	Fig.	6.8.1	of	this	Handbook,	also	includes	the	two	critical	section	locations:	6.8.2	Shear	studs—If	shear	studs	are	provided	to	increase	shear	strength,	ACI	318-14	provides	limits	on	shear	stud	locations	and	spacing	in	Table	6.8.2.	The	related	ACI	318-14	Commentary	Fig.	R8.7.7	as	shown	as	the
following	Fig.	6.8.2,	which	also	includes	the	two	critical	section	locations.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	6.9—Flexure	reinforcement	detailing	6.9.1	Nonprestressed	reinforced	slab	reinforcement	area	and	placing²7KH&RGHUHTXLUHVDPLQLPXPDUHDRIÀH[XUDO	reinforcement	in	tension	regions,	with
the	area	as	shown	in	Fig.	6.8.1—Arrangement	of	stirrup	shear	reinforcement,	interior	column	(ACI	318-14,	Commentary	Fig.	R8.7.6d).	Table	6.8.1—First	stirrup	location	and	spacing	limits	(ACI	318,	Table	8.7.6.3)	Direction	of	measurement	Perpendicular	to	column	face	Parallel	to	column	face	Description	of	measurement	Maximum	distance	or	spacing,
in.	Distance	from	column	IDFHWR¿UVWVWLUUXS	d/2	Spacing	between	stirrups	d/2	Spacing	between	vertical	legs	of	stirrups	2d	85	Table	6.9.1	(ACI	318-14,	Table	8.6.1.1).	If	more	than	the	minimum	area	is	required	by	analysis,	that	reinforcement	area	must	be	provided.	7ZRZD\	VODE	ÀH[XUDO	UHLQIRUFHPHQW	LV	SODFHG	LQ	WRS	and	bottom
layers.	For	nonprestressed	reinforced	two-way	slabs	without	beams,	Fig.	6.9.1	(ACI	318-14,	Commentary	Fig.	R8.6.1.1)	provides	a	typical	layout	of	column	strip	and	middle	strip	top	and	bottom	bars.	ACI	318-14,	Fig.	8.7.4.1.3(a)	provides	the	minimum	reinforcing	bar	extensions,	lap	locations,	and	the	minimum	As	at	various	sections.	If	the	panel
geometry	is	rectangular	rather	than	square,	the	outer	layer	is	usually	placed	parallel	to	the	longer	span.	6.9.2	Corners—Corner	restraint,	created	by	walls	or	stiff	beams,	induces	slab	moments	in	the	diagonal	direction	and	perpendicular	to	the	diagonal.	These	moments	are	in	addiWLRQ	WR	WKH	FDOFXODWHG	ÀH[XUDO	PRPHQWV	$GGLWLRQDO
UHLQforcement	per	ACI	318-14,	Section	8.7.3,	is	required	for	this	condition.	6.9.3	Post-tensioned	slab	–	Reinforcing	bar	area	and	placing²2YHU	HDFK	FROXPQ	UHJLRQ	WKH	&RGH	UHTXLUHV	DQ	DUHDRIÀH[XUDOUHLQIRUFLQJEDURIDWOHDVWAcf	in	each	direction,	placed	within	1.5h	of	the	outside	of	the	column.	The	Code	also	requires
reinforcing	bar	in	positive	moment	VLIWKHFDOFXODWH	DUHDVLIWKHFDOFXODWHGVHUYLFHWHQVLOHÀH[XUDOVWUHVVLQRWKHU	sua	ly	midspan	att	tth	areas	(usually	the	bottom)	exceeds	2	f	c′	or	if	d	for	strength.	ngth.	Botto	required	Bottom	bar	placement	is	at	the	discrehe	ddesigner.	er.	tion	of	the	The	Code	allows	for	a	red	reduced	top
and	bottom	minimum	gths	if	the	design	esign	stre	bar	llengths	strength,	calculated	with	only	the	ten	ons	is	at	least	ast	the	re	PT	tendons,	required	design	strength.	The	top	EDUVP	VWH[	WOHDVWƐ	EDUVPXVWH[WHQGDWOHDVWƐRQHDFKVLGHRIWKHFROXPQ7KH	E	E	QHHGHG		G	G	ERWWRPEDUVLIQHHGHG
PXVWEHDWOHDVWƐDQGEHFHQWHUHG	mum	mom	at	the	maximum	moment.	The	shorter	lengths	often	control	underr	typical	spa	spans	and	loadings.	If	the	sectional	strength	XVLQJ	RQO\	RQO	WKH	DUHD	RI	37	LV	LQVXI¿FLHQW	WR	VDWLVI\	GHVLJQ	XVLQJ	strength,	then	the	minimum	top	and	bottom	bar	lengths	are	the	same	as	a
nonprestressed	reinforced	slab.	6.9.4	Post-tensioned	slab	–	Tendon	area	and	placing—A	minimum	of	125	psi	axial	compression	in	each	direction	is	required	in	a	PT	two-way	slab.	Post-tensioned	tendons	are	XVXDOO\SODFHGLQWZRRUWKRJRQDOGLUHFWLRQV,QWKLVFRQ¿Juration,	the	Code	allows	banding	of	tendons	in	one	direction	and	in	the
other	direction	the	tendon	spacing	is	uniform	across	the	design	panel,	within	the	spacing	limits	of	8h	and	5	ft.	This	layout	is	predominant	in	the	U.S.	The	Code	also	requires	at	least	two	tendons	to	be	placed	within	the	column	Table	6.8.2—Shear	stud	location	and	spacing	limits	(ACI	318-14,	Table	8.7.7.1.2)	Direction	of	measurement	Perpendicular	to
column	face	Parallel	to	column	face	Description	of	measurement	'LVWDQFHIURPFROXPQIDFHWR¿UVW	peripheral	line	of	shear	studs	Constant	spacing	between	peripheral	lines	of	shear	studs	6SDFLQJEHWZHHQDGMDFHQWVKHDUVWXGVRQ	peripheral	line	nearest	to	column	face	Condition	Maximum	distance	or	spacing,	in.	All	d/2
Nonprestressed	slab	with	vu”�		f	c′	3d/4	Nonprestressed	slab	with	vu!�		f	c′	d/2	Prestressed	slabs	conforming	to	Section	22.6.5.4	of	ACI	318-14.	3d/4	All	2d	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Two-Way	Slabss	CHAPTER	6—TWO-WAY	SLABS	86	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Fig.
6.8.2—Typical	arrangements	of	headed	shear	stud	reinforcement	and	critical	sections	(ACI	318-14,	Commentary	Fig.	R8.7.7)	Table	6.9.1—As,min	for	nonprestressed	two-way	slabs	Reinforcement	type	Deformed	bars	Deformed	bars	or	welded	wire	reinforcement	As,min,	in.2	0.0020Ag	fy,	psi	<	60,000	•	Greater	of:	0.0018	×	60,	000	Ag	fy	0.0014Ag
reinforcement	cage	in	either	direction	for	overall	building	integrity.	6.9.5	Slab	openings—For	relatively	small	slab	openings,	trim	reinforcing	bar	usually	limits	crack	widths	that	can	be	caused	by	geometric	stress	concentrations	and	provides	adequate	strength.	For	larger	openings,	a	local	increase	in	slab	thickness	as	well	as	additional	reinforcement
may	be	necessary	to	provide	adequate	serviceability	and	strength.	REFERENCES	American	Concrete	Institute	(ACI)	$&,5²&RQWURORI'HÀHFWLRQLQ&RQFUHWH6WUXFtures	(Reapproved	2000)	Authored	references	Corley,	W.	G.;	Sozen,	M.	A.;	and	Siess,	C.	P.,	1961,”Equivalent-Frame	Analysis	for	Reinforced	Concrete	Slabs,”	Structural	Research
Series	No.	218,	Civil	Engineering	Studies,	University	of	Illinois,	June,	166	pp.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	6—TWO-WAY	SLABS	87	&RUOH\:*DQG-LUVD-2³(TXLYDOHQW)UDPH	Analysis	for	Slab	Design,”	ACI	Journal	Proceedings9	No.	11,	Nov.,	pp	875-884.	-
LUVD-26R]HQ0$DQG6LHVV&3³(IIHFWV	RI	3DWWHUQ	/RDGLQJV	RQ	5HLQIRUFHG	&RQFUHWH	)ORRU	6ODEV´	Structural	Research	Series	No.	269,	Civil	Engineering	6WXGLHV8QLYHUVLW\RI,OOLQRLV8UEDQD,/-XO\	-LUVD-26R]HQ0$DQG6LHVV&3³3DWWHUQ	/RDGLQJV	RQ	5HLQIRUFHG	&RQFUHWH	)ORRU	6ODEV´	Proceedings$6&
(91R67-XQHSS	Two-Way	Slabss	Fig.	6.9.1—Arrangement	of	minimum	reinforcement	near	the	top	of	a	two-way	slab	(ACI	318-14,	Commentary	Fig.	R8.6.1.1).	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	88	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	6.10—Examples	Two-way	Slab	Example	1:	Two-
way	slab	design	using	direct	design	method	(DDM)	–	Internal	Frame	This	two-way	slab	is	nonprestressed	without	interior	beams	between	supports.	This	example	designs	the	internal	strip	along	JULGOLQH%0DWHULDOSURSHUWLHVDUHVHOHFWHGEDVHGRQWKHFRGHUHTXLUHPHQWVRI&KDSWHUVDQGHQJLQHHULQJMXGJPHQWDQG
ORFDOO\DYDLODEOHPDWHULDOV/DWHUDOORDGVDUHUHVLVWHGE\VKHDUZDOOVWKHUHIRUHWKHGHVLJQLVIRUJUDYLW\ORDGVRQO\'LDSKUDJP	design	is	not	considered	in	this	example.	Given:	8QLIRUPORDGV	Self-weight	dead	load	is	based	on	concrete	density	including	reinforcement	at	150	lb/ft3	Superimposed	dead	load	D	=	0.015
kip/ft2	/LYHORDGL	=	0.100	kip/ft2	Material	properties:	fcƍ	=	5000	psi	fy	=	60,000	psi	)LJ(²)LUVWÀRRUSODQ	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	6—TWO-WAY	SLABS	ACI	318-14	Discussion	Step	1:	Geometry	8.2.1	This	slab	is	designed	using	the	Direct	Design	8.10	Method	(DDM)	in	Section	8.10.
8.10.1.1	8.10.2.1	7KHVODEJHRPHWU\VDWLV¿HVWKHOLPLWVRI6HFWLRQV	8.10.2.2	8.10.2.3	8.10.2.1	through	8.10.2.4,	which	allows	the	use	of	8.10.2.4	DDM.	8.10.2.5	8.10.2.6	The	uniform	design	loads	satisfy	the	limits	of	Sec8.10.2.7	tions	8.10.2.5	and	8.10.2.6	to	allow	use	of	DDM.	8.2.4	8.2.5	89	Calculation	There	are	at	least	three	continuous
spans	in	each	direcWLRQVR6HFWLRQLVVDWLV¿HG	The	successive	spans	are	the	same	lengths	so	Section	LVVDWLV¿HG	The	ratio	of	the	longer	to	the	shorter	panel	dimension	LVVR6HFWLRQLVVDWLV¿HG	Columns	are	not	offset	through	the	slab	so	Section	LVVDWLV¿HG	All	design	loads	are	distributed	uniformly	and	due	to
JUDYLW\RQO\VR6HFWLRQLVVDWLV¿HG	Ratio	of	unfactored	live	load	to	unfactored	dead	load	is	approxi	approximately	100/102.5	=	0.98.	This	ratio	is	less	WKDQVR6HFWLR	WKDQVR6HFWLRQLVVDWLV¿HG	re	are	ar	no	o	supportin	There	supporting	beams	so	Section	8.10.2.7	is	e	not	app	applicable.	8.3.1.1	KLF	VIRUGHÀHFWLRQ	QWURO
&KHFNWKHVODEWKLFNQHVVIRUGHÀHFWLRQFRQWURO	Th	oes	not	in	Thiss	ex	example	does	include	drop	panels	or	shear	ca	capss	so	Sectionss	8.2.4	an	and	8.2.5	are	not	applicable.	U	ing	T	Using	Table	8.3.1.1	wi	with	fy	=	60,000	psi,	without	drop	panels,	and	assumin	assuming	the	wall	performs	as	a	stiff	edge	he	minimu	beam,	the	minimum
thickness	for	the	external	panel	is:	The	minimum	thickness	for	the	internal	panels	is	calculated	using	the	same	table	and	the	result	is	the	same	as	that	for	the	external	panel.	The	remainder	of	the	building	is	using	a	slab	thickness	of	7	in.;	therefore,	use	7	in.	The	slightly	thicker	than	QHFHVVDU\VODEDLGVZLWKERWKGHÀHFWLRQVDQGVKHDU
strength.	8.3.1.3	1RFRQFUHWHÀRRU¿QLVKLVSODFHGPRQROLWKLFDOO\	ZLWKWKHVODERUFRPSRVLWHZLWKWKHÀRRUVODE	8.3.2	&DOFXODWHGGHÀHFWLRQVDUHQRWUHTXLUHGEHFDXVHWKH	VODEWKLFNQHVVWRVSDQUDWLRVDWLV¿HV6HFWLRQ	of	ACI	318-14.	6WHS/RDGDQGORDGSDWWHUQV	8.4.1.1	The	load	factors	are
provided	in	Table	5.3.1	of	ACI	The	load	combination	that	controls	is	1.2D	+	1.6L.	318-14.	%HFDXVH6HFWLRQLVVDWLV¿HGLQ6WHSSDWWHUQ	loading	need	not	be	checked.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Two-Way	Slabss	A	n	192	in.	=	=	5.8	in.	33	33	90	THE	REINFORCED	CONCRETE	DESIGN
HANDBOOK—SP-17(14)	Step	3:	Initial	two-way	shear	check	Before	performing	detailed	calculations,	it	is	often	EHQH¿FLDOWRSHUIRUPDQDSSUR[LPDWHSXQFKLQJ	shear	check.	This	check	should	reduce	the	probability	of	having	to	repeat	the	calculations	shown	in	this	example.	This	check	uses	the	following	limits	on	the	ratio	of	the	design	shear
strength	to	the	effects	of	shear	stress	based	on	direct	shear	stress	alone	(�vn/vug):	For	interior	columns:	�vn/vug•	For	edge	columns:	�vn/vug•	For	corner	columns:	�vn/vug•	If	these	ratios	are	not	exceeded,	it	is	possible	that	the	slab	will	not	satisfy	two-way	shear	strength	requirements.	The	design	slab	could	be	thickened,	drop	panels	added,	or	other
options	for	adding	twoway	shear	strength	may	be	considered.	For	�vn,	the	calculations	here	are	discussed	in	Step	10	more	fully:	vn	=	4	f	c′	=	4	5000	ksi	=	0.283	ksi	1000	⎛	4⎞	vn	=	⎜	2	+	⎟	⎝	β⎠	⎛	α	d⎞	vn	=	⎜	2	+	s	⎟	bo	⎠	⎝	f	c′	=	6	5000	ksi	=	0.424	ksi	1000	f	c′	=	3.89	5000	ksi	=	0.275	ksi*	1000	*controls	φvn	=	0.75	×	0.275	ksi	=	0.206	ksi	For	vug,	the
calculations	here	are	discussed	in	Step	7	more	fully:	vug	=	Vu	bo	d	29.6	in.	×	29.6	in.⎞	283	kip	⎛	Vu	=	⎜14	ft	×	18	ft	−	⎟⎠	×	⎝	144	1000	ft	2	Vu	=	70	kip	vug	=	70	ki	kip	=	0.106	ksi	118.4	in.	1	n.	×	5.6	in.	�vn/vvugg				•∴	proceed.	Notee	th	that	due	to	the	bbasement	wall	supporting	the	exterior	perimeter	oof	the	slab,	the	punching	shear	for	the	edge	an
and	corner	columns	will	not	need	to	be	checked	in	this	example.	Step	4:	Analysis	–	Direct	design	method	moment	determination	8.4.1.3	The	geometry	of	the	design	is	shown	in	Fig.	E1.2.	8.4.1.4	8.4.1.5	8.4.1.6	8.10.3.1	The	design	strip	is	bounded	by	the	panel	center	line	on	each	side	of	the	column	line	and	consists	of	a	column	strip	and	two	half-middle
strips.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	6—TWO-WAY	SLABS	8.10.4	Because	all	lateral	loads	are	assumed	to	be	resisted	by	l	VKHDUZDOOVWKHVODE¶VÀH[XUDODQDO\VLVLVQRWFRPUZDOOVWKH	bined	with	the	lateral	load	analysis.	Section	8.10	provides	the	DDM	to	determine	the	slab’s
factored	moments.	Mo	=	qu	A	2	A	2n	8	/RQJVSDQ	Ɛn	=	16	ft	Ɛ2	=	14	ft	qu	=	1.2	*(DLsuper	+	DLslab	sw)	+	1.6	×	LL	=	283	psf	q	A	A2	M	o	=	u	2	n	=	127	ft-kip	8	Distribute	Mo	in	the	end	span,	from	A	to	B.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Two-Way	Slabss
)LJ(²*HRPHWU\GH¿QLWLRQVRISDQHOVDQGVWULSV	VRI	HOVDQGVWULSV	8.4.1.9	The	lateral	loads	in	this	building	are	assumed	to	be	resisted	by	shear	walls	with	the	slabs	only	acting	as	diaphragms	between	the	shear	walls.	The	slab	LVDVVXPHGQRWWRFRQWULEXWHÀH[XUDOUHVLVWDQFHWR	lateral	loads.	8.4.2,	The	slab’s	factored
moments	are	calculated	using	8.4.2.1,	the	DDM	of	Section	8.10.	8.4.2.2	8.10.1,	The	slab	is	eligible	for	design	by	DDM	as	shown	in	8.10.2	Step	1.	8.10.3.1,	Refer	to	Fig.	E1.2	for	slab	span	lengths	in	both	8.10.3.2.1,	directions	and	column	dimensions	in	plan.	8.10.3.2.2,	8.10.3.2.3	8.10.3.2	The	DDM	calculates	a	total	panel	Mo	and	then	uses
FRHI¿FLHQWVWRGHWHUPLQHPD[LPXPSRVLWLYHDQG	negative	design	moments.	In	this	example,	all	spans	have	Ɛn	=	16	ft.	If	spans	vary,	Mo	must	be	calculated	for	each	span	length.	91	92	8.10.4.1	8.10.4.2	8.10.4.3	8.10.4.4	8.10.4.5	8.10.5	8.10.5.1	8.10.5.2	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Table	8.10.4.2	gives
the	MoGLVWULEXWLRQFRHI¿FLHQWV	for	the	slab	panel.	In	Table	8.10.4.2,	this	example	uses	the	fully	restrained	column	of	the	table.	The	reason	for	this	is	that	the	combined	member	of	the	wall	and	column	is	much	stiffer	than	the	slab	and	little	rotation	is	expected	at	the	slab-to-wall	connection.	Section	8.10.4.3	gives	the	option	of	modifying	the
factored	moments	by	up	to	10	percent,	but	that	allowance	is	not	used	in	this	example.	Section	8.10.4.4	indicates	the	negative	moments	are	at	the	face	of	the	supporting	columns.	Section	8.10.4.5	requires	that	the	greater	value	of	the	two	interior	QHJDWLYHPRPHQWVDWWKH¿UVWLQWHULRUFROXPQ	controls	the	design	of	the	slab.	Proportion	the
total	panel	factored	moments	from	8.10.4	to	the	column	and	middle	strips	for	the	end	span,	from	A	to	B.	After	distributing	the	total	panel	negative	and	positive	Mu	as	described	earlier	in	Section	8.10.4,	Table	8.10.5.1	then	proportions	the	interior	negative	Mu	assumed	to	be	resisted	by	the	colum	column	strip.	After	distributing	the	ttotal	panel	Mu	as
described	n	8.	able	8.10.5.2	then	earlier	in	Section	8.10.4,	Table	proportions	the	ex	exterior	negative	Mu	as	assumed	med	to	be	resisted	by	the	co	column	strip	strip.	In	Table	8.10.4.2,	for	the	exterior	edge	being	fully	restrained:	Negative	Mu	at	face	of	exterior	column	=	0.65Mo	=	83	ft-kip	Maximum	positive	Mu	=	0.35Mo	=	45	ft-kip	Negative
MuDWIDFHRI¿UVWLQWHULRUFROXPQ	Mo	=	83	ft-kip	In	Table	8.10.5.1,	Ɛ2/Ɛ1		DQGĮf1	=	0.	Therefore,	the	top	line	of	the	table	controls:	Mu,int.neg,	cs	=	0.75	×	83	ft-kip	=	63	ft-kip	In	Table	8.10.5.2,	0.5.2,	Ɛ2/Ɛ	/	1		DQGĮf1	=	0.	umi	thee	wall	beha	Assuming	behaves	as	a	beam,	C	is	calculated	WRGHWHUPLQHȕ	WR	HWHU	Eq	(8.10.5.2(a)	and	(b)).
t	using	Eq.	Ecb	C	βt	=	2	Ecs	I	s	⎛	x	⎞	x3	y	C	=	⎜1	−	0.63	⎟	⎝	y⎠	3	x	=	10	in.	y	=	120	in.	C	=	37,900	in.4	Ecb	=	Ecs	bh3	168	in.	×	(7	in.)3	=	=	4802	in.4	12	12	37,900	βt	=	=	3.9	2	×	4802	Is	=	8.10.5.5	8.10.6	After	distributing	the	total	panel	Mu	as	described	earlier	in	Section	8.10.4,	Table	8.10.5.5	then	proportions	the	positive	Mu	assumed	to	be	resisted
by	the	column	strip.	The	total	panel	Mu	from	8.10.4	is	distributed	into	column	strip	moments	and	middle	strip	moments.	The	middle	strip	Mu	is	the	portion	of	the	total	panel	Mu	not	resisted	by	the	column	strip.	In	Table	8.10.5.5,	Ɛ2/Ɛ1		DQGĮf1	=	0.	Therefore,	the	top	line	of	the	table	controls.	Mu,	pos.	cs	=	0.60	×	45	ft-kip	=	27	ft-kip	Determine	the
amounts	distributed	to	the	middle	strips.	Subtract	the	amounts	distributed	to	the	column	strips	in	Section	8.10.5	from	the	panel	Mu	calculated	in	Section	8.10.4.	Mu,	int.	neg,	ms	=	83	ft-kip	–	63	ft-kip	=	20	ft-kip	Mu,	ext.	neg,	ms	=	83	ft-kip	–	63	ft-kip	=	20	ft-kip	Mu,	pos.,	ms	=	45	ft-kip	–	27	ft-kip	=	18	ft-kip	American	Concrete	Institute	–	Copyrighted
©	Material	–	www.concrete.org	CHAPTER	6—TWO-WAY	SLABS	8.10.7.3	The	gravity	load	moment	transferred	between	slab	and	edge	column	by	eccentricity	of	shear	is	0.3Mo.	8.10	Repeat	the	Mu	calculations	for	the	interior	span.	93	If	there	was	no	wall	supporting	the	exterior	edge	of	the	slab,	this	moment	would	be	used	to	calculate	the	twoway	shear
in	the	slab	at	the	exterior	column	in	8.5.	However,	because	of	the	wall,	two-way	shear	does	not	apply	to	the	design	at	the	exterior	column.	The	results	are	shown	for	interior	panels,	with	the	same	negative	Mu	at	either	end	of	the	panel.	Mu,	neg,	cs	=	63	ft-kip	Mu,	neg,	ms	=	20	ft-kip	Mu,	pos,	cs	=	27	ft-kip	Mu,	pos,	ms	=	18	ft-kip	Fig.	E1.3—Final
moment	distribution	but	Step	5:	Required	strength	–	Factored	slab	moment	resisted	by	the	column	8.4.2.3	Slab	negative	moments	at	a	column	can	be	unThee	columns	aare	square,	so	b1/b2	=	1.	8.4.2.3.1	balanced;	that	is,	different	on	either	side	of	thee	1	=	0.6	8.4.2.3.2	column.	This	difference	in	slab	moments,	Msc,	must	γ	f	=	2	b1	8.4.2.3.3	be
transferred	into	the	column,	usually	by	a	combi1+	3	b2	8.4.2.3.4	QDWLRQRIÀH[XUHRUVKHDU(T	FDOFXODWHV	8.4.2.3.5	a	factor	that	determines	the	fraction	of	Msc	trans8.4.2.3.6	IHUUHGE\ÀH[XUH,QWKLVH[DPSOHWKHSHUPLWWHG	PRGL¿FDWLRQVWRWKLVIDFWRUDUHQRWXVHG	8.4.2.3.3,	The	effective	slab	width	to	resist	ȖfMsc	is	the
width	This	concentration	of	reinforcement	within	the	effec8.4.2.3.5	tive	slab	width	is	considered	during	the	detailing	of	of	the	column	plus	1.5h	of	the	slab	on	either	side	RIWKHFROXPQ6HFWLRQUHTXLUHVVXI¿FLHQW	WKHFROXPQVODEMRLQWLQ6HFWLRQ	reinforcement	within	the	effective	slab	width	to	Figure	E1.4	shows	undistributed	total
panel	moments.	resist	ȖfMsc.	The	moment	diagram	is	symmetric	about	the	axis	of	the	column	in	the	center	of	the	building	(108	ft).	Note	that	using	this	moment	diagram	will	result	in	a	net	zero	Msc7KH''0XVHVDQDUWL¿FLDOXQEDODQFHGORDG	condition	in	Section	8.10.7	to	avoid	an	unconservative	design	for	two-way	shear.	American	Concrete
Institute	–	Copyrighted	©	Material	–	www.concrete.org	Two-Way	Slabss	5HIHUWR)LJ(IRU¿QDOGLVWULEXWLRQDORQJWKLV	column	line.	The	middle	strip	moments	are	split	into	two	half-middle	strips,	one	on	either	side	of	the	column	strip.	94	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Fig.	E1.4—Total	panel	moments	8.10.7
Msc	to	satisfy	the	DDM	provisions	at	an	interior	8.10.7.1	column	is	calculated	by	Eq.	(8.10.7.2):	8.10.7.2	Msc	=	0.07[(qDu	+	0.5qLu)Ɛ2Ɛn2	–	qDuƍƐ2ƍƐnƍ	2]	ZKHUHWKHƍLQGLFDWHVWKHVKRUWHUVSDQ:KHQWKH	VSDQVDUHWKHVDPHDVLQRXUH[DPSOHWKHƍVLPSO\	indicates	the	next	span.	8.10.7.3	Msc	to	satisfy	the	DDM	provisions	at	an
exterior	column	is	calculated	by	Section	8.10.7.3:	Msc	=	0.3Mo	8.4.2.3.2,	Msc	is	required	to	be	transfe	transferred	through	both	8.4.4.2.2	ZD\VK	ÀH[XUHDQGWZRZD\VKHDULQWRWKHFROXPQ7KH	alcu	s	are	discuss	two-way	shear	calculations	discussed	in	Step	7.	uired	to	transfe	The	amount	of	ste	steel	required	transfer	ȖfMsc	into	À
LVGHWHUPLQHG	WKHFROXPQYLDÀH[XUHLVGHWHUPLQHG	QI	PHQWGHWHUPLQHG	QODWH	7KHÀH[XUDOUHLQIRUFHPHQWGHWHUPLQHGLQODWHUVWHSV	d	As	in	this	is	allowed	to	be	us	used	to	meet	the	requir	required	s	13,	3	the	required	require	reinforcenforcestep.	Therefore,	att	step	ment	from	this	step	will	be	checked.	At	an
interior	column:	Msc	=	0.07[(qDu	+	0.5qLu)Ɛ2Ɛn2	–	qDuƍƐ2ƍƐnƍ	2]	Msc	=	0.07[(0.123	kip/ft2	+	0.5(0.160	kip/	ft2))	14	ft(16	ft)2	–	0.123	kip/ft2(14	ft)(16	ft)2]	=	20.1	ft-kip	At	an	exterior	column:	Msc	=	0.3Mo	Msc	=	0.3(127	ft-kip)	=	38.1	ft-kip	At	interior	columns:	erior	column	Ȗf	=	0.6	20	20.1	ft-kip	kip	Msc	=	2	ȖfMsc	=	(0.6)(20.1	0.1	ft-kip)	ip	ȖfMsc
=	12.1	ft-kip	U	ng	th	hod	descr	Using	the	method	described	in	Step	8,	the	amount	of	XUDO	UHTXLUHG	ÀH[XUDOVWHHOUHTXLUHGZLWKLQh	of	the	column	is:	As	=	0.49	in.2/45	in.	or	0.13	in.2/ft	exteri	columns:	At	exterior	Ȗf	=	0.6	Msc	=	38.1	ft-kip	ȖfMsc	=	(0.6)(38.1	ft-kip)	ȖfMsc	=	22.9	ft-kip	Using	the	method	described	in	Step	8,	the	amount	of
ÀH[XUDOVWHHOUHTXLUHGZLWKLQh	of	the	column	is:	As	=	0.94	in.2/45	in.	or	0.25	in.2/ft	Step	6:	Required	strength	—	Factored	one-way	shear	8.4.3	2QHZD\VKHDUVODEUDUHO\FRQWUROVRYHUWZRZD\	8.4.3.1	shear	in	the	design	of	a	two-way	slab,	but	it	must	8.4.3.2	be	checked.	In	this	section,	Vu	is	determined.	In
LWLVYHUL¿HGWKDWWKHVODEVKHDUVWUHQJWK�Vn,	is	VXI¿FLHQWWRUHVLVWVu.	Figure	E1.5	shows	one-way	shears.	The	shear	diagram	is	symmetric	about	the	axis	of	the	column	at	the	center	of	the	building	(108	ft).	Vu	=	32	kip	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	6—TWO-WAY	SLABS	95
Fig.	E1.5—Shear	diagram	Step	7:	Required	strength	—	Factored	two-way	shear	8.3.1.4	Stirrups	are	not	used	as	shear	reinforcement	in	this	example.	8.4.4,	8.4.4.1,	22.6.4,	Determine	the	critical	section	for	two-way	shear	20.6.1.3.1	without	shear	reinforcement.	Calculate	bo	at	an	interior	column:	d	bo	=	2	×	(c1	+	d)	+	2	×	(c2	+	d)	bo	=	2	×	(24	in.	+	5.6
5	in.	in	in.)	+	2	×	(24	in.	+	5.6	in.)	118	4	in.	in	bo	=	118.4	verag	effective	depth	(Fig.	E1.6))	where	d	is	the	average	le	assumes	a	es	No.	5	bars	w	n	deterand	this	example	when	mining	d.	ed	to	bee	0.75	in.	per	Table	Tab	e	20	Cover	is	assumed	20.6.1.3.1	Figure	E1.7	shows	two-way	critical	sections,	bo,	at	an	interior	column.	Fig.	E1.7—Two-way	shear
critical	section	locations	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Two-Way	Slabss	Fig.	g.	E1.6—Av	E1.6—Average	slab	effective	depth	96	8.4.4.2	8.4.4.2.1	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Determine	vug	due	to	direct	slab	shear	stress.	Calculate	the	direct	shear	stress	at	the	interior
column	with	full	factored	load	on	all	spans:	V	vug	=	u	bo	d	29.6	in.	×	29.6	in.⎞	283	kip	⎛	Vu	=	⎜14	ft	×	18	ft	−	⎟⎠	×	⎝	144	1000	ft	2	Vu	=	70	kip	vug	=	8.4.4.2.1	8.4.4.2.2	Determine	the	slab	shear	stress	due	to	moment.	70	kip	=	0.106	ksi	118.4	in.	×	5.6	in.	Calculate	the	shear	stress	due	to	moments	at	an	interior	column:	γ	v	=	0.4	M	sc	=	20.1	ft-kip	c	AB
=	14.8	in.	J	c	=	97688	in.4	γ	v	M	sc	c	AB	=	0.015	ksi	Jc	8.4.4.2.3	Calculate	vu	by	combining	the	two-way	o-way	direct	shear	stress	and	the	stress	due	to	moment	transferred	to	tricity	oof	shear.	the	column	via	eccentricity	γ	v	M	sc	c	AB	Jc	Calculate	cula	the	design	she	shear	h	stress	at	an	interior	column:	10	ksii	+	0.015	ksi	k	=	0.121	ksi	vu	=	00.106	N	e
th	Note	that	thesee	calculati	calculations	are	conservative.	Msc	as	ume	that	some	me	live	lo	assumes	load	is	not	present	to	produce	alan	ments,	bu	unbalanced	moments,	but	vug	assumes	that	full	live	lo	d	and	dead	load	are	ppresent.	load	vu	=	vuug	+	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	6—TWO-WAY
SLABS	97	Step	8:	Design	strength—Reinforcement	required	to	resist	factored	moments	8.5.1	There	are	many	methods	available	to	determine	�	LVDVVXPHGWREHIRUÀH[XUHDVWKHVODELVOLJKWO\	8.5.1.1	WKHÀH[XUDOUHLQIRUFHPHQWUHTXLUHGDWDOOVHFWLRQV	reinforced.	Using	the	moments	shown	in	Fig.	E1.8	8.5.1.2	within	the	span
in	each	direction.	and	E1.9	for	the	column	strip	and	middle	strip,	respec8.5.2	tively,	to	determine	the	reinforcement	required	at	each	8.5.2.1	7RGHWHUPLQHWKHDPRXQWRIÀH[XUDOVWHHOUHTXLUHG	location.	8.4.2.3.5	this	example	solves	the	following	quadratic	equation:	Reinforcement	in	an	exterior	panel	⎛	a⎞⎞	⎛	φM	n	=	φ	⎜	As	f	y	⎜	d	−	⎟	⎟	⎝	⎝
2⎠⎠	Column	strip	at	the	columns:	Mu	=	63	ft-kip	⎛	As	f	y	⎛	⎞⎞	φM	n	=	φ	⎜	As	f	y	⎜	d	−	2	×	0.85bf	c	′	⎠⎟	⎟⎠	⎝	⎝	Solving	the	quadratic	equation	gives	ω=	As	f	y	bdf	c	′	φM	n	=	φ(bdf	c′ω	(d	−	0.59ωd	))	φM	n	=	φ(bd	2	f	c′ω	(1	−	0.59ω))	ω	=	0.0664	∴	ωbdf	c	′	As	=	fy	As	=	(0.0664)(84	in.)(5.6	in.)(5000	psi)	60,000	psi	As	=	2.61	in.2	6HW�Mn	=
MuDQGVROYHIRUȦ	Column	sstrip	at	midspan:	Mu	=	27	ft-kip	ving	the	quadratic	equation	gives:	Solving	00.0278	0	ω	=	0.0	∴	ωbbdf	c	′	As	=	fy	As	=	(0.0278)(84	in.)(5.6	in.)(5000	psi)	(0	(84	in.)(5	60,000	psi	60	Exterior	Panels:	Column	strip	at	column	line:	As	=	2.61	in.2	Middle	strip	at	column	line:	As	=	0.81	in.2	Column	strip	at	midspan:	As	=	1.09
in.2	Middle	strip	at	midspan:	As	=	0.73	in.2	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Two-Way	Slabss	.09	in.2	As	=	1.09	Using	th	the	same	method,	the	following	can	be	found:	98	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Interior	Panels:	Column	strip	at	column	lines:	As	=	2.61	in.2	Middle
strip	at	column	lines:	As	=	0.81	in.2	Column	strip	at	midspan:	As	=	1.09	in.2	Middle	strip	at	midspan:	As	=	0.73	in.2	Fig.	E1.8—Column	strip	moment	diagr	diagram	Fig.	E1.9—Middle	strip	moment	diagram	6WHS'HVLJQVWUHQJWK±2QHZD\VKHDU	8.5.3.1.1	2QHZD\GHVLJQVKHDUVWUHQJWKLVFDOFXODWHGLQDF22.5	cordance	with	22.5.	φ	=
0.75	Vn	=	2	f	c	′bd	φVn	=	(0.75)(2)	(	)	⎛	1	kip	⎞	5000	psi	(168	in.)(5.6	in.)	⎜	⎝	1000	lb	⎟⎠	φVn	=	100	kip	This	is	greater	than	the	required	strength	of	32	kip	from	Step	6;	therefore,	one-way	shear	is	okay.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	6—TWO-WAY	SLABS	99	Step	10:	Design	strength	–	Two-way
shear	8.5.3.1.2	Two-way	design	shear	strength	is	calculated	in	ac-	Interior	column:	22.6	cordance	with	Section	22.6.	Shear	reinforcement	is	vn	=	the	least	of	the	three	equations	from	Table	assumed	to	not	be	required.	22.6.5.2	of	ACI	318-14	4	5000	ksi	=	0.283	ksi	1000	⎛	4⎞	6	5000	ksi	=	0.424	ksi	vn	=	⎜	2	+	⎟	f	c	′	=	⎝	β⎠	1000	vn	=	4	f	c	′	=	⎛	α	d⎞	vn	=	⎜
2	+	s	⎟	bo	⎠	⎝	fc	′	=	3.89	5000	ksi	=	0.275	ksi	*	1000	*controls	φvn	=	0.75	×	0.275	ksi	=	0.206	ksi	This	is	greater	than	the	required	strength	for	interior	columns	of	0.121	ksi	from	Step	7;	therefore,	two-way	shear	at	interior	columns	is	okay.	The	assumption	that	two-way	shear	reinforcement	is	QRWUHTXLUHG
QRWUHTXLUHGDWWKHVHORFDWLRQVLVFRQ¿UPHG	QLPXPÀH[XUDOUHLQIRUFHPHQWLQQRQSUHVWUHVVHGVO	6WHS5HLQIRUFHPHQWOLPLWV²0LQLPXPÀH[XUDOUHLQIRUFHPHQWLQQRQSUHVWUHVVHGVODEV	PDUH	m	Table	Ta	88.6.1.1,	.6.1.1,	From	8.6	$WOHDVWDPLQLPXPDUHDRIÀH[XUDOUHLQIRUFHPHQW	oca	here
tension	is	are	provided	at	locations	where	8.6.1	8.6.1.1	calculated	in	thee	sslab.	fy	=	60,000	60,	psi	As,min	=	0.0018	×	Ag	in	As,min	14	ft	×	(12	in./ft.)	in	=	0.0018	×	7	in.	×	1	2	As,min	in	=	2.12	in.	0LQLPXPÀH[XUDOUHLQIRUFHPHQWFRQWUROVDWWKH	middle	strip	of	all	panels.	Step	12:	Reinforcement	detailing	–	General	requirements	8.7.1
Concrete	cover,	development	lengths,	and	splice	8.7.1.1	lengths	are	determined	in	these	sections.	20.6.1	Concrete	cover	requirements	are	provided	in	Table	20.6.1.3.1.	The	slab	is	not	exposed	to	weather	or	in	contact	with	the	ground.	Assuming	No.	5	bars	for	UHLQIRUFHPHQWWKHVSHFL¿HGFRYHULVLQ	American	Concrete	Institute	–	Copyrighted
©	Material	–	www.concrete.org	Two-Way	Slabss	This	minimum	mum	area	of	reinforcement	is	split	evenly	een	the	colu	between	column	and	middle	strips;	therefore	1.06	in.2	per	strip.	100	8.7.1.2	25.4	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Development	length	is	needed	to	determine	splice	length.	Development	length	is
calculated	by	Eq.	(25.4.2.3(a)).	Using	normalweight	concrete	with	No.	6	and	smaller	uncoated	bars	and	the	casting	position	with	less	than	12	in.	of	fresh	concrete	placed	below	the	horizontal	reLQIRUFHPHQWPRGL¿FDWLRQIDFWRUVIURP7DEOH	are	as	follows:	ȥs	=	0.8	ȥe	=	1.0	ȥt	=	1.0	Ȝ	=	1.0	The	bar	spacing	is	larger	than	the	distance	from	the
center	of	the	bottom	bar	to	the	concrete	surface.	cb	=	0.75	in.	+	(0.625	in./2)	=	0.94	in.	db	=	0.625	in.	Ktr	is	assumed	0	as	permitted	by	25.4.2.3.	⎛	⎞	⎜	f	ψ	t	ψ	e	ψ	s	⎟⎟	3	y	d	Ad	=	⎜	⎜	40	λ	f	c′	⎛	cb	+	K	tr	⎞	⎟	b	⎜	⎟⎠	⎟⎠	⎝⎜	d	⎝	b	8.7.1.3,	25.5	It	is	likely	that	sp	splices	will	be	required	during	uring	construction.	All	Allowable	le	locations	for	ssplices	lices	are
shown	in	ACI	318-14	18	Fig.	8.7.4.1.3.	Ɛd	=	21.	21.2	in.;	use	22	in.	/DSVSOLFHOHQJWKVDUHGHWHUPLQHGLQDFFRUGDQFHZLWK	/	VSO	WKVDUHGH	Table	provided	As	does	not	exceed	the	le	225.5.2.1.	The	prov	re	uired	As	by	a	substan	substantive	amount.	Therefore,	class	required	B	splices	plice	are	required.	in	=	27.5	in.	Ɛst	=	1.3	×	21.2	in.	us
Ɛst	=	28	in.	use	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	6—TWO-WAY	SLABS	Step	13:	Reinforcement	detailing	–	Spacing	requirements	8.7.2	Minimum	and	maximum	spacing	limits	are	deter8.7.2.1	mined.	The	bar	spacing	for	design	strength	is	also	25.2.1	reviewed.	8.7.2.2	101	Minimum	spacing	is
determined	in	accordance	with	Section	25.2.1.	Minimum	spacing	is	1	in.,	db,	and	(4/3)dagg.	Assuming	that	the	maximum	nominal	aggregate	size	is	1	in.,	than	minimum	clear	spacing	is	1.33	in.	With	a	No.	5	bar,	this	equates	to	a	minimum	spacing	of	approximately	2	in.	Maximum	spacing	is	limited	by	Section	8.7.2.2:	At	critical	sections,	the	maximum
spacing	is	the	lesser	of	2h	(2	×	7	in.)	and	18	in.,	so	14	in.	controls.	All	other	sections,	the	critical	spacing	is	the	lesser	of	3h	(3	×	7	in.)	and	18	in.,	so	18	in.	However,	because	all	of	the	bars	cross	a	critical	section,	use	a	maximum	spacing	of	14	in.	for	all	sections.	Assuming	No.	5	bars	are	used,	the	spacing	for	the	different	areas	of	the	slab	are	as	follows:
All	spans:	Column	strip	at	column	line:	2.61	in.2/0.31i	/0.31in.2	=	nine	No.	5	bars	over	7	ft	–	spacing	is	9	in.	dle	strip	at	column	line:	Middle	0	1	in.2/0.31	in.	n.2	=	six	N	No.	5	bars	over	7	ft	–	spacing	0.81	is	14	4	in	p	in.	(maximum	spacing	controls	over	minimum	dle	strip)	areaa	in	tthe	middle	Middle	strip	at	midspan:	0.73	in.2/0.31in.2	=	six	No.	5	bars
over	7	ft	–	spacing	is	14	in.	(maximum	spacing	controls	over	minimum	area	in	the	middle	strip)	8.4.2.3.2	This	is	a	check	to	verify	that	the	reinforcement	The	minimum	requirements	for	all	column	strips	is	a	amounts	required	to	transfer	the	fraction	of	factored	14	in.	spacing	of	No.	5	bars.	This	equates	to	0.26	in.2/
VODEPRPHQWYLDÀH[XUHDUHVDWLV¿HGXVLQJWKH	ft.	This	meets	or	exceeds	the	0.13in.2/ft	and	0.26	in.2/	design	slab	reinforcement.	ft	required	from	Step	5,	therefore,	Section	8.4.2.3.2	is	VDWLV¿HG1RWHWKDWLIWKLVKDGQRWEHHQPHWDGGLWLRQDO	steel	would	have	been	required	to	be	placed	within	the
HIIHFWLYHVODEZLGWKDVGH¿QHGLQ6HFWLRQ	Step	14:	Reinforcement	detailing	–	Reinforcement	termination	8.7.4	Reinforcement	lengths	and	extensions	are	at	least	Use	ACI	318-14,	Fig.	8.7.4.1.3	to	determine	reinforce8.7.4.1	that	required	by	Fig.	8.7.4.1.3	of	ACI	318-14.	PHQWOHQJWKV7KH¿JXUHIRU¿QDOOD\RXWRIUHLQIRUFH8.7.4.1.1
ment	in	these	panels	shows	the	design	lengths.	8.7.4.1.2	8.7.4.1.3	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Two-Way	Slabss	umn	strip	at	midsp	Column	midspan:	.31	in.2	=	six	No.	5	bars	over	7	ft	–	spacing	1.09	in.2/0.31	4	in.	(maxim	is	14	(maximum	spacing	controls	over	strength	requireme	requirements	at	this
location)	102	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	15:	Reinforcement	detailing	–	Structural	integrity	8.7.4.2	Structural	integrity	for	a	two-way	slab	is	met	by	8.7.4.2.1	satisfying	ACI	318-14	detailing	provisions.	8.7.4.2.2	Section	8.7.4.2.1	is	met	when	reinforcement	is	detailed	in	accordance	with	Fig.	8.7.4.1.3	(ACI	318-
14).	Section	8.7.4.2.2	requires	at	least	two	of	the	column	strip	bottom	bars	pass	through	the	column	inside	the	column	reinforcement	cage.	6WHS6ODEFROXPQMRLQWV	8.2.7	Joints	are	designed	to	satisfy	Chapter	15	of	ACI	15.2.1	318-14.	15.2.2	15.2.3	15.2.5	15.3.1	15.4.2	7KHVSHFL¿HGFRQFUHWHVWUHQJWKRIWKHVODEDQG	columns	are
identical	and	therefore,	15.2.1	and	15.3	are	met.	Section	15.2.2	is	met	in	Steps	7	and	10	of	this	example.	Section	15.2.3	is	met	by	satisfying	the	detailing	Sections	in	15.4.	Section	15.2.5	states	that	interior	columns	are	restrained	because	they	are	laterally	supported	on	four	sides	by	the	slab.	ection	15.4.2	ap	Section	applies	to	columns	along	the
exterior	of	ding.	the	buil	building.	umi	thatt	No.	4	bar	Assuming	bars	are	used	as	column	ties,	Eq.			E	DUHVD	D	DQGE	DUHVDWLV¿HGLIWKHVSDFLQJRIWKH	XPQ	KHVODEFR	FROXPQWLHVLQWKHVODEFROXPQMRLQWVDWLV¿HVD	DQGE		a))	(a)	(15.4.2(a))	s	=	0.4	in.2	×	60,	000	psi	0.75	5000	psi	×	24	in.	s	=	18.9	in.	(b)	(15.4.2(b))	s	=	0.4	in.2	×
60,000	psi	50	×	24	in.	s	=	20.0	in.	%HFDXVHWKHVSDFLQJLVODUJHUWKDQWKHMRLQWGHSWKRI	7	in.,	only	one	tie	is	required	within	the	slab-column	MRLQWLQHDFKH[WHULRUDQGFRUQHUFROXPQ	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	6—TWO-WAY	SLABS	103	Step	17:	Summary	tables	of
required	As	As	required,	column	strip,	in.2	External	bays	Internal	bays	Column	lines	Midspan	Column	lines	Midspan	Strength	2.61	1.09	2.61	1.09	Minimum	1.06	1.06	1.06	1.06	Maximum	spacing,	assuming	No.5	bars	1.86	1.86	1.86	1.86	As	required,	middle	strip,	in.2	External	bays	Internal	Bays	Column	lines	Midspan	Column	lines	Midspan	Strength
0.81	0.73	0.81	0.73	Minimum	1.06	1.06	1.06	1.06	Maximum	spacing,	assuming	No.	5	bars	1.86	1.86	1.86	1.86	Note:	The	highlighted	cells	indicate	the	required	reinforcement	that	controls	design.	Fig.	E1.10—Summary	sketch	of	required	bars,	column	strip	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Two-Way	Slabss	Step



18:	Summary	sketches	of	required	bars	Figures	E1.10	and	E1.11	are	summary	sketches	of	required	bars	for	this	example.	104	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Fig.	E1.11—Summary	sketch	of	required	bars,	middle	strip	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	6—TWO-
WAY	SLABS	105	Two-way	Slab	Example	2:	Equivalent	Frame	Method	(EFM)	–	Internal	column	line	design	This	example	is	an	interior	column	strip	along	grid	line	B	in	a	nonprestressed	two-way	slab	without	beams	between	supports.	This	example	uses	the	moment	distribution	method	to	determine	design	moments,	but	any	method	for	analyzing	a
statically	indeterminate	structure	can	be	used.	This	example	uses	the	Hardy	column	analogy	to	determine	the	structural	stiffness	for	the	members	analyzed.	Given:	8QLIRUPORDGV	Self-weight	dead	load	is	based	on	concrete	density	including	reinforcement	at	150	lb/ft3	Superimposed	dead	load	D	=	0.015	kip/ft2	/LYHORDGL	=	0.100	kip/ft2	Material
properties:	fcƍ	SVL	fy	=	60,000	psi	)LJ(²)LUVWÀRRUSODQ	ACI	318-14	Discussion	Step	1:	Geometry	8.4.2	The	moments	in	the	slab	are	calculated	using	the	8.4.2.1	Equivalent	Frame	Method	(EFM)	in	accordance	8.4.2.2	with	Section	8.11	of	ACI	318-14.	Calculation	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Two-Way
Slabss	Thickness	of	slab	t	=	7	in.	106	8.11.1	8.11.1.1	8.11.1.2	8.11.1.3	8.11.1.4	8.11.2	8.11.2.1	8.11.2.2	8.11.2.3	8.11.2.4	8.11.2.5	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Fig.	E2.2	shows	an	isometric	of	the	slab-beam	strip	and	the	attached	torsional	members	of	the	equivalent	frame	model.	A	key	element	of	the	EFM	is	that,
unlike	a	beam	and	column	frame,	in	a	slab	and	column	frame	some	of	the	unbalanced	moments	can	redistribute	around	the	column	into	the	next	span	regardless	of	the	stiffness	of	the	columns.	The	EFM	softens	the	columns	to	simulate	this	effect	on	slab	moments	E\LQFRUSRUDWLQJWKHÀH[LELOLW\RIWKHVODEWRUVLRQDO	member	in	the
equivalent	column	stiffness.	Fig.	E2.	E2.2—Equivalent	Equivalent	frame	strip	Step	2:	Analysis	–	Equivalent	colu	column	stiffness	determination	iffness	determ	tion	8.11.3	'HWHUPLQHWKHJHRPHWU\FRHI¿FLHQWVQHFHVVDU\WR	JH	\FRHI¿FLHQWVQH	HVVDU\	8.11.4	use	the	design	aids	aid	to	determine	the	equivalent	eq	vale	col8.11.5
XPQVWLIIQHVVPRPHQWFRHI¿FLHQWDQGFDUU\RYHU	PR	FRHI¿FLHQWDQG	DUU\RYHU	factor	for	use	in	the	distribution	method.	he	moment	ment	distributio	(Corley	and	Jirsa,	1970,	“Equivalent	Frame	Analysis	for	Slab	Design,”	ACI	Journal	Proceedings9	67,	No.	11,	Nov.	pp.	875-884).	American	Concrete	Institute	–	Copyrighted	©	Material	–
www.concrete.org	CHAPTER	6—TWO-WAY	SLABS	To	determine	the	equivalent	column	stiffness,	Kec,	the	stiffness	of	the	torsional	member	intersecting	with	the	column,	Kt,	is	needed	at	each	intersection.	Kt	is	determined	using	an	equation	given	in	Commentary	Section	R8.11.5.	The	effects	of	cracking	on	Kt	are	neglected	in	ACI	318-14.	This	example
uses	the	same	concrete	strength	throughout	the	structure,	so	the	modulus	of	elasticLW\LVDOVRFRQVLGHUHGHTXDO7KLVVLPSOL¿HVWKH	calculations.	Kt	=	∑	9	Ecs	C	⎛	c	⎞	A	2	⎜1	−	2	⎟	⎝	A2	⎠	3	Ɛ2	=	14	ft	=	168	in.	Ecs	=	Ecc	c2	=	24	in.	Interior	column	torsional	members	For	the	torsional	member	at	the	interior	columns	and	the	slab	portion	of	the
torsional	member	at	the	exterior	columns,	x	=	7	in.	y	=	24	in.	and	⎛	x	⎞	x3	y	C	=	∑	⎜1	−	0.63	×	⎟	⎝	y⎠	3	7	in.	⎞	(7	in.)3	×	24	in.	⎛	C	=	⎜1	−	0.63	×	⎟	⎝	24	in.⎠	3	4	C	=	2240	in.	Kt	=	19	191	ch	side	of	the	column.	olu	for	each	Therefore,	the	total	iona	member	ember	b	stif	f	torsional	stiffness	at	an	internal	column	is	Kt	=	2	×	191	=	382	The	basement	wa	wall
is	monolithic	onolithic	with	tthe	column	External	E	erna	column	n	torsiona	torsional	members	and	provides	substantial	exterior	ub	al	stiffness	to	the	exter	F	tion	of	th	For	the	wall	portion	the	torsional	member	at	the	mn	but	the	wall	rotatio	equivalent	column,	rotation	will	bbe	ex	erior	columns,	ns,	exterior	rsional	greater	than	the	col	column	rotation	so
the	torsional	x	=	12	iin.	ll	will	bee	considered	along	g	with	stiffness	of	the	wall	y	=	113	in.	LWVÀH[XUDOVWLIIQHVV7KHEDVHPHQWZDOOGLPHQVLRQ	And	the	total	C	for	the	exterior	column	torsional	y	=	113	in.,	in	the	calculations	here	is	the	distance	mbers	is	members	d	to	the	from	the	bottom	of	the	slab	being	designed	⎛	x	⎞	x3	y	top	of	the	mat
foundation.	C	=	∑	⎜1	−	0.63	×	⎟	⎝	y⎠	3	12	in.	⎞	(12	in.)3	×	113	in.	⎛	+	2240	in.4	C	=	⎜1	−	0.63	×	⎟	⎝	113	in.⎠	3	C	=	60,733	in.4	Kt	=	5357	for	each	side	of	the	column.	Therefore,	the	total	torsional	member	stiffness	at	an	external	column	is	Kt	=	2	×	5357	=	10,714	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Two-Way
Slabss	8.11.3,	8.11.5	107	108	8.11.4	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	To	determine	the	equivalent	column	stiffness,	Kec,	WKHVWLIIQHVVFRHI¿FLHQWVIRUWKHFROXPQVDERYH	and	below	the	slab	are	needed	at	each	intersection.	Because	the	slab	thickness,	column	heights,	and	foundation	thickness	geometry	is
uniform,	Kctop	and	KcbotDUHFRQVLVWHQWDWHDFKLQWHULRUMRLQWLQWKLV	design	strip.	Kc	=	kc	×	Ecc	×	I	c	Ac	The	following	values	are	used	in	the	calculations	for	Kctop	and	correspond	to	Fig.	E2.3:	ttop	=	7	in.	hbeam	=	2.5	ft	Ɛcol	=15.5	ft	h	=	18	ft	Kctop	and	Kcbot	are	determined	using	the	Hardy	column	analogy.	(K.	Wang,	Intermediate
Structural	tbottom	=	7	in.	Analysis,	McGraw-Hill,	New	York,	1983).	Kctop	is	determined	using	the	geometry	from	Fig.	E2.3.	Note	that	if	Fig.	E2.3	and	E2.4	were	combined,	⎛	1	Mc	⎞	it	provides	a	section	cut	through	the	basement	+	kctop	=	A	c	⎜	slab	being	designed	in	this	example.	The	bottom⎝	Aa	I	a	⎟⎠	most	slab	in	Fig.	E2.4	is	the	mat	foundation	while
Aa	=	A	col	=	15.5	the	upper-most	beam	and	slab	in	Fig.	E2.3	is	the	A	3	15.53	¿UVWÀRRUDERYHWKHHQWUDQFHOREE\OHYHORIWKH	Ia	=	a	=	=	310.3	structure.	12	12	M	bot	=	1.0cbottom	=	8.04	Please	refer	to	the	short	discussion	at	the	end	of	c	=	cbottom	=	8.04	this	example	regarding	an	alternate	method	for	⎛	1	8.042	⎞	olumns,	beams,
determining	the	stiffness	for	the	columns,	1	×⎜	+	=	4.91	kcctop	=	18	and	slabs.	⎝	15.5	310.3	⎟⎠	K	ctop	op	=	kctop	×	I	col	c	Ac	=	4.91	4.9	×	244	=	629	12	×	18(12)	Fig.	E2.3—Hardy	column	analogy	for	the	columns	above	the	slab	being	designed	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	6—TWO-WAY	SLABS
8.11.4	109	The	following	values	are	used	in	the	calculations	for	Kcbot	and	correspond	to	Fig.	E2.4:	ttop	=	7	in.	Ɛcol	=	9.42	ft	h	=	10	ft	tbottom	=	3.5	ft	(assumed	mat	foundation	thickness)	Kcbot	is	determined	using	the	geometry	from	Fig.	E2.4.	⎛	1	Mc	⎞	+	kcbot	=	A	c	⎜	⎝	Aa	I	a	⎟⎠	Aa	=	A	col	=	9.42	Ia	=	M	bot	Aa	3	9.423	=	=	69.6	12	12	=	1.0ctop	=	5	c
=	ctop	=	5	⎛	1	52	⎞	+	=	5.33	kcbot	=	11.46	×	⎜	⎝	9.42	69.6	⎟⎠	kcbot	×	I	col	5.33	×	244	=	=	1072	12	×	11.46(12)	Ac	Fig.	E2.4—Hardy	column	analogy	for	the	columns	below	the	slab	being	designed	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Two-Way	Slabss	K	cbot	=	110	8.11.4	THE	REINFORCED	CONCRETE	DESIGN
HANDBOOK—SP-17(14)	To	determine	the	equivalent	column	stiffness,	Kec,	combine	the	torsional	beam	stiffness	with	the	column	stiffness’s	determined	above.	External	column	1	K	ec	=	1	1	+	∑	Kc	Kt	1	1	1	+	629	+	1072	10714	K	ec	=	1468	K	ec	=	Internal	column	1	K	ec	=	1	1	+	∑	Kc	Kt	1	1	1	+	629	+	1072	382	K	ec	=	312	K	ec	=	American	Concrete
Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	6—TWO-WAY	SLABS	Step	3:	Analysis	–	Slab	stiffness	8.11.2	The	slab	stiffness	is	determined	using	the	Hardy	column	analogy.	111	Slab	panel	(refer	to	Fig.	E2.5)	c1	=	c2	=	2	ft	=	24	in.	Ɛs	=	18	ft	=	218	in.	Ɛ2	=	14	ft	=	168	in.	Ɛn	=	16	ft	=	192	in.	M	=	18	ft/2	=	9	ft	c	=	18	ft/2	=	9	ft	2	2	⎛
c	⎞	2⎞	⎛	I	col	=	⎜1	−	2	⎟	=	⎜1	−	⎟	=	0.7347	⎝	14	⎠	⎝	A2	⎠	bh3	168	×	73	=	=	4802	12	12	c1	+	c2	2	A	n3	c	/2	⎞	⎛A	+	2	⎜	n+	1	⎟	Ia	=	12	1/I	col	⎝	2	2	⎠	Is	=	2+2	2	163	⎛	16	2/2	⎞	Ia	=	+	2	⎜	+	⎟	12	1.361	⎝	2	2	⎠	I	a	=	448	c1	c	(	I	col	)	+	2	(	I	col	)	2	2	2	2	Aa	=	16	+	(0.7347)	0.73	7))	+	(0.7347)	2	2	Aa	=	17.53	17	Aa	=	A	n	+	⎛	1	Mc	⎞	ks	=	A	s	⎜	+	⎝	Aa	I	a	⎟⎠	⎛	1	92	⎞
k	s	=	18	⎜	+	17	53	448	⎟⎠	⎝	17.53	Ks	=	k	s	×	I	s	×	Ecs	4.281	×	4802	=	=	95	18	×	12	As	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Two-Way	Slabss	42	k	s	=	4.281	112	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	⎛	1	Mc	⎞	As	⎜	−	⎝	Aa	I	a	⎟⎠	C.O.F	.	=	ks	⎛	1	92	⎞	−18	⎜	−	⎝	17.53	448	⎟⎠	C.O.F	.	=	ks
2.228	=	0.524	4.255	Am	=	A1	+	A2	+	2	×	A3	C.O.F	.	=	A1	=	⎛A	2	c	2	⎛	c	⎞⎞	2	An	×	⎜	s	−	1	×	⎜	As	−	1	⎟⎟	⎝	3	2	2	⎠⎠	⎝	8	⎛	182	1	⎞	2	−	×	(18	−	1)⎟	A1	=	16	×	⎜	3	⎝	8	2	⎠	A1	=	341.3	c1	/2	⎛	c⎞	×	⎜	As	−	1	⎟	×	An	⎝	2	2⎠	1	A2	=	×	(18	−	1)	×	16	=	136	2	c1	2	⎛	c⎞	c	1	×	⎜As	−	1	⎟	×	1	×	A3	=	⎝	2	2⎠	2	2	1	1	A3	=	×	(18	−	1))	×	1	×	=	4.25	2	2	3	34	36	+	2	×	4.25	4	+
136	Am	=	341.33	A2	=	Am	=	481.6	FEM	=	Am	48	481.6	=	=	0.085	2	17.53	×	182	Aa	A	s	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Fig.	E2.5—Section	properties	Step	4:	Analysis	–	Moment	distribution	8.11.1	This	example	uses	moment	distribution	with	pattern	live	load	in	accordance	with	Section	6.4.3	of
$&,/RDGLQJDOOVSDQVVLPXOWDQHRXVO\	O	GRHVQRWQHFHVVDULO\SURGXFHWKHPD[LPXPÀH[XUDO	stresses	in	the	slab.	Therefore,	in	Section	6.4.3,	OLYHORDGSDWWHUQVDUHGH¿QHGIRUXVHZLWKWZRZD\	slab	systems.	Fig.	E2.6	shows	examples	of	the	different	live	load	patterns	considered	in	the	code.	When	reduced	to	face	of
support,	these	results	are	comparable	to	the	DDM	analysis	in	Example	1.	113	PRPHQWGLVW	7KHPRPHQWGLVWULEXWLRQLQ)LJ(VKRZVWKH¿UVW	four	colum	column	lines	when	full	live	load	is	applied	to	all	spans.	The	structure	is	symmetrical	and	repeats	from	column	line	2.5	through	column	line	5.5.	The	moment	distributions	for	the	different
live	load	patterns	are	not	included	here	but	have	been	incorporated	into	the	example.	The	moment	diagram	(Fig.	E2.8)	and	shear	diagram	)LJ	VKRZWKH¿QDOUHVXOWVFRQVLGHULQJWKHOLYH	load	patterns	per	Section	6.4.3.3	of	ACI	318-14.	The	shear	and	moment	diagrams	in	Fig.	E2.8	and	E2.9	are	determined	using	known	moments	at	the	end	of
the	slab	along	with	known	loads	on	the	slab.	The	numerical	values	shown	on	these	diagrams	are	the	maximums	determined	at	each	location	from	the	live	load	patterns	discussed	in	Section	6.4.3.3	of	ACI	318-14.	Note	that	the	numerical	values	shown	on	these	diagrams	are	the	moments	and	shears	reduced	to	the	moments	at	the	face	of	the	columns,	not
at	the	midline	of	the	columns	as	shown	in	the	moment	distribution	(Fig.	E2.7).	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Two-Way	Slabss	CHAPTER	6—TWO-WAY	SLABS	114	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Fig.	E2.6—Code	live	load	patterns,	example	uses	6.4.3.3	(a)	and	(b).	American
Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	6—TWO-WAY	SLABS	115	Fig.	E2.8—Moment	diagram	maximum	values	at	face	of	support	and	midspan	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Two-Way	Slabss
)LJ(²0RPHQWGLVWULEXWLRQH[DPSOHSDUWLDOGLVWULEXWLRQZLWKDOOVSDQVZLWKIXOOOLYHORDG	H[	DQV	IXOOOLYHOR	116	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Fig.	E2.9—Shear	diagram	maximum	values	at	face	of	support	Step	5:	Design	8.11.6.6	The	Code	permits	the	moments	determined	from	Refer	to
the	DDM	in	the	Two-way	Slab	Example	1	of	the	EFM	to	be	distributed	to	the	column	and	middle	this	Handbook	for	this	procedure.	strips	in	accordance	with	the	Direct	Design	Method	(DDM)	in	Section	8.10	of	ACI	318-14.	Continuing	on,	the	design	solution	follows	a	similar	method	as	the	direct	design	method.	American	Concrete	Institute	–	Copyrighted
©	Material	–	www.concrete.org	CHAPTER	6—TWO-WAY	SLABS	117	$OWHUQDWLYHPHWKRGIRUGHWHUPLQLQJVWLIIQHVVFRHI¿FLHQWVIRUXVHLQWKHPRPHQWGLVWULEXWLRQFDOFXODWLRQV	ACI	318-14,	Section	6.3.1.1	states	that:	“Relative	stiffnesses	of	members	within	structural	systems	shall	be	based	on	reasonable	and	consistent
assumptions.”	This	provision	allows	the	designer	to	use	any	set	of	reasonable	assumptions	for	determining	the	stiffnesses	of	the	members	in	a	two-way	slab	system	in	the	EFM.	In	this	example,	the	Hardy	column	analogy	was	used.	An	alternative	method	is	suggested	in	the	following	discussion.	Given	that	Table	6.6.3.1.1(a)	of	ACI	318-14	will	be	used	to
account	for	the	effects	of	cracking	and	the	approximations	in	Table	6.6.3.1.1,	detailed	calculations	for	kc	to	include	the	effects	of	rigid	ends	on	the	column	stiffness	are	not	warranted	(The	effects	of	rigid	ends	are	small	compared	to	the	effects	of	cracking).	Therefore,	take	kc	=	4.0	and	:	Columns:	I	c	=	0.7	I	g	=	0.7	Walls:	I	w	=	0.35	I	g	=	0.35	Slabs:	I	s
=	0.25	I	g	=	0.25	24(24)3	=	19,353	in.4	12	168(12)3	=	8467	in.4	12	168(7)3	=	1200	in.4	12	Kc	=	kc	Ecc	I	c	Ac	Kc	=	(4)(1)(19,353)	53)	=	358	216	Kc	=	kc	Ecc	I	c	Ac	Kc	=	(4)(1)(19,353)	353	63	=	563	137.5	Upper	column:	/RZHUFROXPQ	Kc	=	kc	Ecc	I	w	Ac	Kc	=	(4)(1)(8467)	=	246	137.5	Walls	(neglecting	torsion	action	with	the	column):	Ks	=	k	s	Esc	I
s	A1	Ks	=	(4)(1)(1200)	=	22	216	Slabs:	Combining	these	values	with	Kt	(Step	2	torsional	members	from	this	Example),	and	using	the	resulting	stiffness	values	in	WKHPRPHQWGLVWULEXWLRQDORQJZLWKWKH¿[HGHQGPRPHQWVZLWKRXWPRGL¿FDWLRQRIWKH¿[HGHQGPRPHQWIDFWRU²WKDWLV	FEM	=	(1/12)(wƐ2)),	gives	results	that	are
approximately	5	percent	different	from	the	values	shown	in	the	example	above.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Two-Way	Slabss	Using	these	stiffness	values	to	determine	Kc	to	use	for	moment	distribution	calculations.	Note	that	because	all	of	the	concity	is	assumed	equal	to	1	ksi	in	this	example.	crete
strengths	are	the	same,	the	modulus	of	elasticity	118	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Two-way	Slab	Example	3:	Post-tensioning	This	two-way	slab	is	a	prestressed	solid	slab	roof	without	beams	between	supports.	The	strength	of	the	slab	is	checked	and	two-way	shear	reinforcement	at	the	external	columns	is	designed.
Material	properties	were	selected	based	on	the	code	requirePHQWVRI&KDSWHUVDQGHQJLQHHULQJMXGJPHQWDQGNQRZQDYDLODEOHPDWHULDOV	Given:	/RDG	Superimposed	dead	load	D	=	0.015	kip/ft2	Roof	live	load	L	=	0.040	kip/ft2	Material	properties—	fcƍ	SVL	fy	=	60,000	psi	Fig.	E3.1—Roof	plan.	ACI	318-14	Step	1:	Geometry	8.3.2
Discussion	In	the	direction	taken,	there	are	six	spans	of	36	ft.	The	slab	is	supported	by	24	in.	square	columns.	The	ACI	318-14	span-to-depth	ratios	do	not	apply	to	post-tensioned	(PT)	slabs.	Span/depth	ratios	between	40	and	50	are	typically	reasonable	for	two-way	slab	designs	(Nawy	G.,	2006,	Prestressed
&RQFUHWH$)XQGDPHQWDO$SSURDFK)LIWKHGLWLRQ,	Pearson	Prentice	Hall,	New	Jersey,	945	pp).	Calculation	A	t	A	=	432	in.	45	≤	∴	t	=	9.6	in.	Use	a	thickness	of	10	in.	Use	a	ratio	of	45	to	set	the	initial	thickness	of	the	slab.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	6—TWO-WAY	SLABS	119
6WHS/RDGDQGORDGSDWWHUQV	8.4.1.2	/RDGLQJDOOVSDQVVLPXOWDQHRXVO\GRHVQRWQHFHVVDULO\SURGXFHWKHPD[LPXPÀH[XUDOVWUHVVHVLQWKH	slab.	Therefore,	in	Section	6.4.3	of	ACI	318-14,	OLYHORDGSDWWHUQVDUHGH¿QHGIRUXVHZLWKWZRZD\	slab	systems.	Fig.	E3.2	shows	examples	of	the	different	live	load
patterns	considered	in	the	code,	using	Section	6.4.3.2	of	ACI	318-14.	Two-Way	Slabss	Section	6.4.3.2	is	applicable	for	this	example	because	the	roof	live	load	is	less	than	75	percent	of	the	combined	dead	loads.	Fig.	E3.2—Code	live	load	patterns,	example	uses	6.4.3.2	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	120	THE
REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	3:	Concrete	and	steel	material	requirements	8.2.6.1	The	mixture	proportion	must	satisfy	the	durability	requirements	of	Chapter	19	(ACI	318-14)	and	structural	strength	requirements.	The	designer	determines	the	durability	classes.	Please	refer	to	Chapter	4	of	this	Handbook	for	an	in-
depth	discussion	of	the	categories	and	classes.	$&,LVDUHIHUHQFHVSHFL¿FDWLRQWKDWFRUUHODWHV	with	ACI	318.	ACI	encourages	referencing	ACI	LQWRMREVSHFL¿FDWLRQV	8.2.6.2	20.3	By	specifying	that	the	concrete	mixture	shall	be	in	accordance	with	ACI	301-10	and	providing	the	exposure	classes,	Chapter	19	(ACI	318-14)
requirements	are	VDWLV¿HG	Based	on	durability	and	strength	requirements,	and	experience	with	local	mixtures,	the	compressive	strength	RIFRQFUHWHLVVSHFL¿HGDWGD\VWREHDWOHDVW	psi.	There	are	several	mixture	options	within	ACI	301,	such	as	admixtures	and	pozzolans,	which	the	designer	can	require,	permit,	or	review	if	suggested
by	the	contractor.	The	reinforcement	must	satisfy	Chapter	20	of	ACI	318-14.	&KDSWHU$&,	UHTXLUHPHQWVDUHVDWLV¿HGE\	specifying	that	the	reinforcement	shall	be	in	accordance	with	ACI	301-10.	This	includes	the	PT	type	and	In	this	example,	unbonded,	1/2	in.	single	strand	ten-	strength,	and	reinforcing	bar	grade	and	any	coatings	dons	are
assumed.	for	the	reinforcing	bar.	The	designer	determiness	the	grade	of	bar	and	if	hould	be	coated	by	epoxy	or	the	reinforcing	bar	should	th.	In	this	case,	assume	grade	60	galvanized,	or	both.	ngs	bar	and	no	coatings.	res	strand	d	material	to	be	270	70	ksi,	low	The	code	requires	TM	A416a).	6a).	The	U.S.	industry	in	ustry	usurelaxation	(ASTM	MD
PRQRVWUDQGWRLPSDUWDIRUFH	DOO\VWUHVVHVRUMDFNVPRQRVWUDQGWRLPSDUWDIRUFH	equal	to	0.80fpu,	wh	which	iss	the	maximum	allowed	lowed	by	the	Code.	7KH¿QDOVWUHVVDIWHUDOOORVVHVLVXVXDOO\EHWZHHQ	HQJWK	RI	WRSHUFHQWRIWKHVSHFL¿HGWHQVLOHVWUHQJWKRI	low	relaxation	strands.
7KHMDFNLQJIRUFHSHULQGLYLGXDOVWUDQGLV	7K	MDF	FHSHULQG	270	ksi	×	0.8	×	0.153	in.2	=	33	kip	T	s	is	iimmediately	diately	red	This	reduced	by	seating	and	friction	HODVWLFVK	ORVVHVDQGHODVWLFVKRUWHQLQJRIWKHVODE/RQJWHUP	losses	will	further	reduce	the	force	per	strand.	Refer	to	20.3.2.6	of	the	Code.	R20.3.2.6	An
effective	PT	force	design	value	of	around	26.5	k	fpu)	per	strand	is	common.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	6—TWO-WAY	SLABS	Step	4:	Analysis	6.6,	8.11	The	analysis	performed	should	be	consistent	with	the	overall	assumptions	about	the	role	of	the	slab	within	the	building	system.	Because	the
lateral	force	resisting	system	relies	on	the	slab	to	transmit	D[LDOIRUFHVD¿UVWRUGHUDQDO\VLVLVDGHTXDWH	121	Modeling	assumptions:	Assume	a	single	moment	of	inertia	for	the	entire	length	of	the	slab.	Refer	to	Section	24.5.2.2	of	the	Code	regarding	cracked	vs	uncracked.	Prestressed	two-way	slabs	are	required	to	be	designed	with	service
load	limits	of:	f	t	≤	6	f	c′	Although	gravity	moments	are	calculated	independent	of	PT	moments,	the	same	model	is	used	for	both.	The	direct	design	method	is	not	permitted	for	use	with	a	prestressed	slab,	therefore,	the	equivalent	frame	method	is	used.	In	practice,	computer	analysis	software	is	typical.	Analysis	approach:
7RDQDO\]HWKHÀH[XUDOHIIHFWVRISRVWWHQVLRQLQJRQ	the	concrete	slab	under	service	loads,	the	tendon	drape	is	assumed	to	be	parabolic	with	a	discontinuity	at	the	support	centerline	as	shown	below,	which	imparts	a	uniform	uplift	over	each	span	when	tensioned.	The	mag	magnitude	of	the	uplift,	wp,	or	“balanced	load,”	in	each	span	of	a
prismatic	member	is	calculated	as:	wp	=	8F	8Fa	A2	Two-Way	Slabss	where	w	ere	F	is	effective	ti	PT	fforce	and	a	is	tendon	drape	tive	((average	erag	of	the	two	high	points	minus	the	low	point).	In	this	his	eexamplee	the	PT	fforce	is	assumed	constant	for	pan	but	the	uplif	all	spans,	uplift	force	varies	due	to	different	UDSHV)LJX
WHQGRQGUDSHV)LJXUH(VKRZVWKHWHQGRQSUR¿OH	umed	in	this	example.	assumed	)LJ(²7HQGRQSUR¿OH	(5	in.	−	1	in.)	+	(9	in.	−	1	in.)	=	6	in.	2	(9	in.	−	1	in.)	+	(9	in.	−	1	in.)	=	8	in.	a2	=	2	a1	=	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	122	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)
Step	5:	Analysis	–	Slab	stress	limits	8.3.4.1	The	code	requires	a	Class	U	slab	assumption;	that	is,	a	slab	under	full	service	load	with	a	concrete	WHQVLRQVWUHVVQRWH[FHHGLQJ¥fcƍ7KHVODEDQDO\VLV	model	for	the	service	condition	is	the	same	as	for	the	nominal	condition.	To	verify	that	the	concrete	tensile	stresses	are	less	than	6	5000	psi	,	the
net	service	moments	and	tensile	stresses	at	the	face	of	supports	are	needed.	This	example	assumes	two	parameters:	8.6.2.1	For	5000	psi	concrete,	this	limit	is	6	5000	psi	=	424	psi	The	basic	equation	for	concrete	tensile	stress	is:	ft	=	M/S	–	F/A,	where	M	is	the	net	service	moment,	bt	2	(12	in.)(10	in.)	2	=	=	200	in.3	6	6	(section	modulus),	S=	and	A	=	bt
=	12	in.*10	in.	=120	in.2	(gross	slab	area	(a)	the	PT	force	provides	a	F/A	slab	compressive	per	foot).	stress	of	at	least	125	psi	(15	kip/ft)	E	WKHFRPELQDWLRQRI37IRUFHDQGSUR¿OH	provides	a	uplift	force	wp	of	at	least	7	percent	of	the	slab	weight,	or	94	psf.	Solve	for	F:	At	the	exterior	support,	the	drape	is	a	=	6	in.	The	equation	for	94	kip/ft	k	p/ft
=	0.094	8Fa	8F	(6	in.)	=	2	((36	ft)	2	(12	in./ft)	2	l	∴	F	=	30.5	kip/ft	Location	from	le	left	to	rig	right	along	the	span	Service	loads	First	mid	midspan	Second	midsp	midspan	Third	midspan	mids	Fourth	midspan	Fifth	midspan	Sixth	midspan	Gravity	uniform	load,	psf	180	180	180	180	180	180	PT	Uniform	uplift,	psf	94	126	126	126	12	126	94	Net	load,	psf
86	54	54	54	54	86	Using	the	above	information	and	performing	an	equivalent	frame	analysis	(refer	to	Two-way	Slab	Example	2),	the	following	maximum	service	moments	in	the	slab	are	determined:	Negative	moment	is	maximum	at	the	face	of	the	¿UVWLQWHULRUVXSSRUWDQGLVIWNLSIW	Positive	moment	is	maximum	at	midspan	of	the
¿UVWDQGVL[WKVSDQVDQGLVIWNLSIW	Use	these	moments	to	determine	the	stresses	at	service	load:	$WWKHIDFHRIWKH¿UVWLQWHULRUVXSSRUW	P	M	+	A	S	⎛	30.5	kip	8.1	ft-kip	12	in.⎞	⎛	1000	lb	⎞	+	×	ft	=	⎜	−	⎟	⎝	120	in.2	ft	⎠	⎜⎝	1	kip	⎟⎠	200	in.3	ft	=	−	f	t	=	SVL	≤	SVL	∴	2.	For	the	positive	moment	at	midspan,	it	is	usually	desirable	to	avoid
additional	reinforcement	required	by	Section	8.6.2.3.	To	avoid	this,	the	tensile	stresses	in	the	slab	should	not	exceed	2	5000	psi	=	141	psi	.	P	M	ft	=	−	+	A	S	⎛	30.5	kip	5.3	ft-kip	12	in.⎞	⎛	1000	lb	⎞	+	×	ft	=	⎜	−	⎟×	⎝	120	in.2	ft	⎠	⎜⎝	1	kip	⎟⎠	200	in.3	f	t	=	SVL	≤	SVL	∴	2.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER
6—TWO-WAY	SLABS	7KHH[DPSOHDVVXPHVWKHGHÀHFWLRQVLQHDFKGLUHFWLRQ	are	identical	and	combines	them	to	give	the	maximum	GHÀHFWLRQDWWKHPLGSRLQWRIWKHVODE'HÀHFWLRQVDUH	FKHFNHGLQWKHORQJGLUHFWLRQRIWKHVODE'HÀHFWLRQV	due	to	the	uniform	live	load	are	checked	in	Section	24.2.2,	therefore,
the	uniform	live	load	only	is	applied	LQWKLVGHÀHFWLRQFDOFXODWLRQ7KHDQDO\VLVLVDSSUR[Lmate	due	to	several	simplifying	assumptions,	but	it	provides	a	reasonable	result.	Δ	max	=	0.0065wA	4	0.0065(0.040/12)(432)	4	=	=	0.19	in.	EI	4030(1000)	Assuming	twice	this	to	account	for	the	two-way	action	of	the	slab,	¨max	=	2	×	0.19	in.	=	0.38
in.	Expressed	as	a	ratio,	Ɛǻ		Ɛ/2400.	This	is	much	less	than	the	limit	of	ƐVRGHÀHFWLRQOLPLWV	DUHVDWLV¿HG	Step	7:	Analysis	–	Balanced,	secondary,	factored,	and	design	moments	Balanced	moments	are	determined	using	ng	the	PT	The	moment	curve	below	the	table	is	the	full	design	Uniform	uplift	load	from	thee	table	of	service	loads	moment
curve	cu	with	critical	section	moments	shown	ng	an	equ	n	the	curve.	Th	g	moments	shown	are	at	the	in	Step	5	and	performing	equivalent	frame	on	The	design	wo-wa	Slab	Example	2).	analysis	(refer	to	Two-way	face	of	supports	and	att	tthe	point	of	maximum	positive	ents	aare	determined	using	balanced	moment	ment	in	the	he	span.	Secondary
moments	rim	oments.	moments	and	primary	moments.	ent	are	determined	usin	Factored	moments	using	the	om	ions	required	by	code	and	factored	load	combinations	ent	frame	analys	performing	an	equ	equivalent	analysis	(refer	to	xam	2).	Two-way	Slab	Example	re	determined	i	d	by	subtracting	th	Design	moments	are	the	secondary	moments	from
the	factored	moments.	The	following	table	gives	the	balanced,	secondary,	factored,	and	design	moments	at	the	face	of	sup	supports	across	the	slab	section.	Fig.	E3.4	shows	the	design	moments	as	determined	by	the	equivalent	frame	analysis.	The	slab	is	symmetrical	about	the	third	column.	Location	from	left	to	right	along	the	span	(sym	about	Col	4)
Col	1	(ext)	Col	2	(ext)	Col	2	(int)	Col	3	(int)	Col	3	(int)	Col	4	(int)	Balanced	moment,	Mbal,	ft-kip/ft	6.3	10	11.1	11.6	11.6	11.4	Eccentricity,	e,	in.	0	4	4	4	4	4	Primary	moment,	M1,	ft-kip/ft	0	10.2	10.2	10.2	10.2	10.2	Secondary	moment,	Ms	=	Mbal	M1,	ft-kip/ft	6.3	-0.2	0.9	1.4	1.4	1.2	Factored	load	moment,	Muƍ,	ft-kip/	ft	16.1	23.4	21.6	21	21.2	21.3
Design	moment,	Mu	=	Muƍ	–	Ms,	ft-kip/ft	9.8	23.6	20.7	19.6	19.8	20.1	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Two-Way	Slabss	6WHS$QDO\VLV±'HÀHFWLRQV	8.3.2	The	two-way	slab	chapter	refers	the	user	to	Section	$&,	WKDWVWDWHV³'HÀHFWLRQVGXH	to	service-level	gravity	loads…”	for	allowable	stiffness
approximations	to	calculate	immediate	DQGWLPHGHSHQGHQWORQJWHUP	GHÀHFWLRQV	Section	24.2.2	provides	maximum	allowed	span-toGHÀHFWLRQUDWLRV6HFWLRQSHUPLWVXVLQJ,g	WRFDOFXODWHGHÀHFWLRQVIRU&ODVV8VODEV	Commentary	Section	R24.2.3.3	of	the	Code	alerts
WKHGHVLJQHUWKDWFDOFXODWLRQVIRUGHÀHFWLRQVRI	two-way	slabs	is	challenging.	This	example	GHWHUPLQHVWKHGHÀHFWLRQVLQRQHGLUHFWLRQDQG	doubles	it	for	the	effect	from	the	other	direction.	This	is	not	an	accurate	assumption,	but	it	should	give	conservative	and	reasonable	results.	Note	that
H[FHVVLYHGHÀHFWLRQVDUHJHQHUDOO\QRWH[SHULHQFHG	in	PT	slabs.	123	124	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Fig.	E3.4—Moment	diagram	(negative	moment	oment	at	face	of	column).	Step	8:	Required	strength	–	Calculatee	requir	required	As	8.7.5.2
&KHFNÀH[XUHVWUHQJWKFRQVLGHULQJ37WHQGRQV	HQJWK	J	ovide	the	nec	ry	If	the	PT	tendonss	al	alone	provide	necessary	•	n,,	then	the	code	ppermits	mits	GHVLJQVWUHQJWK•�M	o	be	detailed	tailed	with	short	reinforcement	to	shorterr	cutcut-off	ons	alone	do	not	provide	rovid	the	lengths.	If	the	PT	tendons	design	strength,	the	then	thee
reinforcement	is	required	da	lengths.	ngths	to	conform	to	standard	The	reinforcing	bar	and	tendons	are	usually	at	the	same	position	near	the	support	and	midspan.	20.3.2.4	Each	single	unbonded	tendon	is	stressed	to	the	value	prescribed	by	the	supplier.	The	value	of	fse	(effective	stress	in	the	strand)	varies	along	the	tendon	length	due	to	friction
losses	(ACI	423.10R-15),	but	for	design	purposes,	fse	is	usually	taken	as	the	average	value.	The	dep	depth	off	the	equiv	equivalent	stress	block,	a,	is	calcudb	by	lated	a=	Aps	f	ps	0.85	f	c′(12	in./ft)	0.8	n./ft)	w	ere	Aps	is	the	he	tendon	area	per	foot	of	slab.	where	tion	8.5.2.1	1	refers	to	Section	22.3	of	the	Code	for	Section	XODWLRQRI�	n.	Section	22.3
refers	to	Section	WKHFDOFXODWLRQRI�M	22.2	for	calcul	calculation	of	Mn.	Section	22.2.4	refers	to	Section	20.3.2.4	to	calculate	fps.	The	span-to-depth	ratio	is	432/10	=	1/43,	so	the	below	equation	applies:	f	c′	f	ps	=	f	se	+	10,	000	+	300ρ	p	The	tendon	supplier	usually	calculates	fse,	and	175,000	psi	is	a	common	value.	The	force	per	strand	is
therefore	175,000	psi	x	0.153	in.2	=	26,800	lbs.	The	required	effective	force	per	foot	of	slab	is	30.5	kip/ft,	so	the	spacing	of	tendons	is	26.8	kip/30.5	kip/ft)(12	in./ft)	=	10.5	in.	The	value	of	Aps	is	therefore	0.153	in.2	×	12/10.5	=	0.175	in.2/ft.	The	value	of	ȡp	is	Aps/(b	×	dp)	=	0.175/108	in.2	=	0.00162.	f	ps	=	175,000	+10,000	+	5000	=195,000	psi
0.486	This	value	has	upper	limits	of	fse	+	30,000	(=	205,000	psi)	and	fpy	(=	0.9fpu,	or	242,900	psi	from	commentary),	so	the	design	value	of	fps	is	195,000	psi.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	6—TWO-WAY	SLABS	22.2.2.4.1	Note	that	the	effective	depth	is	9	in.	at	critical
locaWLRQVH[FHSWDWWKHH[WHULRUMRLQW7KHUHWKH&RGH	permits	a	minimum	d	of	0.8h,	or	8	in.	125	The	compression	block	depth	is	therefore:	a=	Aps	f	ps	0.85	f	c′(12	in./ft)	=	0.175	×	195,	000	=	0.67	in.	0.85	×	5000	×	12	For	3/4	in.	cover:	Mn	�Apsfps(d	–	a/2)	=	0.9	×	0.175	×	195,000	×	(9	–	0.34)	=	266,000	in.-lb/ft	=	22	ft-kip/ft.	Location
from	left	to	right	along	the	span	Face	of	exterior	support	First	midspan	Face	of	second	support	Second	midspan	Face	of	third	support	Third	midspan	Face	of	fourth	support	Mn,	only	tendons,	ft-kip/ft	20	22	22	22	22	22	22	Mu,	ft-kip/ft	10	17	24	13	21	14	20	Mn	considering	the	tendons	alone	are	greater	than	the	design	moments	except	for	at	the	face	of
the	second	support.	The	reinforcement	required	to	resist	the	moments	at	the	face	of	the	second	support	are	required	to	satisfy	the	detailing	requirements	of	Section	7.7.3	of	the	Code	while	minimum	reinforcing	bar	lengths	can	be	used	at	all	other	locations.	Step	9:	Required	strength	–	Minimum	area	of	bonded	reinforcement	8.6.2.3
7KHPLQLPXPDUHDRIÀH[XUDOUHLQIRUFLQJEDUSHU	As,	min	=	0.00075	×	Acf	=	0.00075	×	10	in.	×	12	in.	=	foot	is	a	function	of	the	slab’s	cross	sectional	ctional	area.	0.09	0.	in.2/ft.	Acf	is	based	on	the	greater	cross	sectional	area	of	the	slab-beam	strips	off	the	two	orthogonal	equivacting	aat	a	column	of	a	two-way	lent	frames	intersecting	slab.
oment	strength	of	combined	pr	ress	Step	10:	Required	strength	–	Des	Design	moment	prestressing	steell	and	bon	bonded	reinforcement	upp	g	the	minimum	area	a	ea	of	reinSe	Set	the	section’s	concrete	compressive	strength	equal	8.5.2	Determine	if	supplying	XI¿	WWRDFKLHYHDGH	JQVW	to	steel	teel	tensile	strength,	trength,	aand	rearrange	for
compression	IRUFLQJEDULVVXI¿FLHQWWRDFKLHYHDGHVLJQVWUHQJWK	d	strength.	bblock	ck	ddepth	a:	that	exceeds	the	re	required	Aps	f	ps	+	As	f	y	0.85	f	c	′	((12)	0.175	×	195,	000	+	0.09	×	60,	000	a=	0.85	×	5000	×	12	a	=	0.78	in.	For	3/4	in.	cover:	a⎞	⎛	M	n	=	φ	⎡⎣	Aps	f	ps	+	As	f	y	⎤⎦	⎜	d	−	⎟	⎝	2⎠	=	0.9	[0.175	×	195,	000	+	0.09	×	60,	000]	(9
−	0.78)	=	292,000	in.-lb	=	24.3	ft-kip	Comparing	this	value	with	the	required	moment	strength	Mu	indicates	that	the	minimum	reinforcement	plus	the	tendons	supply	enough	tensile	reinforcement	for	the	slab	to	resist	the	factored	loads	at	all	locations.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Two-Way	Slabss	a=	126
THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	11:	Analysis	–	Distribute	moments	to	column	and	middle	strips	8.7.2.3	Tests	and	research	have	shown	that	for	uniformly	7KHGHÀHFWLRQEHKDYLRUDQGFDSDFLW\GLIIHUHQFHVDUH	loaded	structures	variations	in	tendon	distribution	not	dependent	upon	the	distribution	of
tendons.	It	can	GRHVQRWDOWHUWKHGHÀHFWLRQEHKDYLRURUWKHFDSDF-	be	extrapolated	that	distribution	of	moments	to	the	ity	for	the	same	total	prestressing	steel	percentcolumn	and	middle	strips	is	unnecessary.	DJH6HFWLRQSURYLGHVVSHFL¿FJXLGDQFH	regarding	tendon	distribution	that	allows	the	use	of	banded	tendon	distribution
in	one	direction.	Step	12:	Required	strength	–	Factored	one-way	shear	8.4.3	2QHZD\VKHDUUDUHO\FRQWUROVWKLFNQHVVGHVLJQ	Fig.	E3.5	shows	one-way	shear	diagram	with	the	8.4.3.1	of	a	two-way	slab,	but	it	must	be	checked.	In	this	one-way	shear	reduced	to	the	face	of	support.	Check	8.4.3.2	section,	one-way	shear	load	on	the	structure	is
maximum	factored	shear.	determined.	Vu	=	58	kip/14	ft	=	4.1	kip/ft	Fig.	E3.5—Shear	diagram.	Step	13:	Required	strength	–	Factored	two-way	shear	8.3.1.4	No	stirrups	are	to	be	used	as	shear	reinforcement.	8.4.4	8.4.4.1	22.6.4	Determine	the	location	and	length	of	the	critical	section	for	two-way	shear	assuming	that	shear	reinforcement	is	not
required.	Figure	E3.6	shows	this	examples	critical	sections.	Note	that	only	the	exterior	and	interior	columns	are	calculated	in	this	example.	Exterior	columns:	d	=	10	in.	−	1	in.	=	9	in.	d⎞	⎛	bo	=	2	×	⎜	c1	+	⎟	+	(c2	+	d	)	⎝	2⎠	9	in.⎞	⎛	bo	=	2	×	⎜	24	in.	+	⎟	+	(24	in.	+	9	in.)	⎝	2	⎠	bo	=	90	in.	Interior	columns:	d⎞	⎛	d⎞	⎛	bo	=	⎜	c1	+	⎟	+	⎜	c2	+	⎟	⎝	2⎠	⎝	2⎠	bo	=	2
×	(24	in.	+	9	in.)	+	2	×	(24	in.	+	9	in.)	bo	=	132	in.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	6—TWO-WAY	SLABS	Fig.	E3.6—Two-way	shear	critical	section	locations.	8.4.4.2,	Determine	factored	slab	shear	stress	due	to	gravity	8.4.4.2.1	loads	vug.	127	Direct	slab	shear	stress	on	slab	critical	section	at	the
exterior	columns:	V	vug	=	u	bo	d	33	in.	×	28.5	in.⎞	232	kip	⎛	f	×	18	ft	f	−	Vu	=	⎜144	ft	⎟⎠	×	⎝	144	1000	ft	2	Vu	=	57	ksi	vuug	=	57	ksii	0.07	ksi	=	0.070	90	in.	×	9	in.	i	⎛	(33	in.)	2	⎞	232	kip	×	Vu	=	⎜	36	ft	×	14	ft	−	144	⎟⎠	1000	ft	2	⎝	Vu	=	115	kip	vug	=	115	kip	=	0.097	ksi	132	in.	×	9	in.	American	Concrete	Institute	–	Copyrighted	©	Material	–
www.concrete.org	Two-Way	Slabss	D	ect	sslab	shear	Direct	ear	stress	on	slab	critical	section	at	the	i	columns:	interior	V	vug	=	u	bo	d	128	8.4.4.2.1,	8.4.4.2.2	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Determine	the	slab	shear	stress	due	to	factored	slab	moment	resisted	by	column.	Shear	stress	on	slab	due	to	moments	at
exterior	columns:	γ	v	=	0.4	M	sc	=	10	ft-kip/ft	×	14	ft	c	AB	=	9.02	in.	J	c	=	76383	in.4	γ	v	M	sc	c	AB	=	0.079	ksi	Jc	Shear	stress	on	slab	due	to	moments	at	interior	columns:	γ	v	=	0.4	M	sc	=	24	−	21	ft-kip/ft	×	14	ft	c	AB	=	16.5	in.	J	c	=	219633	in.4	γ	v	M	sc	c	AB	=	0.015	ksi	Jc	8.4.4.2.3	Determine	vu	by	combining	results	from	the	twooment	transferred
to	the	way	direct	shear	and	the	moment	y	of	shea	column	via	eccentricity	shear.	vu	=	vuug	+	γ	v	M	sc	c	AB	Jc	Exterior	erior	columns:	umns:	0.070	ksi	+	0.079	kksi	=	0.149	ksi	vu	=	0.0	ner	columns::	Corner	vu	=	0.0	0.097	ksi	+	0.015	ks	ksi	=	0.112	ksi	6WHS'HVLJQVWUHQJWK±2QHZD\VKHDU	ZD	HDU	8.5.3.1.1,	Nominal	one-way	shear	strength	is
calculated	in	22.5	accordance	with	Section	22.5.	φ	=	0.75	Vn	=	2	f	c′b	′bbd	φVn	=	0.75	×	2	×	5000	psi	×	12	in.	×	9	in.	×	1	kip	1000	lb	φVn	=	11.5	kip/ft	This	is	greater	than	the	required	strength	of	4.1	kip/ft	from	Step	12,	therefore,	one-way	shear	is	okay.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	6—TWO-
WAY	SLABS	Step	15:	Design	strength	–	Two-way	shear	8.5.3.1.2,	Nominal	two-way	shear	strength	is	calculated	in	22.6	accordance	with	Section	22.6.	Assume	shear	reinforcement	is	not	required.	129	Exterior	column:	vn	=	the	minimum	of	the	following	three	equations	from	Table	22.6.5.2	(ACI	318-14)	4	5000	ksi	=	0.283	ksi	Controls	1000	⎛	4	⎞	6	5000
ksi	=	0.424	ksi	vn	=	⎜	2	+	f	c′	=	⎝	(β)	⎟⎠	1000	vn	=	4	f	c′	=	⎛	α	×d⎞	vn	=	⎜	2	+	s	bo	⎟⎠	⎝	f	c′	=	4.73	5000	ksi	=	0.334	ksi	1000	φvn	=	0.75	×	0.283	ksi	=	0.212	ksi	This	is	greater	than	the	required	strength	for	interior	columns	of	0.149	ksi	from	Step	6,	therefore,	two-way	shear	at	interior	columns	is	okay.	Interior	column:	vn	=	the	minimum	of	the	following
three	equations	from	Table	22.6.5.2	(ACI	318-14)	4	5000	ksi	=	0.283	ksi	Controls	1000	⎛	4	⎞	6	5000	ksi	=	0.424	ksi	f	c′	=	vn	=	⎜	2	+	⎟	⎝	(β)	⎠	1000	vn	=	4	f	c′	=	⎛	α	×d⎞	vn	=	⎜	2	+	s	bo	⎟⎠	⎝	f	c′	=	4.5	5000	ksi	=	0.318	ksi	1000	φvn	=	0.75	0	×	0.283	283	83	ksi	=	0.212	ksi	The	assumption	that	two-way	shear	reinforcement	is
QRWUHTXLUHGDWWKHVHORFDWLRQVLVFRQ¿UPHG	Step	16:	Reinforcement	detailing	–	General	requirements	8.7.1	Concrete	cover,	development	lengths,	and	splice	8.7.1.1	lengths	are	determined	in	these	sections.	20.6.1	Concrete	cover	is	determined	using	Table	20.6.1.3.2	(ACI	318-14).	The	bottom	of	this	slab	is	not	exposed	to	weather	or	in
contact	with	the	ground.	The	speci¿HGFRYHULVLQ	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Two-Way	Slabss	This	iis	greater	ter	th	than	th	the	required	strength	for	exterior	columnss	of	0.112	kksi	from	Step	6,	therefore,	two-way	hear	at	exteri	shear	exterior	columns	is	okay.	130	8.7.1.2,	25.4	THE	REINFORCED
CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Development	length	is	used	for	splice	length	determination	assuming	No.	5	bars.	Use	Eq.	(25.4.2.3(a))	of	ACI	318-14	to	determine	the	development	length.	Using	normal	weight	concrete	with	No.	6	and	smaller	uncoated	bars	and	the	casting	position	of	less	than	12	in.	of	fresh	concrete	placed	below	the
horizontal	reinIRUFHPHQWPRGL¿FDWLRQIDFWRUVIURP7DEOH	(ACI	318-14)	are:	ȥs	=	0.8	ȥe	=	1.0	ȥt	=	1.0	Ȝ		Spacing	of	the	bars	is	larger	than	the	distance	from	the	center	of	the	bottom	bar	to	the	nearest	concrete	surface.	cb	=	0.75	in.	+	0.625	in.	=	0.94	in.	2	db	=	0.625	in.	Ktr	is	assumed	0	as	allowed	by	25.4.2.3.	⎛	⎞	⎜	ψ	t	ψ	e	ψ	s	⎟⎟	3	fy	Ad	=	⎜	d
⎜	440	λ	f	c′	⎛	cb	+	K	tr	⎞	⎟	b	⎜	⎟⎠	⎟⎠	⎜⎝	d	⎝	b	8.7.1.3	25.5	21.2	in.	Ɛd	=	21.	It	is	likely	that	splices	are	required	during	/DSVSOLFHOHQJWKVDUHGHWHUPLQHGLQDFFRUGDQFHZLWK	spl	duri	g	construccon	/D	VSO	WKVDUHGH	tion.	Allowable	loc	locations	are	shown	Table	318-14).	The	provided	As	is	ns	for	splices	ar	hown	in	T	le	225.5.2.1	(ACI	31
ACI	318-14,	Fig.	8.7.4.1.3.	7	an	two	ttimes	larger	than	the	required	As.	not	more	than	ore,	class	B	splices	are	required.	Therefore,	Ɛst	=	1.3	×	21.2	in.	=	27.5	in.	use	Ɛst	=	28	in.	Step	17:	Reinforcement	detailing	–	Spacing	requirements	8.7.2	Minimum	and	maximum	spacing	requirements	are	8.7.2.1	determined.	The	bar	spacing	for	required	strength
25.2.1	reinforcement	are	also	reviewed.	8.7.2.3	Minimum	spacing	is	determined	in	accordance	with	Section	25.2.1.	Minimum	spacing	is	1	in.,	db,	and	(4/3)dagg.	Assuming	that	the	maximum	nominal	aggregate	size	is	1	in.,	then	the	minimum	clear	spacing	is	1.33	in.	With	a	No.	5	bar,	this	equates	to	a	minimum	center-to-center	spacing	of	approximately
2	in.	Maximum	spacing	is	controlled	by	Section	8.7.2.3.	Assuming	that	this	direction	is	banded,	the	maximum	spacing	requirements	of	Section	8.7.2.3	are	not	applicable	to	this	direction.	The	tendons	in	the	orthogonal	direction	are	limited	to	a	maximum	spacing	of	5	ft.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org
CHAPTER	6—TWO-WAY	SLABS	Step	19:	Reinforcement	detailing	–	Structural	integrity	8.7.5.6	Structural	integrity	is	met	using	detailing.	6WHS6ODEFROXPQMRLQWV	Joints	are	designed	to	satisfy	Chapter	15	of	ACI	8.2.7	15.2.1	318-14.	15.2.2	15.2.3	15.2.5	15.3.1	15.4.2	Bonded	nonprestressed	reinforcement	is	required	for
ÀH[XUHLQRQHORFDWLRQDQG6HFWLRQFRQWUROV	termination	of	the	minimum	bonded	reinforcement	in	that	location.	When	the	termination	location	is	determined	per	Section	8.7.5.2,	it	is	approximately	6	in.	beyond	the	face	of	support.	This	termination	location	is	within	the	minimum	lengths	of	Section	8.7.5.5.	Therefore,	the	termination
locations	indicated	in	Section	8.7.5.5	satisfy	the	termination	location	required	by	Section	8.7.5.2	for	the	locations	requiring	bonded	QRQSUHVWUHVVHGUHLQIRUFHPHQWIRUÀH[XUDOVWUHQJWK	Requirement	Section	8.7.4.2.2	is	met	when	at	least	two	of	the	PT	tendons	pass	through	the	column	inside	the	column	reinforcement	cage.	In	this
direction,	banding	of	the	post-tensioning	tendons	makes	this	a	simple	requirement	to	satisfy.	The	concrete	strength	of	the	slab	and	columns	are	identica	identical	and	therefore,	Sections	15.2.1	and	15.3	are	met.	irement	Sectio	Requirement	Section	15	15.2.2	is	met	in	Steps	6	and	9	of	l	this	exa	example.	uire	Section	15	Requirement	15.2.3	is	met	by
satisfying	the	pprovisions	visio	in	Section	ection	15.4.	15	R	uire	ti	15.2.5	15	Requirement	Section	states	that	all	of	the	interior	colu	columns	aree	restrain	restrained	because	they	are	laterally	su	port	on	four	our	sides	by	the	slab.	supported	uire	Section	115.4.2	applies	only	to	those	Requirement	columns	along	the	eexterior	of	the	structure.	Assuming
that	No.	4	bars	are	used	as	column	ties,	Eqs.	D	DQGE	DUHVDWLV¿HGLIWKHVSDFLQJ	RIWKHFROXPQWLHVLQWKHVODEFROXPQMRLQWPHHWVWKH	following:	(15.4.2(a))	s=	(0.4	in.2	)(60,000	psi)	(0.75)	5000	psi(24	in.)	=	18.9	in.	(15.4.2(b))	s=	(0.4	in.2	)(60,000	psi)	=	20	in.	(50)(24	in.)	Equation	(15.4.2(a))	controls	in	this	case.	Because	the
VSDFLQJLVODUJHUWKDQWKHMRLQWGHSWKRILQRQHWLH	LVUHTXLUHGZLWKLQWKHVODEFROXPQMRLQWLQHDFKH[WHULRU	and	corner	column.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Two-Way	Slabss	Step	18:	Reinforcement	detailing	–	Reinforcement	termination	8.7.5.2,	Reinforcement	termination	is
controlled	by	Section	8.7.5.5	8.7.5.2.	131	132	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Note:	Design	post-tensioning	is	30.5	kip/ft.	Assuming	(26.5	kip/strand)(1	strand/x	in.)	=	(30.5	kip/	ft)/(12	in.)	2QHVWUDQGHYHU\LQZLWKWKLVSUR¿OH0LQLPXP	bonded	reinforcement	required	is	0.09	in.2/ft	No.4	bars:	0.2	in.2/(x	in.)	=
0.09	in.2	LQĺ	)LJXUH(VKRZVWKH¿QDOFRQ¿JXUDWLRQRIWKH	No.	4	bar	every	2	ft	slab.	Fig.	E3.7—Reinforcement	detailing.	Note:	a	minimum	of	two	unbonded	PT	strands	must	be	placed	in	both	directions	through	the	column	cage.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	7.1—Introduction	Structural	beams	resist
gravity	and	lateral	loads,	and	any	combination	thereof,	and	transfer	these	loads	to	girders,	columns,	or	walls.	They	can	be	nonprestressed	or	prestressed,	cast-in-place,	precast,	or	composite.	This	chapter	discusses	cast-in-place,	nonprestressed,	and	post-tensioned	(PT)	beams.	The	Code	allows	for	either	bonded	or	unbonded	tendons	in	a	PT	beam.	This
chapter	does	not	cover	precast,	composite,	or	deep	beams.	Deep	beams	are	also	addressed	in	ACI	318-14	Chapter	23,	Strut-and-Tie.	Beams	are	designed	in	accordance	with	Chapter	9	of	ACI	318-14	for	strength	and	serviceability.	Beams	are	assumed	to	be	approximately	horizontal,	with	rectangular	or	teeVKDSHGDVWHPDQGDÀDQJH
FURVVVHFWLRQV7KHÀDQJHZLGWK	of	tee-shaped	beams	are	geometrically	limited	by	Section	DQGUHVSHFWLYHO\RI$&,DQGWKHÀDQJH	LVDVVXPHGWRFRQWULEXWHWRWKHEHDP¶VÀH[XUDODQGWRUVLRQDO	strength.	essed,	that	are	Beams,	either	nonprestressed	or	prestressed,	HFRQVLGH
PRQROLWKLFZLWKWKHÀRRUIUDPLQJFDQEHFRQVLGHUHGODWHUDOO\	ROLWKLF	EUDFHG)RUEHDPVWKDWDUHQRWPRQROLWKLFZLWKWKHÀRRU$&,	318-14	provides	guidance	on	the	spac	spacing	of	lateral	bracing.	7.2—Service	limits	in	etermines	the	be	m’s	7.2.1	Beam	depth—The	engineer	determines	beam’s	h,	and	other	material
charharconcrete	strength,	steel	strength,	n	pperformance	rmance	criteri	acteristics	to	achieve	the	design	criteria	for	strength	and	service	life.	$IWHU	GH¿QLQJ	WKH	PDWHULDO	SURSHUWLHV	DQG	WKH	EHDP¶V	design	loads,	the	engineer	chooses	the	beam’s	dimensions.	s	These	are	either	provided	by	architectural	constraints,	attained	from
experience,	or	reached	by	assuming	a	depth	and	ZLGWKDQGWKHQDGMXVWLQJDVUHTXLUHGWKURXJKWULDODQGHUURU	Beam	depth	is	addressed	in	Table	9.3.1.1	of	ACI	318-14,	which	applies	if	a	beam	is	nonprestressed,	not	supporting	concentrated	loads	along	its	span,	and	not	supporting	or
DWWDFKHGWRSDUWLWLRQVWKDWPD\EHGDPDJHGE\GHÀHFWLRQV	For	prestressed	or	posttensioned	beams,	the	code	does	not	provide	a	minimum	depth-to-span	ratio,	but	for	a	superimposed	live	load	in	the	range	of	60	to	80	psf	a	usual	spanto-depth	ratio	is	in	the	range	of	20	to	30.	Table	9.3	of	The	Post-Tensioning	Manual	(Post-Tensioning
Institute	(PTI)	2006)	lists	span-to-depth	ratios	for	different	members	that	have	been	found	from	experience	to	provide	satisfactory	structural	performance.	The	slab	thickness	is	considered	as	part	of	the	overall	beam	depth	if	the	beam	and	slab	are	monolithic	or	if	the	slab	is	composite	with	the	beam	in	accordance	with	Chapter	16	of	ACI	318-14.	7.2.2
'HÀHFWLRQV—For	nonprestressed	beams	that	have	depths	less	than	the	ACI	318-14,	Table	9.3.1.1	minimum,	or	those	that	resist	a	heavy	load—usually	one-	or	two-way	VODEV	VXEMHFWHG	WR	DERYH		SVI²DQG	IRU	37	EHDPV	WKH	GHVLJQHU	PXVW	FDOFXODWH	GHÀHFWLRQV	'HÀHFWLRQV	IRU	FDOFX-	ODWLRQ	IURP	FODVVLFDO
DQDO\VLV	PHWKRGV	RU	¿QLWH	HOHPHQW	method,	can	be	found	in	the	supplement	to	this	Handbook,	ACI	Reinforced	Concrete	Design	Handbook	Design	Aid	–	$QDO\VLV7DEOHV$&,63'$	7KHFDOFXODWHGGHÀHFWLRQV	should	not	exceed	the	limits	in	Table	24.2.2	of	ACI	318-14,	DIWHU	FRQVLGHUDWLRQ	RI	WLPHGHSHQGHQW
GHÀHFWLRQV	&KDSWHU		'HÀHFWLRQ	RI	WKLV	+DQGERRN	LQFOXGHV	VHYHUDO	GHVLJQ	H[DPSOHVRQGHÀHFWLRQFDOFXODWLRQVZLWKGHVLJQDLGVIRU7	DQG/FURVVVHFWLRQEHDPV	)RU	37	EHDPV	6HFWLRQ		$&,		GH¿QHV	WKUHH	FODVVHV	RI	EHKDYLRU	RI	SUHVWUHVVHG	ÀH[XUDO	PHPEHUV	1)	uncracked,	U,	2)
cracked,	C,	and	transition	between	XQFUDFNHG	DQG	FUDFNHG	7	EDVHG	RQ	H[WUHPH	¿EHU	WHQVLRQ	stress.	Class	U	in	Table	24.5.2.1,	ACI	318-14	limits	the	maximum	beam	tension	stress	to	less	than	the	cracking	stress	of	concrete,	7.5	f	c′	'HÀHFWLRQFDOFXODWLRQVIRU&ODVV	U	beams,	therefore,	can	use	the	gross	moment	of	inertia.
7.2.3	Reinforcement	strain	limits	and	concrete	service	stress	3	1	Strain	lim	7.2.3.1	limits—For	nonprestressed	beams	with	ha	ten	percent	of	gross	sectional	han	design	axia	axiall	force	less	than	0	cƍA	ƍ	g),	the	m	minimum	strain	of	the	tension	reinstrengthh	(<	0.1f	forc	ent	iis	0.004.	4.	This	lim	forcement	limit	is	to	ensure	yielding	behavior	in	cas	case	of
ov	overload.	restr	eams	hav	Nonprestressed	beams	have	no	concrete	or	steel	service	tress	limits,	mits	only	strength	trength	requirements.	re	stress	For	pre-	and-	posttensi	ed	bbeams,	the	perm	tensioned	permissible	concrete	service	stresses	n	Section	24.5.3	of	ACI	318-14.	are	addressed	in	tensioned	(PT)	beams,	the	analysis	of	concrete	For	post-
tensioned	UDO	WHQVLRQ	VWUHVVHV	LV	D	FULWLFDO	SDUW	RI	WKH	GHVLJQ	ÀH[XUDO	,Q	6HFWLR		RI	$&,		EHDPV	DUH	FODVVL¿HG	,Q	6HFWLRQ	presented	above,	as	U	(uncracked),	C	(cracked),	or	T	(transition).	Beams	with	bonded	post-tensioning,	the	combined	area	of	post-tensioning	and	deformed	bars,	must	be	able	to	resist	a	factored
load	that	results	in	moment	of	at	least	1.2	times	the	section	cracking	moment.	7.2.3.2	Concrete	stresses	in	PT	beams—Before	the	beam	ÀH[XUDOVWUHVVHVFDQEHFDOFXODWHGWKHWHQGRQSUR¿OHQHHGV	WREHGH¿QHG7KLVSUR¿OHDQGWKHWHQGRQIRUFHDUHGLUHFWO\	related	to	the	beam	forces	and	moments	created	by	the	post-
tensioning.	A	common	approach	to	calculate	PT	beam	moments	is	to	use	the	“load	balancing”	concept,	where	the	SUR¿OHLVXVXDOO\WKHPD[LPXPSUDFWLFDOFRQVLGHULQJFRYHU	UHTXLUHPHQWV	WKH	WHQGRQ	SUR¿OH	LV	SDUDEROLF	WKH	SDUDEROD	has	an	angular	“break”	at	the	column	centerlines,	and	that	the	tendon	anchors	are
at	middepth	at	the	exterior	(refer	to	Fig.	7.2.3.2).	The	load	balancing	concept	assumes	the	tendon	exerts	a	uniform	upward	“load”	in	the	parabolic	length,	and	a	point	load	down	at	the	support.	These	loads	are	then	combined	with	the	gravity	loads,	and	the	analysis	is	performed	with	a	net	service	load.	To	conform	to	Code	stress	limits,	the	designer	can
use	an	iterative	approach	or	a	direct	approach.	In	the	iterative	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Beams	CHAPTER	7—BEAMS	134	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Fig.	7.2.3.2—Load	balancing	concept.	DSSURDFKWKHWHQGRQSUR¿OHLVGH¿QHGDQGWKHWHQGRQIRUFH
LV	DVVXPHG	7KH	DQDO\VLV	LV	H[HFXWHG	ÀH[XUDO	VWUHVVHV	DUH	FDOFXODWHGDQGWKHGHVLJQHUWKHQDGMXVWVWKHSUR¿OHIRUFHRU	both,	depending	on	results	and	design	constraints.	In	the	direct	approach,	the	designer	determines	the	highest	tensile	stress,	then	rearranges	equations	so	that	the	analysis	calculates	the	tendon
force	needed	to	achieve	the	stress	limit.	7.3—Analysis	/RDGVDQGORDGFRPELQDWLRQVDUHREWDLQHGIURP&KDSWHU	of	ACI	318-14.	Beams	can	be	analyzed	by	any	method	satisfying	equilibrium	and	geometric	compatibility,	provided	GHVLJQVWUHQJWKDQGVHUYLFHDELOLW\UHTXLUHPHQWVDUHVDWLV¿HG	Chapter	6	of	ACI	318-14
allows	for	nonprestressed	beams	satisfying	the	conditions	of	Section	6.5.1	to	use	a	simpli¿HGDSSUR[LPDWHPHWKRGWRFDOFXODWHWKHGHVLJQPRPHQWDQG	shear	forces	in	beams	at	the	face	of	support	and	at	midspan.	ulated	by	th	Redistribution	of	design	moments	calculated	this	method	is	not	permitted.	ÀHFW	%HDP	PRPHQWV	VKHDU	DQG
GHÀHFWLRQV	DORQJ	WKH	EHDPV¶	d	fr	assic	elastic	sstruclength	are	commonly	calculated	from	classic	intural	analysis.	The	supplement	to	this	Handbook,	ACI	R	Reinbo	Design	esign	Aid	–	Ana	ysis	forced	Concrete	Design	Handbook	Analysis	ab	hat	provide	moment	moment	Tables	(ACI	SP-17DA)	has	tables	that	rts	and	midspan	for	va	us	and	shear
forces	at	beam	supports	various	oment	of	in	boundary	and	loading	conditions.	The	moment	inertia	and	modulus	of	elasticity	values	used	in	the	classic	elastic	analysis	are	addressed	in	ACI	318.	Redistribution	of	elastic	moments	calculated	by	a	classical	method	is	permissible.
7KHHQJLQHHUFDQDOVRXVH¿QLWHHOHPHQWVRIWZDUHWRFDOFXODWHPRPHQWVVKHDUDQGGHÀHFWLRQVDORQJWKHEHDPV¶OHQJWK	The	moment	of	inertia	and	modulus	of	elasticity	values	used	LQWKH¿QLWHHOHPHQWPRGHOVKRXOGEHFDUHIXOO\FRQVLGHUHGWR
REWDLQUHDOLVWLFGHÀHFWLRQVDQGGHVLJQIRUFHV5HGLVWULEXWLRQ	RI	HODVWLF	PRPHQWV	FDOFXODWHG	E\	DQ	HODVWLF	¿QLWH	HOHPHQW	method	is	permissible.	7.4—Design	strength	Beams	resist	self-weight	and	applied	loads,	which	can	UHVXOW	LQ	EHDP	ÀH[XUH	VKHDU	WRUVLRQ	DQG	D[LDO	IRUFH	$W	each	section
along	a	beam’s	length,	the	design	strength	is	at	least	equal	to	the	factored	load	effects;	mathematically	H[SUHVVHGDV�Sn•Su.	7.4.1	Flexure—Reinforced	concrete	beam	design	for	ÀH[XUH	W\SLFDOO\	LQYROYHV	D	VHFWLRQDO	GHVLJQ	WKDW	VDWLV¿HV	the	conditions	of	static	equilibrium	and	strain	compatibility	across	the	depth	of	the
section.	Following	are	the	assumptions	for	strength	design	method	OLVWHGLQ6HFWLRQRI$&,¿YHRIWKHVHDUHKLJKlighted	as	follows:	Fig.	7.4.1—Assumed	strain	and	stress	at	the	nominal	condition.	(a)	Strains	in	reinforcement	and	concrete	are	directly	proportional	to	the	distance	from	neutral	axis	(plane	sections	remain	plane	after	loading).	(b)
Maximum	concrete	compressive	strain	in	the	extreme	FRPSUHVVLRQ¿EHUVLVLQLQ	(c)	Stress	in	reinforcement	varies	linearly	with	strain	up	WRWKHVSHFL¿HG\LHOGVWUHQJWKfy.	The	stress	remains	constant	y	beyond	this	point	as	strains	continue	increasing.	The	strain	hardening	of	st	steel	is	ignored.	d)	Tensile	strength	of	concrete	is	neglected.
(d)	o	c	ete	compressive	compressive	stress	distribution	is	assumed	to	(e)	Concrete	ngul	(Fig.	Fig.	7.4.1).	be	rectangular	77.4.1.1	1	N	al	((Mn		DQG	GHVLJQ	ÀH[XUDO	VWUHQJWK	Nominal	(	Mn))—A	(�	—A	section’s	s	s	Mn	is	calculated	c	from	internal	forces	(�M	QJ	WWKH	H[WUHPH	PH	FRQF	DVVXPLQJ	FRQFUHWH	FRPSUHVVLYH	¿EHU	VWUDLQ
eache	0.0	in.	Beam	reaches	0.003	in./in.	Beams	exhibit	different	behaviors	depen	ng	oon	the	strain	le	depending	level	in	the	extreme	tension	reinf	((Section	tion	21	21.2	2	2	ACI	318-14);	tension	controlled,	forcement	21.2.2,	FRPSUHVVLR	İs•FRPSUHVVLRQFRQWUROOHGİ	s”İy	=	0.002;	İy;	and	ion,	0.002	<	İs	<	0.005.	transition,	Reinfor	Reinforced
concrete	beams	behave	in	a	ductile	manner	by	limiting	the	area	of	reinforcement	such	that	the	tension	reinforcement	yields	before	concrete	crushes.	Tension	controlled	beam	sections	produce	ductile	behavior	at	the	nominal	FRQGLWLRQZKLFKDOORZVUHGLVWULEXWLRQRIVWUHVVHVDQGVXI¿cient	steel	yielding	to	warn	against	an	imminent
failure.	The	Code	requires	a	beam’s	extreme	tension	reinforcement	strain	(if	factored	axial	compression	is	less	than	0.1fcƍAg)	to	be	at	least	0.004	(Section	9.3.3.1,	ACI	318-14).	This	strain	corresponds	to	a	reinforcement	ratio	of	about	0.75ȡb.	The	Code	lowers	the	strength	reduction	(�)-factor	for	transition-level	strains	to	account	for	reduced	ductility
in	these	sections.	9DULDWLRQ	RI	�	IDFWRUV	ZLWK	VWHHO	WHQVLOH	VWUDLQ	LV	VKRZQ	LQ	)LJDQGWKHFRUUHVSRQGLQJVWUDLQSUR¿OHVDWQRPLQDO	strength	(Fig.	R21.2.2	(b),	ACI	318-14).	The	basic	design	inequality	is	that	the	factored	moment	must	not	exceed	the	GHVLJQ	ÀH[XUH	VWUHQJWK	PDWKHPDWLFDOO\	H[SUHVVHG
DVMu	”	�Mn.	7.4.1.2	Rectangular	sections	with	only	tension	reinforcement—Nominal	moment	strength	of	a	rectangular	section	with	nonprestressed	and	prestressed	tension	reinforcement	is	calculated	from	the	internal	force	couple	shown	in	Fig.	7.4.1.	The	area	of	reinforcement	is	calculated	from	the	equilibrium	of	forces.	It	is	assumed	that	tension
steel	yields	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	7—BEAMS	T=C	(7.4.1.2a)	Substituting	the	corresponding	components	for	T	and	C:	Asfy	+	Apfps	=	0.85fcƍȕ1cb	(7.4.1.2b)	a	=	β1c	=	As	f	y	+	Ap	f	ps	(7.4.1.2c)	0.85	f	c′b	Take	moments	about	the	concrete	resultant,	and	Mn	is	calculated	as:	β	c⎞	a⎞	a⎞	⎛	⎛	⎛
M	n	=	T	⎜	di	−	1	⎟	=	As	f	y	⎜	d	−	⎟	+	Ap	f	ps	⎜	d	p	−	⎟	⎝	⎝	⎝	2	⎠	2⎠	2⎠	(	)	(	)	(7.4.1.2d)	where	fps	is	calculated	in	Section	20.3	of	ACI	318-14.	Assume	that	a	ȕ1c	and	rearrange	expressions:	Fig.	7.4.1.1—Strain	distribution.	For	reinforced	concrete	sections	with	single	layer	tension	reinforcement,	d	=	dt	and	İs	=	İt	(7.4.1.3).	The	stress	block	JHRPHWULF
SDUDPHWHU	ȕ1	is	between	0.85	and	0.65.	For	FRQFUHWH	VWUHQJWKV	KLJKHU	WKDQ		SVL	WKH	YDOXH	RI	ȕ1	VKRXOG	EH	UHYLHZHG	2]EDNNDORJOX	DQG	6DDWFLRJOX		Ibrahim	and	MacGregor	1997).	For	nonprestressed	beams,	the	Apsfps	term	in	Eq.	(7.4.1.2c)	and	(7.4.1.2d)	of	this	Handbook	is	deleted.	7.4.1.3	Rectangular	sections	with
tension	and	compression	reinforcement—Generally,	beams	are	designed	with	tension	reinforcement	only.	To	add	moment	strength,	designers	can	increase	the	tension	reinforcement	area	or	the	beam	depth.	Th	The	cross-sectional	dimensions	of	some	ion	,	however,	aare	ree	llimited	by	architectural	or	funcapplications,	onsid	tions,	and	aadditional
moment	strength	can	be	tional	considerations,	prov	d	by	adding	ng	an	equa	provided	equal	area	of	tension	and	compresnfor	The	inte	sion	rreinforcement.	internal	force	couple	adds	to	the	i	al	m	trength	w	sectional	moment	strength	without	changing	the	section’s	uctil	y.	In	such	cases,	ases,	the	total	moment	strength	consists	ductility.	ad	ng	ttwo
components:	mponents	1)	moment	strength	from	the	of	adding	t	i	cement	c	tension	reinforcement-concrete	compression	couple;	and	2)	ength	from	the	additional	tension	reinforcementmoment	strength	ression	rein	compression	reinforcement	couple,	assuming	both	sets	of	reinforcem	yield,	as	illustrated	in	Fig.	7.4.1.3.	reinforcement	Mn	=	M1	+	M2
(7.4.1.3a)	M1	is	given	by	Eq.	(7.4.1.3a)	and	M2	is	obtained	by	taking	the	moment	about	the	tension	reinforcement.	M2	=	Asƍfsƍd	–	dƍ		E	Assuming	fsƍLVHTXDOWRfy,	Fig.	7.4.1.2—Strain	distribution	and	net	tensile	strain	in	a	nonprestressed	beam.	M2	=	Asƍfy(d	–	dƍ		Fig.	7.4.1.3—Forces	in	double	reinforced	concrete	beam.	American	Concrete
Institute	–	Copyrighted	©	Material	–	www.concrete.org	F	Beams	before	concrete	reaches	the	assumed	compression	strain	limit	of	0.003	in./in.	Accordingly,	from	equilibrium,	set	steel	strength	equal	to	concrete	strength:	135	136	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Because	the	steel	couple	does	not	require	an	additional
concrete	force,	adding	more	tension	steel	does	not	create	an	over-reinforced	section	as	long	as	an	equal	area	is	added	in	the	compression	zone.	The	underlining	assumption	in	calculating	the	steel	force	couple	is	that	the	steel	in	compression	yields	at	nominal	strength,	developing	a	force	equal	to	the	tensile	yield	strength.	This	assumption	is	true	in
most	heavily	reinforced	sections	because	the	compression	Grade	60	steel	(0.002	in./in.	yield	strain)	is	near	the	extreme	compression	¿EHUZKLFKZLOOVWUDLQWRLQLQDWQRPLQDOVWUHQJWK	Depending	on	the	location	of	the	compression	reinforcement	within	the	overall	strain	diagram,	it	is	possible	that	the	compression	reinforcement	has	less
strain	than	0.002	at	nominal	strength	and,	therefore,	does	not	yield.	The	designer	in	this	case,	increases	the	compression	reinforcement	area	proportional	to	the	ratio	of	yield	strain	to	compression	steel	strain.	The	strain	in	compression	steel,	İsƍFDQEHFRPSXWHG	from	Fig.	7.4.1.3	as	İsƍ	İs(cídƍ	díc),	once	İs	is	determined	for	sections	with	tension
reinforcement	to	assess	if	the	compression	steel	yields	at	nominal	strength.	7.4.1.4	T-sections—Cast-in-place	and	many	precast	concrete	slabs	and	beams	are	monolithic,	so	the	slab	particiSDWHV	LQ	EHDP¶V	ÀH[XUDO	VWLIIQHVV	UHVXOWLQJ	LQ	D	7VHFWLRQ	7VHFWLRQ	IIHFWLYHZ
7KHÀDQJHZLGWKRID7VHFWLRQLVWKHHIIHFWLYHZLGWKRIWKH	RI$&		DQG	WKH	VODE	DV	GH¿QHG	LQ	6HFWLRQ		RI$&,	rectangular	beam	forms	the	web.	Pre	Precast	double	T-sections	)LJ	D²(TXLYDOHQW	VWUHVV	GLVWULEXWLRQ	RYHU	ÀDQJH	width.	DOVR	EHQH¿W	IURP	DQ	LQFUHDVH	LQ	EHDP	VWDELOLW\	GXULQJ	construction.
7KHÀDQJHZLGWKLQPRVW7VHFWLRQVLVVLJQL¿FDQWO\ZLGHU	than	the	web	width	(Fig.	7.4.1.4a).	For	a	lightly	reinforced	section,	this	often	places	the	neutral	axis	of	the	nominal	strain	GLDJUDPZLWKLQWKHÀDQJHGHSWK7VHFWLRQVDUHDQDO\]HGWKH	same	as	rectangular	sections,	with	section	width	equal	to	the
HIIHFWLYHÀDQJHZLGWK	In	heavily	reinforced	T-sections,	the	area	of	tension	reinforcement	in	the	web	(required	by	the	applied	moment)	EULQJVWKHQHXWUDOD[LVEHORZWKHÀDQJHFUHDWLQJDFRPSUHVsion	zone	in	the	web.	In	such	a	case,	the	total	moment	strength	FRQVLVWVRI
WHQVLRQVWHHOIRUFHHTXDOWRWKHÀDQJHFRQFUHWH	compression	force;	and	2)	the	remaining	tension	steel	force	equal	to	the	web	concrete	compression	force.	The	condition	for	T-section	behavior	is	expressed	mathematically	as	Mu”�Mn	=	�(Mnf	+	Mnw)	(7.4.1.4a)	where	⎡	φM	n	f	=	φ	⎢0.85	f	c′bh	f	⎣	hf	⎛	⎜⎝	d	−	2	⎞⎤	⎟⎠	⎥	⎦	a⎞	a⎞	⎛	⎛	φM	nw	=
φAs	f	y	⎜	d	−	⎟	+	φAp	f	ps	⎜	dp	−	⎟	⎝	⎝	2⎠	2⎠	(7.4.1.4b)	(7.4.1.4c)	Many	eng	Many	engineers	calculate	Mnf¿UVWIURPHTXLOLEULXPWR¿QG	WKHD	DRI	HQVLRQVWH	WKHDUHDRIWRWDOWHQVLRQVWHHOQHHGHGWREDODQFHWKHÀDQJH	i	then	the	h	calculated	assuming	a	rectangular	concrete.	Th	The	Mnw	is	cross	sectionn	as	shown	in	Fig.
7.4.1.4b.	continuou	statically	indeterminate,	PT	beams,	Forr	continuous,	o	reactions	induced	by	prestressing	(secondary	effects	of	moments)	need	to	be	included	per	Section	5.3.11	of	ACI	318-14.	The	beam’s	secondary	moments	are	a	result	of	the	column’s	vertical	restraint	of	the	beam	against	the	PT	“load”	at	each	support.	Because	the	post-tensioning
force	and	drape	are	determined	during	the	service	stress	checks,	secondary	moments	can	be	quickly	calculated	by	the	“load-balancing”	analysis	concept.	A	simple	way	to	calculate	the	secondary	moment	is	to	subtract	the	tendon	force	times	the	tendon	eccentricity	(distance	from	the	neutral	axis)	from	the	total	balance	moment,	expressed
mathematically	as	M2	=	Mbal	–	P	×	e.	Fig.	7.4.1.4b—T-section	behavior.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	137	Beams	CHAPTER	7—BEAMS	Fig.	7.4.1.5—Area	of	minimum	bonded	deformed	longitudinal	reinforcement	distribution.	7.4.1.5	0LQLPXPÀH[XUDOUHLQIRUFHPHQW—Nonprestressed	reinforcement
in	a	section	is	effective	only	after	concrete	has	FUDFNHG,IWKHEHDP¶VUHLQIRUFHPHQWDUHDLVLQVXI¿FLHQWWR	provide	a	nominal	strength	larger	than	the	cracking	moment,	the	section	cannot	sustain	its	loads	upon	cracking.	This	level	of	reinforcement	can	be	calculated	under	light	loads	or	beams	that	are,	for	architectural	and	other
functional	reasons,	much	larger	than	required	for	strength.	To	protect	against	potentially	brittle	behavior	immediately	after	cracking,	ACI	318-14	requires	a	minimum	area	of	tension	reinforcement	(refer	to	Section	9.6.1.1	of	ACI	318-14).	As	,	min	=	3	f	c′	fy	bw	d	(7	(7.4.1.5a)	41	bwdd/fy.	but	As,min	needs	to	be	at	least	200b	on	For	statically	determinate
bea	beams,	where	the	T-se	T-section	UF	W	UHTXLUHG	WR	SUR	YLGH	ÀDQJH	LV	LQ	WHQVLRQ	WKH	UHLQIRUFHPHQW	SURYLGH	oxia	nominal	strength	above	the	cra	cracking	moment	is	app	approxiular	sections.	T	remately	twice	that	required	for	rec	rectangular	Thereed	by	thee	smaller	of	22bw	or	fore,	bw	in	Eq.	(7.4.1.5a)	is	replaced
WKHÀDQJHZLGWK6HFWLRQRI$&,	+RZHYHU	when	the	steel	area	provided	in	every	section	of	a	member	LV	VXI¿FLHQW	WR	SURYLGH	ÀH[XUDO	VWUHQJWK	DW	OHDVW	RQHWKLUG	greater	than	required	by	analysis,	the	minimum	steel	area	need	not	apply	(Section	9.6.1.3	of	ACI	318-14).	This	exception	prevents	requiring	excessive
reinforcement	in	overlarge	beams.	For	prestressed	beams	with	bonded	strands,	the	minimum	reinforcement	area	is	that	required	to	develop	a	design	moment	at	least	equal	to	1.2	times	the	cracking	moment	(Section	9.6.2.1	of	ACI	318-14):	�Mn•Mcr	(7.4.1.5b)	For	prestressed	beams	with	unbonded	strands,	abrupt	ÀH[XUDO	IDLOXUH	LPPHGLDWHO\
DIWHU	FUDFNLQJ	GRHV	QRW	RFFXU	because	there	is	no	strain	compatibility	between	the	unbonded	strands	and	the	surrounding	concrete.	Therefore,	for	unbonded	tendons,	the	code	only	requires	a	minimum	steel	area	of	0.004Act.	These	bars	should	be	uniformly	distributed	over	the	precompressed	tensile	zone,	close	to	the
H[WUHPHWHQVLRQ¿EHUV)LJ		7.4.2	Shear—Unreinforced	concrete	shear	failure	is	brittle.	This	behavior	is	prevented	by	providing	adequate	shear	reinforcement	that	intercepts	the	assumed	inclined	cracks.	The	beam’s	shear	force	is	usually	maximum	at	a	Fig.7.4.2—Types	of	cracking	in	concrete	beams	(Section	R22.5.8.3	of	ACI	318-14).	support,	and
decreases	as	it	moves	away	from	the	support,	usually	at	a	slope	equal	to	the	magnitude	of	the	unit	uniform	ORDG,QUHJLRQVRIKLJKÀH[XUHFUDFNVIRUPSHUSHQGLFXODU	to	the	longitudinal	tension	reinforcement.	Principal	tension	stresses	are	approximately	horizontal	at	the	longitudinal	reinforcement,	then	change	direction	gradually	to
approximately	vertical	at	the	location	of	maximum	compression	(the	support).	Consequently,	cracks	in	concrete	tend	to	stress	(th	“point”	toward	the	th	region	of	maximum	compression	stress,	as	indicated	crackss	in	Fig.	7.4.2.	cated	by	the	cra	7.4.2.1	strength—Concrete	beams	are	designed	1	SShear	ear	streng	h—	to	resistt	she	shear	and	torsion	and
to	ensure	ductile	behavior	nominal	condition.	Shear	strength	at	any	location	at	the	th	nom	ondition.	S	along	a	beam	bea	is	calculated	lculated	aas	the	combination	of	concrete	shear	strength,	Vc,	and	the	steel	shear	reinforcement,	Vs	treng	(Section	(Secti	n	22	22.5.1.1	of	ACI	3318-14).	The	nominal	concrete	shea	reng	Vc	is	often	calculated	using	the
simple	ACI	shear	strength	2.5.5.1)	Vc	=	2λ	f	c′bw	d	instead	of	the	more	318-14,	Eq.	(22.5.5.1)	quations	iin	Table	22.5.5.1	(ACI	318-14).	For	detailed	equations	DPV	UHVLVWLQJ	EHDPV	UHVLVWLQJ	VLJQL¿FDQW	D[LDO	IRUFH	WKH	FRQFUHWH	VKHDU	t	t	is	calculated	per	ACI	318-14,	Table	22.5.6.1	and	strength	Eq.	(22.5.7.1).	Note	that	for	a	beam
resisting	tension,	Vc	cannot	be	smaller	than	zero.	The	nominal	concrete	shear	strength,	Vc,	for	prestressed	EHDPV	GH¿QHG	DV	Apsfps	•	Apsfpu	+	Asfy)	can	be	calcuODWHG	XVLQJ	$&,		VLPSOL¿HG	HTXDWLRQV	OLVWHG	LQ	Table	22.5.8.2,	but	need	not	be	less	than	Vc	calculated	by	Eq.	(22.5.5.1)	of	ACI	318-14.	The	more	detailed	approach	to
calculate	Vc	for	prestressed	beams	is	to	use	the	lesser	of	shear	diagonal	cracking,	Vci	(Section	22.5.8.3.1	of	ACI	318-14)	and	shear	web	cracking,	Vcw	(Section	22.5.8.3.2).	The	factored	shear	(or	required	shear	strength),	Vu,	can	be	calculated	at	a	distance	d	from	a	support	face	for	the	usual	support	condition	(Section	9.4.3.2	of	ACI	318-14	and	Fig.
7.4.2.1a	of	this	Handbook).	For	other	support	conditions,	or	if	a	concentrated	load	is	applied	within	the	distance	d	from	a	support,	the	required	shear	strength	is	taken	at	the	support	face	(refer	to	Fig.	7.4.2.1b	and	ACI	318-14,	Fig.	R9.4.3.2	(e)	and	(f)).	Beam	shear	reinforcement	are	usually	U-shaped	stirrups	(Fig.	7.4.2.1c	of	this	Handbook)	or	closed
stirrups.	Shear	cracking	is	assumed	to	occur	at	45	degrees	from	horizontal.	$&,XVHVDWUXVVDQDORJIRUVKHDUÀRZZKHUHWKHVWLUrups	are	vertical	tension	ties	in	the	truss	with	concrete	acting	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	138	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Fig.
7.4.2.1a—Free	body	diagrams	of	the	end	of	a	beam.	Fig.7.4.2.1b—Location	of	critical	section	for	shear	in	a	beam	(R9.4.3.2a,	ACI	318-14).	Beam	loaded	near	bottom	(R9.4.3.2b,	ACI	318-14).	Fig.	7.4.2.1c—Shear	reinforcement.	as	diagonal	struts.	The	longitudinal	reinforcement	is	the	tension	chord	and	concrete	is	the	compression	chord.	For	design,	the
tension	force	in	each	stirrup	leg	is	assumed	to	be	its	yield	strength	times	the	leg	area,	and	beam	stirrups	usually	have	two	vertical	legs.	A	U-stirrup	has	an	area	Av	=	2	×	(leg	area).	The	beam’s	nominal	steel	shear	strength	is	calculated	by	Vs	=	Avfytd/s.	Designers	usually	calculate	the	required	Vs	and	then	determine	the	stirrup	size	and	spacing,	so	the
equation	is	rearranged	as	Av/s	=	Vs/(fyd).	7.4.2.2	Designing	shear	reinforcement—In	general,	if	a	beam’s	�Vc/2	is	less	than	Vu,	shear	reinforcement,	Av,	is	QHHGHG7KHVWUHQJWKUHGXFWLRQIDFWRU�	IRUVKHDULV7KH	required	area	per	unit	length	is:	s”�Avfytd)/(Vu±�Vc)	(7.4.2.2)	Vu/�	–	Vc	represents	the	nominal	shear	strength	provided	by
shear	reinforcement	Vs.	There	are	limited	exceptions	to	the	above	general	rules	given	in	Section	9.6.3.1	of	ACI	318-14.	For	example,	a	beam	having	width	bw	more	than	twice	the	thickness	h	does	not	require	minimum	shear	reinforcement	as	long	as	the	design	concrete	shear	strength	exceeds	the	required	shear	strength.	Note	that	because	the
longitudinal	beam	bars	requires	support,	it	is	impractical	to	eliminate	beam	stirrups,	so	it	is	recommended	to	provide	stirrups	in	all	cast-in-place	beams,	with	spacing	not	exceeding	d/2.	$W\SHRIULEEHGÀRRUVODENQRZQDVDMRLVWV\VWHPLVRIWHQ	FRQVWUXFWHGZLWKRXWVKHDUUHLQIRUFHPHQWLQWKHMRLVWULEV$
MRLVWV\VWHP¶VUHODWLYHGLPHQVLRQDOOLPLWVVXFKDVVODEWKLFNness,	rib	width,	and	rib	spacing,	are	provided	in	ACI	318-14,	6HFWLRQ,IWKHULEEHGÀRRUV\VWHPGRHVQRWFRQIRUPWR	DOOWKHFRGHOLPLWVVXFKDVDVNLSMRLVWV\VWHP	WKHV\VWHP	needs	to	be	designed	as	a	beam	and	slab	system.	Section	9.6.3.3	(ACI
318-14)	sets	lower	limits	on	the	Av	to	ensure	that	stirrups	do	not	yield	upon	shear	crack	formation.	The	value	of	Av	must	exceed	the	larger	of	0.75	f	c′bw	s	/f	yt	and	50bws/fyt7KH¿UVWTXDQWLW\JRYHUQVLIfcƍ!SVL$&,	318-14	has	an	upper	limit	of	f	c′	to	100	psi,	which	corresponds	to	10,000	psi	concrete	strength.	Section	22.5.3.2	of	ACI	318-14	allows
the	value	of	f	c′	to	be	greater	than	100	psi	if	the	reinforced	and	prestressed	beam	has	shear	reinforcement	per	Section	9.6.3.3	and	9.6.4.2	of	ACI	318-14.	Refer	to	the	C	Code	commentary	on	this	section	for	more	rmation.	information.	rsion—Beam	m	ttorsion	(or	twisting)	creates	7.4.3	T	Torsion—Beam	al	sh	sectional	shear	stresses	th	that	increase	from
zero	stress	at	m	s	sectional	nal	center	to	the	maximum	at	the	section	the	beam’s	SHULP	HU	7	UH$&,		DVVXPHV	WKDW	VLJQL¿FDQW	SHULPHWHU	7KHUHIRUH$&,	i	stre	rs	only	around	the	section	perimeter.	torsion	stress	occurs	Empir	al	eexpressions	ons	for	to	Empirical	torsional	strength	are	provided	in	Secti	9.5.4.1	9.5.	of	ACI	318Section	318-
14.	The	torsion	shear	stress	adds	t	the	gravity	i	shear	hear	stre	to	stress	on	one	vertical	face,	but	subtracts	he	opposite	vertical	face	(Fig.	7.4.3a).	Refer	also	from	it	on	the	JDIRU	WR)LJDIRUWKHGH¿QLWLRQVRIVHFWLRQSURSHUWLHV	When	designing	d	for	torsion,	the	engineer	needs	to	distinguish	between	statically	determinate	(an	uncommon
condition)	and	statically	indeterminate	torsion	(most	common	condition).	Statically	determinate	(or	equilibrium)	torsion	is	the	condition	where	the	equilibrium	of	the	structure	requires	the	beam’s	torsional	resistance,	that	is	the	torsional	moment	cannot	be	reduced	by	internal	force	redistribution	to	other	members.	If	inadequate	torsional	reinforcement
is	provided	to	resist	this	type	of	torsion,	the	beam	cannot	resist	the	applied	factored	torsion.	Statically	indeterminate	(or	compatibility)	torsion	exists	is	the	condition	where,	if	the	beam	loses	its	ability	to	resist	torsion,	the	moment	is	able	to	be	redistributed,	equilibrium	is	maintained,	and	the	torsion	load	is	safely	resisted	by	the	rest	of	the	structural
system.	Torsional	moments	can	be	redistributed	after	beam	cracking	if	the	member	twisting	is	resisted	by	compatibility	of	deformations	with	the	connected	members.	In	Fig.	7.4.3b(a),	the	determinate	beam	must	resist	the	eccentric	load	(wue)	on	the	ledge	to	columns	through	beam	torsion.	In	Fig.	7.4.3b(b),	the	eccentric	load	can	be	resisted	by
WRUVLRQRIWKHEHDPRUE\VODEÀH[XUH,QRWKHUZRUGVLIWKH	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	7—BEAMS	139	Condition	Spacing	Provision	in	ACI	318-14	Vu”�Vc/2	No	shear	reinforcement	required	9.6.3.1	Minimum	shear	reinforcement	s	≤	�Vc/2	<	Vu”�Vc	d	≤	24	in.	2	s≤	Nonprestressed
φVc	<	Vu	≤	φVc	+φ4	f	c′bw	d	d	≤	24	in.	2	9.7.6.2.2	3h	s≤	≤	24	in.	4	Prestressed	s≤	Nonprestressed	φVc	+φ4	f	c′bw	d	<	Vu	≤	φVc	+	φ8	f	c′bw	d	d	≤	12	in.	4	9.7.6.2.2	3h	s≤	≤	12	in.	8	Prestressed	Vu	>	φVc	+	φ8	f	c′bw	d	9.6.3.1	Increase	cross	section	22.5.1.2	)LJD±±7RUVLRQVWUHQJWKGH¿QLWLRQVRIVHFWLRQSURSHUWLHV	beam	loses
torsional	stiffness,	the	slab	can	resist	the	eccenWULFORDGLQJHIIHFWVWKURXJKÀH[XUH	A	beam’s	cracking	torque,	Tcr,	is	calculated	without	consideration	of	torsion	reinforcement.	Tcr	=	4λ	f	c′(	Acp	)	2	/pcp	(7.4.3a)	ACI	318-14	assumes	that	torques	less	than	1/4	of	Tcr	ZLOO	QRW	FDXVH	D	VWUXFWXUDOO\	VLJQL¿FDQW	UHGXFWLRQ	LQ
WKH	f	c′	shear	strength	and	thus	is	ignored.	ACI	318	limits	to	a	maximum	of	100	psi,	which	corresponds	to	10,000	psi	concrete	strength.	This	limit	is	based	on	available	research.	ACI	318-14,	Eq.	(22.7.7.1a),	provides	an	upper	limit	to	the	torque	resistance	of	a	concrete	beam:	Tmax	=	17	(	Aoh	)	λ	f	c′	/ph	2	(7.4.3b)	where	Aoh	is	concrete	area	enclosed
by	centerline	of	the	outermost	closed	transverse	torsional	reinforcement	(Fig.	7.4.3c).	7.4.3.1	Torsion	reinforcement—Concrete	beams	reinforced	for	torsion	per	ACI	318-14	are	ductile	and	thus	will	continue	to	twist	after	reinforcement	yields.	ACI	318-14	VSHFL¿HV	EHDP	UHLQIRUFHPHQW	WKDW	UHVLVWV	WRUVLRQ	EH	FORVHG	stirrups	and
longitudinal	bars	located	around	the	section	SHULSKHU\7RUVLRQ	FUDFNV	DUH	DVVXPHG	DW	DQJOH	ș	IURP	WKH	member	axis,	so	the	torsion	strength	from	closed	stirrups	is	calculated	as	Tn	=	2	Ao	At	f	yt	s	cot	θ	(7.4.3.1a)	where	AoLVWKHJURVVDUHDHQFORVHGE\WRUVLRQDOVKHDUÀRZ	path,	in.2,	At	is	the	area	of	one	leg	of	a	closed
stirrup,	in.2,	and	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Beams	Table	7.4.2.2—Shear	reinforcement	requirements	140	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Fig.	7.4.3b—Determinate	and	indeterminate	torsion.	7.5—Temperature	and	shrinkage	reinforcement
5HIHUWR&KDSWHU2QHZD\VODEVIRULQIRUPDWLRQ	Fig.	7.4.3c—Determining	Aoh.	fyt	is	the	yield	strength	of	transverse	reinforcement,	einforce	psi.	ACI	EHJU	VSHFL¿HVWKDWDQJOHșPXVWEHJUHDWHUWKDQGHJUHHV	SOLF	J		DQGOHVVWKDQGHJUHHVIRUVLPSOLFLW\LQGHVLJQXVHș		o	be	large	enou	degrees.	Solid	concrete	sectionss
nneed	to	enough	to	ion	shear	ar	Tu	within	the	u	upper	per	UHVLVWÀH[XUDOVKHDUVu	and	torsion	7.1a)	limits	given	by	ACI	318-14,	Eq..	((22.7.7.1a):	2	2	⎛	Vu	⎞	⎛	Tu	ph	⎞	⎛	Vc	⎞	⎜⎝	b	d	⎟⎠	+	⎜⎝	1.7	A2	⎟⎠	≤	φ	⎜⎝	b	d	+	8	f	c′⎟⎠	w	w	oh	(7.4.3.1b)	Where	stirrups	are	required	for	torsion	in	addition	to	shear,	Section	9.6.4.2	of	ACI	318-14	requires	that	the	area
of	two	legs	of	a	closed	stirrup	(Av	+	2At)	must	exceed	0.75(bws/fyt)	and	50bws/fy.	/RQJLWXGLQDO	VSDFLQJ	RI	WKH	FORVHG	VWLUUXSV	PXVW	QRW	exceed	ph/8,	or	12	in.	The	spacing	between	the	longitudinal	bars	around	the	section	periphery	must	not	exceed	12	in.	ACI	318,	Eq.	(22.7.7.1b)	requires	that	the	longitudinal	bar	area,	AƐ,	be	placed
around	the	section	periphery.	Section	9.6.4.3	of	ACI	318-14,	requires	a	minimum	area	of	longitudinal	reinforcement	AƐPLQ	be	the	lesser	of	(a)	and	(b):	(a)	5	f	c′Acp	fy	f	yt	⎛A⎞	−	⎜	t	⎟	ph	⎝	s⎠	fy	⎛	25bw	⎞	f	yt	−⎜	ph	⎟	fy	fy	⎝	f	yt	⎠	The	torsion	strength	from	longitudinal	bars	is	calculated	as	(b)	5	f	c′Acp	Tn	=	2	Ao	AA	f	y	Ph	cot	θ	(7.4.3.1c)	7.6—Detailing	The



longitudinal	bar	details	includes	determining	the	bar	size(s),	distribution	around	the	perimeter,	lengths,	and	cutoff	points.	The	stirrup	details	includes	determining	size,	VSDFLQJDQGFRQ¿JXUDWLRQ	7.6.1	Reinforcement	placement—To	limit	crack	widths,	it	is	preferable	to	use	a	larger	number	of	small	bars,	as	opposed	to	fewer	large	bars.	bars	7.6.1.1
Minimum	spacing	of	longitudinal	reinforces	aci	c	menW²/RQJLWXGLQDO	VKRXOG	EH	SODFHG	DW	/RQJ	GL	O	UHLQIRUFHPHQW	I	spacing	that	allows	proper	placement	of	concrete.	Table	p	tha	ws	for	prop	A-3	oof	ACI	Reinforced	Concrete	Design	Handbook	Design	rced	Conc	Aid	–	Anal	Analysis	Tables	SP-17DA)	shows	the	318-14	les	(ACI	(	minimum
m	sspacing	requirements	equireme	for	beam	reinforcement.	7.6.1.2	protection	for	reinforcement—The	7.6.	2	Concrete	C	te	prote	reinforcement	rein	eme	should	ould	be	protected	against	corrosion	and	QYLURQPHQ	E\	D	VXI¿FLHQWO\	WKLFN	FRQFUHWH	DJJUHVVLYH	HQYLURQPHQWV	efer	to	20.6.1.3.1	20.6	cover	(refer	of	ACI	318-14),	as
indicated	in	Reinforc	Concrete	Design	Handbook	Design	Aid	–	ACI	Reinforced	Analysis	Tables	(ACI	SP-17DA).	The	engineer	should	also	FRQVLGHU	WKH	EHDP¶V	UHTXLUHG	¿UH	UDWLQJ	ZKHQ	GHWHUPLQLQJ	concrete	cover	(Section	4.11.2	of	ACI	318-14).	Considering	cover,	reinforcement	should	be	placed	as	close	to	the	concrete	surface	as
practicable	to	maximize	the	lever	arm	for	internal	moment	strength	and	to	restrain	crack	widths.	7.6.1.3	Reinforcement	in	a	T-section—Where	a	beam’s	7VHFWLRQÀDQJHVDUHLQWHQVLRQGXHWRÀH[XUHWHQVLRQUHLQIRUFHPHQWQHHGVWREHGLVWULEXWHGRYHUWKHÀDQJHZLGWKRUD	width	equal	to	1/10	the	span,	whichever	is
smaller	(refer	to	Section	24.3.4	of	ACI	318-14).	This	requirement	is	intended	to	limit	slab	crack	widths	that	can	result	from	widely	spaced	reinforcement.	When	1/10	of	the	span	is	smaller	than	the	effective	width,	additional	reinforcement	should	be	provided	LQWKHRXWHUSRUWLRQVRIWKHÀDQJHWRPLQLPL]HZLGHFUDFNV	in	these	slab	regions.
7.6.1.4	0D[LPXP	VSDFLQJ	RI	ÀH[XUDO	UHLQIRUFHPHQW—	Beams	reinforced	with	few	large	bars	could	experience	cracking	between	the	bars,	even	when	the	required	tension	reinforcement	area	is	provided	and	the	sectional	strength	is	adequate.	To	limit	crack	widths	to	acceptable	limits	for	various	exposure	conditions,	ACI	318-14	Section	24.3.2
VSHFL¿HV	D	PD[LPXP	VSDFLQJ	s,	for	reinforcement	closest	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	to	the	tension	face.	The	spacing	limit	is	the	lesser	of	the	two	equations	that	follow:	⎛	40,	000	⎞	s	≤	15	⎜	−	2.5cc	⎝	f	s	⎟⎠	⎛	40,	000	⎞	s	≤	12	⎜	⎝	f	⎟⎠	(7.6.1.4)	s	In	the	above	equation,	cc	is	the	least	distance	from	the
reinforcement	surface	to	the	tension	face	of	concrete,	and	fs	is	the	service	stress	in	reinforcement.	The	service	stress,	fs,	can	be	calculated	from	strain	compatibility	analysis	under	unfactored	service	loads	or	may	be	taken	as	2/3fy.	Note	that	Eq.		GRHVQRWSURYLGHVXI¿FLHQWFUDFNFRQWUROIRUEHDPV	subject	to	very	aggressive	exposure
conditions	or	designed	to	be	watertight.	For	such	conditions,	further	investigation	is	warranted	(Section	24.3.5	of	ACI	318-14).	141	7.6.1.5	Skin	reinforcement—In	deep	beams,	cracks	may	develop	near	the	beam’s	mid-depth,	between	the	neutral	axis	and	the	tension	face.	Therefore,	the	Code	requires	beams	with	a	depth	h	>	36	in.	to	have	“skin
reinforcement”	with	a	maximum	spacing	of	s	DV	GH¿QHG	LQ	(T			DQG	illustrated	in	ACI	Reinforced	Concrete	Design	Handbook	Design	Aid	–	Analysis	Tables	(ACI	SP-17DA)	(refer	to	Fig.	7.6.1.5	and	Section	9.7.2.3	of	ACI	318-14).	For	this	case,	cc	is	the	least	distance	from	the	skin	reinforcement	surface	to	the	side	face.	ACI	318	does	not	specify	a
required	steel	area	as	skin	reinforcement.	Research	indicates	that	No.	3	to	No.	5	bar	sizes	or	welded	wire	reinforcement	with	a	minimum	area	of	0.1	in.2IWSURYLGHVXI¿FLHQWFUDFNFRQWURO)URVFK		7.6.2	Shear	reinforcement—Stirrup	bar	size	is	usually	a	1R1RRU1REHFDXVHODUJHUEDUVL]HVFDQEHGLI¿cult	to	bend.	Note	that	stirrup
spacing	less	than	3	in.	can	FUHDWHGLI¿FXOWLHVLQSODFLQJFRQFUHWH7KHUHIRUHVRPHHQJLneers	increase	the	stirrup	spacing	by	doubling	the	stirrups	(refer	to	Fig.	7.6.2(d)).	For	wider	beams,	stirrups	should	be	distributed	across	the	cross	section	to	engage	the	full	beam	width	and	thereby	improve	shear	resistance	(Fig.	7.6.2).	7.6.3	Torsion
reinforcement—The	detailing	requirements	resist	torsion	are	listed	in	ACI	318-14,	Sections	for	beams	resisting	9.7.55	and	9.7.6,	for	longitudinal	and	transverse	reinforceespectively.	The	lo	ment,	respectively.	longitudinal	bars	are	distributed	up	perimet	around	the	stirrup	perimeter,	with	at	least	one	longitudinal	aced	in	each	ch	corner	(Section	9.7.5.2
of	ACI	318-14).	bar	is	placed	To	res	resistt	tor	torsion,	thee	stirrup	eends	are	closed	with	135-degree	k	(Fig.	Fig.	7.6.2(c)	and	(e)	and	7.6.3).	A	135-degree	hook	hooks	b	repl	may	be	replaced	by	a	90	degr	degree	hook	where	the	stirrup	end	is	FRQ¿	GDQG	DLQHGDJDL	FRQ¿QHGDQGUHVWUDLQHGDJDLQVWVSDOOLQJE\DVODERUÀDQJHRI	i	(refer	er
to	Fi	Fig	a	T-section	Fig.	77.6.2(a),	(b),	and	(d)).	Splicing	stircceptable	ffor	torsion	reinforcement	(Fig.	7.6.3).	rups	is	not	acceptable	Fig.	7.6.1.5—Skin	reinforcement	for	beams	and	joists	with	h	>	36	in.	(R9.7.2.3,	ACI	318-14).	Fig.	7.6.2a––Longitudinal	reinforcement	distributed	around	beam	perimeter	with	closed	stirrups.	American	Concrete	Institute	–
Copyrighted	©	Material	–	www.concrete.org	Beams	CHAPTER	7—BEAMS	142	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Fig.	7.6.3—Detailing	of	closed	stirrups	for	torsion.	REFERENCES	American	Concrete	Institute	(ACI)	ACI	SP-17DA-14—Reinforced	Concrete	Design	Handbook	Design	Aid	–	Analysis	Tables;	h	t	t	p	s	:	/	/	w	w
w.	c	o	n	c	r	e	t	e	.	o	r	g	/	s	t	o	r	e	/	p	r	o	d	u	c	t	d	e	t	a	i	l	.	aspx?ItemID=SP1714DA	Authored	references	Frosch,	R.	J.,	2002,	“Modeling	and	Control	of	Side	Face	Beam	Cracking,”	ACI	Structural	Journal91R0D\	June,	pp.	376-385.	,EUDKLP+++DQG0DF*UHJRU-*³0RGL¿FDtion	of	the	ACI	Rectangular	Stress	Block	for	High-Strength	Concrete,”	ACI
Structural	Journal91R-DQ)HE	pp.	40-48.	2]EDNNDORJOX7DQG6DDWFLRJOX0³5HFWDQJXODU	Stress	Block	for	High-Strength	Concrete,”	ACI	Structural	Journal91R-XO\$XJSS	Post-Tensioning	Institute	(PTI),	2006,	Post-Tensioning	Manual,	sixth	edition,	PTI	TAB.	1-06,	354	pp.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org
7.7—Examples	Beam	Example	1:	Continuous	interior	beam	Design	and	detail	an	interior,	continuous,	six-bay	beam,	built	integrally	with	a	7	in.	slab.	Given:	Load––	Service	additional	dead	load	D	=	15	psf	Service	live	load	L	=	65	psf	Beam	and	slab	self-weights	are	given	below.	Material	properties––	fcƍ	SVLQRUPDOZHLJKWFRQFUHWH	fy	=	60,000	psi
Ȝ	QRUPDOZHLJKWFRQFUHWH	Span	length:	36	ft	Beam	width:	18	in.	Column	dimensions:	24	in.	x	24	in.	Tributary	width:	14	ft	Fig.	E1.1—Plan	and	partial	elevation	of	6-span	interior	beam.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	143	Beams	CHAPTER	7—BEAMS	144	THE	REINFORCED	CONCRETE	DESIGN
HANDBOOK—SP-17(14)	ACI	318-14	Discussion	Step	1:	Material	requirements	9.2.1.1	The	mixture	proportion	must	satisfy	the	durability	requirements	of	Chapter	19	(ACI	318-14)	and	structural	strength	requirements.	The	designer	determines	the	durability	classes.	Please	refer	to	Chapter	4	of	SP-17	for	an	in-depth	discussion	of	the	Categories	and
Classes.	$&,LVDUHIHUHQFHVSHFL¿FDWLRQWKDWLVFRRUGLnated	with	ACI	318.	ACI	encourages	referencing	$&,LQWRMREVSHFL¿FDWLRQV	There	are	several	mixture	options	within	ACI	301,	such	as	admixtures	and	pozzolans,	which	the	designer	can	require,	permit,	or	review	if	suggested	by	the	contractor.	Step	2:	Beam	geometry	9.3.1.1
Beam	depth	,IWKHGHSWKRIDEHDPVDWLV¿HV7DEOH$&,	ned	without	318-14	permits	a	beam	to	be	designed	VDVORQJDVWKHEHDP	KDYLQJWRFKHFNGHÀHFWLRQVDVORQJDVWKHEHDP	tached	tto	partitions	or	other	is	not	supporting	or	attached	WREH	FRQVWUXFWLRQOLNHO\WREHGDPDJHGE\ODUJHGHÀHFEHD
WLRQV2WKHUZLVHEHDPGHÀHFWLRQVPXVWEHFDOFX\WK	HFWLRQOLPLWVLQ	HFWLRQ	ODWHGDQGVDWLVI\WKHGHÀHFWLRQOLPLWVLQ6HFWLRQ	89.3.2	of	ACI	318-14.	Self-weight	Beam:	Slab:	Flange	width	9.2.4.2	The	beam	is	placed	monolithically	with	the	slab	ZLGWK	DQGZLOOEHKDYHDVD7EHDP7KHÀDQJHZLGWK	on	each	side	of
the	beam	is	obtained	from	Table	6.3.2.1.	6.3.2.1	Each	side	⎫	8hslab	⎪	of	web	is	⎬	sw	/2	the	least	of	⎪⎭	A	n	/8	Flange	width:	bf	=	Ɛn/8	+	bw	+	Ɛn/8	Calculation	By	specifying	that	the	concrete	mixture	shall	be	in	accordance	with	ACI	301-10	and	providing	the	exposure	classes,	Chapter	19	(ACI	318-14)	UHTXLUHPHQWVDUHVDWLV¿HG	Based	on
durability	and	strength	requirements,	and	experience	with	local	mixtures,	the	compressive	VWUHQJWKRIFRQFUHWHLVVSHFL¿HGDWGD\VWREHDW	least	5000	psi.	The	beam	has	ha	four	continuous	spans,	so	the	controlg	condition	for	beam	am	depth	is	one	end	continuous:	ling	h=	A	(36	ft)(12	iin./ft)	=	=	23.35	in.	18.	18.5	18.5	U	30	in.	Use	wb	=
[(18	[(1	in.)(30	30	in.)/(14	in.)/(144)](0.150	kip/ft3)	=	0.56	kip/ft	8	in	in./12)(7	/12)(	in./12)(0.150	kip/ft3)	=	1.1	kip/ft	ws	=	(14	ft	–	18	8(7	in.)	=	56	in.	(14	ft)(12)/2	=	84	in.	((36	ft)(12	in./ft)	–	24	in.)/8	=	51	in.	bf	=	51	in.	+	18	in.	+	51	in.	=	120	in.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Controls	CHAPTER	7—BEAMS
145	5.3.1	Beams	6WHS/RDGVDQGORDGSDWWHUQV	7KHVHUYLFHOLYHORDGLVSVILQRI¿FHVDQG	psf	in	corridors	per	Table	4-1	in	ASCE	7-10.	This	example	will	use	65	psf	as	an	average	as	the	actual	layout	is	not	provided.	A	7	in.	slab	is	a	87.5	psf	service	dead	load.	To	account	for	the	weight	of
ceilLQJVSDUWLWLRQV+9$&V\VWHPVHWFDGGSVIDV	miscellaneous	dead	load.	The	beam	resists	gravity	only	and	lateral	forces	are	not	considered	in	this	problem.	U	=	1.4D	U	=	1.4(0.56	kip/ft	+	1.1	kip/ft	+	(15	psf)(14ft)/1000)	=	2.6	kip/ft	U	=	1.2D	+	1.6L	U	=	1.2(2.6	kip/ft)/1.4	+	1.6((65	psf)(14	ft)/1000)	=	3.7	kip/ft	Controls
1RWH/LYHORDGLVQRWUHGXFHGSHU$6&(LQWKLVH[DPSOH	Step	4:	Analysis	9.4.3.1	The	beams	are	built	integrally	with	supports;	therefore,	the	factored	moments	and	shear	forces	(required	strengths)	are	calculated	at	the	face	of	the	supports.	9.4.1.2	-14	permits	perm	several	analysis	Chapter	6	of	ACI	318-14	ulate	tthe	required	strengths.
procedures	to	calculate	6.5.1	uire	strengths	engths	can	be	ccalculated	ulated	The	beam’s	required	mat	o	ACI	using	approximations	per	Table	6.5.2	of	on	ns	in	Section	6.5	318-14,	if	the	conditions	6.5.1	are	VDWLV¿HG	ic	(a)	Members	are	pri	prismatic	E	/RDGVXQLIRUPO\GLVWULEXWHG	(c)	L”D	(d)	Three	spans	minimum	ms	are	prismatic	ismatic
Beams	QRFRQFHQ	6DWLV¿HGQRFRQFHQWUDWHGORDGV	I	S	SVISVISVI%HDP6:	VDWLV¿HG	sp	Actual	6	spans	>	3	spans	Difference	between	two	spans	does	not	exceed	20	percent.	Beams	have	equal	lengths	$OO¿YHFRQGLWLRQVDUHVDWLV¿HGWKHUHIRUHWKHDSSUR[Lmate	procedure	is	used.	American	Concrete	Institute	–	Copyrighted	©
Material	–	www.concrete.org	146	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Using	Ɛn	=	34	ft	for	all	bays	results	in	the	following	and	moment	and	shear	forces	at	face	of	columns.	6.5.2	6.5.4	Fig.	E1.2—Shear	and	moment	ment	diagrams.	6.5.3	Note:	lcula	using	the	approximate	method	cannot	anno	be	redistribute	The	moments
calculated	redistributed	in	accordance	with	Section	6.6.5.1.	m	drawn	n	on	the	tension	side	ide	of	the	beam	Moment	diagram	beam.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	7—BEAMS	147	Beams	Step	5:	Moment	design	9.3.3.1	The	code	doesn’t	permit	a	beam	to	be	designed	with	steel	strain	less	than	0.004
in./in.	at	nominal	strength.	The	intent	is	to	ensure	ductile	behavior.	In	most	reinforced	concrete	beams,	such	as	this	example,	bar	strain	is	not	a	controlling	issue.	21.2.1(a)	The	design	assumption	is	that	beams	will	be	tensioned	controlled	with	a	moment	reduction	IDFWRU7 �								KLVDVVXPSWLRQZLOOEHFKHFNHG	later.	Determine	the	effective	depth
assuming	No.	3	stirrups,	No.	7	longitudinal	bars,	and	1.5	in.	cover:	20.6.1.3.1	2QHURZRIUHLQIRUFHPHQW	d	=	h	–	cover	–	dtie	–	db/2	22.2.2.1	The	concrete	compressive	strain	at	nominal	moment	strength	is	calculated	at:	İcu	=	0.003	22.2.2.2	QFUHWHLQÀH[XUHLVDYDUL	7KHWHQVLOHVWUHQJWKRIFRQFUHWHLQÀH[XUHLVDYDULable
property	and	is	approxi	approximately	10	to	15	percent	mpre	of	the	concrete	compressive	strength.	ACI	318-14	cret	tensilee	strength	to	calculate	ulate	neglects	the	concrete	th.	nominal	strength.	d	=	30	in.	–	1.5	in.	–	0.375	in.	–	0.875	in./2	=	27.6	in.	use	d	=	27.5	in.	ent	concrete	com	ressi	Determine	the	eq	equivalent	compressive	th:	stress	at	nominall
sstrength:	22.2.2.3	22.2.2.4.1	The	concrete	compressive	stress	distribution	is	inelastic	at	high	stress.	The	Code	permits	any	stress	distribution	to	be	assumed	in	design	if	shown	to	result	in	predictions	of	ultimate	strength	in	reasonable	agreement	with	the	results	of	comprehensive	tests.	Rather	than	tests,	the	Code	allows	the	use	of	an	equivalent
rectangular	compressive	stress	distribution	of	0.85fcƍZLWKDGHSWKRI	22.2.2.4.3	a	ȕ1cZKHUHȕ1	is	a	function	of	concrete	compres0.05(5000	psi	−	4000	psi)	=	0.8	sive	strength	and	is	obtained	from	Table	22.2.2.4.3.	β1	=	0.85	−	1000	psi	For	fcƍ	SVL	22.2.1.1	Find	the	equivalent	concrete	compressive	depth	a	by	equating	the	compression	force	to	the
tension	force	within	the	beam	cross	section:	C=T	0.85fcƍba	=	Asfy	0.85(5000	psi)(b)(a)	=	As(60,000	psi)	For	positive	moment:	b	=	bf	=120	in.	a=	As	(60,000	psi)	=	0.118	As	0.85(5000	psi)(120	in.)	For	negative	moment:	b	=	bw	=	18	in.	a=	As	(60,000	psi)	=	0.784	As	0.85(5000	psi)(18	in.)	American	Concrete	Institute	–	Copyrighted	©	Material	–
www.concrete.org	148	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Fig.	E1.3—	Section	compression	block	and	reinforcement	locations.	7KHEHDPLVGHVLJQHGIRUWKHPD[LPXPÀH[XUDO	moments	obtained	from	the	approximate	method	above.	7KH¿UVWLQWHULRUVXSSRUWZLOOEHGHVLJQHGIRUWKH	larger	of	the	two
moments.	9.5.1.1	h	must	be	at	least	equal	The	beam’s	design	strength	h	at	each	section	along	its	to	the	required	strength	length:	�Mn•Mu	�Vn•Vu	9.5.2.1	%HDPLVQRWVXEMHFWHGWRD[LDOIRUFHWKHUHIRUH	EMH	WRD[LDOIRUFHWK	UHIRU	assume	Pu	<	0.1ffcƍAg	22.3	)LJ(².H\WRPRPHQWXVHZLWKWDEOHEHORZ	)LJ(².H\	Table	1	quired	i
d	rreinforcement	1.1—Required	Calculate	the	required	reinforcement	area	(refer	to	Fig.	E1.2	for	design	moment	values	and	Fig.	E1.4	for	moment	location).	a⎞	⎛	M	u	≤	φM	n	=	φAs	f	y	⎜	d	−	⎟	⎝	2⎠	21.2.1a	2 �							 	A	No.	7	bar	has	a	db	=	0.875	in.	and	an	As	=	0.6	in.	a	has	been	calculated	above	as	a	function	of	As	21.2.2	9.3.3.1	Check	if	the	calculated	strain
exceeds	0.005	in./	in.	(tension	controlled	(Fig.	E1.5),	but	not	less	than	0.004	in./in.	As	f	y	a	and	c	=	a=	β1	0.85	f	c′b	ZKHUHȕ1	=	0.8	(calculated	above)	Note:	b	=	18	in.	for	negative	moments	and	120	in.	for	positive	moments.	εt	=	ε	cu	(d	−	c)	c	Number	of	No.	7	bars	Location	catio	Mu,	ft-kip	As,req’d,	in.2	Req’d	Prov.	MƜ1	267	2.23	3.7	4	MƜ2	428	3.65
6.1	7	MƮ	389	3.30	5.5	6	ME+	306	2.49	4.1	5	M	I+	267	2.17	3.6	4	1RWH7KHEHDPDWWKH¿UVWLQWHULRUVXSSRUWLVGHVLJQHG	for	the	larger	of	MƜ2	and	MƮ	refer	to	Fig.	E1.4.	Table	1.2—Tension	strain	in	reinforcement	Location	M	u,	ft-kip	As,prov,	in.2	a,	in.	İs,	in./in.	İs	>	0.005?	MƜ1	267	2.40	1.88	0.0313	Y	MƜ2	428	4.20	3.29	0.0179	Y	MƮ
389	3.60	2.82	0.0208	Y	ME	+	306	3.00	0.35	0.166	Y	MI+	267	2.40	0.28	0.208	Y	7KHUHIRUHDVVXPSWLRQRIXVLQJ�		LVFRUUHFW	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	149	Beams	CHAPTER	7—BEAMS	Fig.	E1.5––Strain	distribution	across	beam	section.	9.6.1.1	9.6.1.2	Minimum	reinforcement	The	provided
reinforcement	must	be	at	least	the	minimum	required	reinforcement	at	every	section	along	the	length	of	the	beam.	As	=	As	=	3	f	c′	fy	bw	d	200	bw	d	fy	(9.6.1.2a)	As	=	3	5000	psi	(1	in.)	in	n)	n.	(18	in.)(27.5	in.)	=	1.75	in.2	60	000	psi	60,000	(9.6.1	(9.6.1.2b)	b)	As	=	200	(18	in	in.)(2	)(2	in.)(27.5	in.)	=	1.65	in.2	60	60,000	psi	Controls	44	psi,	Eq.	(9.6.1.2a)
ccontrols.	trols.	Because	fcƍ	>	4444	R	uire	reinforcement	forcement	areas	exceed	the	minimum	Required	uired	reinforcement	forcemen	area	at	all	locations.	required	External	spans	Step	6:	Shear	design	Shear	strength	9.5.1.1	�Vn•Vu	9.5.3.1	Vn	=	Vc	+	Vs	22.5.1.1	9.4.3.2	Because	conditions	(a),	(b),	and	(c)	of	Section
DUHVDWLV¿HGWKHGHVLJQVKHDUIRUFHLVWDNHQ	at	critical	section	at	distance	d	from	the	face	of	the	support	(Fig.	E1.6).	Fig.	E1.6—Shear	at	the	critical	section.	[email	protected]	=	(72	kip)	–	(3.7	kip/ft)(27.5	in./12)	=	63.5	kip	22.5.5.1	Vc	=	2	f	c′bw	d	Vc	=	2	5000	psi(18	in.)(27.5	in.)/1000	=	70	kip	21.2.1(b)	Shear	strength	reduction	factor:
�shear	=	0.75	�Vc	=	(0.75)(70	kip)	=	52.5	kip	9.5.1.1	&KHFNLI�Vc•Vu	�Vc	=	52.5	kip	<	[email	protected]	=	63.5	kip	NG	Therefore,	shear	reinforcement	is	required.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	150	22.5.1.2	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Prior	to	calculating	shear
reinforcement,	check	if	the	cross-sectional	dimensions	satisfy	Eq.	(22.5.1.2):	Vu	≤	φ(Vc	+	8	f	c′bw	d	)	21.2.1(b)	�			Vu	=	63.5	kip	22.5.10.1	22.5.10.5.3	22.5.10.5.5	⎛	8	5000	psi(18	in.)(27.5	in.)	⎞	Vu	≤	φ	⎜	70	kip	+	⎟	1000	lb/kip	⎝	⎠	63.5	kip	<	263	kip	OK,	therefore,	section	dimensions	are	satisfactory.	Shear	reinforcement	Transverse	reinforcement
satisfying	Eq.	(22.5.10.1)	is	required	at	each	section	where	Vu!�Vc	Vs	≥	Vu	−	Vc	φ	�Vs•NLS	±NLS	NLS	Assume	a	No.	3	bar,	two	legged	stirrup	where	Vs	=	Av	f	yt	d	s	Calculate	maximum	allowable	stirrup	spacing:	m	tran	First,	does	the	beam	transverse	reinforcement	value	need	to	exceed	thee	th	threshold	value	of	Vs	≤	4	f	c′bw	d	?	11.0	kip	2(0.11	in.2
)(60,000	psi)(27.5	in.)	=	φ	s	s	=	24.8	in.	This	is	a	very	large	spacing	and	must	be	checked	against	the	maximum	allowed.	4	f	c′′bbw	d	=	4	(	)	5000	pps	psi	(18	in.)(27.5	in.)	=	140.0	kip	Vs	=	14	14.7	kip	<	4	f	c′′bbw	d	=	140.0	kip	9.7.6.2.2	uir	shear	hear	strength	is	bbelow	low	the	Because	the	required	he	maximum	mum	stirrup	sspacing	ng	is	the
threshold	value,	the	1	in.	d/2	=	27.5	in./2	=	13.8	lesser	of	d/2	and	24	in.	Use	s	=	12	in.	<	d/2	=	13.8	in	∴	OK	9.6.3.1	In	the	region	where	Vu”�Vc/2,	shear	reinforcement	is	not	required.	In	this	example,	shear	reinforcement,	however,	is	provided	over	the	full	length.	6SHFL¿HGVKHDUUHLQIRUFHPHQWPXVWEHDWOHDVW	9.6.3.3	Av	,	min	s	=	0.75	f	c′
bw	f	yt	Av	,	min	s	≥	0.75	5000	psi	18	in.	=	0.016	in.2	/in.	60,000	psi	and	Av	,	min	s	OK	Controls	=	50	bw	f	yt	Av	,	min	s	≥	50	18	in.	=	0.015	in.2	/in.	60,000	psi	Provided,	No.	3	at	12	in.	spacing:	Av	,	min	Av	2(0.11	in.2	)	≥	=	0.018	in.2	/in.	>	=	0.0186	in.2	/in.	s	s	12	in.	6SDFLQJVDWLV¿HV6HFWLRQWKHUHIRUHOK	American	Concrete	Institute	–
Copyrighted	©	Material	–	www.concrete.org	CHAPTER	7—BEAMS	151	9.7.2.2	24.3.4	Beams	Step	7:	Reinforcement	detailing	Minimum	bar	spacing	9.7.2.1	The	clear	spacing	between	the	horizontal	No.	7	bars	25.2.1	must	be	at	least	the	greatest	of:	⎧1	in.	⎪	Clear	spacing	greater	of	⎨db	⎪4	/	3(d	)	agg	⎩	1	in.	Assume	maximum	aggregate	size	is	0.75	in.
Therefore,	clear	spacing	between	horizontal	bars	must	be	at	least	1.0	in.	7HQVLRQUHLQIRUFHPHQWLQÀDQJHVPXVWEHGLVWULEXWHGZLWKLQWKHHIIHFWLYHÀDQJHZLGWKbf	=	120	in.	(Step	2),	but	not	wider	than:	Ɛn/10.	0.875	in.	4/3(3/4	in.)	=	1	in.	Ɛn/10	=	(34	ft)(12)/10	=	40.8	in.	<	120	in.,	say,	41	in.
%HFDXVHHIIHFWLYHÀDQJHZLGWKH[FHHGVƐn/10,	additional	bonded	reinforcement	is	required	in	the	outer	SRUWLRQRIWKHÀDQJH	Table	1.3—Top	flange	bar	distribution	Use	No.	5	for	additional	bonded	reinforcement.	This	requirement	is	to	control	ntrol	cracking	in	the	slab	due	to	wide	spacing	of	bars	aacross	the	full	effective
ÀDQJHZLGWKDQGWRSURWHFWÀDQJHLIUHLQIRUFHPHQW	RSUR	is	concentrated	with	within	the	web	width.	*	Location	Loc	Prov.	No.	7	No.	7	in	web	No.	7	in	Ɛn/10*	No.	5	in	outer	portion*	MƜƜ11	4	4	—	5	MƜ2	7	5	1	3	MƮ	6	4	1	3	Bars	on	both	bo	sides	of	the	web	(Refer	(Re	to	Fig.	E1.12––Sections).	HUL	SSRUWSODFHWHQV	RQUHLQ
)RUWKH¿UVWLQWHULRUVXSSRUWSODFHWHQVLRQUHLQhe	higher	er	design	mome	forcement	per	the	moment..	Fo	For	ns	refer	to	Fig.	E1.4.	moment	locations	Exterior	span	positive	tiv	moment	ment	reinforc	reinforcement.	nt	&KHFNLI¿YH1REDUVUHVLVWLQJSRVLWLYH	moment)	can	be	placed	in	the	beam’s	web	pper	Reinforced	Concrete
Design	Handbook	Design	Aid	–	Analysis	Tables,	which	can	be	downloaded	from:	.	aspx?ItemID=SP1714DA.	The	spacing	is	calculated	below	as	a	demonstration.	bw,req’d	=	2(cover	+	dstirrup	+	0.75	in.)	+	4db	+	4(1	in.)min,spacing	(25.2.1)	where	dstirrup	=	0.375	in.	and	db	=	0.875	in.	bw,req’d	=	2(1.5	in.	+	0.375	in.	+	0.75	in.)	+	3.5	in.	+	4	in.	=
12.75	in.	<	18	in.	OK	7KHUHIRUH¿YH1REDUVFDQEHSODFHGLQRQHOD\HU	in	the	18	in.	beam	web	(Fig.	E1.7).	Spacing	between	longitudinal	bars:	2.1	in.	>	1	in.	OK	Fig.	E1.7—Bottom	reinforcement	layout.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	152	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-
17(14)	9.7.2.2	24.3.1	Maximum	bar	spacing	at	the	tension	face	must	not	exceed	the	lesser	of:	24.3.2	⎛	40,	000	psi	⎞	s	=	15	⎜	⎟⎠	−	2.5cc	fs	⎝	⎛	40,	000	psi	⎞	−	2.5(2	in.)	=	10	in.	s	=	15	⎜	⎝	40,	000	psi	⎟⎠	Controls	and	24.3.2.1	⎛	40,	000	psi	⎞	s	=	12	⎜	⎟⎠	fs	⎝	⎛	40,	000	psi	⎞	s	=	12	⎜	=	12	in.	⎝	40,	000	psi	⎟⎠	where	fs	=	2/3fy	=	40,000	psi	Top	reinforcement:	10
in.	7KLVOLPLWLVLQWHQGHGWRFRQWUROÀH[XUDOFUDFNLQJ	width.	Note	that	cc	is	the	cover	to	the	No.7	bar,	not	to	the	tie.	Bottom	reinforcement:	If	bars	are	not	bundled,	2.3	in.	spacing	is	provided	(Fig.	E1.7),	therefore	OK	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	7—BEAMS	153	Beams
%RWWRPEDUOHQJWKDORQJ¿UVWVSDQ	&DOFXODWHWKHLQÀHFWLRQSRLQWV)LJ(		Fig.	E1.8––Moment	diagram	of	exterior	span.	,QÀHFWLRQSRLQWIRUERWWRPWHQVLRQ²¿UVWVSDQ	Assume	the	maximum	positive	moment	occurs	at	PLGVSDQ)URPHTXLOLEULXPWKHSRLQWRILQÀHFWLRQ	is	obtained	from	the	following	free	body
diagram	(Fig.	E1.9a):	Mmaxíwu(x)2/2	=	0	(3	6	ft(306	ft-kip)	–	(3.7	3.7	kip/ft)(x)	kip/ft)	2/2	=	0	12.	ft,	say,	y,	13	ft	x	=	12.86	)	(	QÀHFWLRQS	)LJ(D±±,QÀHFWLRQSRLQWRIPD[LPXPSRVLWLYH	ment	moment.	,QÀHFWLRQSRLQWIRUWRSWHQVLRQ²¿UVWVSDQ	Exterior	support:	&DOFXODWHWKHLQÀHFWLRQSRLQWIRUQHJDWLYHPRPHQW
diagram	(Fig.	E1.9b):	íMmax	í	wu(x)2/2	+	Vux	=	0	�				IW	NLS		±						NLS	IW	x)2/2	+	(63	kip)x	=	0	x	=	4.96	ft,	say,	5	ft	)LJ		(			E±±,QÀHFWLRQ	SRLQW	RI	H[WHULRU	QHJDWLYH		moment.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	154	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)
,QÀHFWLRQ	SRLQW	IRU	WRS	WHQVLRQ	í	)LUVW	LQWHULRU		support	&DOFXODWH	LQÀHFWLRQ	SRLQW	IRU	WKH	QHJDWLYH	PRPHQW		diagram	(Fig.	E1.9c):	íMmax	í	wu(x)2/2	+	Vux	=	0	�				IWíNLS		±					NLS	IW	x)2/2	+	(72	kip)x	=	0	x	=	7.32	ft,	say,	7	ft	6	in.	)LJ		(			F±±,QÀHFWLRQ	SRLQW	RI	LQWHULRU	QHJDWLYH		moment.	9.7.1.2	25.4.2.2	25.4.2.4	25.4.10.1
Development	length	of	No.7	bar	7KHVLPSOL¿HGPHWKRGLVXVHGWRFDOFXODWHWKH	development	length	of	No.7	bars:	Ad	=	f	yψt	ψe	20λ	f	c′	db	where	ȥt	=	1.3	for	top	bars,	because	ȥt	EDUORFDWLRQȥ	d	below	more	than	12	in..	of	fresh	concrete	is	pl	placed	ottom	bars,	because	beca	se	not	them	and	ȥt	=	1.0	for	bottom	n.	of	fresh	sh	concrete	is
pl	ced	bbelow	more	than	12	in.	placed	them.	RU	e	=	1.0,	because	bbarss	are	ȥe	FRDWLQJIDFWRUȥ	uncoated	Top	bars:	⎛	(60,000	psi)(1.3)(1.0)	⎞	Ad	=	⎜	⎟	(0.875	in.)	=	48.3	in.	5000	psi	⎠	(	⎝	(20)(1.0)	Say,	51	in.	=	4	ft	3	in.	in.	tom	bars:	Bottom	⎛	((60,000	psi)(1.0)(1.0)	⎞	psi)(1	0)(	Ad	=	⎜	⎟	(0.875	in.)	=	37.1	in.	0))	5000	psi	⎠	⎝	(20)(1.0)	Say,	39	in.	=	3	ft	f	3
iin.	The	calculated	development	lengths	could	be	reduced	according	to	the	ratio	of:	Areq’d/Aprov.	except	as	required	by	Section	25.4.10.2.	In	this	example,	development	reduction	is	not	applied.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	7—BEAMS	155	First	span	top	bars	Exterior	support	Bars	must	be
developed	at	locations	of	maximum	stress	and	locations	along	the	span	where	bent	or	terminated	tension	bars	are	no	longer	required	to	UHVLVWÀH[XUH	Beams	9.7.3.2	Four	No.	7	bars	are	required	to	resist	the	factored	negative	moment	at	the	exterior	column	interior	face.	Calculate	a	distance	x	from	the	column	face	where	two	No.	7	bars	can	resist
the	factored	moment.	x2	+	(63	kip)(	x)	2	=	−	2(0.5	in.2	)(0.9)(60	ksi)	−(267	ft	−	kip)	−	(3.7	kip/ft)	⎛	2(0.6	in.2	)(60	ksi)	⎞	⎛	1	⎞	×	⎜	27.6	in.	−	⎜	⎟	2(0.85)(5	ksi)(18	in.)	⎟⎠	⎝	12	⎠	⎝	x	=	2.05	ft,	say,	24	in.	f	At	2	ft	0	in.	from	the	column	face,	two	No.	7	can	be	off	cutoff.	9.7.3.3	d	bey	Bars	must	extend	beyond	the	location	where	JHU	UHGWRUHVLVWÀH	HIRUD
WKH\DUHQRORQJHUUHTXLUHGWRUHVLVWÀH[XUHIRUD	eater	of	d	or	12db.	distance	equal	to	the	greater	No	bars:	rs:	For	No.7	2	in.	Controls	Contro	1.	d	=	27.5	2ddb	=	12(0.875	875	in.)	in	)	=	10.5	in.	2.	12d	Th	refo	extend	nd	the	m	Therefore,	middle	two	No.	7	bars	the	ater	of	the	developm	greater	development	length	(51	in.)	and	the	sum	cal
cutoff	point	and	d	from	column	face	of	theoretical	E1.	(refer	to	Fig.	E1.10):	9.7.3.8.4	i	At	least	one-third	of	the	bars	resisting	negative	moment	at	a	support	(two	No.	7	>	1/3	of	four	No.	7)	must	have	an	embedment	length	beyond	the	LQÀHFWLRQSRLQWWKHJUHDWHVWRId,	12db,	and	Ɛn/16.	24	in.	+	27.5	in.	=	51.5	in.,	say,	54	in.	Controls	For	No.7
bars:	d	=	27.6	in.	Controls	12db	=	12(0.875	in.)	=	10.5	in.	Ɛn/16	=	(36	ft	–	2	ft)/16	=	2.1	ft	=	26	in.	Extend	the	remainder	outside	two	No.7	bars,	the	greater	of	the	development	length	(51	in.)	beyond	the	theoretical	cutoff	point	(2	ft	0	in.)	51	in.	+	24	in.	=	75	in.	and	d	=	27.5	in.	beyond	the	LQÀHFWLRQSRLQWIWLQ		60	in.	+	27.5	in.	=	87.5	in.	>	75	in.
Controls	Therefore,	extend	bars	minimum	87.5	in.,	increase	to,	say,	90	in.	=	7	ft	6	in.	from	column	face.	Refer	to	Fig.	E1.10.	Note:	These	calculations	are	performed	to	present	the	Code	requirements.	In	practice,	the	engineer	may	terminate	the	two	interior	No.	7	bars	at	a	distance	4	ft	6	in.	from	column	face	and	extend	the	two	exterior	No.	7	bars	the
full	span	length	of	the	beam	to	support	the	shear	reinforcement	stirrups	as	shown	in	Fig.	E1.11.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	156	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	First	span	top	bars	9.7.3.2	9.7.3.3	Interior	support	Following	the	same	steps	above,	seven	No.	7	bars	are
required	to	resist	the	factored	moment	at	the	¿UVWLQWHULRUFROXPQIDFH	Calculate	a	distance	x	from	the	column	face	where	four	No.	7	bars	can	be	terminated.	x2	+	(72	kip)(	x)	=	2	3(0.6	in.2	)(60	ksi)	⎞	−3(0.6	in.2	)(0.9)(60	ksi)	⎛	27.5	in.	−	⎜	12	2(0.85)(5	ksi)(18	in.)	⎟⎠	⎝	−(428	ft	−	kip)	−	(3.7	kip/ft)	x	=	3.19	ft,	say,	39	in.	Therefore,	extend	four
No.	7	bars	the	greater	of	the	development	length	(51	in.)	from	column	face	and	d	from	theoretical	cutoff	point	(39	in.)	39	in.	+	27.5	in.	=	66.5	in.;	increase	to	69	in.	(5	ft	9	in.)	69	in.	>	51	in.,	therefore,	extend	four	No.7	bars	69	in.	9.7.3.8.4	9.7.3.2	9.7.3.3	n.	>	12ddb	=	10	10.5	5	in	in.	d	=	27.5	in.	>	ln/16	=	25.5	in.	re	Extend	the	remaining	three	No.	7
bars	the	larger	of	gth	(51	in.)	beyond	the	theoretical	the	development	llength	off	ppoint	int	(38	in	d	d	LQEH\RQGWKHLQÀHFcutoff	in.))	and	tion	poi	point	(7	ft	6	in.	=	990	in.).	The	latter	controls	(Fig.	10).	E1.10).	n.	+	27.5	in.	=	117.5	in.	>	39	in.	+	51	in.	=	90	in.	90	in.	OK	ulat	are	performed	to	present	the	codee	re	ments	In	practice,	the	engineer	may
Note:	These	calculations	requirements.	eyond	the	development	length	from	column	terminate	the	four	interior	No.	7	bars	at	a	distance	d	(27.5	in.)	beyond	o	No.7	at	10	ft	0	in.	from	the	support	for	a	length	of	(39	in.	+	27.5	in.	=	66.5	in.,	say,	5	ft	9	in.).	Terminate	one	ars	the	full	span	le	and	extend	the	remaining	two	exterior	No.7	bars	length	of	the	beam
to	support	the	shear	reinforcement	stirrups	as	shown	in	Fig.	E1.11.	First	span	bottom	bars	)ROORZLQJWKHVDPHVWHSVDERYH¿YH1REDUV	are	required	to	resist	the	factored	moment	at	the	midspan	of	the	exterior	span.	Calculate	a	distance	x	from	the	midspan	where	two	No.	7	bars	can	resist	the	factored	moment.	x2	=	2(0.6	in.2	)(0.9)(60	ksi)	2	⎛
2(0.6	in.2	)(60	ksi)	⎞	⎛	1	⎞	×	⎜	27.5	in.	−	⎜	⎟	2(0.85)(5	ksi)(120	in.)	⎟⎠	⎝	12	⎠	⎝	(306	ft-kip)	−	(3.7	kip/ft)	x	=	10.0	ft	Therefore,	extend	three	No.	7	bars	the	larger	of	the	development	length	(39	in.)	and	a	distance	d	beyond	the	theoretical	cutoff	point	(10	ft	=	120	in.)	from	maximum	moment	at	midspan	120	in.	+	27.5	in.	=	147.5	in.,	say,	12	ft	6	in.	from
maximum	positive	moment	at	midspan	(Fig.	E1.10).	Extend	the	remaining	two	No.	7	bars	at	least	the	longer	of	6	in.	into	the	column	or	Ɛd	=	39	in.	past	the	theoretical	cutoff	point	(Fig.	E1.10).	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	7—BEAMS	At	least	one-fourth	of	the	positive	tension	bars	must
7ZR1REDUVRXWRIWRWDO¿YH1RZLOOEHH[WHQGHG	into	the	column:	extend	into	the	column	at	least	6	in.	7ZR1REDUV!¿YH1REDUV	OK	9.7.3.8.3	3RLQWRILQÀHFWLRQRFFXUVDWIWIURPWKHFROXPQIDFH	$WWKHSRLQWRILQÀHFWLRQdb	for	positive	moment	tension	bars	must	be	limited	such	that	Ɛd	for	that	bar	(Fig.	E1.9a).
VL]HVDWLV¿HV	Vu	=	63.5	kip	–	(3.7	kip/ft)(4	ft)	=	48.2	kip	M	Ad	≤	n	+	Aa	Vu	At	that	location,	assume	two	No.	7	bars	are	effective:	where	Mn	is	calculated	assuming	all	bars	at	the	section	are	stressed	to	fy.	Vu	is	calculated	at	the	section.	At	support,	Ɛa	is	the	embedment	length	beyond	the	center	of	the	column.	The	term	Ɛa	is	the
HPEHGPHQWOHQJWKEH\RQGWKHSRLQWRILQÀHFWLRQ	limited	to	the	greater	of	d	and	12db.	9.7.3.5	(	)	M	n	=	2	0.6	in.2	(	60	ksi)	⎛	2(0.6	in.2	)(60	ksi)	⎞	×	⎜	27.5	in.	−	(2)(0.85)(5	ksi)(120in.)	⎟⎠	⎝	,IEDUVDUHFXWRIILQUHJLRQVRIÀH[XUDOWHQVLRQWKHQ	Mn	=	1982	in.-kip	a	bar	stress	discontinuity	occurs.	Therefore,	the	1982	in.-kip	Ad	≤	+
27.5	in.	=	68.6	in.,	say,	69	in.	EDUVPXVWQRWEH	FRGHUHTXLUHVWKDWÀH[XUDOWHQVLOHEDUVPXVWQRWEH	48.2	kip	terminated	in	a	tensile	zonee	unless	(a),	(b),	or	(c)	is	Thiss	length	exceed	exceeds	Ɛd	=	39	in.,	therefore	OK	VDWLV¿HG	t	cutoff	point	(a)	Vu”	�Vn	at	the	ovides	double	th	(b)	Continuing	ba	bars	provides	the	area	[X
WKHFXWRIISRLQWDQGWK	UHTXLUHGIRUÀH[XUHDWWKHFXWRIISRLQWDQGWKHDUHD	[XU	KHFXWRIISRLQWD	GV	Vu”	”	UHTXLUHGIRUÀH[XUHDWWKHFXWRIISRLQWDQGV		�Vn	.	1	ft	and	Ɛn/2	=	1	17	ft	(a)	At	10	3.7	kip/ft)(17	kip/ft)	ft	–	10	ft)	=	37.1	kip	Vu	=	63	kip	–	(3.7	�	c	+	Vs	�V	Vc	is	ccalculated	in	Step	6	�Vn	�V	⎛	2(0.11	in.2	)(60	ksi)
(27.5	in.)	⎞	5	⎜	70	kip	+	φVn	=	0.75	⎟⎠	12	in.	⎝	(c)	Stirrup	or	hoop	area	in	excess	of	that	required	for	shear	and	torsion	is	provided	along	each	terminated	i	i	�	n	=	75.2	kip	�V	bar	or	wire	over	a	distance	3/4d	from	the	termination	�Vn	=	2/3(75.2	kip)	=	50	kip	point.	Excess	stirrup	or	hoop	area	shall	be	at	least	50	kip	>	37.1	kip,	therefore,	OK.	60bws/fyt.
Spacing	s	shall	not	exceed	d/(8ȕb).	Because	only	one	of	the	three	conditions	needs	to	be	VDWLV¿HGWKHRWKHUWZRDUHQRWFKHFNHG	Step	8:	Integrity	reinforcement	9.7.7.2	2QHRIWKHWZRFRQGLWLRQVLQPXVWEHVDWLV¿HG	At	least	one-quarter	the	maximum	positive	moment	7KLVFRQGLWLRQZDVVDWLV¿HGDERYHE\H[WHQGLQJWZR
bars,	but	at	least	two	bars,	must	be	continuous.	No.	7	bars	into	the	support.	Also,	two	bars	are	more	than	1/4	of	the	provided	reinforcement.	9.7.7.3	Beam	longitudinal	bars	must	be	enclosed	by	closed	stirrups	along	the	clear	span.	2SHQVWLUUXSVDUHSURYLGHGWKHUHIRUHWKHVHFRQG	FRQGLWLRQZLOOQRWEHVDWLV¿HG	Beam	structural
integrity	bars	shall	pass	through	the	region	bounded	by	the	longitudinal	column	bars.	At	least	two	No.	7	bars	are	extended	through	the	column	longitudinal	reinforcement.	Therefore,	satisfying	this	condition.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Beams	9.7.3.8.2	157	158	9.7.7.5	THE	REINFORCED	CONCRETE
DESIGN	HANDBOOK—SP-17(14)	Splices	are	necessary	for	continuous	bars.	The	bars	shall	be	spliced	in	accordance	with	(a)	and	(b):	splice	length	=	(1.3)(development	length)	(a)	Bottom	bars	(positive	moment)	shall	be	spliced	at	or	near	the	support	Ɛst	=	1.3(39	in.)	=	50.7	in.,	say,	4	ft	3	in.	(b)	Top	bars	(negative	moment)	shall	be	spliced	at	or	near
midspan	Ɛst	=	1.3(51	in.)	=	66.3	in.,	say,	5	ft	9	in.	Fig.	E1.10—End	span	bar	cutoff	locations.	Note:	Numbers	shown	in	bold	control	the	bar	lengths.	Step	9:	Internal	spans	Flexural	bars	were	calculated	above	in	Step	5.	Six	No.	7	top	bars	are	required	at	supports	Four	No.	7	bottom	bars	are	required	at	midspan	9.7.6.2.2	Stirrup	size	and	spacing	were
calculated	following	Step	6:	No.	3	at	12	in.	are	not	required	over	the	full	length	of	the	beam,	it	is;	however,	good	practice	to	maintain	stirrups	at	12	in.	on	center.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	7—BEAMS	159	Beams	Step	10:	Detailing	Fig.	E1.11—Beam	bar	details.	Notes:
3ODFH¿UVWVWLUUXSDWLQIURPWKHFROXPQIDFH	2.	The	contractor	may	prefer	to	extend	two	No.	7	top	reinforcement	over	the	full	beam	length	rather	than	adding	two	No.	5	hanger	bars.	Bars	should	be	spliced	at	mid-length.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	160	THE	REINFORCED	CONCRETE	DESIGN
HANDBOOK—SP-17(14)	Fig.	E1.12—Sections.	1RWH5HIHUWR6WHS7DEOHIRUÀDQJHQHJDWLYHPRPHQWUHLQIRUFHPHQWSODFHPHQW	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	161	Beam	Example	2:	Single	interior	beam	Design	and	detail	a	one-span	Beam	B1	built	integrally	with	a	7	in.	slab	of	a	seven-story
building.	The	beam	frames	into	girder	Beam	B2	at	each	end	as	shown	in	Fig.	E2.1.	Given:	Load—	Service	dead	load	D	=	15	psf	Service	live	load	L	=	100	psf	Material	properties—	fcƍ	SVLQRUPDOZHLJKWFRQFUHWH	fy	=	60,000	psi	Span	length:	36	ft	Beam	width:	18	in.	Fig.	E2.1—Plan	of	one-span	interior	beam.	American	Concrete	Institute	–
Copyrighted	©	Material	–	www.concrete.org	Beams	CHAPTER	7—BEAMS	162	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	ACI	318-14	Discussion	Step	1:	Material	requirements	9.2.1.1	The	mixture	proportion	must	satisfy	the	durability	requirements	of	Chapter	19	and	structural	strength	requirements	of	ACI	318-14.	The	designer
determines	the	durability	classes.	Please	refer	to	Chapter	4	of	this	Handbook	for	an	in-depth	discussion	of	the	categories	and	classes.	$&,LVDUHIHUHQFHVSHFL¿FDWLRQWKDWLVFRRUGLnated	with	ACI	318.	ACI	encourages	referencing	$&,LQWRMREVSHFL¿FDWLRQV	There	are	several	mixture	options	within	ACI	301,	such	as	admixtures	and
pozzolans,	which	the	designer	can	require,	permit,	or	review	if	suggested	by	the	contractor.	Step	2:	Beam	geometry	Beam	depth	9.3.1.1	ACI	318-14	permits	a	beam	whose	size	satis¿HV7DEOHWREHGHVLJQHGZLWKRXWKDYLQJ	EHDPLVQRW	WRFKHFNWKHEHDPGHÀHFWLRQLIWKHEHDPLVQRW	artitions	or	other	supporting	or	attached	to
partitions	EHGDPD	FRQVWUXFWLRQOLNHO\WREHGDPDJHGE\ODUJHGHÀHFHÀHFW	WLRQV2WKHUZLVHGHÀHFWLRQVPXVWEHFDOFXODWHG	QOLP	DQGWKHGHÀHFWLRQOLPLWVLQ6HFWLRQPXVWEH	VDWLV¿HG	ea	is	built	integrally	w	th	th	The	one-span	beam	with	the	slab	rames	into.	and	the	girders	tha	that	it	frames	Calculation	By
specifying	that	the	concrete	mixture	shall	be	in	accordance	with	ACI	301-10	and	providing	the	exposure	classes,	Chapter	19	(ACI	318-14)	requirements	DUHVDWLV¿HG	Based	on	durability	and	strength	requirements,	and	experience	with	local	mixtures,	the	compressive	VWUHQJWKRIFRQFUHWHLVVSHFL¿HGDWGD\VWREHDW	least	5000	psi.
upported	bbeam	the	recommended	depth	For	a	si	simple	supported	fr	m	Ta	1	1:	from	Table	9.3.1.1:	h=	A	(36	ft)(12	)(12	in./ft)	in./ft	=	=	27	in.	16	16	Use	28	in.	Self-weight	Beam:	bw	=	18	in.	Slab:	t	=	7	in.	thick	9.2.4.2	6.3.2.1	wb	=	(18	iin./12)(28	in./12)(0.150	kip/ft3)	=	0.53	kip/ft	ws	=	(2.375	ft)(7	in./12)(	0.150	kip/ft3)	=	0.21	kip/ft	Tributary	width	=
4.75	ft/2	=	2.375	ft	(Fig.	E2.1)	Flange	width	The	beam	is	poured	monolithically	with	the	slab	RQRQHVLGHDQGZLOOEHKDYHDVDQ/EHDP7KH	HIIHFWLYHÀDQJHZLGWKRQRQHVLGHRIWKHEHDPLV	obtained	from	Table	6.3.2.1.	2QHVLGH	⎫	6hslab	⎪	of	web	is	⎬	sw	/2	the	least	of	⎪⎭	A	n	/12	(6)(7	in.)	=	42	in.	(4.75	ft)(12)/2	=	28.5	in.	Controls	(36
ft(12))/12	=	36	in.	Flange	width:	bf	=	Ɛn/12	+	bw	bf	=	28.5	in.	+	18	in.	=	46.5	in.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	6WHS/RDGVDQGORDGSDWWHUQV	The	service	live	load	for	public	assembly	is	100	psf	per	Table	4-1	in	ASCE	7-10.	To	account	for	the	ZHLJKWRIFHLOLQJVSDUWLWLRQV+9$&V\VWHPVHWF
add	15	psf	as	miscellaneous	service	dead	load.	163	The	superimposed	dead	load	is	applied	over	a	tributary	width	of	4.75	ft/2	+	1.5	ft	width	of	B1	=	3.875	ft	(refer	to	Fig.	E2.1).	The	beam	resists	gravity	load	only	and	lateral	forces	are	not	considered	in	this	example.	5.3.1	U	=	1.4D	U	=	1.4(0.53	kip/ft	+	0.21	kip/ft	+	(15	psf)(3.875	ft)/1000)	=	1.12	kip/ft
U	=	1.2D	+	1.6L	U	=	1.2(1.12	kip/ft)/1.4	+	1.6((100	psf)(3.875	ft)/1000)	=	1.58	kip/ft	Controls	1RWH/LYHORDGLVQRWUHGXFHGSHU$6&(LQWKLVH[DPSOH	Step	4:	Analysis	9.4.3.1	The	beam	is	built	integrally	with	supports;	therefore,	the	factored	moments	and	shear	forces	(required	strengths)	are	calculated	at	the	face	of	the	supports.	9.4.1.2
Chapter	6	permits	several	analysis	procedures	to	calculate	the	required	strength	strengths.	For	this	example,	assum	assume	an	elastic	analysis	results	ment	at	the	face	of	each	support:	in	the	beam	moment	wuƐ2/16.	At	the	he	fface	of	girders:	Mu	=	wuƐ2/16	=	(1.58	kip	kip/ft)(36	ft)2/16	=	128	ft-kip	en	is	wuƐ2/8,	so	the	mid	midspan	pan	moment	m	The
total	moment	is	wuƐ2/16.	This	distribution	assumes	the	girder	remains	uncracked.	If	the	girder	does	crack,	its	stiffness	is	greatly	reduced,	which	results	in	a	higher	moment	l	at	midspan.	To	be	conservative,	this	example	assumes	the	total	beam	moment,	wuƐ2/8,	is	resisted	by	the	positive	moment	reinforcement	and	the	supports	resist	wuƐ2/16.	At	the
midspan:	Mu	=	wuƐ2/8	=	(1.58	kip/ft)(36	ft)2/8	=	256	ft-kip	Beam	B1	frames	into	girders	on	both	ends.	Because	girders	are	not	as	rigid	as	columns	or	walls	and	girders	VXSSRUWLQJFRQFHQWUDWHGORDGVPD\WHQGWRURWDWHWKHHQGVXSSRUWVPD\EHFRQVLGHUHGOHVVWKDQ¿[HGHQG
VXSSRUWV)RUDVLQJOHVSDQEHDPZLWK¿[HGHQGVXSSRUWVWKHQHJDWLYHPRPHQWDWWKHVXSSRUWZRXOGEH	(1/12)wuƐ2)RUWKLVFDVHWKHPRPHQWDFKLHYHGZRXOGKDYHWREHWUDQVIHUUHGWRWKHJLUGHUHI¿FLHQWO\,QUHDO	terms,	the	girder	may	tend	to	slightly	rotate	or	may	endure	cracking	which	would	reduce	the
rigidity	and	the	¿[LW\RIWKHEHDPWRJLUGHUMRLQW7RDFFRXQWIRUWKLVDVVXPHDPRPHQWRI	wuƐ2	to	account	for	a	lower	FDSDFLW\WRWUDQVIHUPRPHQWDWWKLVFRQQHFWLRQ)XUWKHUPRUHFRQVLGHULQJOHVVWKDQ¿[HGHQGVXSSRUWVWKH	positive	moment	at	the	mid-span	approaches	the	moment	of	a	simple	support	beam.	So
conservatively,	use	a	positive	midspan	moment	of	(1/8)wuƐ2.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Beams	CHAPTER	7—BEAMS	164	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Fig.	E2.2—Shear	and	moment	envelopes.	American	Concrete	Institute	–	Copyrighted	©	Material	–
www.concrete.org	CHAPTER	7—BEAMS	165	Beams	Step	5:	Moment	design	9.3.3.1	The	code	requires	a	beam	to	be	designed	with	steel	strain	at	design	strength	of	at	least	0.004	in./in.	The	intent	is	to	ensure	ductile	behavior	at	the	nominal	strength	condition.	For	reinforced	beams,	such	as	this	example,	reinforcing	bar	strain	is	usually	not	a	controlling
issue.	21.2.1(a)	Assume	the	beam	will	be	tensioned	controlled	with	DPRPHQWVWUHQJWKUHGXFWLRQIDFWRURI7 �								KLV	assumption	will	be	checked	later.	20.6.1.3.1	Calculate	effective	depth	assuming	No.	3	stirrups,	No.	6	longitudinal	bars,	and	1.5	in.	cover:	The	effective	depth	of	one	row	of	longitudinal	reinforcement	is	d	=	h	–	cover	–	db,stirrup	–
db,long/2	22.2.2.1	n	at	which	nominal	The	concrete	compressive	strain	moments	are	calculated	is::	İcu	=	0.003	22.2.2.2	JWK	FUHWHLQÀH[X	DYDUL	7KHWHQVLOHVWUHQJWKRIFRQFUHWHLQÀH[XUHLVDYDULnd	its	value	lue	is	approxim	ely	10	to	able	property	and	approximately	he	concrete	ete	compressive	strength.	treng	15	percent	of	the	al
strength,	ACI	318	18	ne	For	calculating	no	nominal	neglects	sil	strength.	ngth.	the	concrete	tensile	uiv	concrete	com	ssive	Determine	the	equivalent	compressive	stress	for	design:	22.2.2.3	The	concrete	compressive	stress	distribution	is	inelastic	at	high	stress.	The	Code	permits	any	stress	distribution	to	be	assumed	in	design	if	shown	to	result	in
predictions	of	nominal	strength	in	reasonable	agreement	with	the	results	of	comprehensive	tests.	Rather	than	tests,	the	Code	allows	the	use	of	an	equivalent	rectangular	compressive	stress	distribution	of	0.85fcƍZLWKDGHSWKRIa	ȕ1cZKHUHȕ1	is	a	function	of	concrete	compressive	strength	and	is	obtained	from	Table	22.2.2.4.3.	For	fcƍ	SVL
22.2.2.4.1	22.2.2.4.3	d	=	28	in.	–	1.5	in.	–	0.375	in.	–	0.75	in./2	=	25.75	in.,	say,	d	=	25.7	in.	β1	=	0.85	−	0.05(5000	psi	−	4000	psi)	=	0.8	1000	psi	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	166	22.2.1.1	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Find	the	equivalent	concrete	compressive	depth,	a,
by	equating	the	compression	force	to	the	tension	force	within	the	beam	cross	section:	C=T	0.85fcƍba	=	Asfy	At	midspan	0.85(5000	psi)(b)(a)	=	As(60,000	psi)	For	positive	moment:	b	=	bf	=	46.5	in.	a=	As	(60,000	psi)	=	0.304	As	0.85(5000	psi)(46.5	in.)	At	support	For	negative	moment:	b	=	bf	=	18	in.	a=	As	(60,000	psi)	=	0.784	As	0.85(5000	psi)(18
in.)	Fig.	E2.3—Section	reinforcement	and	compression	block	at	midspan	and	at	support.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	167	'HVLJQWKHEHDPIRUWKHPD[LPXPÀH[XUDOPRPHQW	at	the	midspan	and	the	face	of	supports.	Mu,support	=	wuƐ2/16	=	128	ft-kip	Mu,midspan	=	wuƐ2/8	=	256	ft-kip	9.5.1.1	The
beam	strength	must	satisfy	the	following	equations	at	each	section	along	its	length:	�Mn•Mu	�Vn•Vu	Calculate	required	reinforcement	area	based	on	the	assumptions	above:	Midspan	(0.9)(60	ksi)	As	⎛	0.304	As	⎞	25.7	in.	−	⎜	⎝	12	2	⎟⎠	a⎞	⎛	M	u	≤	φM	n	=	φAs	f	y	⎜	d	−	⎟	⎝	2⎠	256	ft-kip	≤	No.	6	bars	db	=	3/4	in.	and	As	=	0.44	in.2	As,req’d	=	2.24	in.2;	use
six	No.	6	Supports	128	ft-kip	≤	(0.9)(60	ksi)	As	12	0.784	As	⎞	⎛	⎜⎝	25.7	in.	−	2	⎟⎠	As	=	1.13	in.2;	use	three	No.	6	21.2.2	9.3.3.1	Check	if	calculated	strain	is	greater	than	0.005	in./in.	ot	less	than	0.004	in./in.	(tension	controlled),	but	not	At	midspan.	a=	As	f	y	0.85	f	c′b	and	dc=	a	β1	(0.304)(6)	in.2)	=	0.80	in.	a	=	0.30	0.304As	=	(0.304)(6)(0.44	a/0.	in.	=
1.0	0	in	c	=	a/0.8	in.	ZKHUHȕ1	=	0.8	WKHUHIRUHEHDPVHFWLRQEHKDYHVDVDQ/VKDSH	HEHDPV	c	<	hfWK	εt	=	εc	(d	−	c)	c	Note	that	b	=	18	in.	for	negative	moments	and	54	in.	for	positive	moments.	εt	=	0.003	(25.7	iin.	−	1.0	in.)	=	0.074	0	in.	1.0	7KHUHIRUHDVVXPSWLRQRIXVLQJ�		LVFRUUHFW	7KHUHIRUH	At	support:	As	f	y	a	and	c	=	a=
0.85	f	c′b	β1	a	=	0.784As	=	(0.784)(3)(0.44	in.2)	=	1.03	in.	c	=	a/0.8	=	1.29	in.	ZKHUHȕ1	=	0.8	εt	=	ε	cu	(d	−	c)	c	εt	=	0.003	(25.7	in.	−	1.29	in.)	=	0.057	1.29	in.	7KHUHIRUHDVVXPSWLRQRIXVLQJ�		LVFRUUHFW	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Beams	CHAPTER	7—BEAMS	168	THE	REINFORCED
CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Fig.	E2.4––Strain	distribution	across	beam	section.	9.6.1.1	9.6.1.2	Minimum	reinforcement	ratio	The	provided	reinforcement	must	be	at	least	the	minimum	required	reinforcement	at	every	section	along	the	length	of	the	beams.	(a)	As	=	3	f	c′	fy	bw	d	As	=	3	5000	psi	(	in	(18	in.)(25.7	in.)	=	1.63	in.2	60,000	6
000	psi	Controls	(b)	As	=	200	bw	d	fy	As	=	200	(18	in.)	=	1.54	in.2	(	iin.)(25.7	)(	60,000	psi	60	Because	fcƍ!SVL(TD	FRQWUROV		(TD	RQWUROV	At	mids	midspan:	6)(0.44	in	in.2)	=	2.64	in.2	>	As,min	=	1.63	in.2	As,prov.	=	(6)(0.44	OK	At	suppo	support:	As	=	1.1	in.2	<	As(min)	=	1.63	in.2	NG	Therefore,	use	minimum	reinforcement;	four	No.	6	at
support:	As,prov	(supp)	=	1.76	in.2	>	As(min)	=	1.63	in.2	OK	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	7—BEAMS	�shear	=	0.75	Beams	Step	6:	Shear	design	Shear	strength	21.2.1(b)	Shear	strength	reduction	factor:	169	9.5.1.1	9.5.3.1	22.5.1.1	�Vn•Vu	Vn	=	Vc	+	Vs	9.4.3.2	Design	shear	force	is	taken	at	the
face	of	the	support	because	the	vertical	reaction	causes	vertical	tension	rather	than	compression	(Fig.	E2.5).	CondiWLRQE	DQGF	RI6HFWLRQDUHVDWLV¿HG	Fig.	E2.5—Shear	critical	section.	&RQGLWLRQF	KRZHYHULVQRWVDWLV¿HGUHIHUWR	note	at	end	of	this	step).	Vu	=	28.5	kip	22.5.5.1	Vc	=	2	f	c′bw	d	Vc	=	2	&KHFNLI�Vc•Vu	�Vc	=
(0.75)(65.4	kip)	=	49	kip	�Vc	=	49	kip	>	Vu	=	28.5	kip	OK	9.6.3.1	(	)	5000	psi	(18	in.)(25.7	in.)/1000	=	65.4	kip	Minimum	area	of	shear	reinforcement	ement	is	required	in	�V	Vc	Vu	NLS!	NLS!�Vc	=	49	kip/2	=24.5	kip	all	regions	where	Vu!�V	weve	good	ood	d	engine	i	However,	engineering	practice	calls	for	vidi	minimum	nimum	she	providing	shear
reinforcement	over	the	full	b	m	sp	beam	span.	vide	No.	3	stirrups	tirrups	at	12	in.	on	center	where;	Provide	n.	<	d/2	=	25.7	in.	/2	=	12.8	in.	OK	12	in.	22.5.1.2	Cross-sectional	dimensions	are	selected	to	satisfy	Eq.	(22.5.1.2):	(	Vu	≤	φ	Vc	+	8	f	c′bw	d	)	%\LQVSHFWLRQWKLVUHTXLUHPHQWLVVDWLV¿HG	Note:	The	shear	could	be	taken	at	distance	d
from	the	face	of	the	girder	if	hanger	reinforcement	is	provided	in	the	girder	as	outlined	in	a	paper	by	A.	H.	Mattock	and	J.	F.	Shen,	1992,	“Joints	between	Reinforced	Concrete	Members	of	Similar	Depth,”	ACI	Structural	Journal91R0D\-XQHSS	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	170	THE	REINFORCED
CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	7:	Torsion	Fig.	E2.6—Forces	transferred	from	slab	to	edge	beam.	Calculate	the	design	load	at	face	of	slab	to	beam	connection:	22.7.4.1(a)	wu	=	1.2(0.21	kip/ft	+	(15	psf)(2.375	ft)/1000)	+	1.6(0.1	ksf)(4.75	ft)/2	wu	=	0.71	kip/ft	Calculate	the	design	unit	torsion	at	beam	center:	tu	=	(0.76	kip/ft)(9
in./12)	=	0.53	ft-kip/ft	Design	torsional	force:	old	torsion	Tth:	Therefore,	check	threshold	Tu	=	(0.5	(0.53	ft-kip/ft)(18	ft)	=	9.6	ft-kip	⎛	Acp2	⎞	Tth	=	λ	f	c′	⎜	⎟	⎝	pcp	⎠	in.	=	21	in.	hw	=	28	in.	–	7	in	where	Fig.	E2.7––L-beam	geometry	to	resist	torsion.	Fi	Acp	™bihi	is	the	area	enclosed	by	outside	perimeter	Acp	=	(18	in.)(28	in.)	+	(21	in.)(7	in.)	=	651	in.2	of
concrete.	pcp	™bi	+	hi)pc	is	the	perimeter	of	concrete	gross	area.	pcp	=	2(18	in.	+	21	in.	+	7	in.	+	21	in.)	=	134	in.	2	7KHRYHUKDQJLQJÀDQJHGLPHQVLRQLVHTXDOWRWKH	⎛	(651	in.2	)	2	⎞	VPDOOHURIWKHSURMHFWLRQRIWKHEHDPEHORZWKHVODE	Tth	=	(1.0)	5000	psi	⎜	⎝	134	in.	⎟⎠	(21	in.)	and	four	times	the	slab	thickness	(28	in.).	Tth	=
223,636	in.-lb	=	18.6	ft-kip	Therefore,	use	21	in.	(refer	to	Fig.	E2.7).	(	21.2.1c	7RUVLRQDOVWUHQJWKUHGXFWLRQIDFWRU �							(	� Tth	=	(0.75)(18.6	ft-kip)	=	14.0	ft-kip	Tu	IWíNLS�Tth	=	14.0	ft-kip	OK	Torsion	reinforcement	is	not	required.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	7—BEAMS	171	Beams
Step	8:	Reinforcement	detailing	Minimum	bar	spacing	9.7.2.1	Minimum	clear	spacing	between	the	horizontal	No.	25.2.1	6	bars	must	be	the	greatest	of:	⎧1	in.	⎪	Greatest	of	⎨db	⎪4	/	3(d	)	agg	⎩	1	in.	3/4	in.	4/3(3/4	in.)	=	1	in.	Assume	maximum	aggregate	size	3/4	in.	Check	if	six	No.	6	bars	can	be	placed	in	the	beam’s	web.	Therefore,	clear	spacing
between	horizontal	bars	must	not	be	less	than	1	in.	bw,req’d	=	2(1.5	in.	+	0.375	in.	+	0.75	in.)	+	3.75	in.	+	5	in.	bw,req’d	=	2(cover	+	dstirrup	+	0.75	in.)	+	5db	+	5(1	in.)min,spacing	(25.2.1)	=	14	in.	<	18	in.	OK	where	dstirrup	=	0.375	in.	and	db	=	0.75	in.	Therefore	,	six	No.	6	bars	can	be	placed	in	one	layer	in	the	18	in.	beam	web	with	1.8	in.
spacing	between	bars	(Fig.	E2.8).	Fig.	E2	E2.8—Bottom	ottom	rei	reinforcement	layout.	9.7.2.2	24.3.1	24.3.2	Maximum	bar	spacing	at	the	tension	face	must	not	exceed	the	lesser	of	⎛	40,	000	⎞	s	=	15	⎜	−	2.5cc	⎝	f	s	⎟⎠	⎛	40,000	psi	⎞	s	=	15	⎜	−	2.5(2	in.)	=	10	in.	⎝	40,000	psi	⎟⎠	⎛	40,	000	⎞	s	=	12	⎜	⎝	f	s	⎟⎠	⎛	40,000	psi	⎞	s	=	12	⎜	=	12	in.	⎝	40,000	psi	⎟⎠	The
maximum	spacing	concept	is	intended	to	OLPLWÀH[XUDOFUDFNLQJZLGWKV1RWHWKDWcc	is	the	FRQFUHWHFRYHUWRWKHÀH[XUDOEDUVQRWWKHWLHV	18	in.	spacing	is	provided,	therefore	OK	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Controls	172	9.7.3	9.7.1.2	25.4.2.2	25.4.2.4	9.7.1.3	25.5.2.1	THE
REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Bar	cutoff	Development	length	of	No.	6	bar	7KHVLPSOL¿HGPHWKRGLVXVHGWRFDOFXODWHWKH	development	length	of	a	No.	6	bar:	Ad	=	f	yψt	ψe	25λ	f	c′	db	Top	⎛	(60,000	psi)(1.3)(1.0)	⎞	Ad	=	⎜	⎟	(0.75	in.)	=	33.1	in.	,	⎝	(25)(1.0)	5000	psi	⎠	say,	36	in.	where	ȥt	EDUORFDWLRQȥt	=	1.3
for	top	bars,	because	more	than	12	in.	of	fresh	concrete	is	placed	below	Bottom	WKHPDQGȥt	=1.0	for	bottom	bars,	because	not	more	⎛	(60,000	psi)(1.0)(1.0)	⎞	than	12	in.	of	fresh	concrete	is	placed	below	them.	Ad	=	⎜	⎟	(0.75	in.)	=	25.4	in.	,	⎝	(25)(1.0)	5000	psi	⎠	ȥe	FRDWLQJIDFWRUȥe	=	1.0,	because	bars	are	uncoated	say,	30	in.	Splice	length	of	No.
6	reinforcing	bar	Per	Table	25.5.2.1	splice	length	is	(Ɛst)	=	1.3(Ɛd)	Top	tension	reinforcement	RLQWIRUQHJDWLYHPRPHQW	&DOFXODWHWKHLQÀHFWLRQSRLQWIRUQHJDWLYHPRPHQW	diagram:	íMmaxíwu(x)2/2	+	Vux	=	0	Top:	1.3Ɛd	=	(1.3)(33.1	in.)	=	43.0	in.,	say,	4	ft	0	in.	Bottom:	1.3Ɛd	=	(1.3)(25.4	in.)	=	33	in.,	say,	3	ft	0	in.	(−128	28	fft-
kip)	kip))	−	1.58	1	58	kip/ft	ki	k	x2	+	(28.5	kip)x	=	0	2	x	=	5.3	ft,	say,	5	ft	6	in.	he	girder	face	two	No.	6	can	be	cutoff	At	5.5	fft	from	the	an	the	remainder	der	two	N	and	No.	6	bars	will	be	extended	overr	the	full	beam	spa	span	to	support	stirrups.	9.7.3.8.4	At	least	one-third	of	the	bars	resisting	negative	moment	at	a	support	must	have	an	embedment
OHQJWKEH\RQGWKHLQÀHFWLRQSRLQWWKHJUHDWHVWRId,	12db,	and	Ɛn/16.	Two	of	three	No.	6	bars	are	extended	over	full	beam	length	and	one	No.	6	bars	is	terminated	EH\RQGWKHLQÀHFWLRQSRLQWDGLVWDQFHHTXDOWRWKH	embedment	length	(27	in.).	For	No.	6	bars:	d	=	25.7	in.	12db	=	12(0.75	in.)	=	9	in.	Ɛn/16	=	(36	ft)(12)/16	=
27	in.	Controls	66	in.	+	27	in.	=	93	in.	Therefore,	the	middle	two	No.	6	bar	will	be	terminated	at	7	ft	9	in.	(93	in.)	from	face	of	support.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	7—BEAMS	Bottom	tension	reinforcement	Bars	must	be	developed	at	points	of	maximum	stress	and	points	along	the	span	where
bent	or	terminated	tension	bars	are	no	longer	required	to	UHVLVWÀH[XUH	Six	No.	6	bars	are	required	to	resist	the	factored	moment	at	the	midspan.	Beams	9.7.3.2	9.7.3.3	173	2	x	=	2(0.44	in.	)(0.9)(60	ksi)	2	2(0.44	in.	)(60	ksi)	⎞	⎛	×	⎜	25.7	in.	−	⎝	2(0.85)(5	ksi)(46.5	in.)	⎠⎟	(256	ft-kip)	−	1.58	kip/ft	2	2	Two	No.	6	bars	can	resist	a	factored	moment
located	at	a	section	x	from	midspan.	9.7.3.3	x	=	14	ft	=	168	in.	A	bar	must	extend	beyond	the	point	where	it	is	no	ORQJHUUHTXLUHGWRUHVLVWÀH[XUHIRUDGLVWDQFHHTXDO	For	No.	6	bars:	1)	d	=	25.7	in.	Controls	to	the	greater	of	d	or	12db.	2)	12db	=	12(0.75	in.)	=	9	in.	Therefore,	extend	four	No.	6	bars	the	greater	of	the	development	length
(30	in.)	from	the	maximum	moment	at	midspan	and	a	distance	d	=	25.7	in.	from	the	theoretical	th	cutoff	point.	3.7	in.	say	16	ft-6	in.	>	d	=	25.7	in.	168	in.	+	25.7	in.	=	193.7	refo	e	extend	four	four	N	Therefore,	No.	6	bars	16	ft-6	in.	from	dspan	midspan.	Ex	end	the	remaining	aining	two	tw	No.	6	bars	>	1/4	six	No.	6	Extend	inim	a	minimum	of	6	in.	into
tthe	support,	but	not	less	than	Ɛd	=	30	in.	from	m	the	theoretical	theo	cutoff	point	(Fig.	E2.7).	Note:	These	calculations	requirements.	ulat	are	performed	to	present	the	codee	re	ments	In	practice,	all	longitudinal	bottom	bars	are	extended	into	the	support	rather	than	terminating	them	1	ft	6	in.	ffrom	the	support	as	shown	by	calculations.	Step	9:
Integrity	reinforcement	Integrity	reinforcement	9.7.7.2	(LWKHURQHRIWKHWZRFRQGLWLRQVPXVWEHVDWLV¿HG	but	not	both.	7KLVFRQGLWLRQZDVVDWLV¿HGDERYHE\H[WHQGLQJWZR	At	least	one-fourth	the	maximum	positive	moment	No.	6	bars	into	the	girders.	bars,	but	not	less	than	two	bars	must	be	continuous.	9.7.3.8.2	rth	positive	tens
on	bars	A	minimum	of	on	one-fourth	tension	o	the	support	upport	minimum	6	in.	must	extend	into	/RQJLWXGLQDOEDUVPXVWEHHQFORVHGE\FORVHG	stirrups	along	the	clear	span	of	the	beam.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	174	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Fig.
E2.9—End	span	reinforcement	cutoff	locations.	cations.	Step	10:	Detailing	Fig.	E2.10—Beam	reinforcement	details.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	175	Beam	Example	3:	Single	interior	girder	beam	Determine	the	size	of	a	one-span	beam	(B2)	built	integrally	with	a	7	in.	slab	of	a	seven-story	building.	The
beam	frames	into	two	girder	beams	(B3)	as	shown	in	Fig.	E3.1.	Design	and	detail	the	beam.	Given:	Load––	Service	dead	load	D	=	15	psf	Service	live	load	L	=	100	psf	Concentrated	loads	Pu	=	28.5	kip	(PD	=	14.4	kip	and	PL	NLS	ORFDWHGIWLQVRXWKDQGQRUWKRI&ROXPQ/LQHV%DQG'	respectively.	(Refer	to	Example	2.)	Material	properties––	fcƍ
SVLQRUPDOZHLJKWFRQFUHWH	fy	=	60,000	psi	Span	length:	28	ft	Beam	width:	18	in.	Fig.	E3.1—Plan	of	Beam	B2.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Beams	CHAPTER	7—BEAMS	176	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	ACI	318-14	Discussion	Step	1:	Material	requirements
9.2.1.1	The	mixture	proportion	must	satisfy	the	durability	requirements	of	Chapter	19	and	structural	strength	requirements	of	ACI	318-14.	The	designer	determines	the	durability	classes.	Please	refer	to	Chapter	4	of	SP-17	for	an	in-depth	discussion	of	the	Categories	and	Classes.	$&,LVDUHIHUHQFHVSHFL¿FDWLRQWKDWLVFRRUGLnated	with	ACI
318.	ACI	encourages	referencing	$&,LQWRMREVSHFL¿FDWLRQV	Calculation	By	specifying	that	the	concrete	mixture	shall	be	in	accordance	with	ACI	301-10	and	providing	the	expoVXUHFODVVHV&KDSWHUUHTXLUHPHQWVDUHVDWLV¿HG	Based	on	durability	and	strength	requirements,	and	experience	with	local	mixtures,	the	compressive
VWUHQJWKRIFRQFUHWHLVVSHFL¿HGDWGD\VWREHDW	least	5000	psi.	There	are	several	mixture	options	within	ACI	301,	such	as	admixtures	and	pozzolans,	which	the	designer	can	require,	permit,	or	review	if	suggested	by	the	contractor.	Step	2:	Beam	geometry	Beam	depth	9.3.1.1	Beam	depth	cannot	be	calculated	using	Table	nto	it
(concen9.3.1.1,	because	two	beams	frame	into	trated	loads).	For	framing	simplicity,	choose	a	beam	deeper	than	the	beams’	ddepths,	framing	into	it	to	allow	for	ease	off	cons	construction	and	placement	of	n.	reinforcement.	Try::	h	=	30	in.	24.2.2	9.2.4.2	6.3.2.1	FW	LOOEHFKHFNHGDQGFRPSDUHG
7KHEHDPGHÀHFWLRQZLOOEHFKHFNHGDQGFRPSDUHG	to	Table	24.2.2.	Flange	width	oli	with	the	slab	oon	one	ne	side	The	beam	is	monolithic	in	the	middle	over	a	24	ft	long	section	and	slab	on	both	sides	for	the	remainder	of	the	beam.	At	the	maximum	positive	moment,	the	beam	will	behave
DVDQ/EHDP7KHUHIRUHWKHHIIHFWLYHÀDQJHZLGWK	on	one	side	of	the	beam	is	the	least	from	Table	6.3.2.1.	2QHVLGH	⎫	6hslab	⎪	of	web	is	⎬	sw	/2	the	least	of	⎪⎭	A	n	/2	(6)(7	in.)	=	42	in.	7KHUHIRUHÀDQJHZLGWKbf	=	Ɛn/12	+	bw	bf	=	26.5	in.	+	18	in.	=	44.5	in.	(16.5	ft)(12)/2	=	99	in.	(28	ft	(12)	–	18	in.)/12	=	26.5	in	Controls
2QERWKVLGHVRIWKHRSHQLQJWKHEHDPLVSODFHG	monolithically	with	the	slab	and	will	behave	as	a	7EHDP7KHÀDQJHZLGWKRQHDFKVLGHRIWKHEHDP	is	obtained	from	Table	6.3.2.1.	6.3.1	Each	side	⎫	8hslab	⎪	of	web	is	⎬	sw	/2	the	least	of	⎪⎭	A	n	/8	8(7	in.)	=	56	in.	7KHUHIRUHÀDQJHZLGWKbf	=	Ɛn/8	+	bw	+	Ɛn/8	bf	=	39.75	in.	+	18	in.	+
39.75	in.	=	97.5	in.	(16.5	ft)(12)/2	=	99	in.	((28	ft)(12)	–	18	in.)/8	=	39.75	in.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Controls	6WHS/RDGVDQGORDGSDWWHUQV	Self-weights	of	B2	Beam:	beam	width	b	=	18	in.	177	wb	=	[(18	in.)(30	in.)/(144)](0.150	kip/ft3)	=	0.56	kip/ft
7ULEXWDU\ORDGEHWZHHQ*LUGHU%DQG&ROXPQ/LQH	3	(refer	to	Fig.	E3.2).	The	load	is	transferred	to	B2	WKURXJK%HDP%DORQJ&ROXPQ/LQH&VSDQQLQJ	(15	ft	6	in.	clear	span).	For	lobbies	and	assembly	areas,	the	uniform	design	live	load	is	100	psf	per	Table	4-1	in	ASCE	7-10.	To	account	for	weights	from	ceilings,	partitions,	and
+9$&V\VWHPVDGGSVIDVPLVFHOODQHRXVGHDG	load.	Fig.	E3.	E3.2—Beams	B	B1	B	and	B4	framing	into	B2.	Dead	load:	hick)	supported	by	Beam	B4:	Ps	=	(7	in./12)(14	Slab	self-weightt	(7	in.	thick)	14	ft)(16.	ft)(16.5	ft/2)(0.15	kip/ft3)	=	10.1	kip	we	assume	beam	is:	Beam	B4	self-weight:	i	deep.	ep.	18	in.	wide	by	300	in.	Note:	7	in.	is	the	slab
thickness	⎛	118	in.⎞	⎛	30	in.	−	7	in.	⎞	⎛	16.5	ft	−	1	ft	⎞	3	PB	=	⎜	⎟⎠	⎜⎝	⎟⎠	(0.15	kip/ft	)	⎝	12	⎠⎟	⎝⎜	112	2	=	3.3	.3	kip	Superimposed	dead	load	of	15	psf:	PSSD	=	(15	psf/1000)(14	ft)(16.5	ft)/2	=	1.7	kip	Total	dead	load	at	B2	midspan:	™P	=	10.1	kip	+	3.3	kip	+	1.7	kip	=	15.1	kip	/LYHORDG	&RQFHQWUDWHGORDGEHWZHHQ&ROXPQ/LQHDQG	girder
transferred	at	midspan	Beams	B1	frame	into	Beam	B2	at	6	ft-3	in.	and	IWLQIURP&ROXPQ/LQH%)LJ(		The	beams’	factored	reactions	were	calculated	in	Example	2	and	were	found	to	be:	28.5	kip	in	Step	4.	7KHEHDPUHVLVWVJUDYLW\ORDGRQO\/DWHUDOIRUFHV	are	not	considered	in	this	problem.	PL	=	(0.1	ksf)(14	ft)(16.5	ft)/2	=	11.6	kip	Pu	=
28.5	kip	5.3.1a	Distributed	load:	wu	=	1.4D	5.3.1b	wu	=	1.2D	+	1.6L	5.3.1a	Concentrated	load:	Pu	=	1.4PD	Pu	=	1.4(15.1	kip)	=	21.1	kip	5.3.1b	Pu	=	1.2PD	+	1.6PL	Pu	=	1.2(15.1	kip)	+	1.6(11.6	kip)	=	36.7	kip	Controls	wu	=	1.4(0.56	kip/ft	+	(15	psf)(1.5	ft)/1000)	=	0.82	kip/ft	wu	=	1.2(0.82	kip/ft)/1.4	+	1.6((100	psf)(1.5	ft)/1000)	=	0.94	kip/ft	Controls
American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Beams	CHAPTER	7—BEAMS	178	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	4:	Analysis	Beam	B2	is	monolithic	with	supports.	9.4.1.2	Chapter	6	permits	several	analysis	procedures	to	calculate	the	required	strengths.	For	this	example,	calculate
beam	moment	at	VXSSRUWVXVLQJFRHI¿FLHQWVIURP7DEOH%í	Reinforced	Concrete	Design	Handbook	Design	Aid	–	Analysis	Tables,	which	can	be	downloaded	from:	.	aspx?ItemID=SP1714DA	Mu	=	wuƐ2/12+PuƐ/8	+	Pua2b/Ɛ2+Puab2/Ɛ2	and	the	analysis	shows	the	beam	shear	is	Vu	=	wuƐ/2	+Pu/2	RP$SS
8VLQJFRHI¿FLHQWVIURP$SSHQGL[%5HLQforced	Concrete	Design	Handbook	Design	Aid	–	n	be	downloa	rom:	Analysis	Tables,	wh	which	can	downloaded	from:	ncr	g	g/store/product	p	tail.	.	SP	DA,	assuming	m	ximum	aspx?ItemID=SP1714DA,	maximum	id	moment	is	at	midspan:	Mu	=	(0.94	kip/ft)(28	ft)2/12	+	(36.7	kip)(28	ft)/8	+	(28.5	kip)(6.25
ft)2(21.75	ft)/(28	ft)2	+	(28.5	kip)(6.25	ft)(21.75	ft)2/(28	ft)2	=	328	ft-kip	Vu	=	(0.94	kip/ft)(28	ft)/2	+	(36.7	kip)/2	+	2(28.5	kip)/2	=	60	kip	Note	that	the	(2)(28.5	kip)	shear	force	represents	the	beams	framing	into	the	girder	beam.	two	bea	Mu	=	255	25	ft-kip	ns	This	distribution	ass	assumes	the	girder	rem	remains	uncracked.	If	the	girder,	does	crack,
however,	its	stiffness	is	greatly	reduced	and	redistribution	of	moments	occurs.	Assume	that	the	moments	at	supports	are	reduced	by	15	percent:	Mu	=	(0.85)(328)	ft-kip	=	279	ft-kip	Accordingly,	the	moment	at	midspan	must	be	Mu	=	(255	ft-kip)	+	(0.15)(328	ft-kip)	=	304	ft-kip	increased	by	the	same	amount:	Note:	Alan	Mattock	states	that,	“…,	and	it
is	concluded	that	redistribution	of	design	bending	moments	by	up	WRGRHVQRWUHVXOWLQSHUIRUPDQFHLQIHULRUWRWKDWRIEHDPVGHVLJQHGIRUWKHGLVWULEXWLRQRIEHQGLQJ	moments	predicted	by	the	elastic	theory,	either	at	working	loads	or	at	failure.”	(Mattock,	A.	H.,	1959,	“Redistribution	of	Design	Bending	Moments	in
Reinforced	Concrete	Continuous	Beams,”	Proceedings,	Institution	of	Civil	Engineers/RQGRQ	9SS	H.	Scholz,	however,	limits	the	moment	redistribution	to	20	percent:	“The	cut-off	point	at	20	percent	is	imposed	to	avoid	excessive	cracking	at	elastic	service	moments.”	(Scholz,	H.,	1993,	“Contribution	to	Redistribution	of	Moments	in	Continuous
Reinforced	Concrete	Beams,”	ACI	Structural	Journal91R	Mar.-Apr.,	pp.	150-155.)	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	7—BEAMS	179	Refer	to	the	torsion	diagram	in	Fig.	E3.3.	Beams	Beams	B1	and	B4	frame	into	Beam	B2;	therefore,	assume	that	(B1)	reaction	of	28.5	kip	and	36.7	kip	are	applied	at	the
face	of	Beam	B2,	but	in	opposite	directions.	Ignoring	the	distributed	load	IURPWKHVODE%HDP%LVVXEMHFWHGWRWRUVLRQ	From	B1:	Tu	=	(28.5	kip)(9	in.)	=	21.4	ft-kip	12	and	from	B4	Tu	=	(36.7	kip)(9	in.)	=	27.6	ft-kip	12	Fig.	E3.3—Shear,	moment,	and	torsion	diagrams.	American	Concrete	Institute	–	Copyrighted	©	Material	–
www.concrete.org	180	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	5:	Moment	design	9.3.3.1	The	Code	does	not	allow	a	beam	to	be	designed	with	steel	strain	at	design	strength	less	than	0.004	in./in.	The	intent	is	to	ensure	ductile	behavior	at	the	nominal	condition.	For	usual	reinforced	beams,	such	as	this	example,
reinforcing	bar	strain	is	not	a	controlling	issue.	21.2.1(a)	$VVXPLQJWKHEHDPVZLOOEHWHQVLRQFRQWUROOHG0.9 �				 .	This	assumption	will	be	checked	later.	9.7.1.1	20.6.1.3.1	Calculate	the	effective	depth	assuming	No.	3	stirrups,	No.	6	bars,	and	1.5	in.	cover:	d	=	h	–	cover	–	dtie	–	db/2	22.2.2.1	The	concrete	compressive	strain	at	which	nominal
moments	are	calculated	is:	İc	=	0.003	22.2.2.2	QFUHWHLQÀH[XUHLVDYDUL	7KHWHQVLOHVWUHQJWKRIFRQFUHWHLQÀH[XUHLVDYDULable	property	and	its	value	iis	approximately	10	to	15	percent	of	the	concr	concrete	compressive	strength.	ength,	ACI	318	neglects	eglects	For	calculating	nom	nominal	strength,	nsil	strength.	ngth.	the
concrete	tensile	d	=	30	in.	–	1.5	in.	–	0.375	in.	–	0.75	in.	/2	=	27.75	in.,	say,	d	=	27.7	in.	ent	concrete	com	ressi	Determine	the	eq	equivalent	compressive	stress	for	design::	22.2.2.3	The	concrete	compressive	stress	distribution	is	inelastic	at	high	stress.	The	actual	distribution	of	sually	concrete	compressive	stress	is	complex	and	usually	not	known
explicitly.	The	Code	permits	any	stress	distribution	to	be	assumed	in	design	if	shown	to	result	in	predictions	of	ultimate	strength	in	reasonable	agreement	with	the	results	of	comprehensive	tests.	Rather	than	tests,	the	Code	allows	the	use	of	an	equivalent	rectangular	compressive	stress	distribution	of	0.85fcƍZLWKDGHSWKRI	a	ȕ1cȕ1	is	a	function	of
concrete	compressive	strength	and	is	obtained	from	Table	22.2.2.4.3.	22.2.2.4.1	For	fcƍ	SVL	β1	=	0.85	−	22.2.2.4.3	Find	the	equivalent	concrete	compressive	depth,	a,	by	equating	the	compression	force	in	the	section	to	the	tension	force	(refer	to	Fig.	E3.4):	C=T	0.85fcƍba	=	Asfy	0.85(5000	psi)(b)(a)	=	As(60,000	psi)	0.05(5000	psi	−	4000	psi)	=	0.8
1000	psi	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	22.2.1.1	181	As	(60,000	psi)	=	0.317	As	0.85(5000	psi)(44.5	in.)	For	positive	moment:	b	=	bf	=	44.5	in.	a=	For	negative	moment:	b	=	bw	=	18	in.	At	support	0.85(5000	psi)(18	in.)(a)	=	As(60,000	psi)	a=	As	(60,000	psi)	=	0.784	As	0.85(5000	psi)(18	in.)	Fig.	E3.4—
Section	reinforcement	ent	at	midspan	dspan	and	at	ssupport.	ort.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Beams	CHAPTER	7—BEAMS	182	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	'HVLJQWKHEHDPIRUWKHPD[LPXPÀH[XUDOPRPHQW	at	the	midspan	and	the	face	of	supports.	9.5.1.1	The
beam	strength	must	satisfy	the	following	inequalities	at	each	section	along	its	length:	�Mn•Mu	�Vn•Vu	&DOFXODWHUHTXLUHGÀH[XUDOUHLQIRUFHPHQWDUHD	using	the	following	equation:	Midspan	21.2.2	9.3.3.1	a⎞	⎛	M	u	≤	φM	n	=	φAs	f	y	⎜	d	−	⎟	⎝	2⎠	0.317	As	⎞	⎛	304	ft-kip	≤	(0.9)(60	ksi)	As	⎜	27.7	in.	−	⎝	2	⎟⎠	No.	6	bars;	db	=	0.75	in.	and	As	=
0.44	in.2	As	=	2.47	in.2;	use	six	No.	6	Note	that	b	=	18	in.	for	negative	moments	and	b	=	44.5	in.	for	positive	moments.	Supports	Check	if	calculated	strain	is	greater	than	0.005	in./	in.	(tension-controlled),	but	not	less	than	0.004	in./	in.	Refer	to	Fig.	E3.5.	a=	As	f	y	0.85	f	c′b	and	c	=	ZKHUHȕ1	=	0.8	εt	=	ε	cu	(d	−	c)	c	a	β1	0.784	As	⎞	⎛	279	ft-kip	≤	(0.9)
(60	ksi)	As	⎜	27.7	in.	−	⎝	2	⎟⎠	As	=	2.31	in.2XVHí1R	Midspan	p	7	s	=	(0.3	(0.317)(6)(0.44	)(6	(	in.2)	=	0.84	in.	a	=	0.317A	a/0.	=	00.84	84	in	/0	8	=	1.05	in.	<	7	in.	slab	thickness	c	=	a/0.8	in./0.8	refo	shape	hape	assum	Therefore,	assumption	is	correct	εt	=	0.003	0	7.7	in.	−	1	(27.7	1.05	in.)	=	0.076	>	0.005	1.05	in.	1.	Supports	84A	4	s	=	(0	(0.784)(6)(0.44
in.2)	=	2.07	in.	a	=	0.784A	c	=	a/0.8	=	2.07/0.8	=	2.59	in.	εt	=	0.003	(27.7	in.	−	2.59	in.)	=	0.029	>	0.005	2.59	in.	7KHUHIRUHWKHDVVXPSWLRQRI�		LVFRUUHFW	Fig.	E3.5—Strain	distribution	across	beam	section.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	7—BEAMS	Minimum	reinforcement	area	The
reinforcement	area	must	exceed	the	minimum	required	at	every	section	along	the	length	of	the	beam.	(a)	As	=	(b)	As	=	3	f	c′	fy	bw	d	Beams	9.6.1.1	9.6.1.2	183	As	=	3	5000	psi	(18	in.)(27.7	in.)	=	1.76	in.2	60,000	psi	200	bw	d	fy	Because	fcƍ!SVL(TD	FRQWUROV	Step	6:	Shear	design	Shear	strength	21.2.1(b)	Shear	strength	reduction	factor:	9.5.1.1
�Vn•Vu	At	midspan:	As(prov.)	=	2.64	in.2	>	As(min)	=	1.76	in.2	OK	At	support:	As(prov.)	=	2.64	in.2	>	As(min)	=	1.76	in.2	OK	�shear	=	0.75	9.5.3.1	22.5.1.1	Vn	=	Vc	+	Vs	9.5.1.2	21.2.1b	6KHDUUHGXFWLRQIDFWRU9.4.3.2	9.4.3.1 �								 	rce	is	taken	n	at	the	face	of	the	Design	shear	force	tical	reaction	ca	ses	vertical	support	becausee	th	the	vertical
causes	ha	compression	mpression	(Fig.	E	.5).	C	tension	rather	than	E3.5).	CondiR	DUHVDWLV¿HG	&RQG	Fig.	E3	Fi	E3.6—Shear-critical	ar-critica	section.	WLRQE	DQGF	RIDUHVDWLV¿HG&RQGLWLRQ	QRW	V¿HG	D	KRZHYHULVQRWVDWLV¿HG	3	kip	Vu	=	59.3	22.5.5.1	Vc	=	2	f	c′bw	d	Vc	=	2	5000	psi(18	in.)(27.7	in.)/1000	=	70.5	kip
&KHFNLI�Vn•Vu	�Vc	=	(0.75)(70.5	kip)	=	52.9	kip	�Vn	=	52.9	kip	<	Vu	=	59.3	kip	NG	Therefore,	shear	reinforcement	is	required.	Cross-sectional	dimensions	are	selected	to	satisfy	Eq.	(22.5.1.2):	22.5.1.2	Vu	≤	φ(Vc	+	8	f	c′bw	d	)	(	Vu	≤	φ	70.5	kip	+	8	5000	psi(18	in.)(27.7	in.)	)	≤	212	kip	Section	dimensions	are	satisfactory.	Note:	The	shear	could	be
taken	at	distance	d	from	the	face	of	the	girder	if	hanger	reinforcement	is	provided	in	the	girder,	as	outlined	in	a	paper	by	A.	H.	Mattock	and	J.	F.	Shen,	“Joints	between	Reinforced	Concrete	Members	of	Similar	Depth,”	ACI	Structural	Journal91R0D\-XQHSS	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	184	22.5.10.1
22.5.10.5.3	22.5.10.5.6	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Shear	reinforcement	Transverse	reinforcement	is	required	at	each	section	where	Vu!�Vc	satisfying	Eq.	(22.5.10.1):	Section	AB	�Vs•Vu±�Vc	where	Vs	=	�Vs•NLS	±NLS		NLS	Av	f	yt	d	Vs	≥	s	Av	(8.5	kip)	≥	=	0.0051	s	(60	ksi)(27.7	in.)	Av	V	≥	s	s	f	yt	d	9.7.6.2.2	6.4
kip	=	8.5	kip	0.75	Check	maximum	allowable	stirrup	spacing:	4	f	c′bw	d	=	4	(	)	5000	psi	(18	in.)(27.7	in.)	=	140.5	kip	say,	141	kip	Is	Vs	≤	4	f	c′bw	d	?	Vs	=	8.5	kip	<	4	f	c′bw	d	=	141	kip	OK	Therefore,	for	stirrup	spacing,	use	the	lesser	of:	d/2	=	27.7	in./2	=	13.8	in.	or	24	in.	stirr	Try	No.	3	stirrups	at	12	in.	on	center.	2(0.11	(	iin..2	)	⎛	Av	⎞	=	=	0.018	in.2
/in.	>	0.005	in.2	/in.	⎜⎝	s	⎟⎠	12	in.	pr	prov	OK	9.6.3.3	UH	FHPHQWPXVWEH	WOHDV	6SHFL¿HGVKHDUUHLQIRUFHPHQWPXVWEHDWOHDVWWKH	larger	of:	As	,min	s	=	0.75	f	c′	bw	Av	,	min	f	yt	s	psi	≥	0.75	5000	ps	18	in.	=	0.016	in.2	/in.	60,000	psi	Controls	and	As	,min	s	=	50	bw	f	yt	Av	,	min	s	=	50	18	in.	=	0.015	in.2	/in.	60,000	psi	Provided:	Av	,
min	Av	2(0.11	in.2	)	≥	=	0.018	in.2	/in.	>	=	0.016	in.2	/in.	12	in.	s	s	VDWLV¿HVWKHUHIRUHOK	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	7—BEAMS	185	22.7.4.1(a)	Beams	Step	7:	Torsion	design	Determine	if	girder	torsion	can	be	neglected.	Check	threshold	torsion	Tth:	⎛	Acp2	⎞	Tth	=	λ	f	c′	⎜	⎟	⎝	pcp	⎠
Determine	portion	of	slab	to	be	included	with	the	beam	for	the	torsional	design:	T-section	between	a	and	b	and	between	d	and	e	and	Fig.	E3.7—T-beam	geometry	to	resist	torsion.	where	Acp	™bihi	is	the	area	enclosed	by	outside	perimeter	of	concrete	Acp	=	(18	in.)(30	in.)	+	2(23	in.)(7	in.)	=	862	in.2	pcp	™bi	+	hi)is	the	perimeter	of	concrete	gross	area
pcp	=	2(18	in.	+	23	in.	+	23	in.	+	23	in.	+	7	in.)	=	188	in.	(	)	⎛	862	in.2	2	⎞	⎟	(1.0	5000	psi	⎜	Ttth	=	(1.0)	⎜⎝	188	in.	⎟⎠	9.5.1.1	9.5.1.2	Refer	to	Fig.	E3.3	for	ttorsional	value	Tu	near	supports.	279,474	4	4	in.	iin.-lb	lb	=	223.3	ft-kip	Tth	=	27	21.2.1c	JWK	XFWLRQIDFWRU7 �													 RUVLRQDOVWUHQJWKUHGXFWLRQIDFWRU3 �			ft	ft-kip)	kip))	=	17.5	ft-kip
�Tth	=	((0.75)(23.3	�	th	=	117.5	ft-kip	p	>	Tu	=	7.6	ft-kip	OK	�T	sion	reinforcement	orcement	is	not	required	between	a	and	b	Torsion	een	d	and	e.	and	between	ed	with	Determine	portion	of	the	slab	to	be	included	the	beam	for	torsional	design.	/VHFWLRQEHWZHHQb	and	d	7KHRYHUKDQJLQJÀDQJHGLPHQVLRQLVHTXDOWRWKH
VPDOOHURIWKHSURMHFWLRQRIWKHEHDPEHORZWKHVODE	(23	in.)	and	four	times	the	slab	thickness	(28	in.).	Therefore,	use	23	in.	(refer	to	Fig.	E3.8).	Fig.	E3.8—	L-beam	geometry	to	resist	torsion.	Acp	=	(18	in.)(30	in.)	+	(23	in.)(7	in.)	=	701	in.2	pcp	=	2(18	in.	+	23	in.	+	7	in.	+	23	in.)	=	142	in.	⎛	701	in.2	2	⎞	⎟	Tth	=	(1.0)	5000	psi	⎜	⎜⎝	142	in.
⎟⎠	Tth	=	244,699	in.-lb	=	20.4	ft-kip	(	)(	)	�Tth	=	(0.75)(20.4	ft-kip)	=	15.3	ft-kip	Refer	to	Fig.	E3.3	for	torsional	value	Tu	at	midspan.	�Tth	=	15.3	ft-kip	>	Tu	=	13.8	ft-kip	OK	Torsion	reinforcement	is	not	required	between	b	and	d.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	186	THE	REINFORCED	CONCRETE	DESIGN
HANDBOOK—SP-17(14)	Step	8:	Reinforcement	detailing	Fig.	E3.9—Longitudinal	and	transverse	reinforcement.	9.7.2.1	Minimum	top	bar	spacing	From	Appendix	A	of	SP-17(14)	Reinforced	Concrete	Design	Handbook	Design	Aid	–	Analysis	Tables,	p	g	which	can	be	downloaded	from:	six	No.	6	bars	can	be	placed	in	one	layer	within	an	18	in.	wide	beam.
9.7.2.1	25.2.1	so	be	calculated	as	shown	as	follows	forr	bo	Bar	spacing	can	also	bottom	bars.	Minimum	bottom	m	bbar	spacing	cing	g	itudinal	Minimum	clear	sp	spacing	between	the	lo	longitudinal	te	of:	bars	is	the	greatest	⎧1	in.	⎪	Clear	spacing	⎨db	⎪4/3(d	)	agg	⎩	1	in..	Controls	rols	Assume	3/4	in.	maximum	aggregate	size.	Therefore,	clear	spacing
between	horizontal	bars	must	not	be	less	than	1.0	in.	0.75	in.	(3/4	in.)	=	1	in.	4/3(3/4	Controls	Check	if	six	No.	6	bars	can	be	placed	in	the	beam’s	web.	bw,req’d	=	2(cover	+	dstirrup	+	0.75	in.)	+	5db	+	5(1.0	in.)min,spacing	(25.2.1)	bw,req’d	=	2(1.5	in.	+	0.375	in.	+	0.75	in.)	+	5	(0.75	in.)	+	5(1.0	in.)	bw,req’d	=	14	in.	<	18	in.	OK	Refer	to	Fig.	E3.10
for	reinforcement	placement	in	Beam	B2.	Fig.	E3.10	for	reinforcement	placement.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	7—BEAMS	9.7.1.2	Maximum	bar	spacing	at	the	tension	face	must	not	exceed	the	lesser	of	⎛	40,	000	⎞	s	=	15	⎜	−	2.5cc	⎝	f	s	⎟⎠	⎛	40,000	psi	⎞	s	=	15	⎜	−	2.5(2	in.)	=	10	in.	⎝	40,000	psi
⎟⎠	⎛	40,	000	⎞	s	=	12	⎜	⎝	f	s	⎟⎠	⎛	40,000	psi	⎞	s	=	12	⎜	=	12	in.	⎝	40,000	psi	⎟⎠	7KLVVSDFLQJLVWROLPLWÀH[XUDOFUDFNLQJZLGWKV	where	cc	=	2	in.	is	the	least	distance	from	surface	of	1.8	in.	spacing	is	provided,	therefore	OK	deformed	reinforcement	to	the	tension	face.	Development	length	of	No.	6	reinforcing	bar
7KHVLPSOL¿HGPHWKRGLVXVHGWRFDOFXODWHWKH	Top	bars	development	length	of	No.	6	bars:	f	yψt	ψe	25.4.2.2	Ad	=	25.4.2.4	ZKHUHȥt	LVEDUORFDWLRQȥt	=	1.3	for	top	horizontal	bars,	because	more	than	12	in.	of	fresh	concrete	is	SODFHGEHORZWKHPDQGȥt	=	1.0	for	bottom	horizontal	bars,	because	not	more	than	12	in.	of	fresh
ORZWKH	FRQFUHWHLVSODFHGEHORZWKHPȥ	e	is	coating	factor;	use	bbars	are	uncoated	DQGȥe	=	1.0	because	9.7.1.3	25.5.2.1	9.7.3	Controls	20λ	f	c′	db	einforcing	g	bar	Splice	length	off	N	No	.6	reinforcing	2.	splice	ce	length	is	1.3(	Per	Table	25.5.2.1,	1.3(Ɛd).	⎛	(60,000	psi)(1.3)(1.0)	⎞	Ad	=	⎜	⎟	(0.75	in.)	=	33.1	in.	⎝	(25)(1.0)	5000	psi	⎠	say,	36	in.
Bottom	bars	⎛	(60,	(60,000	((60	,	psi)(1.0)(1.0)	⎞	Ad	=	⎜	⎟	(0.75	in.)	=	25.5	in.	(25)(1.0)	0	5000	00	psi	⎠	⎝	(25)(1	say,	30	in.	i	To	3)(33	)(	1	iin.)	=	43.0	in.,	say,	4	ft	0	in.	Top::	1.3	1.3Ɛd	=	(1.3)(33.1	tom	1.3Ɛd	=	(1.3)(25	(1.3)(25.5	in.)	=	33.2	in.,	say,	3	ft	0	in.	Bottom:	Bar	cutoff	Bottom	tension	reinforcement	Four	No.	6	bottom	bars	are	terminated	beyond
ment	Beam	B1	a	distance	equal	to	the	development	length	of	30	in.	Four	No.	6	lengths:	Ɛ	=	14	ft	+	2(1.5	ft)	+	2(2.5	ft)	=	22	ft	Extend	two	No.	6	bottom	bars	the	full	length	of	the	beam	and	develop	into	the	girder	beams	along	&ROXPQ/LQHV%DQG'DWHDFKHQGZLWKDKRRN	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org



Beams	9.7.2.2	24.3.1	24.3.2	187	188	9.7.3.2	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Top	tension	reinforcement	Reinforcement	must	be	developed	at	points	of	maximum	stress	and	points	along	the	span	where	terminated	tension	reinforcement	is	no	longer	UHTXLUHGWRUHVLVWÀH[XUH	Six	No.	6	bars	are	required	to	resist
the	factored	moment	at	the	support.	)RXU1REDUVZLOOEHWHUPLQDWHGDWWKHLQÀHFWLRQ	point.	9.7.3.8.2	−(279	ft-kip)	−	0.94	kip/ft	x2	+	60	kip(	x)	=	0	2	x	=	4.8	ft,	say,	5	ft	At	least	one-third	of	the	negative	moment	reinforcement	at	a	support	must	have	an	embedment	OHQJWKEH\RQGWKHSRLQWRILQÀHFWLRQWKHJUHDWHVWRI	For
No.	6	bars:	d,	12db,	and	Ɛn/16.	1)	d	=	27.7	in.	Controls	2)	12db	=	12(1.0	in.)	=	12	in.	3)	Ɛn/16	=	21	in.	Therefore,	extend	four	No.	6	bars	a	distance	d	beyond	WKHLQÀHFWLRQSRLQW	60	in.	+	27.7	in.	=	67.7	in.	Place	four	No.	6	bars	within	th	the	Beam	B2	web	and	two	No.	6	bars	on	either	side	of	the	beam	web	over	ig.	E3.10,	E	36	in.	(refer	to	Fig.
Section	B)	Step	9:	Integrity	reinforcementt	Integrity	reinforcement	rc	t	9.7.7.2	H	RQGLWLRQVPXVWE	VDWLV	(LWKHURQHRIWKHWZRFRQGLWLRQVPXVWEHVDWLV¿HG	but	not	both.	end	the	he	remainin	g	ttw	Extend	remaining	two	No.	6	bars	over	the	full	gth	oof	the	beam	as	hhanger	bars	for	the	stirrups.	length
,QWKLVH[DPSOHERWKDUHVDWLV¿HG	At	least	one-fourth	the	maximum	positive	moment	reinforcement,	but	not	less	than	two	bars	must	be	continuous.	7KLV	FR	7KLVFRQGLWLRQZDVVDWLV¿HGDERYHE\H[WHQGLQJWZR	No.	6	bottom	reinforcement	bars	into	the	support.	2	No.	6	>	(1/4)6	No.	6
/RQJLWXGLQDOUHLQIRUFHPHQWPXVWEHHQFORVHGE\	closed	stirrups	along	the	clear	span	of	the	beam.	7KLVFRQGLWLRQLVVDWLV¿HGE\H[WHQGLQJVWLUUXSVRYHU	the	full	length	of	the	beam.	Refer	to	Fig.	E3.9.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	7—BEAMS	189	24.2.3.1	Beams
6WHS'HÀHFWLRQ	9.3.2	&DOFXODWHGHÀHFWLRQOLPLW	,PPHGLDWHGHÀHFWLRQLVFDOFXODWHGXVLQJHODVWLF	GHÀHFWLRQDSSURDFKDQGFRQVLGHULQJFRQFUHWH	cracking	and	reinforcement	for	calculating	stiffness.	Modulus	of	elasticity:	19.2.2.1	Ec	=	57,	000	f	c′	psi	24.2.3.4
7KHEHDPLVVXEMHFWHGWRDIDFWRUHGGLVWULEXWHG	force	of	0.94	kip/ft	or	service	dead	load	of	0.58	kip/	ft	and	0.15	kip/ft	service	live	load.	(19.2.2.1b)	Ec	=	57,	000	5000	psi	/1000	=	4030	ksi	7KHEHDPLVDOVRVXEMHFWHGWRFRQFHQWUDWHGORDGV	from	Beam	B1	at	6	ft	3	in.	and	21	ft	9	in.	from
&ROXPQ/LQH%IUDPLQJLQWRLWKDYLQJWKHIROORZLQJ	reaction;	factored	28.5	kip	or	service	dead	load	of	14.4	kip	and	7	kip	service	live	load.	Also,	Beam	B2	LVVXEMHFWHGWRDFRQFHQWUDWHGORDGDWPLGVSDQIURP	Beam	B4	of	36.7	kip	factored	orr	15.1	kip	dead	service	load	and	11.6	kip	service	live	loa	load.	XDWLRQ
7KHGHÀHFWLRQHTXDWLRQIRUGLVWULEXWHGORDGZLWK	GV	¿[LW\DWERWKHQGV	¨	ZƐ4/384EI	ed	load	at	mi	For	concentrated	midspan:	¨	3Ɛ3/192EI	Note:	w	and	P	are	service	loads.	q	Ie	is	the	effective	moment	of	inertia	given	by	Eq.	(25.2.3.5a):	24.2.3.5	3	⎡	⎛	M	⎞3⎤	⎛M	⎞	I	e	=	⎜	cr	⎟	I	g	+	⎢1	−	⎜	cr	⎟	⎥	I	cr	⎝	Ma	⎠	⎢⎣	⎝	M	a	⎠	⎥⎦	For	simpl
simplicity,	assume	that	the	beam	is	rectangular	for	the	calculation	of	the	moment	of	inertia	(conservative):	Ig	=	bh3	(18	in.)(30	in.)3	=	=	40,500	in.4	12	12	where	M	cr	=	fr	I	g	yt	(24.2.3.5b)	M	cr	=	7.5(	5000	psi)(40,500	in.4	)	=120	ft-kip	(15	in.)(12,000)	Ma	is	the	moment	due	to	service	load.	For	moment	calculation,	refer	to	table	below:
)RUGHÀHFWLRQFDOFXODWLRQXVHPRPHQWVREWDLQHG	IURPHODVWLFDQDO\VLV&RHI¿FLHQWVIURP7DEOH%	Reinforced	Concrete	Design	Handbook	Design	Aid	–	Analysis	Tables,	which	can	be	downloaded	from:	.	aspx?ItemID=SP1714DA	are	used	to	calculate	the	moments.	The	beam	is	assumed	cracked;	therefore,	calculate	the	moment	of
inertia	of	the	cracked	section,	Icr.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	190	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Determine	neutral	axis	of	the	cracked	section:	bc	2	+	(n	−	1)	As′	(c	−	d	′	)	2	where	c	is	the	uncracked	remaining	concrete	depth	n	=	Es/Ec	nAs	(d	−	c)	=	For	c	values,	refer
to	the	table	below	n	=	29,000	ksi/4030	ksi	=	7.2	Cracking	moment	of	inertia,	Icr:	I	cr	=	bc	3	+	(n	−	1)	As′	(c	−	d	′	)	2	+	nAs	(d	−	c)	2	3	For	Icr	values,	refer	to	the	table	below	Asƍ	2.64	in.2	0.88	in.2	2.64	in.2	As	2	2	0.88	in.2	0.88	in.	2.64	in.	c	3.67	in.	6.5	in.	3.67	in.	Icr	4016	in.4	10,314	in.4	4016	in.4	Dead:	38	ft-kip	19	ft-kip	38	ft-kip	Live:	10	ft-kip	5	ft-
kip	10	ft-kip	Dead:	123	ft-kip	101	ft-kip	123	ft-kip	Live:	75	ft-kip	64	ft-kip	75	ft-kip	Total	Ma	246	ft-kip	-ki	189	ft-kip	-kip	246	ft-kip	Ie	9183	in.	n.4	15,410	in.	n.4	9183	in.4	4	4	Distributed	load	Ma,dist	Concentrated	load	Ma,conc	Use	9200	in.	15,400	in.	200	in.4	where	Ma,dist	Įwi	kip/ft)(28	ft)2Į	DWVXSSRUWDQGDWPLGVSDQDQGMa,conc	ȕPLȕ		for
concentrated	load	at	midspan	and	Ma	=	Pa2b/Ɛ2,	where	a	is	the	distance	of	the	concentrated	load	to	the	left	support	24.2.3.6	)RUFRQWLQXRXVEHDPVRUEHDPV¿[HGDWERWKHQGV	RWK	HQGV	(positive	and	negative	moments),	the	Code	permits	to	take	Ie	as	the	average	of	values	obtained	from	Eq.(24.2.3.5a)	for	the	critical	positive	and	negative
moments.	I	e	,	avg	=	I	e,left	@	supp	+	I	e	,	right	@	supp	+	I	e,	midspan	3	I	e	,	avg	=	9200	in.4	+	15,	400	in.4	+	9200	in.4	3	Ie,avg	=	11,267	in.4	ACI	Committee	435	recommends	alternate	equations	to	calculate	the	average	equivalent	moment	of	LQHUWLDLQDEHDPZLWKWZR¿[HGRUFRQWLQXRXVHQGV	(Eq.	(2.15a)	of	ACI	435R-95).	Ie,avg	=
0.7Ie,midspan	+	0.15(Ie,[email	protected]	+	Ie,[email	protected])	Ie,avg	=	0.7(15,400	in.4	+	0.15(9200	in.4	+	9200	in.4)	Ie,avg	=	13,540	in.4	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	191	,PPHGLDWHGHÀHFWLRQV	'HÀHFWLRQGXHWRWRWDOGLVWULEXWHGORDG	Δ	distr	=	(0.58	kip/ft	+	0.15	kip/ft)(28	ft)	4
(12)3	=	0.04	in.	384(4030	ksi)(11,	267	in.4	)	'HÀHFWLRQGXHWRWRWDOFRQFHQWUDWHGORDG	PD+L	=	15.1	kip	+	11.6	kip	=	26.7	kip	Δ	conc	=	(26.7	kip)(28	ft)3	(12)3	=	0.12	in.	192(4030	ksi)(11,	267	in.4	)	At	midspan:	'HÀHFWLRQDWPLGVSDQGXHWR%DWIWLQDQG	IWLQIURP&ROXPQ/LQH%	PD+L	=	14.4	kip	+	7	kip	=	21.4	kip	Δ	C	.	L.	=
2(21.4	kip)(6.25ft)	2	(14	ft)	2	(12)3	6(4030	ksi)(11,	267	in.4	)(28ft)3	×	(3(21.75	ft)(28	ft)	−	3(21.75	ft)(14	ft)	−	(6.25	ft)(14	ft))	=	0.08	in.	Equation	is	obtained	from	Reinforced	Concrete	Design	Handbook	Design	Aid	–	Analysis	Tables,	which	can	be	downloaded	from:	https://	www.concrete.org/store/productdetail.	aspx?ItemID=SP1714DA:	24.2.2
7RWDOGHÀHFWLRQ	VWWKHPD[LPXPDOORZ	&KHFNWKHGHÀHFWLRQDJDLQVWWKHPD[LPXPDOORZ.2.2:	able	limits	in	Table	24.2.2:	¨D+L	=	0.04	in.	+	0.12	in.	+	0.08	in.	=	0.24	in.	UWLQ	DWWDFKHGWRQRQ	XFWXUDO	)RUÀRRUVXSSRUWLQJRUDWWDFKHGWRQRQVWUXFWXUDO	ot	likely	y	to	be	damaged	by	y	large	elements	and	not	0
GHÀHFWLRQƐ/480	hallo	eam	could	have	been	selected.	But	A	shallower	beam	be	ause	of	Beam	m	B1	(28	in.	deep)	that	is	framing	into	because	it,	a	30	in.	deep	beam	wa	was	chosen.	in./ft)/480	t)/4	)	=	0.7	in.	¨all.	=	(28	ft)(12	in	LQ!!¨	LQ	!!	¨	LQOK		¨all.		American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Beams	CHAPTER	7—
BEAMS	192	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	/RQJWHUPGHÀHFWLRQV	'HÀHFWLRQVGXHWROLYHORDGDUHWKHGLIIHUHQFH	EHWZHHQWRWDOGHÀHFWLRQDQGGHDGORDGGHÀHFWLRQ	'HÀHFWLRQGXHWRGHDGORDG	24.2.4.1.1	Distributed	load:	Δ	distr	=	(0.58	kip/ft)(28	ft)	4	(12)3	=	0.04	in.	384(4030
ksi)(11,	267	in.4	)	Concentrated	load	at	midspan:	Δ	conc	=	(15.1	kip)(28	ft)3	(12)3	=	0.07	in.	192(4030	ksi)(11,	267	in.4	)	Concentrated	load	at	6.25	ft	and	21.75	ft,	respectively.	Δ	C	.	L.	=	7RWDOGHDGORDGGHÀHFWLRQ	¨D	=	0.04	in.	+	0.07	in.	+	0.05	in.	=	0.16	in.	'HÀHFWLRQGXHWROLYHORDG	¨L	=	0.24	in.	–	0.16	in.	=	0.08	in.	WLRQ
&DOFXODWHORQJWHUPGHÀHFWLRQ	λΔ	=	24.2.4.1.3	2(14.4	kip)(6.25ft)	2	(14	ft)	2	(12)3	6(4030	ksi)(11,	267	in.4	)(28ft)3	×	(3(21.75	ft)(28	ft)	−	3(21.75	ft)(14	ft)	−	(6.25	ft)(14	ft))	=	0.05	in.	ξ	1	+	50ρ′	λΔ	=	2.0	=	1.84	0.88	in.	in	2	1	+	50	(18	8	in.)(27.7	in.)	2.	the	time-depend	nt	fac	From	Table	24.2.4.1.3,	time-dependent	factor	ad	duration	tion	of
more	than	tha	5	ye	for	sustained	load	years:	ȟ		/RQJWHUPGHÀHFWLRQGXHWRVXVWDLQHGORDGLV	¨T	Ȝ¨	¨i	%\LQVSHFWLRQWKLVLVVDWLV¿HG	%\LQVSHFWL	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	7—BEAMS	193	Beams	Step	11:	Detailing	Fig.	E3.11—Beam	reinforcement	details.	American
Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	194	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Beam	Example	4:	Continuous	edge	beam	Determine	the	size	of	a	continuous	six-bay	edge	beam	built	integrally	with	a	7	in.	slab	on	the	exterior	of	the	building.	Design
DQGGHWDLOWKHEHDP,JQRUHRSHQLQJVDW&ROXPQ/LQHVDQG	Given:	fcƍ	SVLQRUPDOZHLJKWFRQFUHWH	fy	=	60,000	psi	Beam	width:	18	in.	Beam	height:	30	in.	six	span	perime	Fig.	E4.1—Plan	of	a	-six-span	perimeter	beam.	ACI	318-14	Discussion	Step	1:	Material	requirements	9.2.1.1	The	mixture	proportion	must	satisfy	the	durability
requirements	of	Chapter	19	and	structural	strength	requirements	of	ACI	318-14.	The	designer	determines	the	durability	classes.	Please	refer	to	Chapter	4	of	SP-17	for	an	in-depth	discussion	of	the	Categories	and	Classes.	Calculation	By	specifying	that	the	concrete	mixture	shall	be	in	accordance	with	ACI	301-10	and	providing	the
expoVXUHFODVVHV&KDSWHUUHTXLUHPHQWVDUHVDWLV¿HG	Based	on	durability	and	strength	requirements,	and	experience	with	local	mixtures,	the	compressive	VWUHQJWKRIFRQFUHWHLVVSHFL¿HGDWGD\VWREHDW	least	5000	psi.	$&,LVDUHIHUHQFHVSHFL¿FDWLRQWKDWLVFRRUGLnated	with	ACI	318.	ACI	encourages
referencing	$&,LQWRMREVSHFL¿FDWLRQV	There	are	several	mixture	options	within	ACI	301,	such	as	admixtures	and	pozzolans,	which	the	designer	can	require,	permit,	or	review	if	suggested	by	the	contractor.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Step	2:	Beam	geometry	9.3.1.1	Beam	depth
,IWKHGHSWKRIDEHDPVDWLV¿HV7DEOH$&,	318	permits	a	beam	design	without	having	to	FKHFNGHÀHFWLRQVLIWKHEHDPLVQRWVXSSRUWLQJRU	attached	to	partitions	or	other	construction	likely	to	EHGDPDJHGE\ODUJHGHÀHFWLRQV2WKHUZLVHEHDP	GHÀHFWLRQVPXVWEHFDOFXODWHGDQGWKHGHÀHFWLRQ
OLPLWVLQPXVWEHVDWLV¿HG	Self-weight	Beam:	Slab:	9.2.4.2	6.3.2.1	195	The	beam	has	six	continuous	spans.	Taking	the	controlling	condition	of	having	one	end	continuous:	h=A=	(36	ft)(12	in./ft)	=	23.4	in.	18.5	Use	30	in.	wb	=	[(18	in.)(30	in.)/(144)](0.150	kip/ft3)	=	0.56	kip/ft	ws	=	[((14	ft	–	15	in./12)/2)(7	in./12)](0.150	kip/ft3)	=	0.56	kip/ft
Façade:	assume	façade	weight	is	35	psf	spanning	wcladding	=	(35	psf)(12	ft)/1000	=	0.42	kip/ft	12	ft-0	in.	vertically	Flange	width	The	beam	is	placed	monolithically	with	the	slab	DQGZLOOEHKDYHDVDQ/EHDP7KHÀDQJHZLGWKWR	one	side	of	the	beam	is	obtained	from	Table	6.3.2.1.	2QHVLGH	⎫	6hslab	⎪	of	web	is	⎬	sw	/2	the	least	of	⎪⎭	A	n	/12	2
(6)(7	in.)	=	42	in.	[((14	((14	ft)(12)	–	15	in.)/2	=	76.5	in.	(34	ft)(1	ft)(12)/12	Controls	2)/12	=	34	in.	in	Flange	width:	bf	Ɛn/12	+	bw	6WHS/RDGVDQGORDGSDWWHUQV	QV	OR	SVILQRI¿FHV	QG	7KHVHUYLFHOLYHORDGLVSVILQRI¿FHVDQG	10.	This	psf	in	corridors	per	Tablee	4-1	in	ASCE	77-10.	example	will	use	65	psf	as	an	average	aas	thee	actual
layout	is	not	provided.	To	account	for	the	weight	of	ceilings,	partitions,	DQGPHFKDQLFDO+9$&	V\VWHPVDGGSVIDV	miscellaneous	dead	load.	The	beam	resists	gravity	load	only	and	lateral	forces	are	not	considered	in	this	problem.	bf	=	34	in.	+	18	8	in.	=	52	in.	5.3.1	U	=	1.4D	wu	=	1.4(0.56	kip/ft	+	0.56	kip/ft	+	0.42	kip/ft	+	(15	psf)((14	ft)/2)/1000))
=	2.3	kip/ft	U	=	1.2D	+	1.6L	wu	=	1.2(2.3	kip/ft)/1.4	+	1.6(65	psf/1000)(14	ft)/2	=	2.7	kip/ft	Controls	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Beams	CHAPTER	7—BEAMS	196	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	4:	Analysis	9.4.3.1	The	beams	are	built	integrally	with	supports;
therefore,	the	factored	moments	and	shear	forces	(required	strengths)	are	calculated	at	the	face	of	the	supports.	9.4.1.2	6.5.1	Clear	span:	Ɛn	=	36	ft	–	2	ft	=	34	ft	Chapter	6	permits	several	analysis	procedures	to	calculate	the	required	strengths.	The	beam	required	strengths	can	be	calculated	using	approximations	per	Table	6.5.2,	if	the
condiWLRQVLQ6HFWLRQDUHVDWLV¿HG	Members	are	prismatic	Beams	are	prismatic	/RDGVXQLIRUPO\GLVWULEXWHG	L”D	6DWLV¿HGQRFRQFHQWUDWHGORDGV	65	psf	<	3(87.5	psf	+	15	psf	+	beam	self-weight	Three	spans	minimum	6	spans	>	3	spans	Difference	between	two	spans	does	not	exceed	20	percent.	Beams	have	equal	clear	span
lengths	34	ft-0	in.	OK	$OO¿YHFRQGLWLRQVDUHVDWLV¿HGWKHUHIRUHWKHDSSUR[L$OO¿YH	mate	procedure	is	used.	6.5.4	6.5.2	Fig.	E4.2—Shear	and	moment	diagrams.	6.5.3	Note:	The	moments	calculated	using	the	approximate	method	cannot	be	redistributed	in	accordance	with	Section	6.6.5.1.	American	Concrete	Institute	–	Copyrighted	©
Material	–	www.concrete.org	CHAPTER	7—BEAMS	197	Beams	The	slab	load	is	eccentric	with	respect	to	the	edge	beam	center.	Therefore,	the	beam	needs	to	resist	a	torsional	moment	(Fig.	E4.3).	Fig.	E4.3—Torsion	forces.	/RDGDWVODEEHDPLQWHUIDFH	wu	=	[((1.2)((7	in./12)(0.15	kip/ft3)	+	(0.015	ksf))	+	(1.6)(0.065	ksf))][(14	ft	–	1.5	ft/2)/2	+	3
in./12]	wu	=	1.56	kip/ft	ng	the	beam	length	is	(Fig.	E4.4):	The	torsional	moment	along	kip/ft)(18	in./2/12)	=	1.17	ft-kip/ft	tu	=	wu(bw	/2)	=	(1.56	kip/ft)(1	al	m	17	ft-kip/ft)(34	p/ft)(34	ft)/	ft)/2	=	20	ft-kip	Factored	torsional	moment	at	the	face	of	columns:	Tu	=	(1.17	Fig.	E4.4—Torsion	diagram.	American	Concrete	Institute	–	Copyrighted	©	Material	–
www.concrete.org	198	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	5:	Moment	design	9.3.3.1	The	Code	does	not	permit	a	beam	to	be	designed	with	steel	strain	less	than	0.004	in./in.	at	design	strength.	The	intent	is	to	ensure	ductile	behavior	at	the	factored	condition.	In	most	reinforced	beams,	such	as	this	example,
reinforcing	bar	strain	is	not	a	controlling	issue.	21.2.1(a)	The	design	assumption	is	that	beams	will	be	WHQVLRQFRQWUROOHG7 �								KLVDVVXPSWLRQZLOOEH	checked	later.	9.7.1.1	20.6.1.3.1	Determine	the	effective	depth	assuming	No.	4	stirrups,	No.	6	bars,	and	1.5	in.	cover:	2QHURZRIUHLQIRUFHPHQW	d	=	h	–	cover	–	dtie	–	db/2	22.2.2.1	d	=	30
in.	–	1.5	in.	–	0.5	in.	–	0.75	in./2	=	27.6	in.	The	concrete	compressive	strain	at	nominal	moment	strength	is:	İcu	=	0.003	22.2.2.2	QFUHWHLQÀH[XUHLVDYDUL	7KHWHQVLOHVWUHQJWKRIFRQFUHWHLQÀH[XUHLVDYDULable	property	and	is	approxi	approximately	10	to	15	percent	mpre	of	the	concrete	compressive	strength.	ACI	318	cret	tensilee
strength	to	calculating	ulating	neglects	the	concrete	th.	nominal	strength.	22.2.2.3	ent	concrete	com	ressi	Determine	the	eq	equivalent	compressive	th:	stress	at	nominall	sstrength:	22.2.2.4.1	The	concrete	compressive	stress	distribution	is	inelastic	at	high	stress.	The	Code	permits	any	stress	distribution	to	be	assumed	in	design	if	shown	to	result	in
predictions	of	ultimate	strength	in	reasonable	agreement	with	the	results	of	comprehensive	tests.	Rather	than	tests,	the	Code	allows	the	use	of	an	equivalent	rectangular	compressive	stress	distribution	of	0.85fcƍZLWKDGHSWKRI	22.2.2.4.3	22.2.1.1	a	ȕ1cZKHUHȕ1	is	a	function	of	concrete	compres0.05(5000	psi	−	4000	psi)	sive	strength	and	is
obtained	from	Table	22.2.2.4.3.	β1	=	0.85	−	=	0.8	1000	psi	For	fcƍ”SVL	Find	the	equivalent	concrete	compressive	depth,	a,	by	equating	the	compression	force	to	the	tension	force	within	the	beam	cross	section	(Fig.	E4.5):	C=T	0.85fcƍba	=	Asfy	0.85(5000	psi)(b)(a)	=	As(60,000	psi)	For	positive	moment:	b	=	bf	=	52	in.	a	=	As	(60,	000	psi)	=	0.271As
0.85(5000	psi)(52	in.)	For	negative	moment:	b	=	bw	=	18	in.	a	=	As	(60,	000	psi)	=	0.784	As	0.85(5000	psi)(18	in.)	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	199	Beams	CHAPTER	7—BEAMS	Fig.	E4.5—Section	compressive	block	and	reinforcement	at	midspan	and	at	support.
7KHEHDPLVGHVLJQHGIRUWKHPD[LPXPÀH[XUDO	moments	obtained	from	the	approximate	method	above.	7KH¿UVWLQWHULRUPRPHQWMmax	=	306	ft-kip	7K	LOOEHGHVLJQHGIRUWKH	7KH¿UVWLQWHULRUVXSSRUWZLOOEHGHVLJQHGIRUWKH	larger	of	the	moments	on	eithe	either	side	of	the	column;	9.5.1.1	n	stre	The	beam	design
strength	must	be	at	least	the	h	aat	each	h	section	along	its	length	required	strength	(Fig.	E	4.6):	�Mn•Mu	�Vn•Vu	Fig.	E4	F	E4.6—Moment	Moment	key	to	use	with	table	below.	Calculate	required	reinforcement	area:	Table	4.1—Req	4.1—Required	reinforcement	to	resist	factored	m	moment	a⎞	⎛	φM	n	≥	M	u	=	φAs	f	y	⎜	d	−	⎟	⎝	2⎠	Each	No.	6	bar	has	a
db	=	0.75	in.	and	an	As	=	0.44	in.2	21.2.2	9.3.3.1	Check	if	the	calculated	strain	exceeds	0.005	in./in.	(tension-controlled—Fig.	E4.7)	but	not	less	than	0.004	in./in.	As	f	y	a	and	c	=	a=	f	b	β	0.85	c′	1	ZKHUHȕ1	=	0.8	(calculated	above)	Note	that	b	=	18	in.	for	negative	moments	and	57.75	in.	for	positive	moments	(refer	to	Fig.	E4.5).	εt	=	Number	of	No.	6
bars	Mu,	ft-kip	As,req’d,	in.2	Req’d	Prov.	MƜ1	195	1.59	3.6	4	MƜ2	312	2.6	5.91	6	MƮ	5.36	6	284	2.36	ME	+	223	1.81	4.11	5	MI+	195	1.57	3.57	4	Table	4.2—Strain	in	tension	bars	Mu,	ft-kip	As,prov,	in.2	a,	in.	İs,	in./in	İs	>	0.005?	MƜ1	195	1.76	1.38	0.045	Y	MƜ2	312	2.64	2.07	0.029	Y	MƮ	284	2.64	2.07	0.029	Y	ME	+	223	2.20	0.60	0.108	Y	MI+	195
1.76	0.48	0.136	Y	7KHUHIRUHDVVXPSWLRQRIXVLQJ�		LVFRUUHFW	ε	cu	(d	−	c)	c	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	200	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Fig.	E4.7—Strain	distribution	across	beam	section.	9.6.1.1	9.6.1.2	Minimum	reinforcement	The	reinforcement	area	must
be	at	least	the	minimum	required	reinforcement	area	at	every	section	along	the	length	of	the	beams.	As	=	3	f	c′	fy	bw	d	Equation	(9.6.1.2a)	2a)	controls	ols	because	fcƍ!SVL	SVL	As	=	3	5000	ppsi	(18	in.)(27.6	in.)	=	1.76	in.2	Controls	60,000	psi	All	calc	calculated	reinforcem	reinforcement	areas	exceed	the	m	imu	required	red	reinfo	minimum
reinforcement	area.	Therefore,	OK	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	201	External	spans	Step	6:	Shear	design	Shear	strength	The	shear	forces	in	the	external	and	internal	spans	are	relatively	equal:	53	kip	versus	46	kip;	therefore,	the	continuous	beam	will	be	designed	for	53	kip	of	shear	force	9.4.3.2	9.5.1.1
9.5.3.1	22.5.1.1	22.5.5.1	Because	conditions	(a),	(b),	and	(c)	of	9.4.3.2	are	VDWLV¿HGWKHGHVLJQVKHDUIRUFHFULWLFDOVHFWLRQLV	taken	at	a	distance	d	from	the	face	of	the	support	(Fig.	E4.8)	The	controlling	factored	load	combination	must	satisfy:	�Vn•9u	Vn	=	Vc	+	Vs	Fig.	E4.8—Shear	critical	section.	[email	protected]	=	(53	kip)	–	(2.7
kip/ft)(27.6	in./12)	=	47	kip	Vc	=	(2)	5000	psi(18	in.)(27.6	in.)	=	70.3	kip	Vc	=	2	f	c′bw	d	21.2.1(b)	Shear	strength	reduction	factor:	φVc	=	φ2	f	c′bw	d	�shear	=	0.75	Vc	=	(0.7	(0.75)(70.3	kip)	=	52.7	kip	�V	9.5.1.1b	&KHFNLI�Vn•Vu	2.7	kip	>	Vu	=	47	kip	OK	�Vc	=	52.7	refo	shear	hear	reinfo	Therefore,	reinforcement	is	not	required.	9.6.3.1	Code
requires	that	ha	minimum	mum	shear	rein	reinforcement	rcement	NLS!	�V		�V	Vc	=	1/2(52.7	kip)	=	26.4	kip	ed	over	sections	where	Vu•	�V	•	must	be	provided	c	Vu		Check	if	the	cross-sectional	ssonal	dimension	dimensions	satisfy	atisfy	Eq.	(22.5.1.2):	22.5.1.2	Vu	≤	φ(Vc	+	8	f	c′bw	d	)	herefore,	pro	Therefore,	provide	minimum	shear	reinforcement
over	be	length.	(Refer	to	torsion	calculation	Step	7).	full	beam	%\LQVSHFWLRQWKLVFRQGLWLRQLVVDWLV¿HGDQGVHFWLRQ	dimensions	are	satisfactory.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Beams	CHAPTER	7—BEAMS	202	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	7:	Torsion
design	Torsion	design	9.4.4.3	Calculate	the	torsional	moment	at	d	from	the	face	of	the	support:	tu	=	1.17	ft-kip/ft	and	Tu	=	20	ft-kip	(Step	4,	Fig.	E4.3)	9.2.4.4	[email	protected]	=	(20	ft-kip)	–	(1.17	ft-kip/ft)(27.6	in.)/12	=	17.3	ft-kip	Determine	the	concrete	section	resisting	torsion.	7KHRYHUKDQJLQJÀDQJHGLPHQVLRQLVHTXDOWRWKH
VPDOOHURIWKHSURMHFWLRQRIWKHEHDPEHORZWKHVODE	(23	in.)	and	four	times	the	slab	thickness	(28	in.).	Therefore,	23	in.	controls	(Fig.	E4.9).	22.7.4.1	Calculate	the	threshold	torsion	value:	⎛	Acp2	⎞	Tth	=	λ	f	c′	⎜	⎟	⎝	Pcp	⎠	Fig.	E4.9—	L-beam	geometry	to	resist	torsion.	whereAcp	is	the	area	enclosed	by	outside	perimeter	of	concrete	cross
section;	and	Acp	=	(1	(18	in.)(30	in.)	+	(23	in.)(7	in.)	=	701	in.2	meter	of	o	concrete	cross	section	pcp	=	2(18	in.	+	2(2	2(23	in.)	n	+	7	in.)	=	142	in.	pcp	is	the	outside	perimeter	⎛	((701	in.2	)	2	⎞	5000	=20.4	ft-kip	(	(1	000	psi	⎜	Tth	=	(1.0)	⎝	142	in.	⎟⎠	21.2.1(c)	KU	WLRQIDFWRU7 �							 RUVLRQVWUHQJWKUHGXFWLRQIDFWRU �								� Tth	=	(0.75)(20.4	4 �	)	.
ft-kip)	=	15.3	ft-kip	9.5.4.1	an	be	ignored;	gnored;	does	[email	protected]	�T		�T	Tth?	Check	if	torsion	can		LS	!	�T	Tth	=	15.3	ft-kip	[email	protected]	NLS!�T	NG	ional	effects	effect	cannot	be	neglected	and	reinforceTorsional	ment	and	detailing	requirements	for	torsion	must	be	considered.	American	Concrete	Institute	–	Copyrighted	©	Material	–
www.concrete.org	CHAPTER	7—BEAMS	22.7.3.2	Torsion	reinforcement	Calculate	cracking	torsion:	⎛	Acp2	⎞	Tcr	=	4λ	f	c′	⎜	⎟	⎝	Pcp	⎠	Beams	9.5.1.1	9.5.4.2	22.7.5.1	203	⎛	(701	in.2	)	2	⎞	=81.5	ft-kip	Tcr	=	4(1.0)	5000	psi	⎜	⎝	142	in.	⎟⎠	Check	if	cross	section	will	crack	under	the	torsional	moment.	Tu	=	17.3	ft-kip	<	Tcr	=	87	ft-kip	Reducing	Tu	to	Tcr	is	not
required.	OK	Fig.	E4.10—	E4.10—Aoh	area.	2[(	8	in	in.	–	2(1.5	2(1	in	iin.)	–	0.5	in.)	ph	=	2[(18	+	(30	in.)–0.5	in.)]	=	82	in.	(3	in.	–	2(1.5	in	(14.5	in.)(26.5	26	5	in	in.))	=	384.25	in.2	Aooh	=	(1	st	th	Check	if	cross	se	section	is	adequate	to	re	resist	the	nt	torsional	moment.	2	2	22.7.7.1	⎛	Vu	⎞	⎛	Tu	ph	⎞	⎛	Vc	⎞	⎜⎝	b	d	⎟⎠	+	⎜⎝	1.7	A2	⎟⎠	≤	φ	⎜⎝	b	d	+	8	f	c′⎟⎠	w	w
oh	2	⎛	⎞	⎛	(17.3	ft-kip)(12	×	103	)(82	in.)	⎞	46,000	,,000	lb	+	⎜⎝	(18	⎟⎠	8	in.)(2	in	)(27	in.)	⎟⎠	⎜⎝	in.)(27.6	1.7(384.25	in.2	)	2	where	ph	is	the	perimeter	of	centerline	of	outermost	closed	transverse	torsional	reinforcement;	and	Aoh	is	the	area	enclosed	by	centerline	of	the	outermost	closed	transverse	torsional	reinforcement	9.7.5	9.7.6	22.7.6.1	2	⎛	⎞	70,300
lb	≤	(0.75)	⎜	+	8	5000	psi	⎟	⎝	(18	in.)(27.6	in.)	⎠	115	psi	<	530	psi	OK	Therefore	section	is	adequate	to	resist	torsion.	Calculate	required	transverse	and	longitudinal	torsion	reinforcement:	Transverse:	Tn	=	2	Ao	At	f	yt	s	cot	θ	(22.7.6.1a)	Tu	@	d	φ	=	2(327	in.2	)	At	(60	ksi)	(17.3	ft-kip)(12)	≤	Tn	=	cot	45	0.75	s	At/s	=	0.007	in.2/in.	/RQJLWXGLQDO	Tn	=	2
Ao	AA	f	y	ph	cot	θ	(22.7.6.1b)	Tu	@	d	φ	=	2(327	in.2	)AA	(60	ksi)	(17.3	ft-kip)(12)	≤	Tn	=	cot	45	0.75	82	in.	ZKHUH”ș”XVHș	GHJUHHV	AƐ•LQ2	Ao	=	0.85Aoh	is	the	gross	area	enclosed	by	torsional	VKHDUÀRZSDWK	Ao	=	0.85(384.25	in.2)	=	327	in.2	22.7.6.1.2	22.7.6.1.1	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	204
9.5.4.3	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	The	required	area	for	shear	and	torsional	transverse	reinforcement	are	additive:	Av	+	t	=	0	in.2	/in.	+	2(0.007	in.2	/	in	.)	=	0.014	in.2	/in.	s	Av	+	t	Av	A	=	+2	t	s	s	s	Av	=	0	in.2	AtLVGH¿QHGLQWHUPVRIRQHOHJ7KHUHIRUHAt	is	multiplied	by	2.
&DOFXODWHWKHPD[LPXPVSDFLQJRIVWLUUXSVDWd	from	the	column	face.	9.7.6.3.3	9.6.4.2	0D[LPXPVSDFLQJRIWUDQVYHUVHWRUVLRQDOUHLQIRUFH	Assume	No.	4	stirrup	ment	must	not	exceed	the	lesser	of	ph/8	and	12	in.	ph	=	82	in.	calculated	above	ph/8	=	82	in./8	=	10	in.	<	12	in.;	use	10	in.	Check	maximum	transverse	torsional
reinforcement:	(Av	+	2At)min/sPXVWEHJUHDWHUWKDQ	0.75	f	c′	(	Av	+	t	)	min	18	in.	≥	0.75	5000	psi	=	0.016	in.	SVL	s	bw	f	yt	and	50	(	Av	+	t	)	min	18	in.	=	50	=	0.015	in.	SVL	s			SSV	bw	f	yt	use	calculations	lations	showed	that	at	shear	Av	=	0	in.2	because	quired.	Minimum	shea	reinforcement	iss	nnot	required.	shear	V	YHUSURYLGHG
UHLQIRUFHPHQWLVKRZHYHUSURYLGHG	n2	At	=	(2)(0.20	in.2)	=	0.4	in.	8VHWZROHJVIRUWRUVLRQDOUHLQIRUFHPHQW	Provided:	ded:	Av	+	t	(2)(0.2	in.2	/in.)	=	0.04	in.2	/in.	=	10	s	Av	+	t	(A	)	=	0.04	in.2	/in.	>	v	+	t	min	=	0.016	in.	s	s	9.6.4.3	OK	7KHWRUVLRQDOORQJLWXGLQDOUHLQIRUFHPHQWAƐPLQ	must	be	the	lesser	of:	AƐPLQ	=	5
f	c′Acp	fy	f	yt	⎛A⎞	−	⎜	t	⎟	ph	⎝	s⎠	fy	AƐPLQ	=	5	5000	psi(701	in.2	)	60	ksi	−	0.02	in.2	/in.	(82	in.)	SVL	NVL	(	=	2.49	in.2	AƐPLQ	=	5	f	c′Acp	fy	⎛	25bw	⎞	f	yt	−⎜	ph	⎟	fy	⎝	f	yt	⎠	AƐPLQ	=	)	Controls	5	5000	psi(701	in.2	)	⎛	25(18	in.)	⎞	60	ksi	−⎜	(82	in.)	⎝	SVL	⎠⎟	SVL	NVL	=	3.5	in.2	AƐFDOF.	=	0.55	in.2	<	AOUHT¶G	=	2.49	in.2	Ap	=	701	in.2	calculated	above	OK
7KHORQJLWXGLQDOUHLQIRUFHPHQWPXVWEHDGGHGWRWKH	ÀH[XUDOUHLQIRUFHPHQW	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	7—BEAMS	9.7.5.1	9.7.5.2	Torsion	longitudinal	reinforcement,	AƐ,	must	be	distributed	around	the	cross	section	and	the	portion	of	AƐ	that	needs	to	be	placed	where	As
is	needed	is	added	to	As	found	in	Step	5,	Table	4.1.	Assume	that	two	No.	6	bars	will	be	added	at	each	side	face	and	the	remainder	will	be	divided	equally	between	top	and	bottom	of	beam	with	one	in	each	corner.	¨AƐ	=	AƐíANo.6	¨AƐ	=	(2.49	in.2íLQ2))	=	0.7	in.2	Add	0.7	in.2/2	=	0.35	in.2	to	Mí	and	M+	from	Step	5,	Table	1.	Table	4.3—Total	longitudinal
reinforcement	at	tension	side	The	spacing	of	longitudinal	torsional	sional	reinforce2	in.	on	cen	ment	should	not	exceed	12	center	and	the	minimum	diameter	must	be	greater	than	0.042	se	re	times	the	transverse	reinforcement	spacing,	but	not	less	than	3/8	in.	Beams	9.5.4.3	205	Number	of	No.	6	bars	As,req’d,	in.2	¨AƐ/2,	in.2	As	¨AƐ,	in.2	Req’d	Prov.
MƜ1	1.59	0.35	1.94	4.4	5	MƜ2	2.6	0.35	2.95	6.7	7	MƮ	2.36	0.35	2.71	6.2	7	ME	+	1.81	0.35	2.16	4.9	5	MI+	1.57	0.35	1.92	4.4	5	n.	sp	g	between	longitudinal	reinforcement	is	12	in.	spacing	VD	V¿HG	WR)LJ(	VDWLV¿HGUHIHUWR)LJ(	10	in.)	=	0.42	in.	dbb,min	in	=	(0.042)(10	db,No.6	=	0.75	in.	n.	>	db,min	=	0.42	in.	o.6	6	OK	Typical	span
reinforcement	or	t	due	to	torsi	torsion	moment	oment	The	torsional	moment	varies	from	maximum	at	the	face	of	the	support	to	zero	at	span	mid-length.	equired	Theoretically,	torsional	reinforcement	is	required	over	a	distance	equal	to:	x=	φTth	A	n	/2	Tu	x=	((20	ft-kip)	−	(15.3	ft-kip))(34	ft/2)	=	4	ft	20	ft-kip	from	the	face	of	the	support	9.7.5.3	9.7.5.4
/RQJLWXGLQDOWRUVLRQDOUHLQIRUFHPHQWPXVWEH	developed	beyond	this	length	a	minimum	of	xo	+d	(Fig.	E.11).	xo	+d	=	14.5	in.	+	27.6	in.	=	42.1	in.	Therefore,	bars	due	to	torsion	moment	must	extend	a	minimum	distance	of:	(4	ft)(12)	+	42.1	in.	=	90.1	in.,	say,	7	ft	6	in.	from	the	face	of	the	support	on	both	sides	of	the	span.	Note:	Bars	can
be	discontinued	per	the	calculations	above.	Practically,	however,	bars	are	extended	over	the	full	length	of	the	beam.	Stirrup	spacing:	Extend	stirrups	No.	4	at	10	in.	on	center	over	7	ft	from	supports.	Remainder	of	span	provide	No.	4	stirrups	at	12	in.	on	center.	Develop	longitudinal	reinforcement	at	face	of	support.	American	Concrete	Institute	–
Copyrighted	©	Material	–	www.concrete.org	206	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Fig.	E4.11—Typical	torsion	reinforcement	in	a	span	applied	at	both	ends	of	a	span.	Step	8:	Reinforcement	detailing	Minimum	top	bar	spacing	Top	bars:	9.7.2.1	At	maximum	and	interior	negative	moments	25.2.1	The	clear	spacing
between	the	horizontal	bars	must	be	at	least	the	greatest	of:	⎧1	in.	⎪	Clear	spacing	greater	of	⎨db	⎪4/3(d	)	agg	⎩	1	in.	0.75	in.	4/3(3/4	in.)	=	1	in.	Assume	3/4	in.	maximum	ximum	aggregate	size	Therefore,	refore,	clear	spa	spacing	ing	ng	between	horizontal	bars	must	be	at	lea	least	1	in.	Check	if	seven	No	No.	6	bars	placed	in	ars	can	be	place	n	one
layer	in	the	beam’s	m	web.	b.	bw,req’d	=	2(coverr	+	dstirrup	rup	+	0.75	in.)	(25.2.1)	+	6db	+	66(1	in.))min,spacingg	bw,req’d	n.+	0.5	in	in.+	0.75	in.)	+	4.5	in.	+	6	in.	q’d	d	=	2(1.5	in.+	8	in.	=	16	in.	<	18	OK	Therefore	seven	No	No.	6	bars	can	be	placed	in	one	layer	in	the	18	in.	beam	web.	Fig.	E4.12—Top	bar	layout.	Note:	a	preferred	solution	would
be	to	bundle	a	few	bars	together	to	provide	larger	spacing	between	them	and	to	allow	for	improved	concrete	placement	(Fig.	E4.12b).	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	7—BEAMS	Minimum	bottom	bar	spacing	Bottom	bars:	The	clear	spacing	between	the	horizontal	bars	must	be	at	least	the	greatest
of:	⎧1	in.	⎪	Clear	spacing	greater	of	⎨db	⎪4/3(d	)	agg	⎩	1	in.	0.75	in.	4/3(3/4	in.)	=	1	in.	&KHFNLI¿YH1REDUVFDQEHSODFHGLQRQHOD\HU	in	the	beam’s	web.	Therefore,	clear	spacing	between	horizontal	bars	must	be	at	least	1	in.	bw,req’d	=	2(cover	+	dstirrup	+	0.75	in.)	+	4db	+	4(1	in.)min,spacing	bw,req’d	=	2(1.5	in.+	0.5	in.+	0.75	in.)	+	3.0
in.	+	4	in.	=	14.3	in.	<	18	in.	OK	(25.2.1)	Refer	to	Fig.	E4.13	for	steel	placement	in	beam	web.	9.7.2.2	24.3.1	24.3.2	24.3.2.1	Beams	25.2.1	207	7KHUHIRUH¿YH1REDUVFDQEHSODFHGLQRQHOD\HULQ	the	18	in.	beam	web.	Fig.	E4.13—Bottom	ott	reinforcement	inforcement	layo	layout.	t.	pa	at	tension	face	m	ust	not	Maximum	bar	spacing	must
exceed	⎧	⎛	40,	000	⎞	⎪15	⎜	⎟	−	2.5cc	⎪	⎝	fs	⎠	s	=	the	lesser	of	⎨	⎪	⎛	40,	000	⎞	⎟	⎪12	⎜	⎩	⎝	fs	⎠	where	fs	=	2/3fy	=	40,000	psi	7KLVOLPLWLVLQWHQGHGWRFRQWUROÀH[XUDOFUDFNLQJ	width,	where	cc	=	2	in.	is	the	least	distance	from	the	No.	6	bar	surface	to	the	tension	face.	000	⎞	⎛	40,,	0	s	=	15	⎜	−	2.5(2	in.)	=	10	in.	⎝	40,	000	⎟⎠	Controls	⎛	40,	000
⎞	s	=	12	⎜	=	12	in.	⎝	40,	000	⎟⎠	2.3	in.	spacing	is	provided;	therefore,	OK	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	208	9.7.3	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	%RWWRPUHLQIRUFLQJEDUOHQJWKDORQJ¿UVWVSDQ	&DOFXODWHWKHLQÀHFWLRQSRLQWIRUSRVLWLYHPRPHQW
Assume	the	maximum	moment	occurs	at	midspan	)LJ(	)URPHTXLOLEULXPWKHSRLQWRILQÀHFtion	is	obtained	from	a	freebody	diagram:	Mmaxíwu(x)2/2	=	0	Fig.	E4.14—Typical	span	moment	diagram.	7RSUHLQIRUFLQJEDUOHQJWKDORQJ¿UVWVSDQ	At	the	exterior	support:	&DOFXODWHWKHLQÀHFWLRQSRLQWIRUWKHQHJDWLYH	moment
diagram:	íMmaxíwu(x)2/2	+	Vux	=	0	(223	ft-kip)	-kip)	–	(2.7	kkip/ft)(x)	p/ft	2/2	=	0	12.8	ft,	say,	13	ft	x	=	12.86	HFWLR	QWRIPD[L	,QÀHFWLRQSRLQWRIPD[LPXPSRVLWLYHPRPHQW	$WWKH¿UVWLQWHULRUVXSSRUW	&DOFXODWHWKHLQÀHFWLRQSRLQWIRUWKHQHJDWLYH	moment	diagram:	íMmax	í	wu(x)2/2	+	Vux	=	0	íIWNLS	±NLSIW
x)2/2+46x	=	0	x	=	4.96	ft,	say,	5	ft	0	in.	,QÀHFWLRQSRLQWRIH[WHULRUQHJDWLYHPRPHQW	™M	=íIWNLS	±NLSIW	x)2/2+53x	=	0	x	=	7.2	ft,	say,	7	ft	3	in.	,QÀHFWLRQSRLQWRILQWHULRUQHJDWLYHPRPHQW	)LJ(²,QÀHFWLRQSRLQWORFDWLRQV	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	209	Development
length	of	No.	6	bar	7KHVLPSOL¿HGPHWKRGLVXVHGWRFDOFXODWHWKH	GHYHORSPHQWOHQJWKRID1REDU	7RSEDUV	f	yψt	ψe	⎛	(60,000	psi)(1.3)(1.0)	⎞	Ad	=	⎜	⎟	(0.75	in.)	=	33.1	in.	⎝	(25)(1.0)	5000	psi	⎠	say,	36	in.	25.4.2.2	Ad	=	25.4.2.4	ZKHUHȥt	LVWKHEDUORFDWLRQȥt	=EHFDXVH
PRUHWKDQLQRIIUHVKFRQFUHWHLVSODFHGEHORZ	%RWWRPEDUV	WRSKRUL]RQWDOEDUVDQGȥt	=EHFDXVHQRWPRUH	⎛	(60,000	psi)(1.0)(1.0)	⎞	WKDQLQRIIUHVKFRQFUHWHLVSODFHGEHORZERWWRP	A	d	=	⎜	⎟	(0.75	in.)	=	25.4	in.	⎝	(25)(1.0)	5000	psi	⎠	horizontal	bars	say,	30	in.	ȥe	LVFRDWLQJIDFWRUDQGȥe	=EHFDXVHEDUVDUH
XQFRDWHG	)LUVWVSDQWRSUHLQIRUFHPHQW	9.7.3.2	/HQJWKVDWWKHH[WHULRUVXSSRUW	5HLQIRUFHPHQWPXVWEHGHYHORSHGDWVHFWLRQVRI	PD[LPXPVWUHVVDQGDWVHFWLRQVDORQJWKHVSDQ	ZKHUHEHQWRUWHUPLQDWHGWHQVLRQUHLQIRUFHPHQWLV	UHLQIRUFHPHQWLV
QRORQJHUUHTXLUHGWRUHVLVWÀH[XUH	VWÀH[XUH	)RXU1REDUVDUHUHTXLUHGWRUHVLVWWKHEHDP	HTXLUHG	IDFWRUHGQHJDWLYHPRPHQWDWWKHH[WHULRUFROXPQ	PRP	IDFH	&DOFXODWHDGLVWDQFHxIURPWKHIDFHRIWKHFROXPQ	DQF	RPWKHIDFHRI	FROXPQ		UHVXI¿FLHQWWRU	VLVWWK
ZKHUHWZR1REDUVDUHVXI¿FLHQWWRUHVLVWWKH	QW	IDFWRUHGPRPHQW	9.7.3.3	20λ	f	c′	db	XVW	QGEH\RQGWKH	WLRQDW	5HLQIRUFHPHQWPXVWH[WHQGEH\RQGWKHVHFWLRQDW	ZKLFKLWLVQRORQJHUUHTXLUHGWRUHVLVWÀH[XUHIRUD	GLVWDQFHHTXDOWRWKHJUHDWHURId	or	12db.	x2	+	46	kip(x)	=	−2(0.44	in.2	)	2	⎛
2(0.44	in.2	)(60	ksi)	⎞	×	(0.9)(60	)(60	ksi)	⎜	227.6	in.	−	2(0.85)(5	ksi)(18	in.)	⎟⎠	⎝	(−1955	ft-kip)	−	2.7	kip/ft	k	p/ft	/ft	x	=	2	ft	0	in.	)	1R	)RU1REDUV	2	in.	Cont	1)	d	=	27.6	Controls	in.)	=	9	in.	2)	12db	=	12(0.75	in	7KHUHIRUH	7KHUHIRUHH[WHQGWZR1REDUVWKHORQJHURIWKH	GHYHORSPHQWOHQJWKLQ	DQGWKHVXPRI	24	in.	+	27.6	in.	=	51.6
in.,	say,	52	in.	or	4	ft	4	in.	from	WKHIDFHRIWKHFROXPQ	7KHVXPRIWKHWKHRUHWLFDOFXWRIISRLQWDQGd	FRQWUROV²H[WHQGWZR1REDUVIWLQIURPWKH	LQWHULRUIDFHRIWKHH[WHULRUVXSSRUWVKRZQEROGLQ)LJ	E4.16.	9.7.3.8.4
$WOHDVWRQHWKLUGRIWKHQHJDWLYHPRPHQWUHLQIRUFHPHQWDWDVXSSRUWPXVWKDYHDQHPEHGPHQW	OHQJWKEH\RQGWKHSRLQWRILQÀHFWLRQWKHJUHDWHVWRI	d,	12dbDQGƐn/16.	)RU1REDUV	1)	d	=	27.6	in.	Controls	2)	12db	=	12(0.75	in.)	=	9	in.	3)	Ɛn/16	=	(36	ft	–	2	ft)/16	=	2.1	ft	=	25.5	in.	The	remaining	two	No.	6	bars
(1/2	of	the	bars	>	1/3)	7KHLQÀHFWLRQSRLQWLVFDOFXODWHGDERYHDWIWLQ	PXVWEHH[WHQGHGDPLQLPXPRI	IURPWKHIDFHRIWKHFROXPQ7KHUHPDLQLQJWZR	5	ft	0	in.	(60	in.)	+	27.6	in.	=	87.6	in.	They	are,	1REDUVDUHH[WHQGHGRYHUWKHIXOOOHQJWKRIWKH	KRZHYHUVSOLFHGDWPLGVSDQZLWKWKHEDUVIURPWKH	beam.
RSSRVLWHVXSSRUWWRDFWDVKDQJHUEDUVIRUVWLUUXSV	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Beams	CHAPTER	7—BEAMS	210	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	First	span	top	reinforcement	9.7.3.2	9.7.3.3	9.7.3.8.4	/HQJWKVDWWKHLQWHULRUVXSSRUW	Following	the
same	steps	above,	seven	No.	6	bars	are	required	to	resist	the	factored	moment	at	the	¿UVWLQWHULRUFROXPQIDFH	Calculate	a	distance	x	from	the	face	of	the	column	ZKHUHWKUHH1REDUVDUHVXI¿FLHQWWRUHVLVW	the	factored	moment.	(Four	No.	6	bars	will	be	discontinued).	x2	+	53	kip(	x)	=	−3(0.44	in.2	)	2	⎛	3(0.44	in.2	)(60	ksi)	⎞	×	(0.9)
(60	ksi)	⎜	27.6	in.	−	2(0.85)(5	ksi)(18	in.)	⎟⎠	⎝	−(312	ft-kip)	−	2.7	kip/ft	x	=	3.1	ft,	say,	3	ft	-3	in.	Therefore,	extend	four	No.	6	bars	the	greater	of	the	development	length	(36	in.)	and	the	sum	of	theoretical	cutoff	point	(3.25	ft)	and	d.	39	in.	+	27.6	in.	=	56.6	in.	The	distance	of	56.6	in.	shown	bold	in	Fig.	E4.16	from	the	exterior	face	of	the	exterior	support
controls.	Say	5	ft	0	in.	as	shown	in	Fig.	E4.16.	Extend	the	remaining	three	No.	6	bars	the	longer	of	the	development	length	(36	in.)	from	where	the	four	No.	6	bars	are	cut	off	and	d	=	27.6	in.	beyond	the	LQÀHF	LQÀHFWLRQSRLQWZKLFKLVIWLQIURPWKHLQWHULRU	face	of	the	ex	exterior	support.	er	length	is	the	h	distance
dEH\RQGWKHLQÀHFThe	lon	longer	SRL	RZQEROGL	WLRQSRLQWVKRZQEROGLQ)LJ(2QHRIWKHWKUHH	N	No.	6	bbars	will	be	termin	terminated	at	7	ft	3	in.	+	27.6	in.	§	IW	H	UHPDLQLQ	§IWLQ7KHUHPDLQLQJWZR1RWRSEDUVDUH	ende	and	spliced	liced	at	m	extended	midspan.	American	Concrete	Institute	–	Copyrighted	©	Material	–
www.concrete.org	CHAPTER	7—BEAMS	211	9.7.3.2	9.7.3.3	/HQJWKVIURPPLGVSDQWRZDUGWKHFROXPQ	)ROORZLQJWKHVDPHVWHSVDERYH¿YH1REDUV	are	required	to	resist	the	factored	moment	at	the	midspan.	Calculate	a	distance	x	from	the	face	of	the	column	where	two	No.	6	bars	can	resist	the	factored	moment.	(Three	No.	6	bars	will	be
cut	off).	x2	=	2(0.44	in.2	)(0.9)(60	ksi)	2	⎛	2(0.44	in.2	)(60	ksi)	⎞	×	⎜	27.6	in.	−	2(0.85)(5	ksi)(52	in.)	⎟⎠	⎝	(223	ft-kip)	−	2.7	kip/ft	x	=	9.21	ft,	say,	9	ft	3	in.	=	111	in.	Therefore,	extend	the	three	No.	6	bars	the	longer	of	the	development	length	(30	in.)	and	111	in.	+	27.6	in.	=	138.6	in.	≅	11ft	9	in.	from	maximum	positive	moment	at	midspan.	11	ft	9	in.	is
longer—shown	bold	in	Fig.	E4.16	from	midspan.	9.7.3.8.2	A	minimum	of	one-fourth	of	the	positive	tension	reinforcement	must	extend	into	the	support	minimum	6	in.	The	6	in.	requirement	is	superseded	by	the	integrity	reinforcement	requirement	to	develop	the	bar	at	the	column	face.	([WHQGWKHUHPDLQLQJEDUVWZR1REDUV!¿YH	No.	6)	the
greater	of	the	development	length	(30	in.)	from	the	three	No.	6	bar	cutoff	and	d	=	27.6	in.	beyond	WKHLQÀHFWLRQSRLQWDQGDPLQLPXPRILQLQWRWKH	suppo	support.	m	bar	length	is	the	distance	6	in.	The	controlling	bo	bottom	upport	shown	show	wn	iin	bold	in	Fig.	E4.16.	into	the	support	9.7.3.8.3	HFWL	m	ent	$WSRLQWRILQÀHFWLRQd	b	for
positive	moment	cem	must	be	limited	such	ch	tha	tension	reinforcement	that	Ɛd	FH	VDWLV	IRUWKDWUHLQIRUFHPHQWVDWLV¿HV	Ad	≤	Vu	=	46	kip	–	(2.69	2.69	kip/f	kip/ft)(4	ft)	=	35.2	kip	A	hat	location	on	assum	At	that	assume	two	No.	6	bars	are	effective:	Mn	+	Aa	Vu	where	Mn	is	calculated	assuming	all	reinforcement	d	at	the	h	at	the	section
is	stressed	to	fy.	Vu	is	calculated	section.	At	the	support,	Ɛa	is	the	embedment	length	beyond	the	center	of	the	support.	At	the	point	of	LQÀHFWLRQƐa	is	the	embedment	length	beyond	the	SRLQWRILQÀHFWLRQOLPLWHGWRWKHJUHDWHURId	and	12db.	9.7.3.5	QWRI	WLRQRFFXU	3RLQWRILQÀHFWLRQRFFXUVDWIWIURPWKHIDFHRIWKH	co
umn	column.	,IEDUVDUHFXWRIILQUHJLRQVRIÀH[XUDOWHQVLRQ	then	stress	discontinuity	in	the	continuing	bars	will	RFFXU7KHUHIRUHWKH&RGHUHTXLUHVWKDWÀH[XUDO	tensile	reinforcement	must	not	be	terminated	in	a	WHQVLOH]RQHXQOHVVD	E	RUF	LVVDWLV¿HG	(a)	Vu”	�Vn	at	the	cutoff	point	(b)	Continuing	reinforcement
provides	double	the	DUHDUHTXLUHGIRUÀH[XUHDWWKHFXWRIISRLQWDQGWKH	DUHDUHTXLUHGIRUÀH[XUHDWWKHFXWRIISRLQWDQGVu”		�Vn.	(c)	Stirrup	or	hoop	area	in	excess	of	that	required	for	shear	and	torsion	is	provided	along	each	terminated	bar	or	wire	over	a	distance	3/4d	from	the	termination	point.	Excess	stirrup	or	hoop	area
shall	be	at	least	60bws/fyt.	Spacing	s	shall	not	exceed	dȕb).	⎛	2(0.44	in.2	)(60	ksi)	⎞	M	n	=	2	0.44	in.2	(	60	ksi)	⎜	27.6	in.	−	(2)(0.85)(5	ksi)(52	in.)	⎟⎠	⎝	(	)	Mn	LQíNLS	Ad	≤	1451	in.-kip	+	27.6	in.	=	69	in.	35.2	kip	This	length	exceeds	Ɛd	=	30	in.,	therefore	OK	(a)	At	9	ft	3	in.	Vu	=	46	kip	–	(2.69	kip/ft)(17	ft	–	9.25	ft)	=	25.2	kip	�Vn	�Vc	+	Vs)	where	Vc	is
calculated	in	Step	6	�Vn	=	0.75(70.3	kip	+	0)	=	52.7	kip	�Vn	=	2/3(52.7	kip)	=35	kip	OK	Vu	NLS”�Vn	=	35	kip	Because	only	one	of	the	three	conditions	needs	to	be	VDWLV¿HGWKHRWKHUWZRZLOOQRWEHFKHFNHG	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Beams	First	span	bottom	reinforcement	212	THE
REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Integrity	reinforcement	for	the	perimeter	beam	At	least	one-fourth	the	maximum	positive	moment	reinforcement,	but	at	least	two	bars	must	be	continuous.	Two	No.	6	bars	are	extended	into	the	column	region	WZR1R!¿YH1R	²VDWLV¿HGUHIHUWR)LJ	E4.16).	9.7.7.1b	At	least	one-sixth	the
maximum	negative	moment	reinforcement	at	the	support,	but	at	least	two	bars	must	be	continuous.	Four	No.	6	bars	are	extended	into	the	column	region	IRXU1R!VHYHQ1R	²VDWLV¿HGUHIHUWR)LJ	E4.16).	9.7.7.1c	/RQJLWXGLQDOUHLQIRUFHPHQWPXVWEHHQFORVHGE\	closed	stirrups	along	the	clear	span	of	the	beam.
/RQJLWXGLQDOUHLQIRUFHPHQWLVHQFORVHGE\1RVWLUUXSV	at	12	in.	on	center	along	the	full	beam	length—	VDWLV¿HG	9.7.7.1	9.7.7.1a	/RQJLWXGLQDOVWUXFWXUDOUHLQIRUFHPHQWPXVWSDVV	through	the	region	bounded	by	the	longitudinal	reinforcement	of	the	column.	9.7.7.4	25.4.3.1
7KLVFRQGLWLRQLVVDWLV¿HGE\H[WHQGLQJWKHWZR1RWRS	and	bottom	bars	full	length	and	through	the	column	cores.	Integrity	reinforcement	must	be	anchored	to	develop	fy	at	the	face	of	the	support.	Therefore,	development	length	for	deformed	bars	in	tension	terminating	in	a	standard	hook	must	be	the	greater	of:	At	the	exterior	support,	the
No.	6	bars	must	be	developed	at	the	face.	Calculate	if	a	standard	hook	will	allow	a	No.	6	bar	to	develop	within	the	column.	⎛	f	yψeψcψr	⎞	(a)	A	dh	=	⎜	50λ	f	′	⎟	db	⎝	c	⎠	⎛	(60	ksi)(1.0)(0.7)(1.0)	⎞	(a)	A	dh	=	⎜	⎟	(0.75	in.)	=	8.9	in.	50(1.0)	5000	psi	⎠	50(1	⎝	5	(b)	8db	(c)	6	in.	8(0	7	in.)	.)	=	6	in.	(b)	8(0.75	(	6	in.	(c)	Controls	25.4.3.2	FR	IDFW	ecau	bars
7KHUHIRUHWKHKRRN¿WVZLWKLQWKHFROXPQOK	UHIR	RRN¿WVZ	ZKHUHȥe	LVWKHFRDWLQJIDFWRUȥ	e	=	1.0	because	are	uncoated	ȥc	LVWKHFRYHUIDFWRUȥt	=	0.7	because	bars	are	smaller	than	No.	11	and	terminate	with	a	90-degree	hook	with	cover	on	bar	extension	EH\RQGKRRN•LQ	9.7.7.5	9.7.7.6
ȥrLVWKHFRQ¿QLQJUHLQIRUFHPHQWIDFWRUDQGȥr	EHFDXVHEDUVDUHQRWFRQ¿QHGZLWKVWLUUXSV	spaced	at	s”db.	Splices	are	necessary	in	continuous	structural	integrity	reinforcement.	The	beam’s	longitudinal	reinforcement	shall	be	spliced	in	accordance	with	(a)	and	(b):	(a)	Positive	moment	reinforcement	shall	be	spliced	at	or	near	the
support	(b)	Negative	moment	reinforcement	shall	be	spliced	at	or	near	midspan	Splice	length	=	(1.3)(development	length)	Ɛdc	=	1.3(27	in.)	=	35	in.,	say,	3	ft	0	in.	Refer	to	Fig.	E	4.17	Refer	to	Fig.	E	4.17	Use	Class	B	tension	lap	splice	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	213	Beams	CHAPTER	7—BEAMS	Fig.
E4.16—End	span	reinforcement	me	cutoff	utoff	locations.	Step	9:	Internal	spans	Flexure	reinforcement	was	calculated	above	in	Step	5.	Six	No.	6	top	bars	are	required	at	supports	Five	No.	6	bottom	bars	are	required	at	midspan	9.7.6.2.2	Shear	and	torsion	reinforcement	following	the	same	calculation	in	Steps	6	and	7,	No.	4	at	10	in.	are	required	for
minimum	7	ft	0	in.	from	face	of	each	column.	Space	No.	4	stirrups	at	maximum	12	in.	on	center	(d/2)	for	the	remainder	of	the	span.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	214	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	10:	Detailing	Fig.	E4.17—Beam	reinforcement	details.	tails.	Fig.
E4.18—Sections.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	215	Beam	Example	5:	Continuous	transfer	girder	'HVLJQDQGGHWDLODQLQWHULRUFRQWLQXRXVIRXUED\EHDPEXLOWLQWHJUDOO\ZLWKDLQVODE7KHVSDQEHWZHHQ&ROXPQ/LQHV
%DQG'LVDWUDQVIHUJLUGHUVXSSRUWLQJ¿YHVWRULHVDERYH	Given:	Load—	Service	additional	dead	load	D	=	15	psf	Service	live	load	L	=	65	psf	Girder,	beam	and	slab	self-weights	are	given	below.	Material	properties—	fcƍ	SVLQRUPDOZHLJKWFRQFUHWH	fy	=	60,000	psi	Ȝ	QRUPDOZHLJKWFRQFUHWH	Span	length—	Typical	beam:	14	ft
Girder:	28	ft	Beam	and	girder	width:	24	in.	Column	dimensions:	24	in.	x	24	in.	Fig.	E5.1—Plan	and	elevation	of	transfer	girder	and	beams.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Beams	CHAPTER	7—BEAMS	216	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	ACI	318-14	Discussion	Step	1:
Material	requirements	9.2.1.1	The	mixture	proportion	must	satisfy	the	durability	requirements	of	Chapter	19	(ACI	318)	and	structural	strength	requirements.	The	designer	determines	the	durability	classes.	Please	refer	to	Chapter	4	of	SP-17	for	an	in-depth	discussion	of	the	Categories	and	Classes.
$&,LVDUHIHUHQFHVSHFL¿FDWLRQWKDWLVFRRUGLnated	with	ACI	318.	ACI	encourages	referencing	LQWRMREVSHFL¿FDWLRQV	There	are	several	mixture	options	within	ACI	301,	such	as	admixtures	and	pozzolans,	which	the	designer	can	require,	permit,	or	review	if	suggested	by	the	contractor.	Step	2:	Beam	geometry	9.3.1.1	Girder	depth
The	transfer	girder	supports	a	column	at	midspan	with	tributary	loads	from	the	third	level,	four	stories,	and	a	roof.	Therefore,	the	depth	limits	in	DOFXODWHGGHÀHF7DEOHFDQQRWEHXVHGDQGFDOFXODWHGGHÀHFFWLRQOLPLWVLQ	WLRQVPXVWVDWLVI\WKHGHÀHFWLRQOLPLWVLQ	de	of	the	girder	beam	are	Beams	on	either	side	RUP
VXEMHFWHGWRXQLIRUPORDG7KHUHIRUHWKHGHSWK	ntrolling	limits	in	Table	9.3.	9.3.1.1	aree	used	and	the	controlling	eam	depth	th	is	one	end	co	tinuou	condition	for	beam	continuous:	9.2.4.2	6.3.2.1	Calculation	By	specifying	that	the	concrete	mixture	shall	be	in	accordance	with	ACI	301-10	and	providing	the
expoVXUHFODVVHV&KDSWHUUHTXLUHPHQWVDUHVDWLV¿HG	Based	on	durability	and	strength	requirements,	and	experience	with	local	mixtures,	the	compressive	VWUHQJWKRIFRQFUHWHLVVSHFL¿HGDWGD\VWREHDW	least	5000	psi.	Assume	48	in	in.	deep	transfer	girder.	h=	A	(14	ft)(12	iin./ft)	=	=	9.1	in.	18.5	18.5	18.	B	ause	the	beams
ams	are	in	Because	intended	to	provide	continuity	ssist	the	girder,	der,	they	must	m	have	enough	stiffness	for	to	assist	th	purpose.	pur	this	U	a	beam	b	epth	of	30	in.	Use	depth	Flange	width	The	transfer	girder	and	beams	are	poured	monoeam.	lithically	with	the	slab	and	will	behave	as	a	T-beam.	7KHHIIHFWLYHÀDQJHZLGWKRQHDFKVLGHRIWKH
transfer	girder	is	obtained	from	Table	6.3.2.1.	7UDQVIHUJLUGHUÀDQJHZLGWK	Each	side	⎫	8hslab	⎪	of	web	is	⎬	S	w	/	2	the	least	of	⎪⎭	A	n	/8	(8)(7	in.)	=	56	in.	(does	not	control)	((28	ft)(12)	–	24	in.)	/8	=	39	in.	Controls	Each	side	⎫	8hslab	⎪	of	web	is	⎬	S	w	/	2	the	least	of	⎪⎭	A	n	/8	Flange	width:	bf	=	Ɛn/8	+	bw	+	Ɛn/8	%HDPVÀDQJHZLGWK	Each
side	⎫	8hslab	⎪	of	web	is	⎬	S	w	/	2	the	least	of	⎪⎭	A	n	/8	Flange	width:	bf	=	Ɛn/8	+	bw	+	Ɛn/8	bf	=	39	in.	+	24	in.	+	39	in.	=	102	in.	(8)(7	in.)	=	56	in.	(does	not	control)	((14	ft)(12)	–	24	in.)	/8	=	18	in.	Controls	bf	=	18	in.	+	24	in.	+	18	in.	=	60	in.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	7—BEAMS	217
Beams	6WHS/RDGVDQGORDGSDWWHUQV	Applied	load	on	transfer	girder	7KHVHUYLFHOLYHORDGLVSVILQRI¿FHVDQG	psf	in	corridors	per	Table	4-1	in	ASCE	7-10.	This	example	will	use	65	psf	as	an	average	live	load	as	the	actual	layout	is	not	provided.	To	account	for	the	ZHLJKWRIFHLOLQJVSDUWLWLRQVDQG+9$&V\VWHPV	add	15	psf	as
miscellaneous	dead	load.	Dead	load:	7UDQVIHUJLUGHUVHOIZHLJKWZLWKRXWÀDQJHV	Concentrated	load	on	girder	from	column	above	(Fig.	E5.2):	Wgir	=	[(24	in.)(48	in.)](0.150	kip/ft3)/144	=	1.2	kip/ft	Slab	weight	per	level:	PVƐ=	(7in./12)(14	ft)(36	ft)(0.15	kip/ft3)	=	44.1	kip	Column	weight	per	level:	7	in.⎞	⎛	3	Pcol	=	(2	ft)(2	ft)	⎜12	ft	−	⎟	(0.15
kip/ft	)	=	6.85	kip	⎝	12	⎠	Typical	beam	weight	framing	into	girder	at	midspan	less	slab	thickness	(refer	to	plan):	⎛	18	in.⎞	⎛	30	in.	−	7	in.⎞	3	PBM	=	⎜	⎟⎠	(34	ft)(0.15	kip/ft	)	⎝	12	⎟⎠	⎜⎝	12	=	14.	14.7	kip	eight	of	ceilings,	partitions,	To	account	for	the	weight	+9$&	DQGPHFKDQLFDO+9$&	V\VWHPVDGGSVIDV	ead	load.	miscellaneous	dead	d	on	ggirder:
Total	dead	load	aapplied	PSSDLL	=	((14	ft)(36	6	ft)(0	ft)(0.015	)(	01	kip/ft2)	=	7.6	kip	ght	on	both	ends	of	the	girder:	Beams	self-weights	(44.1	kip	+	14.7	ki	kip	+	7.6	kip)(6)	+	(6.85	kip)(5)	PD	=	(44	43	kip	=	433	/LYHORDG	7KHVHUYLFHOLYHORDGLVSVILQRI¿FHVDQG	psf	in	corridors	per	Table	4-1	in	ASCE	7-10.	This	example	will	use	65	psf	as	an
average,	as	the	actual	layout	is	not	provided.	A	7	in.	slab	weighs	88	psf	service	dead	load.	ws	=	[(24	in.)(30	in.)	+	(60	in.	–	24	in.)(7	in.)]	×	[(0	[(0.150	kip/ft3)	/	144]	=	1.03	kip/ft	Roof	live	load	35	psf:	Total	live	load—per	ASCE	7	live	load	with	exception	of	roof	load	is	permitted	to	be	reduced	by:	PRoof	=	(14	ft)(36	ft)(0.035	kip/ft2)	=	18	kip	⎛	15	⎞	L	=	Lo
⎜	0.25	+	⎟	K	LL	AT	⎠	⎝	where	L	is	reduced	live	load;	Lo	is	unreduced	live	load;	KLL	is	live	load	element	factor	=	4	for	internal	columns	and	2	for	interior	beam	(ASCE	7	Table	4-2);	AT—tributary	are	and	KLLAT•IW2	KLL=	4;	4(36	ft)(14	ft)	=	2016	ft2	>	400	ft2	Fourth	to	seventh	reduced	live	load	per	level:	⎛	⎞	15	L	=	(0.065	kip/ft	2	)	⎜	0.25	+	⎟	=	0.038	ksf
⎝	2016	ft	2	⎠	L	=	0.038	ksf	>	0.4Lo	=	0.026	ksf	OK	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	218	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	KLL	=	2;	2(36	ft)(14	ft)	=	1008	ft2	>	400	ft2	and	L•Lo	=	26	psf	Reduced	third	level	live	load	on	beam:	⎛	⎞	15	L	=	(0.065	kip/ft	2	)	⎜	0.25	+	=	0.047	ksf	2	⎟	⎝
1008	ft	⎠	L	=	0.047	ksf	>	0.4Lo	=	0.026	ksf	OK	Concentrated	live	load	to	column	per	level:	PL,col	=	(14	ft)(36	ft)(0.38	kip/ft2)	=	19.2	kip	Concentrated	live	load	at	third	level:	PL.3rd	=	(14	ft)(36	ft)(0.047	kip/ft2)	=	23.7	kip	™PL	=	4PL,col	+	PL,3rd	+	PRoof	5.3.1	Concentrated	live	load	on	girder:	™PL	=	(23.7	kip)	+	(19.2	kip)(4	levels)	+	(18	kip)	=	119
kip	The	transfer	girder	resists	gravity	only	and	lateral	forces	are	not	considered	in	this	problem.	Transfer	girder	Distributed:	wu	=	1.4(1.2	kip/ft)	=	1.68	kip/ft	Controls	Concentrated:	Pu	=	1.4(433	kip)	=	607	kip	U	=	1.4D	The	superimposed	dead	load	is	calculated	above	FHQWUDWHGORDG/LYHORDG
DQG	LV	LQFOXGHG	LQ	WKH	FRQFHQWUDWHG	ORDG		/LYH	ORDG		LGWK	RI		LV	DSSOLHG	RYHU	WKH	ZLGWK	RI	WKH	JLUGHU				IW�		LQ		U	=	1.2D	+	1.6L	ribu	wu	=	1.2(1.2	1.2(1.	kip/ft)	+	1.6(0.065	ksf)(2	ft)	Distributed:	ki	=	1.65	kip/ft	1.2(433	kip)	p))	+	11.6	6	((119	kip)	=	710	kip	Controls	Pu	=	1.2	B	ms	Beams	14	kip/ft	+	(15	psf)(60	in./12)/1000)	wu	=
1.4(1.03	=	1.55	kip/ft	kip/ft)/1.4	+	1.6((65	psf)(60	in./12)/(1000)	wu	=	1.2(1.55	kip	=	1.85	kip/ft	Controls	Fig.	E5.2—Column	C/4	tributary	area.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Step	4:	Analysis	9.4.3.1	The	beams	are	built	integrally	with	supports;	therefore,	the	factored	moments	and	shear	forces	(required
strengths)	are	calculated	at	the	face	of	the	supports.	The	beams	were	analyzed	as	part	of	a	frame.	The	moment	and	shear	diagram	obtained	from	a	software	are	presented	below	(Fig.	E5.3).	Notes:	1.	Factored	moments	and	shear	forces	are	shown	at	faces	of	columns.
6SDQ%'LVVXEMHFWHGWRODUJHFRQFHQWUDWHGORDGDWPLGVSDQDQGUHODWLYHO\VPDOOGLVWULEXWHGEHDPVHOI	weight.	Therefore,	the	appearance	of	a	straight	line	moment	diagram.	Fig.	E5.3—Shear	and	moment	diagrams.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	219	Beams	CHAPTER	7—
BEAMS	220	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	5:	Moment	design	9.3.3.1	The	code	does	not	permit	a	beam	to	be	designed	with	steel	strain	less	than	0.004	in./in.	at	nominal	strength.	The	intent	is	to	ensure	ductile	behavior.	In	most	reinforced	beams,	such	as	this	example,	reinforcing	bar	strain	is	not	a	controlling
issue.	21.2.1(a)	The	design	assumption	is	that	beams	will	be	tension-controlled;	therefore,	the	moment	reduction	IDFWRULV7 �								KLVDVVXPSWLRQZLOOEHFKHFNHG	later.	20.6.1.3.1	Determine	the	effective	depth	assuming	No.	5	stirrups	and	No.	11	bars	for	the	transfer	girder	positive	moment	and	No.	9	bars	for	the	transfer	girder	negative	moment.
Assume	No.	4	stirrups	and	No.	6	and	No.	9	bars	for	beams	positive	and	negative	moments,	respectively.	Girder	beam	and	beams	will	have	1.5	in.	cover:	Assume	that	the	transfer	girder	requires	two	rows	of	reinforcement	with	onee	bar	spacing	between	the	an	one	layer	of	bars	at	two	rows	within	the	span	and	ms	require	re	the	supports.	Beams	one	row
only	d	=	h	–	cover	–	dttie	–	3db/2	positive	momentt	negative	moment	positive	moment	negative	moment	nsfe	girder:	Transfer	d	=	48	in.	in	–	1.5	in.	–	0.62	0.625	in.	–	3	(1.41	in.)/2	=	43.76	in.	n	use	d	=	43.7	in.	d	=	48	in.	–	1.5	in.	–	0.625	in.	–	1.128	in./2	=	45.3	in.	use	d	=	45	in.	Beams:	d	=	30	in.	–	1.5	in.	–	0.5	in.	–	(0.75	in.)/2	=	27.625	in.	use	d	=	27.6	in.
d	=	30	in.	–	1.5	in.	–	0.5	in.	–	1.128	in./2	=	27.4	in.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	22.2.2.1	The	concrete	compressive	strain	at	nominal	moment	strength	is	calculated	at:	İcu	=	0.003	in./in.	22.2.2.2	7KHWHQVLOHVWUHQJWKRIFRQFUHWHLQÀH[XUHLVDYDULable	property	and	is	approximately	10	to	15
percent	of	the	concrete	compressive	strength.	ACI	318	neglects	the	concrete	tensile	strength	to	calculate	nominal	strength.	22.2.2.3	Determine	the	equivalent	concrete	compressive	stress	at	nominal	strength:	22.2.2.4.1	22.2.2.4.3	22.2.1.1	221	Beams	CHAPTER	7—BEAMS	The	concrete	compressive	stress	distribution	is	inelastic	at	high	stress.	The
Code	permits	any	stress	distribution	to	be	assumed	in	design	if	shown	to	result	in	predictions	of	ultimate	strength	in	reasonable	agreement	with	the	results	of	comprehensive	tests.	Rather	than	tests,	the	Code	allows	the	use	of	an	equivalent	rectangular	compressive	stress	distribution	of	0.85fcƍZLWKDGHSWKRIa	ȕ1cZKHUHȕ1	ive	strength	and	is	a
function	of	concrete	compressive	.2.4.3.	is	obtained	from	Table	22.2.2.4.3.	For	fcƍ	SVL	β	=	0.85	−	ent	cconcrete	compressive	depth	a	Find	the	equivalent	sion	force	to	th	ension	by	equating	the	co	compression	the	tension	force	within	thee	bbeam	cross	section	(Fi	(Fig.	E5.4)	E5.4):	C=T	0.85	fcƍba	=	Asfy	0.	5(50	psi)(b)(a)	(b)(a)	=	As(60,000	psi)
0.85(5000	Transfer	girder:	For	positive	moment:	b	=	bf	=102	in.	a	=	As	(60	(60,000	psi)	(60,00	=	0.138	As	0.85(5000	0.85(50	psi)(102	in.)	Beams:	For	positive	moment:	b	=	bf	=	60	in.	a	=	As	(60,000	psi)	=	0.235	As	0.85(5000	psi)(60	in.)	Transfer	girder	and	beams:	For	negative	moment:	b	=	bw	=	24	in.	a	=	As	(60,000	psi)	=	0.588	As	0.85(5000	psi)(24
in.)	0.05(5000	psi	−	4000	psi)	0.05(	=	0.8	1000	000	psi	Fig.	E5.4—Section	compression	block	and	reinforcement	locations.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	222	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	The	transfer	girder	and	beams	are	designed	for	the
PD[LPXPÀH[XUDOPRPHQWVVKRZQLQWKHDERYH	moment	diagram	(Step	4).	9.5.1.1	The	beams’	design	strength	must	be	at	least	the	required	strength	at	each	section	along	their	lengths:	�Mn•Mu	�Vn•Vu	Calculate	the	required	reinforcement	area:	a⎞	⎛	φM	n	≥	M	u	=	φAs	f	y	⎜	d	−	⎟	⎝	2⎠	)RUWRSQHJDWLYHUHLQIRUFHPHQWXVH2QHOD\HURI1R
9	bar;	db	=	1.128	in.,	As	=	1.0	in.2,	and	d	=	45	in.	9.6.1.1	9.6.1.2	For	bottom	positive	reinforcement	use:	Two	layers	of	No.	11	bar;	db	=	1.41	in.,	As	=	1.56	in.2,	and	d	=	43.7	in.	Minimum	reinforcement	The	provided	reinforcement	must	st	be	at	least	the	minimum	required	reinforcement	rcement	at	every	section	along	the	length	of	the	beam.	he	beam
Use	[email	protected]	=	45	in.	n.	>	[email	protected]	=	43.7	in.	Transfer	girder:	Mu,	ft-kip	As,req’d,	in.2	Req’d	Select	9.4	9.4	10	17.51	11.22	12	9.5	10	í	1782	Max.	M+	3348	í	1803	9.5	Max.	M	Max.	M	Number	of	bars	er	rrequired	ed	minimum	rei	orcement	will	yield	higher	reinforcement	area:	As	=	3	f	c′	fy	bw	d	Because	fcƍ!SVL(TD	RQO\DSSOLHV
9.7.2.3	24.3.2	24.3.2.1	As	=	3	5000	psi	si	(24	in.)(45	in.)	=	3.73	in.2	in	660,000	psi	ded	reinfo	Provided	reinforcement	area	exceeds	the	minimum	required.	Therefore,	OK	The	girder	is	48	in.	deep.	To	control	cracks	within	the	web,	ACI	318	requires	skin	reinforcement	to	be	placed	near	the	vertical	faces	of	the	tension	zone	over	a	distance	of:	48	in./2	=
24	in.	Spacing	of	skin	reinforcement	in	girder	must	not	exceed	the	lesser	of:	⎛	40,	000	⎞	s	=	15	⎜	−	2.5cc	and	⎝	f	s	⎟⎠	⎛	40,	000	⎞	s	=	15	⎜	−	2.5(2.125	in.)	=	9.7	in.	⎝	40,	000	⎟⎠	⎛	40,	000	⎞	s	=	12	⎜	⎝	f	s	⎟⎠	⎛	40,	000	⎞	s	=	12	⎜	=	12	in.	⎝	40,	000	⎟⎠	where	cc	is	the	clear	cover	from	the	skin	reinforcement	to	the	side	face.	cc	=	1.5	in.	+	0.625	in.	=	2.125	in.
and	fs	=	2/3fy	=	40	ksi	Place	two	No.	8	skin	reinforcement	at	girder	middepth:	24	in.	and	the	second	pair	of	No.8	bars	at	33.5	in.	from	the	top	of	the	girder.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Controls	9.7.2.3	Skin	reinforcement	can	be	used	in	the	strength	calculation	of	the	girder.	Positive	reinforcement	at
midspan:	223	⎛⎛	2.58	in.⎞	⎞	⎟	⎜	⎜⎝	33.5	in.	−	2	⎠⎟	⎟	φM	n	=	(0.9)(60	ksi)(2)(0.79	in.2	)	⎜	2.58	in.⎞	⎟	⎜	⎛	24	in.	+	−	⎟	⎜⎝	⎜⎝	2	⎠	⎟⎠	�Mn	=	4685.8	in.-kip	=	390.5	ft-kip,	say,	390	ft-kip	Using	strain	compatibility,	try	two	No.	8	bars	in	two	layers	on	both	sides	of	the	girder.	Assume	reinforcement	is	yielding.	It	will	be	checked	later.	Re-evaluating	the	positive
tension	reinforcement	at	girder	midspan:	Calculated	design	moment	3348	ft-kip	(Step	4).	Moment	to	be	resisted	by	No.	11	bars:	�Mn	=	(3348	ft-kip)	–	(390	ft-kip)	=	2958	ft-kip	Required	reinforcement	area	by	solving	the	following	equation:	a⎞	⎛	φM	n	≥	M	u	=	φAs	f	y	⎜	d	−	⎟	⎝	2⎠	As,No.11	=	15.42	in.2	ired	No.	11	ba	Required	barss	=	15.42	in.2/1.56
in.2	=	9.9	oose	100	No.	N	11	bbars.	bar	Choose	Negative	reinforcement	rcem	att	the	supports	pp	aye	of	skin	reinforcem	nt	on	both	Provide	three	layers	reinforcement	d	the	two	sides	in	the	top	hhalf	of	the	girder.	Exten	Extend	ars	over	the	full	length	ngth	of	No.	8	middepth	sk	skin	bars	he	top	half	at	the	support	upport	the	girder	and	usee	ffor	the	n
both	sides	of	o	the	girder	two	layers	of	No.	6	bbars	on	girder.	Assume	that	skin	reinforcement	reach	yielding	(will	be	checked	later).	Calculate	the	provided	moment	from	the	skin	reinforcement:	Re-evaluating	the	positive	tension	reinforcement	at	girder	midspan:	5.29	in.	⎞	⎛	φM	n	=	(0.9)(60	ksi)(2)(0.79	ksi)(2)(0	in.2	)	⎜	24	in.	−	⎟	⎝	2	⎠	5.29	in.	⎞	⎛	)(60
ksi)(2)(0.44	ksi)(2	)	+	(0.9)(60	in.2	)	⎜	31.25	in.	−	⎟	⎝	2	⎠	5.29	in.	⎞	⎛	+	(0.9	(0.9)(60	ksi)(2)(0.44	in.2	)	⎜	38.5	in.	−	⎟	⎝	2	⎠	�Mn	=	4885.1	in.-kip	=	407.1	ft-kip,	say,	407	ft-kip	Calculated	design	moment	1803	ft-kip	(Step	4).	Moment	to	be	resisted	by	No.	9	bars:	�Mn	=	(1803	ft-kip)	–	(407	ft-kip)	=	1396	ft-kip	Required	reinforcement	area	by	solving	the
following	equation:	As,No.11	=	7.42	in.2	a⎞	⎛	φM	n	≥	M	u	=	φAs	f	y	⎜	d	−	⎟	⎝	2⎠	Required	No.	9	bars	=	7.42	in.2/1.0	in.2	=	7.49	Choose	8	No.	9	bars.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Beams	CHAPTER	7—BEAMS	224	21.2.2	9.3.3.1	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Check	if	the
calculated	strain	exceeds	0.005	in./in.	(tension	controlled),	but	not	less	than	0.004	in./in.	a=	As	f	y	0.85	f	c′b	and	c	=	a	β1	ZKHUHȕ1	=	0.8	εs	=	Transfer	girder:	0.003	(d	−	c)	c	Mu,	ft-kip	As,prov,	in.2	a,	in.	c,	in.	İs,	in./in.	İs	>	0.005?	1782	8	4.7	5.9	0.020	Y	+	3348	15.6	2.15	2.7	0.0466	Y	Mí	1803	8	4.7	5.9	0.020	Y	Mí	M	Note	that	b	=	24	in.	for	negative
moments	and	102	in.	for	girder	positive	moments.	Place	eight	No.	9	in	one	layer	with	d	=	45.3	in.	Check	skin	reinforcement	strain	(Fig.	E5.5):	7KHUHIRUHWKHDVVXPSWLRQRIXVLQJ�		LVFRUUHFW	Positive	half,	strain	at	middepth	Check	strain	in	the	upper	skin	layer	at	24	in.	from	the	top:	Fig.	E5	F	E5.5—Strain	ain	distribution	distrib	over	beam
depth.	εs	=	0.003	0.	(24	4	in.	−	2.7	in.)	=	0.024	>	0.005	2.7	in.	OK	By	inspection	tthe	other	skin	reinforcement	layer	has	s	higher	strain;	therefore,	reinforcement	in	both	skin	reinforcement	layers	is	yielding	and	the	assumption	of	using	0.9 �	=	 	is	correct.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	7—BEAMS
225	Beams	Negative	half,	strain	at	supports	B	and	D	(Fig.	E5.6)	Check	strain	in	the	lower	skin	layer	at	24	in.	from	the	bottom:	Fig.	E5.6—Strain	distribution.	εs	=	0.003	(24	in.	−	5.9	in.)	=	0.009	>	0.005	5.9	in.	By	inspection	the	other	skin	reinforcement	layers	have	higher	strain;	therefore,	reinforcement	in	all	skin	reinforcement	layers	is	yielding	and
the	assumption	made	of	using	0.9 �	=	 	is	correct.	Beams	Design	beams	for	the	maximum	load	condition.	he	ma	Extend	No.	9	top	bars	from	Span	BD	to	resist	the	IWNLSDQGIWNLSPRPHQWVDW&ROXPQ/LQHV	I	PRPHQWVDW&RO	Q/LQHV	B	and	D	in	Spans	AB	and	respectively,,	and	No.	6	ns	A	d	DE,	respective	bars	to	resist	thee	rest	off	the	moments.
2	6SDQ&ROXPQ/LQH$%	Q&R	PQ/LQH	%$í	M	(N	(No.	9)	Number	of	bars	Mu,	fft-kip	ip	As,req’d	in.2	Req’d	Select	906	8.0	8.0	8	1.8	4.1	5	No.	6	bar;	db	=	3/4	4	iin.,	As	=	0.44	in.	,	an	and	d	=	27.6	in.	M	(N	(No.	6)	222	28	in.,	As	=	11.0	in.2,	and	d	=	27	27.4	No.	9	bar;	db	=	1.128	in.	for	one	layer.	6SDQ&ROXPQ/LQH'(	ROXPQ/LQ	+	Number	of	bars	M	u,
ft-kip	As,req’d	in.2	Req’d	Select	Mí	(No.	9)	935	8.33	8.33	9	M+	(No.	6)	293	2.38	5.42	6	6SDQ&ROXPQ/LQH()	Number	of	bars	Mu,	ft-kip	As,req’d	in.2	Req’d	Select	Mí	(No.	6)	58	0.43	0.97	2	M+	(No.	6)	133	1.08	2.4	3	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	226	9.6.1.1	9.6.1.2	THE	REINFORCED	CONCRETE	DESIGN
HANDBOOK—SP-17(14)	Minimum	reinforcement	The	provided	reinforcement	must	be	at	least	the	minimum	required	reinforcement	at	every	section	along	the	length	of	the	beam.	As	,	min	=	3	fc	′	bw	d	fy	Because	fcƍ!SVL(TD	RQO\DSSOLHV	Check	to	see	if	the	required	reinforcement	areas	exceeds	the	code	minimum	reinforcement	area	at	all	locations.
Beams:	As	,	min	=	3	5000	psi	(24	in.)(27.6	in.)	=	2.34	in.2	60,000	psi	Provide	a	minimum	six	No.	6	bars	at	all	beam	tension	ORFDWLRQV([FHSWDW&ROXPQ/LQHV%DQG'ZKHUH	transfer	girder	top	reinforcement	is	extended	over	DGMDFHQWVSDQVWRUHVLVWWKHQHJDWLYHPRPHQWDQG6SDQ	DE	positive	moment,	where	six	No.	6	longitudinal
bars	is	required.	Note:	Reduce	the	total	number	of	No.	9	bars	to	eight	No.	9	by	extending	the	two	top	No.	6	skin	bars	from	the	girder	into	Beam	DE	to	resist	part	of	the	negative	moment.	Calculate	strain	in	No.	6	bars	(Fig.	E5.7).	Fig.	E5	Fi	E5.7—Strain	in	diagra	diagram.	εs	=	0.	0.003	(20.5	20	5	iin.	in	−	5.9	in.)	=	0.007	>	0.005	5.9	in.	n.	Therefore,
herefore,	rei	reinforcement	in	the	two	No.	6	skin	bars	is	yieldin	yielding	and	the	assumption	made	of	using	0.9 �	=	 	is	correct.	21.2.2	Check	if	the	calculated	steel	strain	exceeds	0.005	in./in.	(tension	controlled),	but	not	less	than	0.004	in./in.	(refer	to	Fig.	E5.8):	As	f	y	a	and	c	=	a=	β1	0.85	f	c′b	ZKHUHȕ1	=	0.8	εs	=	Beams	(only	maximum	moments	are
checked)	M	u,	ft-kip	As,prov,	in.2	a,	in.	c,	in.	İs	,	in./in.	İs	>	0.005?	Mí	935	8	4.7	5.9	0.011	Y	M+	293	2.64	0.62	0.78	0.103	Y	0.003	(d	−	c)	c	Note	that	b	=	24	in.	for	negative	moments	and	102	in.	and	60	in.	for	girder	and	beam	positive	moments,	respectively.	c	<	hf	for	both	transfer	girder	and	beams;	therefore,	the	T-section	members	assumption	for
positive	moments	is	correct.	Fig.	E5.8—Strain	distribution	across	beam	section.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	7—BEAMS	227	Step	6:	Shear	design	Beams	Transfer	girder	Shear	strength	9.4.3.2	Because	conditions	a),	b),	and	c)	of	9.4.3.2	are
VDWLV¿HGWKHGHVLJQVKHDUIRUFHLVWDNHQDWFULWLFDO	section	at	distance	d	from	the	face	of	the	support	(Fig.	E5.9).	use	d	=	45.3	in.	at	support	The	controlling	factored	load	combination	must	satisfy:	Fig.	E5.9—Shear	at	the	critical	section.	9.5.1.1	9.5.3.1	22.5.1.1	22.5.5.1	�Vn•Vu	Vn	=	Vc	+	Vs	[email	protected]	=	(379.5	kip)	–	(1.68	kip/ft)
(45	in./12)	=	373.2	kip	Vc	=	2	f	c′bw	d	Vc	=	21.2.1(b)	Shear	strength	reduction	factor:	�shear	=	0.75	φVc	=	φ2	f	c	′bw	d	(0.75)(152.7	kip)	=	114.6	kip	�Vc	=	(0.75)(152	&KHFNLI�Vc•Vu	�Vc	=	1114.6	kip	<	[email	protected]	@d	=	373.7	kip	9.5.1.1b	(2)	(	)	5000	psi	(24	in.)(45	in.)	1000	lb/kip	=	152.7	kip	NG	T	refo	shear	ar	reinforc	Therefore,
reinforcement	is	required.	22.5.1.2	tin	shear	ar	reinforcemen	Prior	to	calculating	reinforcement,	che	check	if	na	dimensions	ensions	satisfy	E	the	cross-sectional	Eq.	(22.5.1.2):	Vu	≤	φ(Vc	+	8	f	c′bw	d	)	⎛	8	5000	psi(24	in.)(45	in.)	⎞	152	522	7	ki	kkip	+	Vu	≤	φ	⎜152.7	⎟	1000	lb/kip	⎝	⎠	≤	576.6	kip	OK,	therefore,	section	dimensions	are	satisfactory.
American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	228	22.5.10.1	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Shear	reinforcement	Transverse	reinforcement	satisfying	equation	22.5.10.1	is	required	at	each	section	where	Vu!�Vc	Vs	≥	Vu	−	Vc	φ	Vs	≥	373.2	kip	−	152.7	kip	=	344.9	kip	0.75	Try	a	No.	5	bar,
two	legged	stirrup	22.5.10.5.3	22.5.10.5.6	Spacing	required	for	No.	5	stirrups:	where	Vs	=	Av	f	yt	d	(2)(0.31	in.2	)(60,000	psi)(45	in.)	s	(1000	lb/kip)	s	=	4.85	in.	344.9	kip	=	s	This	is	a	relatively	tight	spacing.	Use	two	No.	5	double	stirrups	side	by	side.	This	will	yield	a	spacing	of	9.7	in.;	say,	8	in.	spacing.	9.7.6.2.2	Calculate	maximum	allowable	stirrup
spacing:	4	f	c′bw	d	=	4	(	)	5000	psi	(24	in.)(45	in.)	1000	lb/kip	=	305.5	kip	First,	does	the	beam	transverse	reinforcement	value	need	to	exceed	the	threshold	value?	Vs	≤	4	f	c′bw	d	?	9.7.6.2.2	9.6.3.3	Vs	=	344.9	.9	kipp	>	4	f	c′bw	d	=	305.5	kip	OK	uired	shear	strength	is	higher	than	Because	the	required	alue	the	maximum	stirr	the	threshold	value,
stirrup	spacing	is	4	aand	12	in.	dd/4	=	45	in./4	�				d/		in	the	lesser	of	d/4	in.	<	12	in.	RUF	HVQRWYDU\VLJQ	FDQWO\	%HFDXVHVKHDUIRUFHGRHVQRWYDU\VLJQL¿FDQWO\	nsfer	girder	(F	over	the	length	off	th	the	transfer	(Fig.	E5.3a),	use	two	No.	5	stirrups	at	8	in.	spacing	over	the	full	length	of	the	girder.
6SHFL¿HGVKHDUUHLQIRUFHPHQWPXVWEHDWOHDVW	0.75	f	c′	bw	b	and	50	w	f	yt	f	yt	Use	s	=	8	in.	=	dd/4	=	11	in.	<	12	in.	∴	OK	Av	,	min	s	≥	0.75	5000	psi	18	in.	=	0.016	in.2	/in.	60,000	psi	Provided:	Because	fcƍ!SVL(T	FRQWUROV	8	in.	spacing:	Av	,	min	s	=	4(0.31	in.2	)	=	0.155	in.2	/in.	8	in.	6SDFLQJVDWLV¿HVWKHUHIRUHOK	American
Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	7—BEAMS	229	Beams	9.5.1.1	�Vn	•Vu	9.5.3.1	22.5.1.1	Vn	=	Vc	+	Vs	9.4.3.2	Because	conditions	a),	b),	and	c)	of	9.4.3.2	are	VDWLV¿HGWKHGHVLJQVKHDUIRUFHLVWDNHQDWFULWLFDO	section	at	distance	d	from	the	face	of	the	support	(Fig.	E5.10).	�shear	=	0.75	Beams
21.2.1(b)	Shear	strength	Shear	strength	reduction	factor:	Fig.	E5.10—Shear	at	the	critical	section	[email	protected]	=	Vu	–	(1.85	kip/ft)(27.4	in./12)	=	Vu	–	4.2	kip	22.5.5.1	Vc	=	2	f	c′bw	d	Vc	=	(2)	(	)	5000	psi	(24	in.)(27.4	in.)	=	93	kip	�Vc	=	(0.75)(93	kip)	=	69.7	kip	9.6.3.1	&KHFNLI�Vc•Vu	[email	protected],	kip	res	that	minimum	shear	However,	ACI
318	requires	reinforcement	must	be	provi	provided,	where:	Beam	1	Beam	3	/2(6	kip))	=	34.9	kip	Vu!�Vc	=	1/2(69.7	eam	4	Beam	,V�Vc•Vu	?	/HIW	66.7	Y	Rig	Right	88.9	N	/HIW	95.9	N	Right	73.8	Y	/HIW	0	Y	ht	Right	21.7	Y	uire	shear	reinfo	emen	Beam	EF	does	no	not	require	reinforcement;	de	minimum	mum	shear	reinf	rcem	for	however,	provide
reinforcement	T	refo	shear	Therefore,	ar	reinfor	reinforcement	is	required	where	integrity.	cret	strength	ngth	is	les	concrete	less	than	the	factored	shear	force.	Beam	eam	AB	DE	EF	[email	protected],	kip	Is	Vu!�Vc	?	66.7	Y	/HIW	Right	88.9	Y	/HIW	95.9	Y	Right	73.8	Y	/HIW	0	N	Right	21.7	N	Provide	minimum	shear	reinforcement	over	all	beams	spans.
Shear	reinforcement	Vs	≥	Vu	φ	Vs	≥	−	Vc	where	Vs	=	Av	f	yt	d	s	and	Vc	=	93	kip	s=	95.9	kip	−	93	kip	=	34.9	kip	0.75	(2)(0.2	in.2	)(60,000	psi)(27.4	in.)	=	18.8	in.	34,900	lb	Using	No.	3	stirrups	The	spacing	exceeds	the	maximum	allowed	d/2	=	13.7	in.;	therefore,	use	12	in.	spacing	over	the	full	length	of	beam.	By	inspection	provisions,	9.7.6.2.2	and
9.6.3.3	are	VDWLV¿HG	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	230	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	7:	Reinforcement	detailing	Minimum	bar	spacing	Bottom	reinforcement—girder:	25.2.1	The	clear	spacing	between	the	horizontal	No.11	bars	must	be	at	least	the	greatest	of:	⎧1
in.	⎪	Clear	spacing	the	greater	of:	⎨db	⎪4/3(d	)	agg	⎩	1	in.	1.41	in.	Controls	4/3(3/4	in.)	=	1	in.	Assume	3/4	in.	maximum	aggregate	size.	&KHFNLI¿YH1REDUVUHVLVWLQJSRVLWLYH	moment)	can	be	placed	in	the	beam’s	web;	refer	to	Fig.	E5.11.	Therefore,	clear	spacing	between	horizontal	bars	must	be	at	least	1.41	in.,	say,	1.5	in.	bw,req’d	=
2(cover	+	dstirrup	+	1.0	in.)	+	4db	+	4(1.5	in.)min,spacing	(25.2.1)	bw,req’d	=	2(1.5	in.	+	0.625	in.	+	1.0	in.)	+	5.64	in.	+	6.0	in.	=	17.9	in.	<	24	in.	OK	7KHUHIRUH¿YH1REDUVFDQEHSODFHGLQRQHOD\HU	in	the	24	in.	transfer	girder	web.	ars:	Spacing	between	longitudinal	bars:	sp	=	24	in.	−	[2(1.5	in.	+	0.625	in.	+	1.0	in.)	+	4(1.41	in.)]	4	=	3.0
in.	Fig.	E5.11—Bottom	reinforcement	layout	one	layer	is	shown.	Bottom	reinforcement—beams:	Beams	AB,	DE,	and	EF	are	reinforced	with	six	No.	6	bottom	bars	uniformly	spaced.	The	calculated	spacing	LVLQ7KHUHIRUH2.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	7—BEAMS	Top	reinforcement
7HQVLRQUHLQIRUFHPHQWLQÀDQJHVPXVWEHGLVWULEXWHGZLWKLQWKHHIIHFWLYHÀDQJHZLGWKbf	=	102	in.	(Step	2),	but	not	wider	than:	Ɛn/10.	Girder:	Ɛn/10	=	(26	ft)(12)/10	=	31.2	in.	<	102	in.	Beams	24.3.4	231	%HFDXVHHIIHFWLYHÀDQJHZLGWKH[FHHGVƐn/10,	addi-	Beam:	tional	bonded	reinforcement	is	required	in	the	outer
Ɛn/10	=	(12	ft)(12)/10	=	14.4	in.	<	60	in.	SRUWLRQRIWKHÀDQJH	Use	No.	6	placed	in	slab	over	bf	for	additional	bonded	reinforcement;	refer	to	Fig.	E5.12:	This	requirement	is	to	control	cracking	in	the	slab	due	to	wide	spacing	of	bars	across	the	full	effective	ÀDQJHZLGWKDQGWRSURWHFWÀDQJHLIUHLQIRUFHPHQW	is	concentrated	within	the
web	width.	Bar	spacing	=	Span	AB	BD	24	in.	−	[2(3.125	in.)	+	5(1.128	in.)]	5	DE	EF	=	2.4	in.	Prov.	No.	9	No.	9	in	web	No.10	in	Ɛn/10*	No.	6	in	outer	portion*	/	4	4	—	4	R	8	6	2	4	/	8	6	2	6	R	8	6	2	6	/	8	6	2	4	R	4	4	—	4	/	†	5	†	5	—	4	R	5†	5†	—	4	*	Bars	to	be	divided	equally	on	both	sides	of	the	web	(refer	to	Fig.	E5.12-sections)	†	Section	reinforced	with	No.
6	bars	Sec	)LJ(²/RQJLWXGLQDOEDUVGLVWULEXWHGZLWKÀDQJH	Note:	Slab	shrinkage	and	temperature	reinforcement	can	be	used	as	the	additional	bonded	reinforcement	in	WKHRXWHUSRUWLRQRIÀDQJHWRVDWLVI\$&,6HFWLRQ	Step	8:	Development	length	Development	length	of	No.	6,	No.	9,	and	No.	11	bar
7KHVLPSOL¿HGPHWKRGLVXVHGWRFDOFXODWHWKH	development	length	of	No.	11	bars:	f	yψt	ψe	⎛	(60,000	psi)(1.0)(1.0)	⎞	Ad	=	⎜	⎟	(db	)	=	42.43db	⎝	(20)(1.0)	5000	psi	⎠	25.4.2.2	Ad	=	25.4.2.4	ZKHUHȥtLVWKHFDVWSRVLWLRQȥt	=	1.3,	if	more	Top:	1.3db	=	1.3(42.43	db)	=	55	db	than	12	in.	of	fresh	concrete	is	placed	below	top
KRUL]RQWDOEDUVDQGȥt	=	1.0,	if	not	more	than	12	in.	No.	6	No.	9	of	fresh	concrete	is	placed	below	bottom	horizontal	Ɛd,	in.	41.3	62	Top	bars.	42	63	Use	Ɛ	,	in.	20λ	f	c′	db	Bottom	No.	11	55	—	57	—	Ɛd,	in.	31.8	—	—	59.8	Use	Ɛd,	in.	36	—	—	60	d	ȥeLVWKHFRDWLQJIDFWRUDQGȥe	=	1.0,	because	bars	are	uncoated	No.	8	American	Concrete	Institute
–	Copyrighted	©	Material	–	www.concrete.org	232	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	6WHS,QÀHFWLRQSRLQWV	7KHPRPHQWGLDJUDPLQÀHFWLRQSRLQWVDUHFDOFXlated	at	both	supports	and	at	midspan	(Fig.	E5.13(a)).	(a)	Girder	moment	diagram	Bottom	bar	length	along	girder
&DOFXODWHWKHLQÀHFWLRQSRLQWIRUSRVLWLYHPRPHQW	(Fig.	E5.13(b)):	Maximum	moment	at	midspan:	3348	ft-kip	E	LQÀHFWLRQSRLQWRISRVLWLYHPRPHQW	3348	ft-kip	–	(1.68	kip/ft)(x)2/2	–	355x	=	0	f	3	in.	x	=	9.2	ft,	say,	9	ft	mum	positive	moment	occurs	at	Assume	the	maximum	HTXL	PWKHSRLQWR	HFWLRQ
PLGVSDQ)URPHTXLOLEULXPWKHSRLQWRILQÀHFWLRQ	m	th	lowing	free	bod	is	obtained	from	the	following	body	diagram:	Mmaxíwu(x)2/2	–	P/2x	=	0	ong	g	transfer	sfer	span	Top	bar	length	along	/HIWVXSSRUW	&DOFXODWHWKHLQÀHFWLRQSRLQWIRUQHJDWLYHPRPHQW	diagram	(Fig.	E5.13(c)):	íMmaxíwu(x)2/2	+	Vux	=	0	F	,Q	F
	,QÀHFWLRQ	SRLQW	DW	6XSSRUW	%			í					IW	NLS		±							NLS	IW	x)2/2	+	(378	kip)x	=	0	x	=	4.76	ft,	say,	4	ft	10	in.	Right	support:	&DOFXODWH	LQÀHFWLRQ	SRLQW	IRU	WKH	QHJDWLYH	PRPHQW		diagram	(Fig.	E5.13(d)):	íMmax	í	wu(x)2/2	+	Vux	=	0	G		,QÀHFWLRQ	SRLQW	DW	6XSSRUW	'	�					IW	NLS		±							NLS	IW	x)2/2	+	(379.5	kip)x	=	0	x	=	4.8	ft,	say,	4	ft	10	in.
)LJ(²*LUGHULQÀHFWLRQSRLQWORFDWLRQV	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	7—BEAMS	233	&KHFNWKHLQÀHFWLRQSRLQWIRU6SDQV$%'(DQG()	Span	AB:	&DOFXODWHLQÀHFWLRQSRLQWDW6XSSRUW%)LJ	E5.14(a)):	íMmax	íwu(x)2/2	+	Vux	=	0	QSRLQ
&DOFXODWHLQÀHFWLRQSRLQWDW6XSSRUW$)LJ	E5.14(b)):	2	+	Vux	=	0	íMmax	íwu(x)2/2	Beams	The	moment	diagram	envelop	shows	that	all	three	VSDQV$%'(DQG()	GRQRWKDYHDGH¿QHG	maximum	moment	at	midspan.	The	moment	varies	from	maximum	negative	moment	at	one	support	and	increases	to	maximum	positive	moment	at	the
other	support.	D	,QÀHFWLRQSRLQWORFDWLRQDW6XSSRUW%	íIWNLS	±NLSIW	x)2/2	+	(93.1	kip)x	=	0	x	=	10.9	ft,	say,	11	ft	0	in.	E	,QÀHFWLRQSRLQWORFDWLRQDW6XSSRUW$	,QÀH	QSRLQWORF	t	(222	ft	ft-kip)	–	1.85	kip/f	kip/ft(x)2/2	–	(70.9	kip)x	=	0	x	=	3.0	ft	(	DP$%LQÀ	)LJ(²%HDP$%LQÀHFWLRQSRLQWORFDWLRQV	me	concept	cept
for	spans	tthreee	and	Following	the	same	IRXUWKHLQÀHFWLRQSRLQWVDUHFDOFXODWHGDW	Span	x-left	l	f	x-right	DE	10.3	ft,	ssay,	10	ft	6	in.	3.6	ft,	say,	3	ft	9	in.	EF	1	ft,	say,	12	ft	3	in.	12.2	2.44	ft,	say,	2	ft	6	in.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	234	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK



—SP-17(14)	Step	10:	Cutoff	locations	Transfer	girder	9.7.3.2	9.7.3.3	Support	Bars	must	be	developed	at	locations	of	maximum	stress	and	locations	along	the	span	where	bent	or	terminated	tension	bars	are	no	longer	required	to	UHVLVWÀH[XUH	Eight	No.	9	bars	and	four	No.	6	and	two	No.	8	skin	bars	are	required	to	resist	the	factored	moment	at
&ROXPQ/LQHV%DQG'	The	two	end	moments	at	the	supports	are	close,	so	the	calculation	will	be	applied	at	one	end	only.	Calculate	a	distance	x	from	the	column	face	where	four	No.	9	bars	can	be	discontinued	and	the	contribution	from	the	skin	reinforcement	is	ignored.	Cutoff	point:	x2	+	379.5	kip(	x)	=	−4(1.0	in.2	)	2	⎛	4(1.0	in.2	)(60	ksi)	⎞	(0.9)(60
ksi)	⎜	45	in.	−	2(0.85)(5	ksi)(24	in.)	⎟⎠	⎝	−1803	ft-kip	−	1.69	kip/ft	x	=	2.69	ft,	say,	2	ft	9	in.	from	column	face	Note:	Skin	reinforcement	are	extended	over	the	full	girder	length	and	are	properly	developed	or	VDWWKHVXSSRUWV	H[WHQGHGLQWRWKHDGMDFHQWVSDQVDWWKHVXSSRUWV	For	No.	9	bars:	1)	d	=	45	in.	Controls	2)	12d	db	=	12(1
12(1.128	in.)	=	13.5	in.	refo	extend	xtend	t	d	th	the	ffour	No.	9	bars	the	greater	of	the	Therefore,	elop	p	length	(63	in.	–	Step	8)	from	the	column	development	f	e	and	d	from	m	theoretic	face	theoretical	cutoff	point	(33	in.)	n.	+	45	in.	=	78	3	iin.	>	Ɛd	=	63	in.	33	in.	78.3	T	refo	78.33	in.	Controls	Con	Therefore,	Four	No.	9	bars	can	be	terminated	80	in.
from	the	face	s	of	thee	column,	shown	bold	in	Fig.	E5.15.	9.7.3.8.4	At	least	one-third	of	the	bars	resisting	negative	moment	at	a	support	must	have	an	embedment	OHQJWKEH\RQGWKHLQÀHFWLRQSRLQWWKHJUHDWHVWRId,	12db,	and	Ɛn/16.	For	No.	9	bars:	1)	d	=	45	in.	Controls	2)	12db	=	12(1.128	in.)	=	13.5	in.	3)	Ɛn/16	=	(28	ft	–	2	ft)/16	=
1.625	ft	=	19.5	in.	Extend	the	remaining	four	No.	9	bars	the	larger	of	the	development	length	(63	in.)	beyond	the	theoretical	cutoff	point	(33	in.)	and	d	LQEH\RQGWKHLQÀHFtion	point	(4	ft	10	in.)	(Step	9)	shown	bold	in	Fig.	E5.15).	63	in.	+	33	in.	=	96	in.	58	in.	+	45	in.	=	103	in.	Controls	Extend	the	remaining	four	No.	9	bars	8	ft	8	in.	from	the	face	of
the	column.	The	four	No.	9	bars	will	be,	however,	extended	over	the	full	length	of	the	girder.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	7—BEAMS	Transfer	girder	bottom	bars	Following	the	same	steps	above,	ten	No.11	bars	and	four	No.8	skin	bars	are	required	to	resist	the	factored	moment	at	midspan.
Calculate	a	distance	x	from	the	midspan	where	four	No.11	bars	can	resist	the	factored	moment.	Note:	Skin	bars	are	extended	over	full	girder	length.	Beams	9.7.3.2	9.7.3.3	235	x2	−	(355	kip)x	=4(1.56	in.2	)	2	⎛	4(1.56	in.2	)(60	ksi)	⎞	×	(0.9)(60	ksi)	⎜	43.7	in.	−	2(0.85)(5	ksi)(102	in.)	⎟⎠	⎝	(3348	ft-kip)	−	(1.68	kip/ft)	x	=	5.92	ft,	say,	6	ft	0	in.	from	midspan
Therefore,	extend	six	No.11	bars	the	larger	of	the	development	length	(60	in.	–	Step	8)	and	a	distance	d	beyond	the	theoretical	cutoff	point	(6	ft	0	in.	Controls)	72	in.	+	43.7	in.	=	115.7	in.,	say,	9.75	ft	from	maximum	positive	moment	at	midspan	(Fig.	E5.15).	Extend	the	remaining	four	No.	11	bars	at	least	the	longer	of	6	in.	into	the	column	or	Ɛd	=	60	in.
past	the	theor	theoretical	cutoff	point	(Fig.	E5.15);	in	=	132	in.	<	(13	ft)(12)	+	6	in.	=	162	in.	60	in.	+	72	in.	um	controls,	however,	it	is	The	6	in.	into	the	column	omm	nded	to	ext	end	d	bars	to	the	far	face	of	the	recommended	extend	umn	and	develop	the	column	them.	9.7.3.8.2	urt	of	the	he	positive	tensi	n	bars	must	At	least	one-fourth	tension	ars	>
1/4(10	bars)	=	2.5	2	bars	4	bars	extend	into	the	co	column	at	least	6	in.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	OK	236	9.7.3.8.3	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	3RLQWRILQÀHFWLRQRFFXUVDWIW±IW	IW	$WWKHSRLQWRILQÀHFWLRQdb	for	positive	moment	tension	bars	must
be	limited	such	that	Ɛd	for	that	bar	from	the	column	face.	VL]HVDWLV¿HV	Vu	=	379.5	kip	–	(1.68	kip/ft)(3.75	ft)	=	373.2	kip	At	that	location,	four	No.	11	bars	are	effective:	⎛	4(1.56	in.2	)(60	ksi)	⎞	M	n	=	4	1.56	in.2	(	60	ksi)	⎜	43.7	in.	−	(2)(0.85)(5	ksi)(24	in.)	⎟⎠	⎝	(	)	Mn	=	15,674	in.-kip	Ad	≤	Mn	+	Aa	Vu	Ad	≤	15,674	in.-kip	+	43.7	in.	=	85.7	in.	373.2
kip	This	length	exceeds	Ɛd	=	60	in.,	therefore,	OK	where	Mn	is	calculated	assuming	all	bars	at	the	section	are	stressed	to	fy.	Vu	is	calculated	at	the	section.	The	term	la	is	the	embedment	length	EH\RQGWKHSRLQWRILQÀHFWLRQOLPLWHGWRWKHJUHDWHU	of	d	and	12db.	9.7.3.5	,IEDUVDUHFXWRIILQUHJLRQVRIÀH[XUDOWHQVLRQ	then	a	bar
stress	discontinuity	occurs.	Therefore,	LOHEDUVPXVWQRW	WKHFRGHUHTXLUHVWKDWÀH[XUDOWHQVLOHEDUVPXVWQRW	be	terminated	in	a	tensile	zone	unless	(a),	(b),	or	(c)	LVVDWLV¿HG	c	point	(a)	Vu”	�Vn	att	the	cutoff	Continuing	bars	prov	provides	double	the	area	required	HF	SRLQWDQGE	Vu	”	�V		�V	Vn	.
IRUÀH[XUHDWWKHFXWRIISRLQWDQGE	V	oop	area	in	excess	of	that	required	equired	for	(c)	Stirrup	or	hoop	vided	along	each	terminated	erm	shear	and	torsionn	is	provided	nce	3/4d	3/4	from	rom	th	bar	or	wire	over	a	distance	the	termination	rup	or	hoop	oop	area	shall	bbe	att	least	point.	Excess	stirrup	60bws/fyt.	Spacing	s	shall	not	exceed	d/(8ȕb).
153.8	8	+34	+3	+344.5	=	498.3	kip	Vn	=	Vc	+	Vs	=	153	�V	�Vn	=	249.2	9.2	kip	QGLWL	DQGE	DU	&RQGLWLRQVD	DQGE	DUHQRWVDWLV¿HG	(c	Ther	ver	a	dist	(c)	Therefore,	over	distance	of	3/4(45.3	in.)	=	34	in.	m	th	from	the	end	of	the	termi	terminated	bars	space	stirrups	at	45	3	in./(8(8/12))	in.	2))	=	8.5	iin.	on	center	and	excess	stirrup	45.3
areaa	mu	must	be	at	least:	0(24	in.)(	in.)(8	in.)/60,000	psi	=	0.192	in.2	Av,	excess=	60(24	Calculated	required	stirrup	area	at	this	location:	[email	protected]									NLS	�							NLS	IW			IW										NLS	¨Av,excess	=	Av,prov	–	Av,reqƍd	367.7	kip	−	115.3	kip	=	(0.75)	Av	,	req	'	d	(60	ksi)(45.3	in.)	8	in.	2	Av,req’d	=	1.0	in.	¨Av,excess	=	4(0.31	in.2)	–	1.0	in.2	=	0.24	in.2	0.24	in.2
>	0.192	in.2,	therefore,	OK	Because	only	one	of	the	three	conditions	needs	to	be	VDWLV¿HGWKLVUHTXLUHPHQWLVVDWLV¿HG	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	9.7.7.2	9.7.7.3	237	Integrity	reinforcement	At	least	one-fourth	of	the	maximum	positive	moment	bars,	but	at	least	two	bars,	must	be	continuous
and	developed	at	the	face	of	the	column.	7KLVFRQGLWLRQZDVVDWLV¿HGDERYHE\H[WHQGLQJIRXU	No.11	bars	into	the	support.	4	bars/10	bars	=	2/5	>	1/4	OK	Beam	longitudinal	bars	must	be	enclosed	by	closed	stirrups	along	the	clear	span.	7KLVFRQGLWLRQLVVDWLV¿HGE\H[WHQGLQJVWLUUXSVDWLQ	on	center	over	the	full	length	of	the
beam.	Beam	structural	integrity	bars	shall	pass	through	the	region	bounded	by	the	longitudinal	column	bars.	Four	No.	11	bars	are	extended	through	the	column	longitudinal	reinforcement,	therefore	satisfying	this	condition.	Note:	The	girder	has	the	same	width	as	the	columns’	dimensions	(24	in.).	Therefore,	beam	longitudinal	reinforcement	must	be
offset	to	clear	column	reinforcement.	Fig.	E5.15—Girder	bar	cutoff	locations.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Beams	CHAPTER	7—BEAMS	238	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	11:	Beams	Spans	AB	and	DE	9.7.3.2	Beams	spanning	between	column	A	and	B	and
EHWZHHQ'DQG(DUHVXEMHFWHGWRFRPSDUDEOH	IDFWRUHGÀH[XUHDQGVKHDUIRUFHV7KHUHIRUHWKH	two	beams	will	be	designed	for	the	same	loads	(larger	of	the	two	beams).	To	simplify	detailing,	simply	extend	eight	No.	9	bars	and	two	No.	6	skin	bars	(span	DE	only)	from	the	transfer	girders	to	resist	the	negative	moment	in
WKHDGMDFHQWEHDPV6WHS		Calculate	a	distance	x	from	the	column	face	where	four	No.	9	bars	can	resist	the	factored	moment.	x2	+	93.1	kip(	x)	=	−4(1.0	in.2	)	2	(0.9)(60	ksi)	⎛	4(1.0	in.2	)(60	ksi)	⎞	−	27.4in.	12	in./ft	⎜⎝	2(0.85)(5	ksi)(24	in.)	⎟⎠	−	(906	ft-kip)	−	(1.85	kip/ft)	x	=	4.9	ft,	say,	5	ft	At	5	ft	0	in.	in.	from	the	column	face,	four	No.	9	can	be
cut	off	and	the	remainder	four	No.	9	bars	can	resist	ctored	mome	the	factored	moment..	9.7.3.3	uto	bars	must	extend	beyond	nd	the	The	four	No.	9	cutoff	d	to	resist	location	where	the	they	are	no	longer	requ	required	VWD	TXDOWRWKHJUHDW	URId	or	ÀH[XUHIRUDGLVWDQFHHTXDOWRWKHJUHDWHURId	12db.	rs:	For	No	No.	9	bars:	11)	d	=
27.4	2	in.	Contro	Controls	2)	12d	2d	db	=	12(1.128	28	iin.))	=	13.54	in.	9.7.3.8.4	tive	At	least	one-third	of	the	bars	resisting	nnegative	moment	at	a	support	must	have	an	embedment	OHQJWKEH\RQGWKHLQÀHFWLRQSRLQWWKHJUHDWHVWRId,	12db,	and	Ɛn/16.	refo	extend	tend	four	No.	9	bars	the	greater	of	the	Therefore,	ment	length	(63	in.	–
Step	8)	from	the	column	development	face	and	the	sum	of	theoretical	cutoff	point	and	d:	2	in.	=	87.4	in.	>	63	in.	Controls	60	in.	+	27.4	Say,	90	in	or	7	ft	6	in.	For	No.	9	bars:	(a)	d	=	27.4	in.	Controls	(b)	12db	=	12(1.128	in.)	=	13.54	in.	(c)	Ɛn/16	=	(28	ft	–	2	ft)/16	=	1.625	ft	=	19.5	in.	Extend	the	remainder	four	No.	9	bars,	the	greater	of	the	development
length	(63	in.)	beyond	the	theoretical	cutoff	point	(5	ft)	and	d	LQEH\RQGWKHLQÀHFtion	point	(11	ft	0	in.).	Ɛ	=	63	in./12	+	5	ft	=	10.25	ft	Ɛ	11.0	ft	+	27.4	in./12	=	13.3	ft	Controls	Therefore,	extend	the	remainder	bars	over	the	full	length	of	the	beam;	refer	to	Fig.	E5.16	Spans	AB	and	DE.	At	the	Support	E,	where	there	is	no	negative	moment,	provide
minimum	reinforcement	of	six	No.	6	bars	extending	minimum	the	development	OHQJWKLQ	RQERWKVLGHVRIWKHFROXPQ2IWKH	six	No.	6	bars,	extend	two	bars	over	the	full	length	to	support	the	stirrups	(hanger	bars);	refer	to	Fig.	E5.16.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org
)RUWKHSRVLWLYHPRPHQWUHJLRQ¿YH1RERWWRP	bars	are	extended	over	the	full	span	length	for	Beams	1,	3,	and	4.	Step	12:	Splicing	and	bar	spacing	9.7.7.5	Splices	are	necessary	for	continuous	bars.	The	bars	shall	be	spliced	in	accordance	with	(a)	and	(b):	(a)	Positive	moment	bars	shall	be	spliced	at	or	near	the	support	(b)	Negative	moment
bars	shall	be	spliced	at	or	near	midspan	9.7.2.2	Maximum	bar	spacing	at	the	tension	face	must	not	24.3.1	exceed	the	lesser	of	24.3.2	⎛	40,	000	⎞	s	=	15	⎜	−	2.5cc	⎝	f	s	⎟⎠	239	Beams	CHAPTER	7—BEAMS	Splice	length	=	(1.3)(development	length)	No.	11:	Ɛdc	=	1.3(60	in.)	=	78	in.	=	6	ft	6	in.	No.	6:	Ɛdc	=	1.3(36	in.)	=	46.8	in.,	say,	48	in.	=	4	ft	0	in.	No.
9:	Ɛdc	=	1.3(63	in.)	=	81.9	in.,	say,	84	in.	=	7	ft	0	in.	No.	6:	Ɛdc	=	1.3(42	in.)	=	54.6	in.,	say,	57	in.	=	4	ft	9	in.	⎛	40,000	psi	⎞	s	=	15	⎜	−	2.5(2	in.)	=	10	in.	⎝	40,000	psi	⎟⎠	Controls	and	24.3.2.1	s	=	12(40,000/fs)	where	fs	=	2/3	fy	=	40,000	psi	⎛	40,000	psi	⎞	s	=	12	⎜	=	12	in.	⎝	40,000	psi	⎟⎠	WUROÀH[XUDOFUDFNLQJ
7KLVOLPLWLVLQWHQGHGWRFRQWUROÀH[XUDOFUDFNLQJ	he	cover	tto	the	longitudinal	width.	Note	that	cc	is	the	bars,	not	to	the	tie.	Spacing,	pacin	in.	No.	6	No.	9	No.	11	3.75	2.4	3	All	long	longitudinal	bar	spac	spacing	satisfy	the	maximum	bar	sp	cing	requirement;	ement;	the	spacing	therefore,	OK	American	Concrete	Institute	–	Copyrighted	©
Material	–	www.concrete.org	240	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Fig.	E5.16—Longitudinal	reinforcement	cutoff	locations.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	7—BEAMS	241	Beams	Step	13:	Detailing
)LJ(²%HDPEDUGHWDLOV1RWH)LJXUHFRQWLQXHGRQQH[WSDJH		American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	242	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Fig.	E5.17(cont.)—Beam	bar	details.	Notes:	3ODFH¿UVWVWLUUXSDWLQIURPWKHFROXPQIDFH	2.	The	contractor	may	prefer	to
extend	two	No.7	top	reinforcement	over	the	full	beam	length	to	replace	the	two	No.	5	hanger	beams.	Bars	should	be	spliced	at	mid-length	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	243	Beams	CHAPTER	7—BEAMS	Fig.	E5.18—Sections.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	244
THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Beam	Example	63RVWWHQVLRQHGWUDQVIHUJLUGHU	'HVLJQDQGGHWDLODQLQWHULRUSRVWWHQVLRQHGWUDQVIHUJLUGHUVXSSRUWLQJ¿YHVWRULHVDERYHEXLOWLQWHJUDOO\ZLWKDLQVODE
*LUGHUWHQGRQVZLOOQRWEHVWUHVVHGXQWLOFRQFUHWHFRPSUHVVLYHVWUHQJWKUHDFKHVWKHVSHFL¿HGfci	=	4000	psi.	Assume	the	tendon	center	of	gravity	at	beam	midspan	is	4	in.	from	the	bottom	and	at	the	beam’s	center	of	gravity	at	the	column.	Tendon	will	be	composed	of	1/2	in.	diameter	individually	coated	and	sheathed
seven-wire	prestressing	strands.	Given:	Load––	Service	additional	dead	load	D	=	15	psf	Service	live	load	L	=	65	psf	Girder,	beam	and	slab	self-weights	are	given	below.	Material	properties––	fcƍ	SVLQRUPDOZHLJKWFRQFUHWH	fci	=	4000	psi	fy	=	60,000	psi	fpu	=	270,000	psi	Ȝ	QRUPDOZHLJKWFRQFUHWH	Span	length––	Girder:	28	ft	Beam	and
girder	width:	24	in.	Column	dimensions:	24	in.	x	24	in.	Area	of	1/2	in.	diameter	strand	=	0.153	in.2	Fig.	E6.1—Plan	and	partial	elevation	of	third	level	transfer	girder	and	beams.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	7—BEAMS	$&,LVDUHIHUHQFHVSHFL¿FDWLRQWKDWLVFRRUGLnated	with	ACI
318.	ACI	encourages	referencing	$&,LQWRMREVSHFL¿FDWLRQV	Calculation	By	specifying	that	the	concrete	mixture	shall	be	in	accordance	with	ACI	301-10	and	providing	the	expoVXUHFODVVHV&KDSWHUUHTXLUHPHQWVDUHVDWLV¿HG	Based	on	durability	and	strength	requirements,	and	experience	with	local	mixtures,	the	compressive
VWUHQJWKRIFRQFUHWHLVVSHFL¿HGDWGD\VWREHDW	least	5000	psi.	The	engineer	must	specify	the	transfer	stress—in	this	case,	4000	psi.	There	are	several	mixture	options	within	ACI	301,	such	as	admixtures	and	pozzolans,	which	the	designer	can	require,	permit,	or	review	if	suggested	by	the	contractor.	Step	2:	Beam	geometry	Girder	depth
9.3.1.1	The	transfer	girder	supports	a	column	at	midspan.	Assume	48	in.	deep	transfer	girder.	ght	and	its	The	column	load	includes	self-weight	rd	level,	the	four	stories	tributary	loads	from	the	third	above	it,	and	the	roof.	Becaus	Because	of	this	large	concenpth	lim	trated	load,	the	depth	limits	in	Table	9.3.1.1	cannot	FXODW
EHXVHGDQGFDOFXODWHGGHÀHFWLRQVPXVWVDWLVI\WKH	VLQ	GHÀHFWLRQOLPLWVLQ	Flange	width	9.2.4.2	rde	is	poured	oured	monolithi	ally	w	The	transfer	girder	monolithically	with	6.2.3.1	the	slab	and	willl	bbehavee	as	a	T-beam.	R6.3.2.3	It	is	allowed	per	ACI	318-14	comment	to	ignore	the
ÀDQJHZLGWKUHTXLUHPHQWVEDVHGRQH[SHULHQFHDQG	past	performances.	'HWHUPLQDWLRQRIDQHIIHFWLYHÀDQJHZLGWKIRU	prestressed	T-beams	is	therefore	left	to	the	experience	DQGMXGJPHQWRIWKHOLFHQVHGGHVLJQSURIHVVLRQDO	6.3.2.1	Use	bf	=	8h	+	bw	+	8h	bf	=	(8)(7	in.)	+	24	in.	+	(8)(7	in.)	=	136	in.	American
Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Beams	ACI	318-14	Discussion	Step	1:	Material	requirements	9.2.1.1	The	mixture	proportion	must	satisfy	the	durability	requirements	of	Chapter	19	(ACI	318-14)	and	structural	strength	requirements.	The	designer	determines	the	durability	classes.	Please	refer	to	Chapter	2	of	SP-17	for
an	in-depth	discussion	of	the	categories	and	classes.	245	246	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Fig.	E6.2—Transfer	girder	geometry.	A,	in.2	y,	in.	1	(2)(56	in.)(7	in.)	=	784	2	(48	in.)(24	in.)	=	1152	™	1936	Center	of	gravity:	yt	=	A(y	–	yt)2,	in.4	3.5	2744	116,690	3201	119,891	24	27,648	79,361	221,184	300,545	30,392
196,051	224,385	420,436	30,392	in.2	=	15.7	in.	from	top	of	girder	1936	in.2	yb	=	48	in.	–	15.7	in.	=	32.3	in.	from	bottom	of	girder	Section	modulus:	=	420,436	in.	=	26,	779	in.	15.7	in.	STop	=	420,436	in.4	=	13,	017	in.	32.3	in.	Top	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Ix,	in.4	™Ii,	in.4	Ay,	in.3	CHAPTER	7—
BEAMS	247	6WHS/RDGV	Dead	load:	7UDQVIHUJLUGHUVHOIZHLJKWZLWKRXWÀDQJHV	Beams	Applied	load	on	transfer	girder	7KHVHUYLFHOLYHORDGLVSVILQRI¿FHVDQG	psf	in	corridors	per	Table	4-1	in	ASCE	7-10.	This	example	will	use	65	psf	as	an	average	live	load,	as	the	actual	layout	is	not	provided.	To	account	for	the
ZHLJKWRIFHLOLQJVSDUWLWLRQVDQG+9$&V\VWHPV	add	15	psf	as	miscellaneous	dead	load.	wb	=	[(24	in.)(48	in.)	[(0.150	kip/ft3)/144]	=	1.2	kip/ft	Slab	weight	per	level:	PVƐ	=	(7	in./12)(14	ft)(36	ft)(0.15	kip/ft3)	=	44.1	kip	Column	weight	per	level:	7	in.⎞	⎛	3	Pcol	=	(2	ft)(2	ft)	⎜	12	ft	−	⎟	(0.15	kip/ft	)	=	6.85	kip	⎝	12	⎠	Typical	beam	weight	(refer	to
plan):	18	in.	×	(30	in.	–	7	in.)	×	(36	ft	–	2	ft)	⎛	18	in.⎞	⎛	23	in.⎞	(34	ft)(0.15	kip/ft	3	)	=	14.7	kip	Pbm	=	⎜	⎝	12	⎟⎠	⎜⎝	12	⎟⎠	el:	Miscellaneous	dead	load	per	level:	PSDL	=	((14	ft)(36	ft)(0.015	kip/ft2)	=	7.6	kip	ed	on	ggirder:	Total	dead	load	applied	14.7	7	kki	kip	+	7.6	kip)(6)	+	(6.85	kip)(5)	PD	=	(44.1	kip	+	14	43	ki	=	433	kipp	/LYHORDG	Roof	live	load:	335
psf:	36	ft)(0	ft)(0.035	)(	0	kip/ft2)	=	18	kip	PLL,Roof	ooff	=	(14	ft)(36	—p	ASCE	SCE	7	live	load	with	th	excepTotal	live	load—per	tted	to	be	redu	tion	of	roof	load	iss	ppermitted	reduced	by:	Fourth	to	seventh	re	reduced	live	load	per	level:	⎛	15	⎞	L	=	Lo	⎜	0.25	+	⎟	K	LL	AT	⎠	⎝	⎛	⎞	15	L	=	(0	06	kip/ft	2	)	⎜	0.25	+	0	(0.065	=	0.038	ksf	2	⎟	⎝	2016	ft	⎠	L	=	0.038
ksf	>	0.4Lo	=	0.026	ksf	OK	where	L	is	reduced	live	load;	Lo	is	unreduced	live	load;	KLL	is	live	load	element	factor	=	4	for	internal	Reduced	third	level	live	load	on	beam:	columns	and	2	for	interior	beam	(ASCE	7	Table	4-2)	⎛	⎞	15	AT	is	tributary	area	L	=	(0.065	kip/ft	2	)	⎜	0.25	+	⎟	=	0.047	ksf	⎝	1008	ft	2	⎠	and	KLLAT•IW2	4(36	ft)(14	ft)	=	2016	ft2	>	400
ft2	L	=	0.047	ksf	>	0.4Lo	=	0.026	ksf	OK	2(36	ft)(14	ft)	=	1008	ft2	>	400	ft2	and	L•Lo	=	26	psf	Concentrated	live	load	to	column	per	level:	PL	=	(14	ft)(36	ft)(0.038	kip/ft2)	=	19.2	kip	Concentrated	live	load	at	third	level:	[email	protected]	=	(14	ft)(36	ft)(0.047	kip/ft2)	=	23.7	kip	Total	live	load	applied	on	girder	(four	levels):	™L	=	(19.2	kip)(4)	+	(23.7
kip)	+	(18	kip)	=	119	kip	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	248	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	4:	Material	properties	20.3.1.1	Post-tensioned	strands:	ASTM	A416	20.3.2.2	fpu	=	270,000	psi	20.3.2.5.1	Stress	in	tendon	immediately	after	force	transfer:	0.7fpu	=	189,000
psi	20.3.2.6.1	&RQVLGHULQJSUHVWUHVVORVVHVDVVXPH¿QDOVWUHVVLQ	tendons	is:	0.65fpu	=	175,000	psi	R20.3.2.1	24.5.2.1	Modulus	of	elasticity	is	assumed	for	design	and	checked	against	test	results	after	a	supplier	is	contracted.	For	design	use:	Concrete	compressive	strength	Concrete	strength	at	initial	stressing	Ep	=	28,500,000	psi	fcƍ
SVL	fciƍ	=	4000	psi	$VVXPHDPD[LPXPFRQFUHWHÀH[XUHVWUHVVDV	12	f	c′	,	Class	T,	at	service.	7.5	f	c′	=	530	psi	<	f	t	≤	12	f	c′	=	848	psi	Concrete	compressive	and	tensile	stresses	immediately	after	transfer:	24.5.3.1	24.5.3.2	24.5.4.1	re	The	transfer	girder	will	be	reinforced	with	nonpreinfor	stressed	bonded	reinforcement.	Therefore,	the	cee	Use
7.5	f	cci′	3	f	ci′	can	be	exceeded.	Location	ation	Al	All	Type	yp	Stress	limit,	psi	Compr	Compression	0.60	fciƍ	=	2400	Tensio	Tension	Concrete	compressive	re	stress	limits	at	sservice	vice	loads:	7.5	f	ci′	=	474	psi	Load	condition	L	dition	Concrete	compressive	stress	limits	i	d	load	l	Prestress	plus	sustained	0.45fcƍ	SVL	Prestress	ress	plus	total	tota	load
0.60fcƍ	SVL	Step	5:	Design	assumptions	The	girder	is	designed	using	unbonded	single-strand	tendons,	as	it	is	the	preferred	construction	method	in	the	United	States.	Bonded	tendons	may	be	preferable	in	other	parts	of	the	world.	The	tendons	center	of	JUDYLW\SUR¿OHLVVKRZQLQ)LJ(	9.4.3	The	beam	is	built	integrally	with	end	supports;	therefore,
the	beam	is	analyzed	as	part	of	a	frame.	The	factored	moments	and	shear	forces	(required	strengths)	are	calculated	at	the	face	of	the	supports.	The	moment	and	shear	diagrams	at	different	stages	are	obtained	from	PTData	software.
7KHJLUGHULVVWUHVVHGLQWZRVWDJHV$WWKH¿UVWVWUHVVLQJVWDJHIHZWHQGRQVDUHVWUHVVHGDIWHUFRQFUHWH	UHDFKHVDFRQFUHWHFRPSUHVVLYHVWUHQJWKRIPLQLPXPSVLDQGVXEMHFWHGRQO\WRLWVVHOIZHLJKW%HIRUH	stressing	the	remaining	tendons,	the	girder	will	be	supporting	three	levels—dead	load
only.	At	the	second	VWDJHWKHUHPDLQLQJWHQGRQVDUHVWUHVVHGDQGFRQVWUXFWLRQRIWKHXSSHUÀRRUVFRQWLQXHV	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	7—BEAMS	249	Beams	Step	6:	Post-tensioning	design	Find	the	total	number	of	strands	required	to	resist	the	total	load	The
required	prestress	force	to	support	the	total	dead	and	live	load	is	calculated	at	service	load	condition	to	satisfy	the	limit	in	the	selected	Class	in	Table	24.5.2.1.	The	service	load	is	433	kip	concentrated	dead	load	and	119	kip	concentrated	live	load	from	all	levels	above	the	girder—refer	to	Step	3.	Assume	that	approximately	75	percent	of	the	dead	load	is
balanced	by	the	harped	post-tensioned	tendons.	From	geometry,	refer	to	Fig.	E6.3:	0.75(433	kip)	=	324.8	kip,	say,	325	kip	325	kip	=	2Fsinș	⎛	⎞	28.3	in.	θ	=	tan	−1	⎜	=	10.3	degrees	⎝	(13	ft)(12	in./ft)	⎟⎠	F=	Calculate	number	of	strands	in	the	tendon.	(Step	4)	fpe	=	0.65fpu	=	175	ksi	325	kip	=	908	kip	2sin10.3	Required	ired	tendon	area	ar	a	=	(908
kip)/(175	ksi)	=	5.19	in.2	Number	mber	off	strands	t	d	=	55.19	in.2/(0.153	in.2)	=	33.9	ds.	Therefore,	Therefo	the	design	force	is:	Say,,	34	strands.	(34	)(	ksi)	=	910	kip	>	908	kip	OK	F	=	(34)(0.153	in.2)(175	R20.3.2.6.2	14	requires	ires	a	detailed	ccheck	ck	of	Note:	ACI	318-14	n	of	friction	tion	losses	in	ppostlosses.	Estimation	tensioned	tendons	is
addressed	in	PTI	TAB.1-06.	The	lump-sum	losses	were	used	herein	to	determine	effective	prestress	force.	ACI	423.3R	can	be	used	to	FDOFXODWHUH¿QHGWLPHGHSHQGHQWORVVHV	)LJ(²7HQGRQSUR¿OH	Moments	at	support	and	midspan	for	dead	load,	live	load,	and	post-tensioning	are	obtained	from	PTData,	Fig.	E6.4,	6.5,	and	6.6,	respectively.
American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	250	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Fig.	E6.4—Service	dead	load	moment	diagram.	Fig.	E6.5—Service	live	load	moment	diagram.	Fig.	E6.6—Post-tensioning	moment	diagram.	Stress	calculations:	Note:	for	sign	convention:	&RPSUHVVLRQí
Tension	(+)	Note:	When	comparing	compression	stresses,	absolute	values	are	used.	Moment	due	to	balance	load	at	midspan:	At	transfer:	7	Assume	zero	dead	load	present	and	all	34	diameter	M	bal	=	(1805	ft-kip)	=	2106	ft-kip	6	VWUDQGVDUHVWUHVVHG$SSO\DIDFWRUWRUHÀHFWWKH	stress	losses	in	the	strands	incurred	over	time.	(7/6)(910
kip)	(2106	ft-kip)(12)	f	top	=	−	+	=	0.395	ksi	1936	in.2	26,	779	in.3	Midspan	stresses:	Top:	f	top	=	−	P	M	+	A	Stop	Check	if	actual	stress	is	less	than	allowable	stress	(Step	4):	Bottom:	f	bot	=	−	P	M	−	A	Sbot	ftop	=	395	psi	<	fall	=	474	psi	f	top	=	−	OK	(7/6)(910	kip)	(2106	ft-kip)(12)	+	=	−2.49	ksi	1936	in.2	13,	017	in.3	fbot	SVL§fall	=	2400	psi	Check
if	actual	stress	is	less	than	allowable	stress	(Step	4):	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	OK	CHAPTER	7—BEAMS	M	bal	=	P	M	−	A	Stop	f	top	=	−	Check	if	actual	stress	is	less	than	allowable	stress	(Step	4):	P	M	+	A	Sbot	Bottom:	f	bot	=	−	7	(−345	ft-kip)	=	−403	ft-kip	6	(7/6)(910	kip)	(403	ft-kip)(12)	−	=	−0.729
ksi	1936	in.2	26,	779	in.3	ftop	=	729	psi	<	fall	=	2400	psi	f	bot	=	−	OK	(7/6)(910	kip)	(403	ft-kip)(12)	+	=	−0.177	ksi	1936	in.2	13,	017	in.3	Check	if	actual	stress	is	less	than	allowable	stress	(Step	4):	fbot	=	177	psi	<	fall	=	474	psi	OK	Conclusion:	No	stage	stressing	is	required.	Stress	all	tendons	after	girder	beam	concrete	attained	4000	psi
compressive	strength.	At	service:	Midspan:	MTL	=	MD	+	ML	Service	moment	at	midspan:	MTL	=	(26	(2618	ft-kip)	+	(614	ft-kip)	=	3232	ft-kip		�					IW	NLS	MBall			�					IW		¨M	=	MTL	�	MBal	M								IW	NLS		�							IW	NLS							IW	NLS		�		¨M								IW	NLS	Top:	f	top	=	−	P	M	−	A	Stop	f	top	=	−	Check	if	actual	st	stress	iss	less	than	allow	allowable	ble	stress	s	(Step	4):	P	M	+	A	Sbot
Bottom:	f	bot	=	−	Check	if	actual	stress	is	less	than	allowable	stress	–	Class	T	(Step	4):	Support:	910	kip	(1427	(142	ft-kip)(12)	−	=	−1.109	ksi	2	1936	in.	26,	26	779	in.3	ftop	=	11	1109	psi	<	falll	=	22	2250	psi	f	botot	=	−	OK	910	kip	(1427	ft-kip)(12)	+	=	0.845	ksi	1936	13,	017	in.3	19	in.2	fbot	=	845	psi	<	fall	=	848	psi	Service	moment	at	support:	OK
MTL				�				IW	NLS		�						IW	NLS				�				IW	NLS	MBal	=	+345	ft-kip	¨M	=	MTL	�	MBal	Top:	ftop	=	−	P	A	+	¨M				�				IW	NLS									IW	NLS								IW	NLS	M	f	top	=	−	Stop	Check	if	actual	stress	is	less	than	allowable	stress	(Step	4):	Bottom:	fbot	=	−	P	A	−	M	Sbot	Check	if	actual	stress	is	less	than	allowable	stress	–	Class	T	(Step	4):	910	kip	(124	ft-kip)(12)	+	=	−0.414	ksi	1936	in.2	26,
779	in.3	ftop	=	414	psi	<	fall	=	2250	psi	f	bot	=	−	OK	910	kip	(124	ft-kip)(12)	−	=	−0.548	ksi	1936	in.2	13,	017	in.3	fbot	=	548	psi	<	fall	=	2250	psi	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	OK	Beams	Moment	due	to	balance	at	support:	Support	stresses:	Top:	f	top	=	−	251	252	THE	REINFORCED	CONCRETE
DESIGN	HANDBOOK—SP-17(14)	Conclusions	and	summary:	All	service	load	stresses	are	acceptable.	Initial	stressing:	24.5.2.1	24.5.3.1	24.5.3.2	24.5.3.2.1	25.5.4.1	Support	Midspan	Location	Stress,	psi	Allowable	stress,	psi	Status	Top	í	í	2.	Bottom	í	474	2.	Top	395	474	2.	Bottom	í	í	a2.	Location	Stress,	psi	Allowable	stress,	psi	Status	Top	í	í	2.	Bottom	í	í
2.	Top	í	í	2.	Bottom	845	848	2.	At	service:	Support	Midspan	Step	6:	Design	strength	(a)	Flexure	Factored	loads	agrams	are	obtained	from	Shear	and	moment	diagrams	PTData	Fig.	E6.7:	5.3.1	VSD	0RPHQWDWPLGVSDQ	ts	gravity	ty	only	and	later	The	beam	resists	lateral	forces	are	not	considered	in	this	probl	problem.	U	=	1.4D	U	=	1.2D	+	1.6L	From
PTData,	secondary	moments	are:	Fr	m	M	From	Moment	diagrams	diagrams,	Fig.	E6.4	1.	ft-kip)	=	3665	ft-kip	Mu	=	1.4(2618	1.2	7.7	ft-kip)	+	1.6(613.7	ft-kip)	=	4123	ft-kip	Mu	=	1.2(2617.7	Controls	M2	=	329.5	ft-kip,	say,	330	ft-kip	Add	secondary	moments:	Mu	=	4124	ft-kip	+	330	ft-kip	=	4454	ft-kip	Fig.	E6.7—Shear	and	moment	diagrams.	American
Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	21.2.1(a)	It	is	assumed	that	the	girder	is	tension	controlled,	0.9 �	=	 .	This	assumption	will	be	checked	later.	Determine	the	effective	depth	assuming	No.	10	bars	for	the	girder	with	1.5	in.	cover:	20.6.1.3.1	d	=	h	–	cover	–	dtie	–	db/2	22.2.2.1	The	concrete	compressive	strain	at	nominal
moment	strength	is:	İc	=	0.003	22.2.2.2	7KHWHQVLOHVWUHQJWKRIFRQFUHWHLQÀH[XUHLVDYDULable	property	and	is	approximately	10	to	15	percent	of	the	concrete	compressive	strength.	ACI	318	neglects	the	concrete	tensile	strength	to	calculate	nominal	strength.	22.2.2.3	Determine	the	equivalent	concrete	compressive	stress	at	nominal
strength:	22.2.2.4.1	22.2.2.4.3	253	Beams	CHAPTER	7—BEAMS	Transfer	girder:	d	=	48	in.	–	1.5	in.	–	0.5in.	–	(1.128	in.)/2	=	45.4	in	istribution	is	The	concrete	compressive	stress	distribution	inelastic	at	high	stress.	Thee	code	permits	any	stress	umed	in	design	if	shown	to	distribution	to	be	assumed	result	in	predictionss	of	uultimate	strength	in
reasonable	agreement	with	the	results	of	comprehensive	an	ttests,	the	he	Code	allow	tests.	Rather	than	allows	thee	use	of	ect	lar	compressive	stress	ress	ddistrian	equivalent	rectangular	ƍZLWKDGHSWKRI	GHS	bution	of	0.85fcƍZ	unction	of	concrete	concr	e	compresa	=	ȕ1c,	where	ȕ1	is	a	function	ned	from	Tabl	2.2.2.4.3:	sive	strength	and	is	obtained
Table	22.2.2.4.3:	For	fcƍ	SVL	β1	=	0.85	85	−	0.05(5000	psi	−	4000	psi)	0.05(50	=	0.8	1000	psi	Fig.	E6.8—Section	compression	block	and	reinforcement	locations.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	254	20.3.2.4.1	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	For	unbonded	tendons	and	as	an
alternative	to	a	more	accurate	calculation,	the	stress	in	postWHQVLRQHGWHQGRQVDWQRPLQDOÀH[XUDOVWUHQJWKLV	the	least	of:	(a)	fse	+	10,000	+	fcƍȡp)	(b)	fse	+	60,000	(c)	fsy	if	fse	=	175	ksi	>	0.5fpu	=	135	ksi	Ɛn/h	=	(26	ft)(12)/48	in.)	=6.5	<	35	and	where	Aps	(34)(0.153	in.2	)	ρp	=	=	=	0.00087	bd	p	(136	in.)(44	in.)	9.6.2.3	The	strands
are	unbonded.	A	minimum	area	of	GHIRUPHGUHLQIRUFHPHQWLVUHTXLUHGWRHQVXUHÀH[ural	behavior	at	nominal	girder	strength,	rather	than	tied	arch	behavior.	In	addition,	the	reinforcing	bar	should	limit	crack	width	and	spacing.	To	calculate	the	minimum	area:	As,min	=	0.004Act	where	Act	is	the	area	of	that	hat	part	of	the	cross	section
HQVLRQ	EHWZHHQWKHÀH[XUDOWHQVLRQIDFHDQGWKHFHQWURLG	n	of	the	gross	section	Calculate	design	moment	strength	of	se	section	nm	n	at	midspan	with	only	nly	PT	tendons:	endons:	C=T	0.85	fcƍba	=	Apsfps	+	Asfy	(a)	175	ksi	+	10	ksi	+	5	ksi/(100(0.00087))	=	242.5	ksi	(b)	175	ksi	+	60	ksi	=	235	ksi	Controls	(c)	fsy	=	0.9	fpu	=	(0.9)
(270	ksi)	=	243	ksi	Therefore,	use	fps	=	235	ksi	At	midspan:	Act	=	(24	in.)(48	in.	–	15.7	in.)	=	775.2	in.2	As,min	=	(0.004)(775.2	in.2)	=	3.1	in.2	our	No.8:	Try	four	)(0	0.79	79	in.	i	2)	=	3.16	in.2	As,prov	rov	=	(4)(0.79	a=	OK	(34)(0.153	in.2	)(235	ksi)	+	(4)(0.79	in.2	)(60	ksi)	(34	(0.85)(5	ksi)(136	in.)	(0.85	a	=	2.44	in.	<	hf	=	7	in.	7KHUHIR
7KHUHIRUHFRPSUHVVLRQEORFNLQÀDQJH	C	=	2.44/0.8	=	3.05	Check	that	section	is	tension	controlled:	Is	the	strain	in	bars	closest	to	the	tension	face	are	greater	than	0.005.	⎛d	⎞	Deformed	bars:	ε	s	=	⎜	−	1⎟	ε	cu	⎝c	⎠	⎛	(45.4	in.)	⎞	εs	=	⎜	−	1⎟	(0.003)	=	0.042	in./in.	>	0.005	⎝	3.05	in.	⎠	Alternatively:	c/d	=	(30.5	in.)/(44	in.)	=	0.069	<	3/8	Therefore,
use	0.9 �	=	 .	Fig.	E6.9—Strain	distribution	over	girder	depth.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	7—BEAMS	255	a⎞	a⎞	⎛	⎛	M	n	=	Aps	f	ps	⎜	d	p	−	⎟	+	As	f	y	⎜	d	−	⎟	⎝	⎝	2⎠	2⎠	2.44	in.⎞	⎛	M	n	=	(5.20in	.2	)(235	ksi)	⎜	44	in.	−	⎟	⎝	2	⎠	2.44	in.⎞	⎛	+	(4)(0.79in	.2	)(60	ksi)	⎜	45.5	in.	−	⎟	⎝	2	⎠	0.9 �	=	 	calculated	above
�Mn	=	(0.9)(52,277	in.-kip	+	8395	in.-kip)	=	54,605	in.-kip	�Mn	=	4550	ft-kip	>	Mu	=	4454	ft-kip	OK	0RPHQWDWVXSSRUW	The	beam	resists	gravity	only	and	lateral	forces	are	not	considered	in	this	problem.	5.3.1	U	=	1.4D	U	=	1.2D	+	1.6L	From	moment	diagrams,	Fig.	E6.4	Mu	=	1.4(298	ft-kip)	=	417	ft-kip	Mn	=	1.2(298	ft-kip)+	1.6(171	ft-kip)	=
631	ft-kip	Controls	From	PTData,	secondary	moments	are:	M2	=	329.5	ft-kip,	say,	330	ft-kip	Add	sec	secondary	moments:	Mu	íIWN	íIWNLSIWNLS	íIWNLS	20.3.2.4.1	6WUHVVLQSRVWWHQVLRQHGWHQGRQVDWQRPLQDOÀH[XUDO	QHGWHQ	strength	is	the	least	of:	st	of	(a)	fse	+	10,000	+	fcƍȡȡp)	(a)	175	ksi	+	10	ksi	+	5	ksi/(100(0.0067))	=	192.0
ksi	Controls	(b	(b)	fse	+	60,000	(b)	175	ksi	+	60	ksi	=	23	235	ksi	(c	(0.9)(270	ksi)	=	243	ksi	(c)	fsy	(c)	fsy	=	0.9	fsu	=	(0.9)(27	if	fse	=	175	ksi	>	0.5fpu	=	135	ksi	Ɛ/h	=	(26	ft)(12)/48	in.)	=	6.5	<	35	and	where	ρp	=	9.6.2.3	Aps	bd	p	=	e,	use	fps	=	192	ksi.	Therefore,	(34)(0.153	in.2	)	=	0.0067	(24	in.)(32.3	in.)	Minimum	area	of	deformed	reinforcement	at
support:	As,min	=	0.004Act	At	supports:	Act	=	(136	in.)(7	in.)	+	(24	in.)(8.7	in.)	=	1161	in.2	As,min	=	(0.004)(1161	in.2)	=	4.64	in.2	where	Act	is	the	area	of	that	part	of	the	cross	section	EHWZHHQWKHÀH[XUDOWHQVLRQIDFHDQGWKHFHQWURLG	Try	four	No.10:	of	the	gross	section	As,prov	=	(4)(1.27	in.2)	=	5.08	in.2	Calculate	design	moment
strength	of	section	at	midspan	with	only	PT	tendons:	C=T	0.85	fcƍba	=	Apsfps	+	Asfy	a=	OK	(34)(0.153	in.2	)(192	ksi)	+	(4)(1.27	in.2	)(60	ksi)	(0.85)(5	ksi)(24	in.)	a	=	12.78	in.	7KHUHIRUHFRPSUHVVLRQEORFNLQÀDQJH	C	=	12.78/0.8	=	15.98	in.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Beams
&DOFXODWHÀH[XUDOVWUHQJWKRIVHFWLRQ	256	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Check	that	section	is	tension-controlled:	Is	the	strain	in	bars	closest	to	the	tension	face	are	greater	than	0.005?	⎛d	⎞	Deformed	bars:	ε	s	=	⎜	−	1⎟	ε	cu	⎝c	⎠	⎛	(45.4	in.)	⎞	εs	=	⎜	−	1	(0.003)	=	0.0055	in./in.	>	0.005	⎝	15.98	in.	⎟⎠
Therefore,	use	0.9 �	=	 .	Fig.	E6.10—Strain	distribution	over	girder	depth.	&DOFXODWHÀH[XUDOVWUHQJWKRIVHFWLRQ	a⎞	a⎞	⎛	⎛	M	n	=	Aps	f	ps	⎜	d	p	−	⎟	+	As	f	y	⎜	d	−	⎟	⎝	⎠	⎝	2	2⎠	12.78	in.⎞	⎛	(5	20	.2	)(192	ksi)	⎜	32.3	in.	−	M	n	=	(5.20in	⎟⎠	⎝	2	12.78	in.⎞	⎛	+	(4)(1.27	4)(1.27	in	.2	)(60	ksi)	⎜	45.5	in.	−	⎟⎠	⎝	2	0.9 �	=	 	calculated	ted	above	ve	�Mn	=	((0.9)
(25,868	868	iin.-kip	k	+	11,921	in.-kip)	=	34,010	3	n.-kip	in.-kip	�Mn	=	22834	ft-kip	kip	<	Mu	=	302	ft-kip	OK	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	(b)	Shear	design	Shear	strength	Vu	=	wuƐ/2	+	Pu/2	257	433	kip	⎞	⎛	Vu	=	(1.2)	⎜	(1.2	kip/ft)(13	ft)	+	⎟	⎝	2	⎠	119	kip	⎞	⎛	+	(1.6)	⎜	(0.065	kip/ft	2	)(2	ft)(13	ft)	+	⎟	⎝	2	⎠	Vu
=	376.4	kip	9.4.3.2	Because	conditions	a),	b),	and	c)	of	9.4.3.2	are	VDWLV¿HGWKHGHVLJQVKHDUIRUFHLVWDNHQDWFULWLFDO	section	at	distance	h/2	from	the	face	of	the	support	(Fig.	E6.11).	Fig.	E6.11—Factored	shear	at	the	critical	section.	(1.65	kip/ft)(24	in./12)	=	373	kip	[email	protected]/2	=	(376.4	kip)	–	(1	75	�shear	arr	=	0.75	21.2.1(b)
9.5.1.1	uctio	factor:	Shear	strength	reduction	�Vn•Vu	9.5.3.1	22.5.1.1	Vn	=	Vc	+	Vs	22.5.5.1	22.5.2.1	φVc	=	φ2	f	c′bw	d	d	=	dp	=	0.8h	=	0.8(48	in.)	=	38.4	in.	φVc	=	0	0.75(2)(	)(	5000	ppsi)(24	in.)(38.4	in.)	=	97.7	kip	9.5.1.1	Check	if	�Vc•Vu	Vc	=	97.	97.7	kip	<	[email	protected]/2	=	373	kip	�V	22.5.1.2	Before	calculating	shear	reinforcement,	check	if
the	cross-sectional	dimensions	satisfy	Eq.	(22.5.1.2):	NG	Therefore,	shear	reinforcement	is	required.	Vu	≤	φ(Vc	+	8	f	c′bw	d	)	⎛	8(	5000	psi	)(24	in.)(38.4	in.)	⎞	Vu	≤	φ	⎜	97.7	kip	+	⎟	1000	lb/kip	⎝	⎠	=	489	kip	Vu	=	373	kip	≤	φ(Vc	+	8	f	c′bw	d	)	=	489	kip	OK,	therefore,	section	dimensions	are	satisfactory.	American	Concrete	Institute	–	Copyrighted	©
Material	–	www.concrete.org	Beams	CHAPTER	7—BEAMS	258	22.5.8.2	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Check	if:	Apsfse	•Apsf	pu	+	Asfy)	(0.153	in.2)(34)(175	ksi)	=	910	kip	0.4((0.153	in.2)(34)	(270	ksi)	+	(5.08	in.2)(60	ksi))	=	684	kip	910	kip	>	684	kip	22.5.8.2	Therefore,	Vc	is	the	least	of	the	following	three
equations	and	not	22.5.8.3:	Vu	d	p	⎞	⎛	(a)	⎜	0.6λ	f	c′	+	700	bw	d	M	u	⎟⎠	⎝	(	)	(b)	0.6λ	f	c′	+	700	bw	d	(c)	5λ	f	c′bw	d	22.5.5.1	and	Vw	≥	2λ	f	c′bw	d	Vw	≥	2(1.0)	5000	psi(24	in.)(38.4	in.)	=	130.3kip	For	the	calculation	of	the	three	equations,	refer	to	the	table	below:	x,	ft	Vu,	kip	Mu,	ft-kip	dP,	in.	Vudp/M	/Mu	Vc	(a),	kip	Vc	(b),	kip	Vc	(c),	kip	1	376.5	–631	6
38.4	–1.909	9	–1072.7	684	326	2	.8	374.8	–255	38.4	–4.694	2353	6	–2353.6	684	326	3	373.	373.2	118	38.4	10.078	62.9	15,262.9	684	326	4	371.5	37	491	38.4	2.422	2.4	1852.5	5	6684	326	5	369.9	3	861	38.4	1.374	1001.2	6684	326	6	368.2	36	1231	38.4	0.958	0.95	692.9	684	326	7	366.6	6.6	1598	38.4	4	00.734	533.7	37	684	326	8	364.9	1964	38.4	0.595
436.5	684	326	9	363.3	2328	38.4	0.499	9	3370.9	684	326	10	361.6	2690	38.4	0.430	323.8	684	326	11	360.0	3051	38.4	0.378	288.2	684	326	12	358.3	3410	39.6	0.347	276.3	706	336	13	356.7	3767	41.8	0.330	278.7	745	355	14	355.0	4123	44.0	0.316	282.1	784	373	Equation	(22.5.8.2a)	controls	the	middle	8	ft	of	the	girder;	the	rest	of	the	span	is
controlled	by	Eq.	(22.5.8.2c),	shown	shaded	in	table	above.	Both	equations	are	greater	than	Eq.	(22.5.5.1).	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	7—BEAMS	259	9.5.3	22.5.10.1	Beams	Vu	>	�Vc	at	all	sections	along	the	girder	length.	Therefore,	shear	reinforcement	is	required.	Try	No.	4	stirrups;	As	=
2(0.2	in.2)	=	0.4	in.2	and	dp,min	=	38.4	in.	x,ft	Vu,	kip	�Vc	Eq.	(22.5.8.2a)	and	(22.5.8.2c),	kip	1	377	244	132	5.23	5	2	375	244	130	5.30	5	3	373	244	129	5.37	5	4	372	244	127	5.44	5	5	370	244	125	5.51	5	6	368	244	124	5.58	5	7	367	244	122	5.66	5	8	365	244	121	5.73	5	9	363	244	119	5.81	5	10	362	243	119	5.82	5	11	360	216	144	4.81	4	12	358	207	151
4.72	4	13	357	209	148	5.10	4	14	355	212	143	5.23	.2	4	s=	�Vs	=	Vuí�Vc,	kip	φAv	f	y	d	p	Vu	−	φVc	,	in.	sprov’d.	,	in.	Shear	reinforcement	ent	forc	satisfying	Eq.	Eq	(22.5.10.1)	2.5.10.1)	Transverse	reinforcement	ach	section	on	where	Vu	>	�V	�	c	is	required	at	each	Vs	≥	Vu	−	Vc	φ	22.5.10.5.3	22.5.10.5.5	where	Vs	=	Avfytd/s	9.7.6.2.2	cing:	Calculate
maximum	allowable	stirrup	spacing:	First,	does	the	beam	transverse	reinforcement	value	need	to	exceed	the	threshold	value?	p	0	75	=	2282	kip	Vs	=	212	kip/0.75	Vs	≤	4	f	c′bw	d	?	4	f	c′bw	d	=	4(	5000	psi)(24	in.)(38.4	in.)	=	260	kip	The	required	shear	strength	is	less	than	the	threshold	value;	therefore,	provide	maximum	stirrup	spacing	as	the	lesser	of
3h/8	and	12	in.	Vs	=	282	kip	>	4	f	c′bw	d	=	261	kip	OK	3h/8	=	(3)(48	in.)/8	=	18	in.	>	d/4	=	12	in.	Controls	3ODFH¿UVW1RVWLUUXSDWLQIURPWKHIDFHRI	support.	Place	No.	4	stirrups	at	4	in.	on	center	in	the	middle	6	ft	of	the	girder.	Place	No.	4	stirrups	at	5	in.	on	center	on	both	sides	of	the	midsection.	American	Concrete	Institute	–	Copyrighted
©	Material	–	www.concrete.org	260	9.6.3.3	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	6SHFL¿HGVKHDUUHLQIRUFHPHQWPXVWEHWKHOHDVWRI	the	greater	of	(c)	and	(d)	and	(e)	(c)	0.75	f	c′	(d)	50	(e)	bw	,	and	f	yt	80	f	yt	d	s	Av	,min	bw	f	yt	Aps	f	pu	Av	,min	s	d	bw	≥	0.75	5000	psi	=	50	24	in.	=	0.021	in.2	/in.	60,000	psi	24
in.	=	0.02	in.2	/in.	60,000	psi	(0.153	in.2	)(34)(270	ksi)	38.4	in.	=	0.01	in.2	/in.	80(60	ksi)(38.4	in.)	24	in.	Controls	to	develop	ductile	behavior.	Provided:	5	in.	spacing:	Av	,min	s	=	2(0.2	in.2	)	=	0.08	in.2	/in.	5	in.	VSDFLQJVDWLV¿HV∴	OK	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Step	7:	Reinforcement	detailing
Minimum	longitudinal	bar	spacing	25.2.1	The	clear	spacing	between	longitudinal	No.	10	bars:	⎧1	in.	⎪	Clearing	spacing	greater	of	⎨db	⎪4/3(d	)	agg	⎩	Check	if	four	No.10	bars	(resisting	positive	moment)	can	be	placed	in	the	beam’s	web.	Top	bar	layout:	bw,req’d	=	2(cover	+	dstirrup	+1.0	in.)	+	3db	+3(1.5	in.)min,spacing	(25.2.1)	261	1	in.	1.27	in.
Controls	4/3(3/4	in.)	=	1	in.	assuming	a	3/4	in.	maximum	aggregate	size	Therefore,	clear	spacing	between	horizontal	bars	must	be	at	least	1.27	in.,	say,	1.5	in.	bw,req’d	=	2(1.5	in.	+	0.5	in.	+	1.0	in.)	+	3.81	in.	+	4.5	in.	=	14.3	in.	<	24	in.	OK	Therefore,	four	No.10	bars	can	be	placed	in	one	layer	in	the	24	in.	transfer	girder	web.	24.3.4
7HQVLRQUHLQIRUFHPHQWLQÀDQJHVPXVWEHGLVWULEXWHGZLWKLQWKHHIIHFWLYHÀDQJHZLGWKbf	=	136	in.	(Step	2),	but	not	wider	than:	Ɛn/10..	ZLGWKH[FHHGV	n/10,	addiddi	%HFDXVHHIIHFWLYHÀDQJHZLGWKH[FHHGVƐ	cement	is	required	in	the	outer	tional	bonded	reinforcement	JH	SRUWLRQRIWKHÀDQJH	d	at	slab	middepth
iddepth	for	additional	onal	Use	No.	5	placed	cem	bonded	reinforcement.	nt	is	to	control	cracking	in	n	the	slab	This	requirement	aci	of	bars	across	the	full	ll	ef	due	to	wide	spacing	effective	GWR	WHFWÀDQJHLIUHL	IRUFHPHQW	ÀDQJHZLGWKDQGWRSURWHFWÀDQJHLIUHLQIRUFHPHQW	ith	thee	web	width.	is	concentrated	within	Fig.	E6.12—
Bottom	reinforcement	layout.	Bottom	bar	layout:	bw,req’d	=	2(cover+	dstir	+	1.0	in.)	+	3db	+	3(1.5	in.)	bw,req’d	=	2(1.5	in.+0.5	in.+1.0	in.)	+	3	in.	+	4.5	in.	=	13.5	in.	<	24	in.	OK	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Beams	CHAPTER	7—BEAMS	262	9.7.2.2	24.3.1	24.3.2	THE	REINFORCED	CONCRETE	DESIGN
HANDBOOK—SP-17(14)	Maximum	bar	spacing	at	the	tension	face	must	not	exceed	the	lesser	of	⎛	40,	000	⎞	s	=	15	⎜	−	2.5cc	⎝	f	s	⎟⎠	⎛	40,000	psi	⎞	s	=	15	⎜	−	2.5(2	in.)	=	10	in.	⎝	40,000	psi	⎟⎠	Controls	and	s	=	12(40,000/fs)	9.7.2.3	24.3.2	7KLVOLPLWLVLQWHQGHGWROLPLWÀH[XUDOFUDFNLQJ	width.	Note	that	cc	is	the	cover	to	the	longitudinal
bars,	not	to	the	tie.	Skin	reinforcement	The	transfer	girder	is	48	in.	deep	>	36	in.	Although	the	Code	does	not	require	skin	reinforcement	for	Class	T	prestressed	beams,	many	engineers	provide	it.	Skin	reinforcement	is	placed	a	distance	h/2	from	the	tension	face.	⎛	40,	000	psi	⎞	s	=	12	⎜	=	12	in.	⎝	40,	000	psi	⎟⎠
/RQJLWXGLQDOEDUVSDFLQJVDWLVI\WKHPD[LPXPEDU	spacing	requirement;	therefore,	OK	Use	two	No.	5	bars	each	face	side	as	shown	in	Fig.	E6.15	Fig.	E6.13—Skin	reinforcement	in	girder.	Step	8:	Bar	cutoff	Development	length	Extend	top	and	bottom	deformed	bars	over	the	full	length	of	the	beam.	This	will	ensure	better	resistance	to	creep
stresses	and	control	of	cracks	in	the	girder.	\	Therefore,	development	length	calculation	is	not	required	into	the	girder.	Bars,	however,	must	be	developed	within	the	support	at	each	end.	7KHVLPSOL¿HGPHWKRGLVXVHGWRFDOFXODWHWKH	development	length	of	No.	10	bars:	25.4.2.2	Ad	=	25.4.2.4	ZKHUHȥt	=	1.0	top	bar	location	with	not	more
than	12	in.	of	fresh	concrete	below	horizontal	reinforcePHQW2WKHUZLVHXVH	)RUWRSEDUVȥt	=	1.3;	Ɛd	=	(1.3)(42.43db)	No.	8	bars:	Ɛd	=	42.43(1.0	in.)	=	42.43	in.,	say,	48	in.	ȥt	=	1.0;	bars	are	uncoated	because	No.	10	bars	are	top	bars,	development	length	is:	1.3Ɛd	=	(1.3)(42.43	in.)(1.27	in.)	=	70	in.,	say,	6	ft	0	in.	9.7.7.5	f	yψt	ψe	20λ	f	c′	db	⎛
(60,000	psi)(1.0)(1.0)	⎞	Ad	=	⎜	⎟	(db	)	=	42.43db	⎝	(20)(1.0)	5000	psi	⎠	Girder	is	a	single	26	ft	long	span;	therefore,	reinforcement	splicing	is	not	required.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	9.7.7.2	9.7.7.3	25.8.1	263	Integrity	reinforcement	The	girder	is	an	internal	member;	therefore,
7KLVFRQGLWLRQZDVVDWLV¿HGDERYHE\H[WHQGLQJDOO	HLWKHUD	RUE	RIPXVWEHVDWLV¿HG,QWKLV	four	No.	10	bars	into	the	support.	OK	H[DPSOHFRQGLWLRQD	LVVDWLV¿HGE\KDYLQJDWOHDVW	one-quarter	of	the	positive	moment	bars,	but	not	less	than	two	bars	continuous.	Beam	structural	integrity	bars	must	pass	through	the
region	bounded	by	the	longitudinal	column	bars.	Two	No.	8	bottom	bars	are	extended	and	placed	between	column	reinforcement.	Because	the	columns	and	girder	are	of	the	same	dimension	(24	in.),	the	two	inner	girder	bars	are	selected	to	be	the	integrity	bars.	Post-tensioning	detailing	Anchorages	for	tendons	must	develop	95	percent	of	fpu	when
tested	in	an	unbonded	condition.	25.9	Post-tensioning	anchorage	design	and	detailing	is	usually	provided	by	the	post-tensioning	supplier,	as	well	as	the	detailed	tendon	layout.	Step	9:	Detailing	)LJ(²%HDPEDUGHWDLOV1RWH3ODFH¿UVWVWLUUXSDWLQIURPWKHFROXPQIDFH	American	Concrete	Institute	–	Copyrighted	©	Material	–
www.concrete.org	Beams	CHAPTER	7—BEAMS	264	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Fig.	E6.15—Sections.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	265	Beam	Example	7:	Precast	concrete	beam	Design	and	detail	an	interior,	simply	supported	precast	beam	supporting	factored
concentrated	forces	of	15	kip	located	at	4ft	6	in.	from	each	end	and	a	continuously	distributed	factored	force	of	4.6	kip/ft.	The	beam	is	supported	on	a	6	in.	ledge.	Given:	Material	properties—	fcƍ	SVLQRUPDOZHLJKWFRQFUHWH	Ȝ		fy	=	60,000	psi	Load—	Pu1	=	15.0	kip	at	4	ft	6	in.	from	each	support	wu	=	4.6	kip/ft	Span	length:	18	ft	Beam	width:	14
in.	Bearing	at	support:	6	in.	Bearing	at	concentrated	load:	10	in.	Fig.	E7.1—Simply	supported	precast	concrete	beam.	ACI	318-14	Discussion	Step	1:	Material	requirements	9.2.1.1	The	mixture	proportion	must	satisfy	atisfy	the	durability	requirements	of	Chapter	19	(ACI	318	318-14)	and	structural	strength	requirements.	The	designer	quirem
determines	the	durability	rabil	classes.	Please	refer	to	Chapter	3	of	thiss	Ha	Handbook	in-depth	discus	discusok	for	an	in-d	gor	and	nd	classes.	sion	of	the	categories	IH	VSHFL¿FDWLRQWKD	LVFR	$&,LVDUHIHUHQFHVSHFL¿FDWLRQWKDWLVFRRUGLCI	encourages	re	rencing	nated	with	ACI	31	318.	ACI	referencing	¿F	V
LQWRMREVSHFL¿FDWLRQV	There	are	several	mixture	options	within	ACI	hich	the	301,	such	as	admixtures	and	pozzolans,	which	designer	can	require,	permit,	or	review	if	suggested	by	the	contractor.	Step	2:	Beam	geometry	Beam	depth	9.3.1.1	Since	beam	resists	concentrated	loads,	the	beam	depth	limits	in	Table	9.3.1.1	of	ACI	318-14	cannot	be
used.	Calculation	specifying	that	the	concrete	mixture	shall	be	in	By	specif	accordance	with	ACI	301-10	and	providing	the	exposure	classes,	Chapter	19	(ACI	318-14)	requirements	lasses,	Chapte	DUHVDWLV¿HG	VDWLV	B	ed	oon	durability	bility	and	strength	requirements,	and	Based	ex	erien	with	local	l	l	mi	i	experience	mixtures,	the	compressive
VWU	QJWK	FUHWHLVVS	VWUHQJWKRIFRQFUHWHLVVSHFL¿HGDWGD\VWREHDW	le	leastt	40	4000	psi.	Assume	22	in.	deep	beam	with	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Beams	CHAPTER	7—BEAMS	266	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	3:	Analysis	The	beam	is	simply
supported	and	the	loads	are	symmetrical.	Therefore,	the	maximum	shear	and	moment	are	located	at	supports	and	midspan,	respectively.	Fig.	E7.2—Shear	and	moment	diagrams.	Vu	,	max	=	wu	(A)	+	(	Pu	)	2	M	u	,	max	=	wu	(A)	2	+	(	Pu	)(	x1	)	8	Step	4:	Bearing	16.2.6.2	The	minimum	seating	length	th	of	the	precast	beam	on	the	wall	ledge	is	thee
greate	greater	of:	Ɛn/180	and	3	in.	22.8.3.2	Vu	,	max	=	(4.6	kip/ft)(18	ft)	+	(15	kip)	=	56.4	kip	2	M	u	,	max	=	(4.6	kip/ft)(18	ft)	2	+	(15	kip)(4.5	ft)	=	254	ft-kip	8	Ɛn/180	80	=	(18	ft)(12	iin./ft)/180	n	/f	/ft	=	1.2	in.	<	3	in.	vide	6	in.,	n.,	therefore	therefor	OK.	Provided	h	Bearing	strength	h	at	seat	and	con	entra	Check	bearing	str	strength	concentrated	load:
f	The	supporting	surface	(ledge)	is	wider	on	three	of	the	four	sides.	Therefore,	condition	(c)	applies:	0.85fcƍA1	00.85(4000	psi)(14	in.)(6	in.)/1000	=	285.6	kip	285.6	kip	>>	56.4	kip	OK	A	10	in.	wide	beam	rests	on	the	precast	beam:	0.85(4000	psi)(14	in.)(10	in.)/1000=476	kip>>15	kip	OK	American	Concrete	Institute	–	Copyrighted	©	Material	–
www.concrete.org	CHAPTER	7—BEAMS	267	Beams	Step	5:	Moment	design	9.3.3.1	The	Code	does	not	permit	a	beam	to	be	designed	with	steel	strain	less	than	0.004	in./in	at	nominal	strength.	The	intent	is	to	ensure	ductile	behavior.	In	most	reinforced	beams,	such	as	this	example,	reinforcing	bar	strain	is	not	a	controlling	issue.	21.2.1(a)	The	design
assumption	is	the	beams	will	be	tensioned	controlled,	0.9 �	=	 .	This	assumption	will	be	checked	later.	20.6.1.3.3	Determine	the	effective	depth	assuming	No.	8	bars	and	1.0	in.	cover.	For	precast	concrete	beam,	the	minimum	cover	is	the	greater	of	5/8	in.	and	db	and	need	not	exceed	1.5	in.	2QHURZRIUHLQIRUFHPHQW	d	=	h	–	cover	–	dtie	–	db/2
22.2.2.1	The	concrete	compressive	strain	at	nominal	moment	strength	is	calculated	at:	İcu	=	0.003	22.2.2.2	WKRI	7KHWHQVLOHVWUHQJWKRIFRQFUHWHLQÀH[XUHLVDYDULd	is	about	10	to	15	per	able	property	and	percent	off	the	ess	strength.	rength.	ACI	31	concrete	compressive	318	neglects	nsi	strength	ength	to	calculat	the	concrete	tensile
calculate	nomi	nominal	strength.	Use	db	=	1	in.	cover	d	=	22	in.	–	1.0	in.	–	0.375	in.	–	1.0	in.	/2	=	20.1	in.,	say,	20	in.	uiv	concrete	com	ssive	Determine	the	equivalent	compressive	stress	at	nominal	strength:	22.2.2.3	22.2.2.4.1	22.2.2.4.3	22.2.1.1	The	concrete	compressive	stress	distribution	is	inelastic	at	high	stress.	The	Code	permits	any	stress
distribution	to	be	assumed	in	design	if	shown	to	result	in	predictions	of	ultimate	strength	in	reasonable	agreement	with	the	results	of	comprehensive	tests.	Rather	than	tests,	the	Code	allows	the	use	of	an	equivalent	rectangular	compressive	stress	distribution	of	0.85fcƍZLWKDGHSWKRI	a	=	ȕ1c,	where	ȕ1	is	a	function	of	concrete	compressive	strength
and	is	obtained	from	Table	22.2.2.4.3.	For	fcƍ”SVL	ȕ1	=	0.85	Find	the	equivalent	concrete	compressive	depth	a	by	equating	the	compression	force	to	the	tension	force	within	the	beam	cross	section:	C=	T	0.85fcƍba	=	Asfy	0.85(4000	psi)(b)(a)=As	(60,000	psi)	For	moment	at	midspan:	b	=	14	in.	a	=	As	(60,	000	psi)	=	1.26	As	0.85(4000	psi)(14	in.)
American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	268	9.5.1.1	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	The	beam’s	design	strength	must	be	at	least	the	required	strength	at	each	section	along	its	length:	�Mn•Mu	�Vn•9u	Calculate	the	required	reinforcement	area:	a⎞	⎛	φM	n	≥	M	u	=	φAs	f	y	⎜	d	−	⎟	⎝	2⎠
1.26	As	⎞	⎛	(254	ft-kip)(12)	=	(0.9)(60	ksi)As	⎜	20	in.	−	⎝	2	⎟⎠	A	No.	8	bar	has	a	db	=	1.0	in.	and	an	As	=	0.79	in.2	As,	req’d	=	3.1	in.2	Use	four	No.	8	As,	prov	=	3.16	in.2	>	As,	req’d	=	3.1	in.2	OK	Per	Reinforced	Concrete	Design	Handbook	Design	Aid	–	Analysis	Tables,	which	can	be	downloaded	from:	.	aspx?ItemID=SP1714DA,	four	No.	8	bars	require	a
minimum	of	11.5	in.	wide	beam.	Therefore,	14	in.	width	is	adequate.	Check	if	the	calculated	strain	exceeds	0.004	in./in.	(tension	controlled).	9.3.3.1	a=	As	f	y	0.85	f	c′b	and	c	=	a	β1	6	s	=	((1.26)(4)(0.79	in.2)	=	3.98	in.	a	=	1.26A	/0.85	=	3.98	in./0.85	0.8	=	4.68	in.	c	=	a/0.85	ZKHUHȕ1	=	0.85	εt	=	ε	cu	(d	−	c)	c	εt	=	0.003	0	(20	4.68	in.)	=	0.01	20	in.	−
4.	4.68	4.	in.	Therefore,	refo	assumption	mption	of	using	0.9 �	=	 	is	correct.	Fig.	E7.3––Strain	distribution	across	beam	section.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	7—BEAMS	Minimum	reinforcement	The	provided	reinforcement	must	be	at	least	the	minimum	required	reinforcement	at	every	section
along	the	length	of	the	beam.	As	,	min	=	3	f	c′	As	,	min	=	fy	bw	d	200	bw	d	fy	Beams	9.6.1.1	9.6.1.2	269	As	,	min	=	3	4000	psi	(14	in.)(20	in.)	=	0.89	in.2	60,	000	psi	As	,	min	=	200	(14	in.)(20	in.)	=	0.93	in.2	Controls	60,000	psi	As,prov	=	3.16	in.2	>	As,min	=	0.93	in.2	OK	Required	positive	moment	reinforcement	areas	exceed	the	minimum	required
reinforcement	area	at	all	positive	moment	locations.	Top	reinforcement	While	not	required	by	Code,	top	bars	are	needed	to	stabilize	the	beam’s	stirrups.	Use	two	No.	5	continuous	bars.	Step	6:	Shear	design	Shear	strength	21.2.1(b)	tor:	Shear	strength	reduction	factor:	9.5.1.1	�Vn•Vu	9.5.3.1	22.5.1.1	Vn	=	Vc	+	Vs	9.4.3.2	Because	conditions	ion	(a),,
(b),	and	(c)	of	9.4.3.2	4.3.2	are	LJQ	DUIRUFHLVWDNHQ	WGLVWDQFH	VDWLV¿HGWKHGHVLJQVKHDUIRUFHLVWDNHQDWGLVWDQFH	d	from	the	face	of	th	the	supportt	(F	(Fig.	E7.4).	�shearr	=	0.7	0.75	Fig.	E7.4—S	E7.4—Shear	at	the	critical	section.	Vu	=	(56.4	kip)	–	(4.6	kip/ft)(20	in./12)=48.7	kip	22.5.5.1	22.5.1.2	Vc	=	2	f	c	′bw	d	Vc	=	(2)(
4000	psi)(14	in.)(20	in.)	=	35.4	kip	Check	if	�Vc•Vu	�Vc	=	(0.75)(35.4	kip)	=	26.6	kip	<	Vu	=	48.7	kip	NG	Therefore,	shear	reinforcement	is	required.	Determine	required	Vu	on	each	side	of	Pu	/HIWRIPu:	VXƐ	=	Vu	–	wux1	Right	of	Pu:	Vu,r	=	Vu	–	wux1	–	Pu	Prior	to	calculating	shear	reinforcement,	check	if	the	cross-sectional	dimensions	satisfy	Eq.
(22.5.1.2):	Vu	≤	φ(Vc	+	8	f	c	′bw	d	)	VXƐ	=	56.4	kip	–	(4.6	kip/ft)(4.5	ft)	=	35.7	kip	Vu,r	=	56.4	kip	–	(4.6	kip/ft)(4.5	ft)	–15	kip	=	20.7	kip	Vu	≤	φ(35.4	kip	+	8(	4000	psi)(14	in.)(20	in.))	=	132.8	kip	OK	Section	dimensions	are	satisfactory.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	270	THE	REINFORCED	CONCRETE
DESIGN	HANDBOOK—SP-17(14)	9.5.3	22.5.10.1	Shear	reinforcement	Transverse	reinforcement	satisfying	equation	22.5.10.1	is	required	at	each	section	where	Vu	>	�Vc	22.5.10.5.3	�Vs•Vu±�Vc	where	φVs	=	�Vs•.7	kip)	–	(26.6	kip)	=	22.1	kip	φAv	f	yt	d	s	Assume	a	No.	3	bar,	two	legged	stirrup	22.1	kip	=	(0.75)(2)(0.11	in.2	)(60,000	psi)(20	in.)	s	s	=
8.9	in.	22.5.10.5.6	Calculate	maximum	allowable	stirrup	spacing:	First,	does	the	required	transverse	reinforcement	value	exceed	the	threshold	value?	Vs	=	Vs	≤	4	f	c′bw	d	?	4	f	c′bw	d	=	4(	4000	psi)(14	in.)(20	in.)	=	71	kip	22.1	kip	=	29.5	kip	0.75	Vs	=	29.5	kip	<	4	f	c′bw	d	=	71	kip	OK	Because	the	required	shear	strength	is	below	the	rup	spacing	is	the
threshold	value,	the	maximum	stirrup	d	=	20	in./	d/2	in./2	=	10	in.	lesser	of	d/2	and	24	in.	d	=	10	in.,	therefore,	OK	Use	s	=	7	in.	<	d/2	9.7.6.2.2	u	No.	3	stirrups	at	7	in.	on	It	is	unnecessary	to	use	th	of	the	beam.	center	over	the	ful	full	length	mu	spacing	acing	is	10	in.,	ddetermine	termine	the	Since	the	maximum	value	of:	�Vn	�Vc�Vs	with	s	=	10	in.	ip
+	26.6	kip	φVn	=	2	(0.75)(2)(0.11	in.2	)(60	ksi)(20	in.)	(0.75)	10	in.	�Vn	=	46.4	kip	Determine	distance	x	from	face	of	support	to	point	at	which	x=	Vu	=	46.4	kip	56.4	kip	−	46.4	kip	=	2.2	ft	4.6	kip/ft	Determine	distance	Ɛv1,	beyond	x1	at	which	stirrups	are	not	required.	20.7	kip	−	26.6	kip	/	2	=	1.6	ft,	say,	2	ft	4.6	kip/ft	Find	Ɛv1	=	([email	protected]	–
�Vc/2)/wu	A	v1	=	Compute	x1	+	Ɛv1	x1	+	Ɛv1	=	4.5	ft	+	2	ft	=	6.5	ft	=	78	in.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Conclude:	use	s	=	7	in.	until	�Vu	<	44.5	kip	and	use	s	=	10	in.	until	�Vu	<	0.5�Vc	271	From	face	of	support	use	3	in.	space	then	Five	spaces	at	7	in.	on	center	(35	in.)	and	Five	spaces	at	10	in.	on
center	(3	in.+	35	in.+	50	in.)	=	88	in.	>	78	in.	OK	The	beam	middle	section	of	length:	(18	ft)(12)	–	2(88	in.)	=	40	in.	does	not	require	shear	reinforcement.	However,	extend	No.	3	stirrups	over	the	remaining	length	of	40	in.	at	10	in.	on	center	as	good	practice.	Note:	It	is	also	good	practice	to	add	stirrups	near	a	concentrated	load.	Place	six	No.	3	stirrups
at	4	in.	centered	on	each	concentrated	load.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Beams	CHAPTER	7—BEAMS	272	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	6WHS'HÀHFWLRQ	9.3.2.1	,PPHGLDWHGHÀHFWLRQLVFDOFXODWHGXVLQJHODVWLF
GHÀHFWLRQDSSURDFKDQGFRQVLGHULQJFRQFUHWH	24.2.3.1	cracking	and	reinforcement	for	calculating	stiffness.	24.2.3.4	Modulus	of	elasticity:	19.2.2.1	Ec	=	57,	000	f	c′	psi	(19.2.2.1b)	Ec	=	57,	000	4000	psi	=	3600	ksi	The	beam	resists	a	factored	distributed	force	of	4.6	kip/ft	or	service	dead	load	of	2.23	kip/ft	and	1.2	kip/ft	service	live	load.
The	beam	also	resists	a	concentrated	factored	load	of	15	kip	or	service	dead	load	of	7.2	kip	and	3.9	kip	service	live	load.	7KHGHÀHFWLRQHTXDWLRQIRUGLVWULEXWHGORDGZLWK	free	rotation	at	both	ends:	Δ=	5wA	4	384	EI	For	concentrated	load	at	thirdspan:	Δ=	PA	3	28.23EI	Note:	erv	loads.	oads.	·	w	and	P	are	service	ale	moment	ment	of
inertia	ggiven	ven	by	·	I	is	the	equivalent	.5	equation	(25.2.3.5a):	⎡	⎛M	⎞	⎤	⎛M	⎞	I	e	=	⎜	cr	⎟	I	g	+	⎢1	−	⎜	cr	⎟	⎥	I	cr	⎝	Ma	⎠	⎢⎣	⎝	M	a	⎠	⎥⎦	fr	I	g	(24.2.3.5b)	where:	M	cr	=	yt	3	24.2.3.5	3	Ig	=	bh3	(14	in.)(22	in	in.)3	=12,423	in.4	=	12	12	M	cr	=	7.5(	4000	psi)(12,423	in.4	)	=	535,704	in.-lb	11	in.	Mcr	=	44.6	ft-kip	Ma	is	the	moment	due	to	service	load.	The
beam	is	assumed	cracked,	therefore,	calculate	the	moment	of	inertia	of	the	cracked	section,	Icr.	Calculate	the	concrete	uncracked	depth,	c:	nAs	(d	−	c)	=	where	n	=	bc	2	+	(n	−	1)	As′	(c	−	a	′	)	2	n=	29,000	ksi	=8	3600	ksi	(8)(3.16	in.2	)(20	in.	−	c)	=	Es	and	Asƍ	LQ2	Ec	Solving	for	c:	c	=	6.9	in.	Cracking	moment	of	inertia,	Icr:	I	cr	=	bc	3	+	(n	−	1)	As′	(c
−	a	)	2	+	nAs	(d	−	c)	2	3	Icr	=	5975	in.4	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	(14	in.)c	2	2	24.2.2	'HÀHFWLRQGXHWRGLVWULEXWHGORDG	Δ	distr	=	5(2.23	kip/ft	+	1.2	kip/ft)(18	ft)	4	(12)3	=	0.38	in.	384(3600	ksi)(5975	in.4	)	'HÀHFWLRQGXHWRFRQFHQWUDWHGORDG	Δ	conc	=	(7.2	kip	+	3.9	kip)(18	ft)3
(12)3	=	0.18	in.	28.3(3600	ksi)(5975	in.4	)	7RWDOGHÀHFWLRQ	¨	LQLQ	LQ	&KHFNWKHGHÀHFWLRQDJDLQVWWKHPD[LPXPDOORZable	limits	in	Table	24.2.2:	)RUÀRRUVXSSRUWLQJRUDWWDFKHGWRQRQVWUXFWXUDO	elements	and	not	likely	to	be	damaged	by	large	GHÀHFWLRQƐ/240	24.2.4.1.1	¨all.	=	(18.0	ft)(12	in./ft)/240	=	0.9	in.	¨all.
LQ!¨	LQOK	&DOFXODWHORQJWHUPGHÀHFWLRQ	λΔ	=	24.2.4.1.3	273	ξ	1	+	50ρ′	λΔ	=	From	Table	24.2.4.1.3,	the	time	dependent	factor	ation	of	more	than	5	years:	for	sustained	load	duration	ȟ		7KHUHIRUHORQJWHUPGHÀHFWLRQLV	WHUP	¨T	Ȝ¨	¨i	2.0	=	1.8	0.62	in.2	1	+	50	(14	in.)(20	in.)	¨T	=	(1+	(1+1.8)(0.56	.56	in.)	=	1.6	in.	H7	WHUPGHÀ
1RWH7KHORQJWHUPGHÀHFWLRQGXHWRVXVWDLQHG	lo	ding	exceedss	Ɛ/240.	Ɛ	loading	Therefore,	it	is	recommended	amb	the	beam	1	iin.	to	camber	Step	8:	Details	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Beams	CHAPTER	7—BEAMS	274	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Beam
Example	8:	Determination	of	closed	ties	required	for	the	beam	shown	to	resist	shear	and	torque	'HVLJQDQGGHWDLODVLPSO\VXSSRUWHGSUHFDVWHGJHEHDPVSDQQLQJIWLQ7KHEHDPLVVXEMHFWHGWRDIDFWRUHGORDGRI	kip/ft.	Structural	analysis	provided	a	factored	shear	and	torsion	of	61	kip	and	53	ft-kip,	respectively.	The	torsional
moment	is	determinate	and	cannot	be	redistributed	back	into	the	structure.	Given:	fcƍ	SVLQRUPDOZHLJKWFRQFUHWH	Ȝ		fy	=	60,000	psi	d	=	21.5	in.	Vu	=	61	kip	Tu	=	53	ft-kip	wu	=	4.72	kip/ft	Fig.	8.1—Beam	subjected	to	determinate	torque.	ACI	318-14	Discussion	Step	1:	Section	properties	Determine	section	properties	ropertie	for	torsion.	9.2.4.4
Acp	=	bwh	22.7.6.1	n.)(	–	3.5	in.)	Aoh	=	(bw	–	3.5	in.)(h	22.7.6.1.1	Ao	=	0.85Aoh	9.2.4.4	pcp	=	2(bw	+	h)	22.7.6.1	in	+	h	–	3.5	in.)	ph	=	2(bw	–	3.5	in.	Step	2:	Cracking	torsion	22.7.5.1	Calculate	cracking	ttorsion	Tcr.	⎛	Acp2	⎞	φTcr	=	4φλ	f	c	′	⎜	⎟	⎝	pcp	⎠	Calculation	Acp	=	16	in.(24	24	in.)	=	384	3	in.2	Aoh	=	(16	((1	in.	–	3.5	in.)(24	in.)(2	in.	–	3.5	in.)	=
256	in.2	2	Ao	=	0.85(256	0.8	in.	n.	)	=	218	in.2	pcp	=	2(16	2(	in.	+	24	in.)	i	)	=	80	in.	2(1	in.	–	3.5	in.	+	24	2	in.	–	3.5	in.)	=	66	in.	ph	=	2(16	⎛	(384	in.2	)	2	⎞	4(0.75)(1.0)(	5000	psi)	⎜	φTcr	=	4(0.75)	⎝	80	in.	⎟⎠	=	391,	000	in.-lb	21.2.1c	where	torsion	strength	reduction	factor	22.7.4.1	9.5.4.1	0.75 �	=	 a	Calculate	threshold	torsion	Tth	=	0.25Tcr	22.7.7.1	Is
section	large	enough?	22.5.1.2	�Tcr	=	(391,000	in.-lb)/(12,000	in.–lb/ft-kip)	=	32.6	ft-kip	Threshold	torsion	=	0.25(32.6	ft–kip)	=	8.2	ft-kip	Because	Tu	=	53	ft-kip	>	8.2	ft-kip,	ties	for	torsion	are	therefore	required.	Calculate	fv	=	Vu/(bwd)	Calculate	fvt	=	Tuph/(1.7Aoh2)	fv	=	61	kip/(16	in.	×	21.5	in.)	=	0.177	ksi	fvt	=	(53	ft-kip)(12	in./ft)(66	in.)/[1.7(256
in.2)2]	=	0.377	ksi	Calculate	limit	=	φ(2	f	c′	+	8	f	c′)	/LPLW		0.75(2	+	8)(	5000	psi)	=	0.53	ksi	Is	f	v2	+	f	vt2	<	limit?	(0.177	ksi)	2	+	(0.377	ksi)	2	=	0.416	ksi	0.416	ksi	<	limit	0.53	ksi	Therefore,	section	is	large	enough.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Step	3:	Calculate	shear	and	torsion	reinforcement
Required	shear	tie	area	/spacing:	9.5.1.1	Av	(Vu	−	2φλ	f	c	′	(bw	d	)	22.5.1.1	=	s	φf	y	d	22.5.5.1	22.5.10.5.3	21.2.1b	275	Av	(61	kip	−	2(0.75)(1.0)(	5000	psi	)(16	in.)(21.5	in.)	=	s	(0.75)(60,000	psi)(21.5	in.)	Av	=	0.0253	in.2	/in.	s	Required	torsional	tie	area/spacing:	22.7.6.1a	22.7.6.1.2	9.6.4.2	At	Tu	=	s	2φAo	f	y	cot	θ	Calculate	total	tie	area/spacing	(Av/s
+	2At/s)	At	(53	ft-kip)(12	in./ft)	=	=	0.0324	in.2	/in.	s	2(0.75)(218	in.2	)(60	ksi)cot45°	Av	A	+	2	t	=	0.0253	in.2	/in.	+	2(0.0324	in.2	/in.)	s	s	=	0.09	in.2	/in.	s	=	0.40	in.2/(0.09	in.2/in.)	=	4.44	in.	Use	No.	4	ties	for	which	(Av	+	2At)=	0.40	in.	Calculate	s	=	0.40/(Av/s	+	2At/s).	Use	4	in.	se	reinforceme	Check	minimum	transverse	reinforcement.	Is	0.75	f	c′bw
f	yt	⎛	A	2A	⎞	3/8	in.	OK	8VH1RORQJLWXGLQDOEDUV3ODFH¿YH1RLQ	bottom,	two	No.	5	in	each	side	face,	and	three	No.	5	in	top.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	OK	CHAPTER	7—BEAMS	277	Beams	Step	5:	Beam	detailing	Notes:
%RWWRPUHLQIRUFLQJEDUVVXPPDWLRQRIÀH[XUHDQGWRUVLRQUHLQIRUFHPHQWUHTXLUHPHQWV	2.	Side	reinforcing	bar	due	to	torsional	moment	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	278	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Beam	Example	9:	Determine	closed	ties
required	for	the	beam	of	Example	8	to	resist	shear	and	torque	Use	the	same	data	as	that	for	Example	8,	except	that	the	factored	torsion	of	53	ft·kip	is	not	an	equilibrium	requirement,	but	because	the	structure	is	indeterminate,	can	be	redistributed	if	the	beam	cracks.	Given:	fcƍ	SVLQRUPDOZHLJKWFRQFUHWH	Ȝ	=	1.0	fy	=	fyt	=	60,000	psi	bw	=	16
in.	h	=	24	in.	Vu	=	61	kip	Tu	=	53	ft·kip	Fig.	E9.1—Beam	subjected	to	torque.	ACI	318-14	Discussion	Step	1:	Section	properties	Determine	section	properties	torsion.	rties	for	tors	9.2.4.4	Acp	=	bwh	22.7.6.1	)(h	–	3.5	in.)	Aoh	=	(bw	–	3.5	in.)(h	22.7.6.1.1	Ao	=	0.85Aoh	9.2.4.4	pcp	=	2(bw	+	h)	22.7.6.1	in	+	h	–	3.5	in.)	ph	=	2(bw	–	3.5	in.	Step	2:	9.5.4.1
old	torsion:	on:	Calculate	threshold	2	22.7.4.1a	⎛	Acp	⎞	φTth	=	φλ	f	c′	⎜	⎟	⎝	pcp	⎠	9.5.1.2	21.2.1c	Torsion	strength	reduction	factor	9.5.1.1	0.75 �	=	 	Check	if	Tu	>	�Tth	22.7.5.1	Calculate	cracking	torsion	9.5.1.1	Calculation	Acp	=	(16	16	in.)(24	in.)	in.	=	3384	in.2	Aoh	=	(16	(1	in.	–	3.5	in.)(24	in.)	in.	–	3.5	in.)	=	256	in.2	2	Ao	=	0.85(256	0.8	0	6	in.	)	=	21
218	in.2	pcp	=	2(16	2(	in.	+	24	in.)	=	80	in.	2(1	in.	–	3.5	.5	in.	i	+	24	2	in.	–	3.5	in.)	=	66	in.	ph	=	2(16	⎛	(384	in.2	)	2	⎞	φTth	=	(0.75)(1.0)(	5000	psi)	⎜	=	97,	750	in.-lb	⎝	80	in.	⎟⎠	�Tth	=	8.15	ft-kip	Tu	IWíNLS!�Tth	IWíNLSOK	Design	section	to	resist	torsional	moment.	⎛	Acp2	⎞	φTcr	=	φ4λ	f	c′	⎜	⎟	⎝	pcp	⎠	�Tcr	=	32.6	ft-kip	Check	if	Tu	>	�Tcr?	Tu	=	53	ft-kip
>	�Tcr	=	32.6	ft-kip	In	statically	indeterminate	structures	where	Tu	>	�Tcr,	a	reduction	of	Tu	in	the	beam	can	occur	due	to	redistribution	of	internal	forces	after	torsion	cracking.	Therefore,	reduce	Tu	to	�Tcr.	Use	Tu	=	32.6	ft-kip	and	design	for	torsional	reinforcement.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org
CHAPTER	7—BEAMS	Check	if	cross-sectional	dimensions	are	large	enough.	2	2	⎛	Vu	⎞	⎛	Tu	ph	⎞	⎛	Vc	⎞	⎜⎝	b	d	⎟⎠	+	⎜⎝	1.7	A2	⎟⎠	≤	φ	⎜⎝	b	d	+	8	f	c′⎟⎠	w	w	oh	2	⎛	⎞	⎛	(32.6	ft	−	kip)(12,000)(66	in.)	⎞	61,000	lb	⎜⎝	(16	in.)(21.5	in.)	⎟⎠	+	⎜⎝	⎟⎠	1.7(256	in.2	)	2	≤	(0.75)(2	5000	psi	+	8	5000	psi)	(177.3	psi)	2	+	(231.7	psi)	2	=	292	psi	≤	530	psi	OK	Therefore,	section
is	large	enough.	Step	3:	Torsional	reinforcement	Find	area/spacing	of	ties	due	to	shear	and	torsional	moment:	Calculate	torsional	tie	area/spacing:	2	Ao	At	f	y	9.5.4.1	22.7.6.1a	22.7.6.1.2	φTn	=	φ	9.5.1.1	2.5.1.1	22.5.5.1	Calculate	shear	tie	area/spacing:	ng:	�Vn	=	�Vc	+	�Vs•Vu	=	61	kip	and	22.5.10.5.3	21.2.1b	φVs	=	φ	s	cot	θ	≥	Tu	=	32.6	ft-kip	=
0.0199	in.2	/in.	Av	f	y	d	s	spaci	Calculate	total	tie	area/spacing	(Av/s	+	2At/s)	9.6.4.2	At	(32.6	ft-kip)(12,000)	=	s	2(0.75)(218	in.2	)(60,000	psi)(cot45°)	Try	No.	4	ties	and	calculate	s:	61,000	lb	6	b	−	2	50	5000	psi(16	in.)(21.5	in.)	Av	0.75	=	(60,000	psi)(21.5	in.)	(60	s	Av	=0	0.0253	in.2	/in.	0	s	Av	A	+	2	t	=	0.0253	in.2	/in.	+	2(0.0199	in.2	/in.)	s	s	=	0.065
in.2	/in.	s=	0.4	in.2	=	6.1	in.	0.065	in.2	/in.	Use	s	=	6	in.	Torsional	longitudinal	reinforcement	22.7.6.1b	Tn	=	2	Ao	AA	f	y	ph	cot	θ	(32.6	ft-kip)(12	in./ft)	2(218	in.2	)	AA	(60	ksi)	=	cot	45°	0.75	66	in.	AƐ	=	1.32	in.2	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	2	Beams	22.7.7.1	279	280	9.6.4.3	THE	REINFORCED	CONCRETE
DESIGN	HANDBOOK—SP-17(14)	The	minimum	torsional	longitudinal	reinforcement	Ɛmin,	must	be	at	least	the	lesser	of:	(a)	5	f	c′Acp	fy	f	yt	⎛A⎞	−	⎜	t	⎟	ph	⎝	s⎠	fy	5(	5000	psi)(384	in.2	)	60	ksi	−	0.0324	in.2	/in.	(66	in.)	60,000	psi	60	ksi	(	=	0.12	in.2	(b)	5	f	c′Acp	fy	⎛	25bw	⎞	f	yt	−⎜	ph	⎟	fy	⎝	f	yt	⎠	Controls	5(	5000	psi)(384	in.2	)	⎛	25(16	in.)	⎞	60	ksi	(66	in.)
−⎜	⎟	⎝	60,000	psi	⎠	60,000	psi	60	ksi	=	1.82	in.2	A	ƐSURY.	=	1.32	in.2	>	AƐUHT¶G	=	0.12	in.2	9.7.5.1	Distribute	torsional	longitudinal	reinforcement	around	the	perimeter	of	closed	stirrups	that	satisfy	Section	25.7.1.6	(ends	of	stirrups	are	terminated	with	135-degree	standard	hooks	around	a	longitudinal	bar).	9.7.6.3.3	Transverse	torsional
reinforcement	spacing	must	n.	not	exceed	the	lesser	of	ph/8	and	12	in.	DOEDUV3	8VH1RORQJLWXGLQDOEDUV3ODFH¿YH1RLQ	bottom	and	two	No..	4	in	each	side	face.	Excess	LQW	ÀH[XUDOFDSDFLW\LQWRSDWd	from	support	can	serve	n	top.	in	place	of	threee	N	No.	4	in	Step	4:	Beam	detailing	)	ph/8	=	66	in./8	=	8.25	in.	<	12	in.	er	to	Beam
Example	8.	Refer	Notes:	1.	Bottom	bars	summation	of	moment	and	torsion	reinforcement	requirements.	2.	Side	bar	due	to	torsional	moments	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	OK	8.1—Introduction	Building	diaphragms	are	usually	horizontal,	reinforced	concrete	one-way	or	two-way	slabs	spanning	between
columns	or	walls,	or	both	columns	and	walls.	They	can	be	built	out	of	cast-in-place	(CIP)	concrete,	precast	elements	with	CIP	topping,	interconnected	precast	elements	without	CIP	topping,	or	precast	elements	with	end	strips	formed	of	CIP	topping	slab	or	edge	beams	(Moehle	et	al.	2010).	Building	slabs	are	designed	to	resist	gravity	loads	and	also
WRWUDQVIHUZLQGHDUWKTXDNHÀXLGRUODWHUDOHDUWKSUHVVXUH	forces	to	the	lateral-force-resisting	system,	such	as	moment	frames,	shear	walls,	or	both	(ACI	318-14,	Section	12.2).	For	dual	system	structures	such	as	shear	walls	and	special	moment	frames,	special	moment	frames	deform	in	a	shear	mode,	as	shown	in	Fig.	8.1(a),	while
shear	walls	deform	in	a	bending	mode	(cantilever),	also	as	shown	in	Fig.	8.1(a).	Diaphragms	maintain	compatible	deformations	between	the	two	systems,	thus	tying	the	entire	structure	together	(Fig.	ateral	support	to	8.1(a)	and	(b)).	Diaphragms	also	provide	lateral	humb,	app	shear	walls	and	columns.	As	a	rule	of	thumb,	approximately	orce	m	2	to	5
percent	of	a	column	axial	force	must	be	resisted	by	uate	lateral	support	to	the	the	diaphragm	to	provide	adequate	y	achieved	in	loww	walls	and	columns.	This	force	is	easily	mns	rise	building	diaphragms,	but	mu	must	be	checked	for	colu	columns	n	high-rise	buil	ngs	with	high	axial	force,	such	as	th	those	in	buildings	an	include:	de:	(Moehle	et	al.	2010).
Checks	can	mns	(a)	Slab-bearing	force	at	face	of	ccolumns	(b)	Adequacy	of	diaphragm	slab	rreinforcement	anchored	into	columns	at	edge	connections	(c)	Adequate	diaphragm	buckling	strength	to	resist	the	bracing	forces	8.2—Material	Concrete	compressive	strength	for	diaphragms	and	collectors	resisting	lateral	forces	must	be	at	least	3000	psi	(ACI
318-14,	Section	19.2.1.1).	Steel	strength	for	longitudinal	and	transverse	bars	is	limited	to	60,000	psi	(ACI	318-14,	Section	12.5.1.5).	8.3—Service	limits	The	minimum	diaphragm	slab	thickness	must	satisfy	the	requirements	of	Section	7.3.1	(ACI	318-14)	for	one-way	slabs	or	Section	8.3.1	(ACI	318-14)	for	two-way	slabs.	The
GLDSKUDJPWKLFNQHVVPXVWDOVREHVXI¿FLHQWWRUHVLVWLQSODQH	moment,	shear,	and	axial	forces	(Section	12.5.2.3	of	ACI	318-14).	8.4—Analysis	Diaphragm	slabs	must	resist	gravity	loads	and	lateral	in	pla	force	combinations	simultaneously.	For	concrete	in-plane	slabs,	ASCE	7-1	7-10	(Section	12.3.1.2)	permits	the	assumption	igid
diaphragm	if	the	diaphragm	aspect	ratio,	which	is	of	a	rigid	n	to	depth	ratio,	iss	3	or	less	for	seismic	design	and	2	the	span-to-depth	(A	or	less	for	w	wind	loading	(ASCE	7-10,	Section	27.5.4)	if	the	VWUX	H	KD	LJQL¿FDQW	KRUL]RQWDO	LUUHJXODULWLHV:KLOH	VWUXFWXUH	KDV	QR	VLJQL¿FDQW	structu	es	aare	expected	ected	to	bbehave
inelastically	during	an	structures	ake,	it	is	expected	ected	tha	earthquake,	that	rigid	diaphragms	will	perform	elastic	lly	uunder	all	ll	load	co	elastically	conditions.	Diaphragm	slabs	are	comm	nly	ddesigned	ed	as	a	de	commonly	deep	beam	that	resists	lateral	forces	HOZLWK	DWWKHÀRRUOHYHOZLWKV\VWHPFROXPQVDQGZDOOVDFWLQJDV
supports	forr	the	deep	beam.	he	diaphragm	reinforcement	resisting	tension	due	to	The	ÀH[XUH	ÀH[XUH	LLV	SODFHG	DW	WKH	WHQVLRQ	HGJH	SHUSHQGLFXODU	WR	WKH	Fig.	8.1––Shear	wall	and	moment	frame	dual	system	deformation.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Diaphragms	CHAPTER	8—
DIAPHRAGMS	282	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Fig.	8.4a––Diaphragm	tension-compression	and	shear	forces	due	to	lateral	forces.	DSSOLHGIRUFH7HQVLRQDQGFRPSUHVVLRQHGJHVDUHLGHQWL¿HG	as	chords.	Because	earthquake	and	wind	forces	are	reversible,	equal	reinforcement	should	be	provided	at
both	chords	(Fig.	8.4a).	Building	edge	beams,	if	provided,	are	often	designed	as	the	diaphragm’s	chord	(Section	8.4.1	of	this	Handbook).	&KRUGV	DUH	DVVXPHG	WR	UHVLVW	DOO	WKH	ÀH[XUDO	WHQVLRQ	IURP	the	diaphragm	in-plane	bending	moment	resulting	from	the	lateral	load.	If	edge	beams	are	not	provided,	the	slab	acts	as	a	deep
rectangular	beam	resisting	bending	in	the	plane	of	the	slab,	with	the	chord	tension	reinforcement	placed	within	h/4	of	the	tension	face,	where	h	is	the	diaphragm	width	in	the	direction	of	analysis	(Section	12.5.2.3	of	ACI	318-14).	The	diaphragm	shear	forces	are	resisted	by	the	system	columns	and	walls.	The	beams	or	slab	sections	that	transfer
VKHDUDUHLGHQWL¿HGDVFROOHFWRUV7KHFROOHFWRUVODERUEHDP	connection	to	the	columns	and	walls	must	be	appropriately	designed	and	detailed	to	achieve	shear	transfer.	Rigid	diaphragms	(Fig.	8.4b(a))	are	often	modeled	as	GHHS	EHDPV	ZLWK	VSULQJ	VXSSRUWV	)LJ	F		/DWHUDO	IRUFH	is	distributed	to	the	columns	and	walls
according	to	their	relative	lateral	stiffness.	Flexible	diaphragms	are	modeled	with	rigid	supports	(Fig.	8.4b(b)).	If	all	supports	have	equal	)LJE²5LJLGDQGÀH[LEOHGLDSKUDJP	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	283	Fig.	8.4.1a––Collector	having	same	width	as	shear	wall—	forces	are	reversible.	Fig.	8.4c––Rigid
diaphragm	lateral	ter	force	rce	distribution.	lateral	resistance,	the	lateral	force	rce	can	be	distributed	tto	the	he	tributary	butary	areas.	columns	and	walls	according	to	their	G	WK	G	E	$OVR¿QLWHHOHPHQWDQGVWUXWDQGWLHPHWKRGFDQEHXVHG	WR	DQDO\]H	GLDSKUDJPV	7KH	¿QLWH	HOHPHQW	PHWKRG	VKRXOG	FRQVLGHU
GLDSKUDJP	ÀH[LELOLW\	6HFWLRQ		RI	$&,	318-14).	8.4.1	Collectors—Shear	walls	do	not	usually	extend	the	full	length	of	a	building.	Collectors,	also	called	drag	members	or	distributers,	are	designed	to	collect	lateral	forces	from	the	diaphragm	and	transfer	them	to	the	seismicforce-resisting	system,	or	to	transfer	lateral	loads	from	a	shear	wall	into
the	diaphragm.	Collectors	can	be	the	full	length	of	the	diaphragm,	but	not	necessarily	(ACI	318-14,	6HFWLRQ			&ROOHFWRUV	FDQ	EH	GH¿QHG	DV	D	VHFWLRQ	within	the	depth	of	the	diaphragm	or	as	a	beam	as	part	of	the	diaphragm.	Collectors,	as	part	of	a	rigid	diaphragm,	are	expected	to	perform	elastically	during	an	earthquake	event.
Collectors	parallel	to	a	shear	wall	can	have	the	same	width	as	a	shear	wall	(Fig.	8.4.1a)	or	be	wider.	Collectors	eccentric	to	the	wall	have	an	effective	width	beffGH¿QHGDVQRWZLGHU	than	the	thickness	of	the	wall	plus	one-half	the	length	of	the	shear	wall	(Seismology	and	Structural	Standards	Committee	6($2&	$&,6HFWLRQ5)LJERI	this	Handbook).
Collectors	with	the	same	width	as	the	wall	will	simply	transfer	the	slab	lateral	forces	by	axial	compression	or	tension	to	the	shear	wall.	Collectors	having	a	width	wider	than	the	shear	wall	will	transfer	part	of	the	diaphragm	lateral	force	by	axial	compression	or	tension	and	the	balance	will	be	transferred	along	the	wall	length	through	shear	fric-	Fig.
8.4.1b––Collector	wider	than	the	shear	wall—forces	are	reversible.	tion.	An	eccentricity	results	between	the	resultant	force	in	the	collector	and	the	shear	wall	reaction	(Fig.	8.4.1b).	This	eccentricity	creates	secondary	stresses	in	the	slab	transfer	UHJLRQDGMDFHQWWRWKHZDOO$GHTXDWHUHLQIRUFHPHQWPXVWEH
SURYLGHGWRUHVLVWWKHVHVWUHVVHV6($2&		Collectors,	like	rigid	diaphragms,	are	expected	to	behave	elastically	under	axial	and	compression	forces.	Reinforcement	is	usually	placed	at	mid-depth	in	collectors.	Shear	reinforcement	perpendicular	to	the	walls	is	needed	as	shear	friction	reinforcement	for	eccentric	collectors,	and	is	placed
ZLWKLQWKHVODEWKLFNQHVV6($2&		8.5––Design	strength	Diaphragms	in	Seismic	Design	Categories	(SDCs)	D	through	F	are	designed	in	accordance	with	Chapter	18	of	ACI	318-14.	Diaphragms	are	designed	for	stability,	strength,	and	stiffness	under	factored	load	combinations;	its	thickness	must	be	at	least	that	required	of	that	member	(ACI	318-
14,	Section	12.3.1).	The	shear	forces	and	bending	moments	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Diaphragms	CHAPTER	8—DIAPHRAGMS	284	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	resulting	from	the	effects	of	lateral	loads	are	considered	simultaneously.	Diaphragms	are	designed	to
resist	the	design	seismic	force	calculated	from	the	structural	analysis,	Fpx,	which	must	be	at	least	(ASCE/SEI	7-10,	Section	12.10.1.1):	n	Fpx	=	∑	Fi	i=x	n	∑	Wi	W	px	i=	x	where	Fpx	is	the	diaphragm	design	force	at	level	x.	The	design	force	applied	to	level	xi	is	Fi;	Wi	is	the	weight	tributary	to	level	xi;	and	Wpx	is	the	weight	tributary	to	the	diaphragm	at
level	x.	The	force	calculated	from	this	equation	need	not	exceed	0.45SDSIWpx,	but	needs	to	be	at	least	0.25SDSIWpx	(ASCE/SEI	7-10,	Section	12.10.1.1).	Collectors	in	SDCs	C	through	F	are	designed	for	the	largest	of	(a)	through	(c):	(a)	Fx	obtained	from	structural	analysis	using	load	combiQDWLRQV	ZLWK	RYHUVWUHQJWK	IDFWRU	ȍo	of	ASCE/SEI
7-10,	Section	12.4.3.2	rstrength	factor	(b)	Fpx	using	load	combinations	with	overstrength	ȍo	of	ASCE/SEI	7-10,	Section	12.4.3.2	(c)	Fpx,min	=	0.25SDSIWpx	using	load	combinations	of	3)	fo	ASCE/SEI	7-10	(Section	12.4.2.3)	forces	Fx	are	applied	to	DOOÀRRUOHYHOVFRQFXUUHQWO\	applied	one	level	at	a	time	me	Forces	Fpx	and	Fpx,min	“are	ap	ns
ion	(Moehle	eet	al.	to	the	diaphragm	under	consideration	tre	of	a	diaphrag	m	is	2010),”	The	nominal	shear	strength	diaphragm	8-	Section	ection	12.5.3.3)	12.5.3.3	and	nd	Vn	=	Acv	(2λ	f	c′	+	ρt	f	y	)	(ACI	318-14,	us	satisfy	f	Vn	≤	8	f	c′Acv	the	cross-sectional	dimensions	must	(ACI	318-14,	Section	12.5.3.4).	In	ACI	318-14,	Sections	12.5.3.3	and	12.5.3.4,
Acv	is	the	ss	gross	area	of	concrete	section	bounded	by	web	thickness	and	section	length	in	the	direction	of	shear	force	considered,	DQGȡt	is	the	ratio	of	area	of	distributed	transverse	reinforcement	to	gross	concrete	area	positioned	perpendicular	to	the	GLDSKUDJPÀH[XUDOUHLQIRUFHPHQW7KHUHGXFWLRQIDFWRU�	IRU	diaphragms	is	0.75



(ACI	318-14,	Section	12.5.3.2).	In	SDC	'	(	RU	)	�		FDQQRW	H[FHHG	WKH	YDOXH	FRUUHVSRQGLQJ	WR	WKH	seismic-force-resisting	system	it	is	part	of	if	the	nominal	shear	strength	of	the	member	is	less	than	the	shear	corresponding	to	the	development	of	the	nominal	strength	of	the	member.	The	least	value	is	0.6	(ACI	318-14,	Section	21.2.4.1).	At
diaphragm	discontinuities,	such	as	openings	and	reentrant	corners,	the	design	needs	to	consider	the	dissipation	or	transfer	of	edge	(chord)	forces.	When	combined	with	other	forces	in	the	diaphragm,	the	local	design	strengths	should	be	within	the	shear	and	torsion	strength	of	the	diaphragm.	8.6––Reinforcement	detailing	Generally,	chord	and	collector
reinforcement	is	placed	around	diaphragm	mid-depth.	It	is	common	practice	(Moehle	et	al.	2010)	to	reinforce	diaphragm	openings	smaller	than	approximately	twice	the	slab	thickness	with	only	the	displaced	reinforcement,	but	at	least	one	bar	on	any	side.	/DUJHURSHQLQJVUHTXLUHDPRUHULJRURXVDQDO\VLV	Fig.	8.6a––Reinforcement	detail
around	opening	within	diaphragm.	8.6a––Collector	and	chord	reinforcement	Table	8.6a––Co	requirements	SDCs	ments	in	SD	s	D	through	F	for	splice	and	rage	zones	anchorage	Reinforcement	/RQJ	XGLQD	/RQJLWXGLQDO	Splice	R	Requirement	cing	Spacing	33db•LQ	ver	Cover	22.5db•LQ	0.75	f	c′	0	Transverse	Greater	t	off	50bw	s	f	yt	bw	s	f	yt	ACI
318-14	18.12.7.6(a)	18.12.7.6(b)	$URXQG	ODUJH	RSHQLQJV	RU	RWKHU	GLVFRQWLQXLWLHV	FRQ¿QHment	reinforcement	(ties)	should	be	placed	around	the	chord	bars	surrounding	the	opening	(Fig.	8.6a).	To	properly	transfer	forces	between	the	diaphragm	and	columns	or	walls,	chord	bar	splices	should	be	Type	2	and	chord	bar	spacing	should
satisfy	the	requirements	of	Table	8.6a.	Chord	bars	in	KLJKHUVHLVPLF]RQHVPXVWEHFRQ¿QHGZLWKFORVHGKRRSVRU	spirals	per	Table	8.6b.	Chords	at	openings	need	to	be	proportioned	to	resist	the	sum	of	the	factored	axial	forces	acting	in	the	plane	of	the	diaphragm	and	the	force	obtained	by	dividing	the	factored	moment	at	the	section	by	the
distance	between	the	chords	at	the	section.	A	collector	parallel	to	a	shear	wall	has	its	critical	connection	at	the	face	of	the	shear	wall.	Collector	longitudinal	bars	must	extend	deep	enough	into	the	shear	wall	to	develop	and	transfer	the	lateral	force	to	wall	reinforcement	(Fig.	8.6b).	The	collector	reinforcement	is	in	addition	to	the	horizontal	diaphragm
reinforcement	required	to	resist	the	shear	force	(Moehle	et	al.	2010).	Collector	reinforcement	must	comply	with	Section	20.2.1	of	ACI	318-14	with	two	exceptions:	(a)	Collector	or	chord	reinforcement	placed	within	beams	must	satisfy	ASTM	A706/706M,	Grade	60.	Reinforcement	complying	with	ASTM	A615/A615M	is	permitted	if:	American	Concrete
Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	8—DIAPHRAGMS	285	Table	8.6b––Transverse	reinforcement	requirements	for	tension	and	compression	collectors	and	chords	in	SDCs	D	through	F	reinforced	with	transverse	confinement	reinforcement	(ACI	318-14,	Section	18.12.7.6)	Compressive	stress	Transverse	reinforcement
requirements	Details	ACI	318-14	Diaphragms	Single	or	overlapping	spirals	per	Sections	25.7.3.5	and	25.7.3.6	of	ACI	318-14	Circular	hoops	or	rectangular	hoops	with	or	without	crossties	spaced	not	more	than	14	in.	18.12.7.5	>	0.2fcƍ	(>	0.5fcƍ	if	forces	are	DPSOL¿HGWRDFFRXQWIRU	over-strength)	Yes	ment	spacing	aalong	lengt	Transverse	reinfo
reinforcement	length	of	the	diaphragm	iis	the	smallest	of:	D	2QHIRXUWKP	PXPPHPEHUGLP	VLRQ	D	2QHIRXUWKPLQLPXPPHPEHUGLPHQVLRQ	(b)	6db	of	smallest	malle	longitudinal	reinfor	reinforcement	men	14	−	hx	DQGLQ•so”	”LQ	(c)	so	=	4	+	3	Rectilinear	hoop	Spiral	or	circular	hoop	Ash	=	0.09	sbc	f	c′	f	yt	⎛	Ag	⎞	f′	ρs	=	0.45	⎜	−1	c	⎝	Ach	⎟⎠	f
yt	No	18.12.7.5	Greater	of:	ρs	=	0.12	Fu	=	52	kip	OK	NS:	�Vn	=	513	kip	>>	W:	�Vn	=	1940	ki	kip	>>	Fu	=	70	kip	OK	EW:	T	refo	diaphragm	phragm	ha	Therefore,	has	adequate	strength	to	resist	th	later	the	lateral	inertia	fforce	and	shear	reinforcement	is	not	uired	ȡt	=	0.	required;	12.5.3.4	th	Vn,	must	nnot	exceed:	xceed:	The	nominal	shearr
sstrength,	8(72	72	ft)(10	in.)(12	in	in./ft)(1.0)	4000	psi	=	4372	kip	1000	lb/kip	Vn	=	8	Acv	λ	f	c′	Vn	=	Acv	is	the	diaphragm	gross	area	less	the	6.0	ft	overhang.	%\LQVSHFWLRQWKLVLVVDWLV¿HGOK	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Diaphragms	12.5.3.3	296	THE	REINFORCED	CONCRETE	DESIGN
HANDBOOK—SP-17(14)	Step	8:	Diaphragm	lateral	force	distribution	N-S	/DWHUDOIRUFHLVGLVWULEXWHGWRWKHZDOOVDVIROORZV	refer	to	Fig.	E1.4:	12.4.2.4(a)	12.5.1.3(a)	Diaphragm	is	idealized	as	rigid.	Design	moments,	shear,	and	axial	forces	are	calculated	assuming	the	diaphragm	is	a	beam	supported	by	idealized	rigid	supports	with	a
depth	equal	to	full	diaphragm	depth.	The	wall	and	frame	forces	and	the	assumed	direction	of	torque	due	to	the	eccentricity	are	shown	in	Fig.	E1.4.	12.4.2.4	The	diaphragm	force	distribution	is	calculated	by	using	qL	and	qR	as	the	left	and	right	diaphragm	reactions	per	unit	length	(Fig.	E1.4):	Fig.	E1.4—	Seismic	forces	in	the	lateral-forceresisting
systems	in	the	N-S	direction.	Design	force:	95	kip	Force	equilibrium	⎛	L⎞	⎛	L⎞	qL	⎜	⎟	+	qR	⎜	⎟	=	Fpx	,	deses	(	NS	)	⎝	2⎠	⎝	2⎠	⎛	218	ft	⎞	⎛	218	ft	⎞	qL	⎜	+	qR	⎜	=	95	kip	⎝	2	⎟⎠	⎝	2	⎟⎠	(I)	Moment	equilibrium	rium	⎛	L⎞	⎛	L⎞	⎛	L	⎞	⎛	2L	⎞	⎛L	⎞	qL	⎜	⎟	⎜	⎟	+	qR	⎜	⎟	⎜	⎟	=	Fpx	,	des	(	NS	)	⎜	+	0.05	0	05	0	L⎟	⎝	2⎠	⎝	3	⎠	⎝2	⎝	2⎠	⎝	3⎠	⎠	From	statics	solvee	equations	e	ions	(I)
and	(II)	ffor	qL	and	qR:	qL	(	218	ft	)2	+	q	2	(	218	ft	)2	6	R	6	⎛	218	ft	⎞	=	(95	kip)	⎜	+	10.9	ft	⎟	(II)	⎝	2	⎠	(I)	qL	+	qR	=	0.87	kip/ft	44	kip/ft	(II)	qL	+	2qR	=	1.44	p/ft	and	qL	=	0.57	kip/ft	qL	=0.3	kip/ft	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	8—DIAPHRAGMS	)LQGWKHPD[LPXPPRPHQWE\WDNLQJWKH¿UVW
derivative	of	the	moment	equation	expressed	as	a	function	of	x	(unknown	distance)	dM/dx	=	0	297	x	=	114.3	ft	Mmax	=	2595	ft-kip	Diaphragms	Draw	the	shear	and	moment	diagrams	(Fig.	E1.5).	Note:	In	an	Aug.	2010	National	Institute	and	Standards	Technology	(NIST)	report,	GCR	10917-4,	“Seismic	Design	of	Cast-in-Place	Concrete	Diaphragms,
Chords,	and	Collectors,”	by	Moehle	et	al.	states	that,	“This	approach	leaves	any	moment	due	to	the	frame	forces	along	column	lines	A	and	F	unresolved.	Sometimes	this	is	ignored	or,	alternatively,	it	too	can	be	incorporated	in	the	trapezoidal	loading.”	In	this	example	the	small	moment	due	to	the	frame	forces	(0.2	kip)	is	ignored.	Fig.	E1.	E1.5—Shear
Shear	an	and	dm	moment	diagrams.	ced	engineers	neers	sometime	implify	Note:	Experienced	sometimes	simplify	ributing	the	load	uniformly:	the	calculationss	bby	distributing	axim	moment	of:	Resulting	in	a	maximum	q=	95	kip	44	kip/ft	p	=	0.44	218	ft	(0.44	kip/ft)(21	kip/ft)(218	ft)	2	=	2614	ft-kip	8	Note:	Both	appro	approaches,	in	this	example,
result	in	close	maximum	moments	m	(less	than	1	percent),	but	at	different	locations	(114.3	ft	versus	109	ft).	M	max	=	Shear	diagram	for	the	second	approach	is	a	straight	line	with	equal	shear	force	at	both	ends.	In	this	example,	the	detailed	approach	is	presented.	Step	9:	Chord	reinforcement	N-S	Maximum	moment	is	calculated	above:	12.5.2.3	Mu	=
2595	ft-kip	Chord	reinforcement	resisting	tension	must	be	located	within	h/4	of	the	tension	edge	of	the	diaphragm.	h/4	=	72.0	ft/4	=	18	ft	Note:	Chord	reinforcement	can	be	placed	either	in	the	exterior	edge	of	the	balcony	or	it	can	be	placed	along	WKHH[WHULRUIUDPHRI&/$	Placing	chord	reinforcement	along	the	exterior	frame	is	a	simpler	and
cleaner	load	path	for	the	forces	in	the	diaphragm.	Crack	control	reinforcement	should	be	added	in	the	balcony	slab	for	crack	control.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	298	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Assume	tension	reinforcement	is	placed	in	a	3	ft	strip	at	both	north	and
south	sides	of	the	slab	edges	DW&/V$DQG)	3	ft	<	h/4	=	18	ft	OK	Chord	force	The	overhang	is	placed	monolithic	with	the	rest	of	the	slab.	Chord	forces	are	usually	highest	furthest	from	the	geometric	centroid,	in	this	case,	edge	of	the	overhang.	To	prevent	cracking,	place	chord	reinforcement	at	the	outside	edge	of	the	overhang.	The	maximum	chord
tension	force	is	calculated	at	IWHDVWRI&/	Tu	=	Mu	B	−	3	ft	Tu	=	12.5.2.2	Tension	due	to	moment	is	resisted	by	deformed	bars	conforming	to	Section	20.2.1	of	ACI	318-14.	12.5.1.5	6WHHOVWUHVVLVWKHOHVVHURIWKHVSHFL¿HG\LHOG	strength	and	60,000	psi.	12.5.1.1	Required	reinforcement	�Tn	=	�fyAs•Tu	22.4.3.1	The	building	is	assigned
ssig	to	SDC	B.	Therefore,	uire	s	for	chord	spa	g	and	Chapter	18	requirements	spacing	for	nt	of	Section	18	2.7.6	of	transverse	reinforcement	18.12.7.6	ply.	ACI	318-14	do	nnot	apply.	18.12.7.5	RU	o	for	or	chord	design	is	not	re2YHUVWUHQJWKIDFWRUȍ	quired.	Therefore,	use	the	compression	stress	limit	in	provision	18.12.7.5	of	0.2fcƍ	2595	ft-kip	=
37.6	kip	72	ft	−	3	ft	fy	=	60,000	psi	As	,	req	eq	'	d	=	37,600	lbb	=	0.70	in.2	(0.9)(60,000	9)(60,000	psi)	Required	chord	width:	wchord	>	CChord	0.2	f	c′hdiaph	wchord	>	37,600	lb	=	5.4	in.	(0.2)(5000	psi)(7	in.)	/HVVWKDQIWDVVXPHG7KHUHIRUHOK	Choose	reinforcement:	Check	if	provided	reinforcement	area	is	greater	than	required	reinforcement
area:	Try	two	No.	6	chord	bars.	As,prov.	=	2(0.44	in.2)	=	0.88	in.2	As,prov.	=	0.88	in.2	>	As,req’d	=	0.70	in.2	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	8—DIAPHRAGMS	299	$OWKRXJKWKH¿UVWRSWLRQLVPRUHHFRQRPLFDOWKHVHFRQGRSWLRQLVGHWDLOHGLQWKLVH[DPSOH+HUHDJDLQWKH
engineer	has	several	options:	1.	Place	chord	reinforcement	outside	the	web	width	2.	Place	chord	reinforcement	within	the	web	width	Fig.	E1.6—Chord	reinforcement	reinfo	along	CLs	A	and	F.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Diaphragms	The	engineer	has	two	options	for	providing	chord	reinforcement	along
the	exterior	frames:	1.	Excess	amount	of	reinforcement	used	in	the	beams	to	resist	gravity	loads	could	be	used	to	resist	part	of	the	tensile	force	of	the	chord.	Additional	reinforcement	is	provided	to	resist	the	difference.	2.	The	chord	force	is	resisted	with	additional	reinforcement.	300	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)
Step	10:	Collector	reinforcement	N-S	12.5.4.1	Collector	elements	transfer	shear	forces	from	the	diaphragm	to	the	vertical	walls	at	both	east	and	west	ends	along	column	lines	1	and	7	(Fig.	E1.2).	Collector	elements	extend	over	the	full	width	of	the	diaphragm.	Unit	shear	force:	vu	@	F	=	Fu	@	F	From	Step	6:	Fu	=	52.2	kip	B	In	diaphragm:	vu	@	F	=	In
wall:	vu	@	F	=	Fpx	Ldiaph	Fpx	Lwall	vu	@	F	=	52.2	kip	=	0.72	kip/ft	72	ft	vu	@	F	=	52.2	kip	=	1.86	kip/ft	28	ft	Force	at	diaphragm	to	wall	connection	East	wall	south	end:	F7/D.5	=	–(0.72	kip/ft)(22	ft)	=	–15.8	kip	East	wall	north	end:	F7/B.5	=	–15.8	kip	+	(1.14	kip/ft)(28	ft)	=	16.0	kip	At	diaphragm	end:	(0.72	kip/ft)(22	ft)(22	ft)	=	00.2	kip	F7/A	=	+16
kip	–	(0.7	GXH	PEHUURXQGLQJ	§NLSGXHWRQXPEHUURXQGLQJ	rc	diagram,	gram,	the	maxim	m	ax	Per	collector	force	maximum	axial	ec	is	Tu	=	Cu	=	16	ki	kip.	This	force	on	the	collector	nsfe	from	the	diap	gm	to	the	force	must	be	transferred	diaphragm	collector	to	the	shear	wall	(Fig.	E1.7).	The	building	is	assigned	to	SDC	B.	Therefore,,	the
collector	force	and	its	connections	to	the	shear	wall	will	not	be	multiplied	by	the	system	overstrength	factor,	ȍo	=	2.5	(ASCE/SEI	7-10,	Table	12.2-1).	12.5.4.2	Collectors	are	designed	as	tension	members,	compression	members,	or	both.	Fig.	E1.7—Collector	force	diagram.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org
CHAPTER	8—DIAPHRAGMS	Tension	is	resisted	by	reinforcement	as	calculated	above.	Required	reinforcement:	�Tn	=	�fyAs•Tu	As	,	req	'	d	=	Tu	16,000	lb	=	=	0.3	in.2	0.9	f	y	(0.9)(60,000	psi)	$OWKRXJKRQH1REDUVXI¿FHVWZR1REDUVDUH	provided	to	maintain	symmetry	of	load	being	transferred	from	the	slab	into	the	wall.	18.12.7.5	Check	if
collector	compressive	force	exceeds	0.2fcƍ.	Calculate	minimum	required	collector	width	using	0.2fcƍ	wcoll	.	>	CColl	.	0.2	f	c′tdiaph	This	results	in	compressive	stress	on	the	concrete	diaphragm	collector	being	relatively	low.	The	section	is	adequate	to	transfer	shear	stress	without	additional	reinforcement.	wcoll	>	16,000	lb	=	2.3	in.	(0.2)(5000	psi)(7
in.)	Use	12	in.	wide	collector	(same	width	as	shear	wall).	Provide	two	No.	5	bars	at	mid-depth	of	slab	to	prevent	additional	out-of-plane	bending	stresses	in	the	slab.	Space	the	two	No.	5	bars	at	8	in.	on	center	starting	at	2	in.	ffrom	the	edge	of	the	diaphragm	within	the	12	in.	wide	collecto	collector/shear	wall	(Fig.	E1.8).	ssion	an	The	collector
compression	and	tension	forces	are	ateral	force-resisting	system	transferred	to	the	lateral	within	its	width	(she	(shear	wall).	Therefore,	no	eccenin-plane	bendi	tricity	is	presentt	an	and	no-in-plane	bending	occurs.	12.5.4.1	rm	to	discontinue	the	collector	ollec	ACI	318-14	permits	h	oof	the	shear	wall	wher	along	the	length	where	transfer	of	quired.
design	collector	iss	nnot	required.	Fig.	E1.8—Collector	reinforcement.	12.5.3.3	Check	slab	shear	strength	along	shear	walls	Slab	shear	strength	along	walls:	L	=	28	ft	and	slab	thickness	t	=	7	in.	From	φVc	=	φAcv	2λ	f	c′	φVc	=	(0.75)(2)(1.0)	21.2.4.2	 	�0.75 �	=	 Vc	OE�			NLS	12.5.1.1	Is	the	provided	shear	strength	adequate?	�Vc	=	249	kip	>	Vu	=	52	kip
(from	Step	7)	12.5.3.4	By	inspection,	the	diaphragm	shear	design	force	VDWLV¿HVWKHUHTXLUHPHQWRI6HFWLRQRI$&,	318-14.	12.4.2.4	(	)	5000	psi	(28	ft)(12)(7	in.)	φVc	=	φAcv	8λ	f	c′	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	OK	Diaphragms	12.5.1.1	22.4.3.1	301	302	THE	REINFORCED	CONCRETE	DESIGN
HANDBOOK—SP-17(14)	6WHS/DWHUDOIRUFHGLVWULEXWLRQLQGLDSKUDJP(:	Design	force:	140	kip	12.4.2.4(a)	12.5.1.3(a)	Design	moments,	shear,	and	axial	forces	are	calculated	assuming	a	simply	supported	beam	with	depth	equal	to	full	diaphragm	length	(refer	to	Fig.	E1.9).	Fig.	E1.9—Seismic	1.9—Seismic	forces	orc	in	the	lateral	force
resisting	ems	in	the	he	E-W	dir	systems	direction.	le	effect	of	acci	ntal	Because	of	the	neg	negligible	accidental	rti	force	ce	is	uniformly	ddistributed	stribu	torsion,	the	inertial	hra	width	across	the	diaphragm	width.	⎛	1140	kip	⎞	1	94	kip/ft	ki	qL	=	⎜	=	1.94	⎝	72	ft	⎟⎠	Shear	ar	fo	force:	V	=	(1.94	kip/ft)(36	ft)	=	70	kip	Maximum	moment	is	located	at
midlength.	x	=	36	ft	Draw	the	shear	and	moment	diagrams	(Fig.	E1.10).	M	max	=	wA	2	(1.94	kip/ft)(72	ft)	2	=	=	1260	ft-kip	8	8	Fig.	E1.10—Shear	and	moment	diagrams.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	8—DIAPHRAGMS	12.5.2.3	Mu	=	1260	ft-kip	Chord	reinforcement	must	be	located	within	h/4	of
the	tension	edge	of	the	diaphragm.	h/4	=	218.0	ft/4	=	54.5	ft	Assume	tension	reinforcement	is	placed	within	a	1	ft	strip	of	the	slab	edge	at	both	east	and	west	sides	of	the	slab.	1	ft	<	h/4	=	54.5	ft	Diaphragms	Step	12:	Chord	reinforcement	E-W	Calculate	chord	reinforcement	Maximum	moment	is	calculated	above	(Fig.	E1.8).	303	OK	Chord	force	The
maximum	chord	tension	force	is	at	midspan:	Tu	=	12.5.2.2	12.5.1.5	12.5.1.1	22.4.3.1	Mu	L	−	1	ft	Tu	=	1260	ft-kip	=	5.8	kip	218	ft	−	1	ft	Chord	reinforcement	Tension	due	to	moment	is	resisted	by	deformed	EDUVFRQ¿UPLQJWR6HFWLRQRI$&,	SHFL¿HG\LHOG	6WHHOVWUHVVLVWKHOHVVHURIWKHVSHFL¿HG\LHOG	strength	and	60,000	psi.	fy
=	60,000	psi	emen	Required	reinforcement	�	Tn	=	�fyAs•Tu	As	,	req	eq	'	d	=	Tu	5800	lb	=	0.1	in.2	=	0.9	f	y	(0.9)(60,000	psi)	(0.9)(6	Along	column	lin	lines	1	and	7,	two	No.	5	bars	ars	ccollecnt	are	provided	rovided	to	resist	inertia	nerti	force	tor	reinforcement	tio	These	hese	bars	can	be	used	sed	for	in	the	N-S	direction.	ent	in	thee	E-W	directi	refer	to
chord	reinforcement	direction	(refer	Fig.	E1.8).	As,prov.	=	(2)(0.31	2)(0.31	in.2)	=	0.62	in.2	>	0.1	in.2	/V	0D[LPXPVKHDULQWKH(:GLUHFWLRQRFFXUVDW&/V	1	and	7:	Unit	shear	force	in	frame:	vu	@1,7	=	Fu	@1,7	vu	@1,7	=	L	70	kip	=	0.32	kip/ft	218	ft	Step	13:	Collector	reinforcement	&ROOHFWRUDORQJ&/V$DQG)	The	continuous	reinforced
concrete	frame	over	the	full	length	of	the	building	acts	as	a	collector.	Note:	Provide	continuous	reinforcement	with	tension	splices	(Step	15).	12.5.3.7	In	cast-in-place	diaphragms,	where	shear	is	transferred	from	the	diaphragm	to	a	collector,	or	from	the	diaphragm	or	collector	to	a	shear	wall,	temperature	and	shrinkage	reinforcement	is	usually
adequate	to	transfer	that	force.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	OK	304	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	14:	Shrinkage	and	temperature	reinforcement	12.6.1	The	minimum	area	of	shrinkage	and	temperature	24.4.3.2	reinforcement,	AS+T:	24.4.3.3	AS+T•Ag	AS+T	=
(0.0018)(7	in.)(12	in./ft)	=	0.15	in.2/ft	Spacing	of	S+T	reinforcement	is	the	lesser	of	5h	and	18	in.:	Note:	Shrinkage	and	temperature	reinforcement	may	be	part	of	the	reinforcing	bars	resisting	diaphragm	in-plane	forces	and	gravity	loads.	If	provided	reinforcement	is	not	continuous	(placing	bottom	reinforcing	bars	to	resist	positive	moments	at
midspans	and	top	reinforcing	bars	to	resist	negative	moments	at	columns),	continuity	between	top	and	bottom	reinforcing	bars	can	sometimes	be	achieved	by	providing	adequate	splice	lengths	between	them.	(a)	5h	=	5(12	in.)	=	60	in.	(b)	18	in.	Controls	Step	15:	Reinforcement	detailing	Reinforcement	spacing	12.7.2.1	Minimum	and	maximum	spacing
of	chord	and	collector	reinforcement	must	satisfy	12.7.2.1	and	12.7.2.2.	25.2.1	18.12.7.6a	12.7.2.2	m	spacing	of	Section	25.2	limits	minimum	(a)	1	in.	(b)	4/3dagg.	(dagg	=	3/4	in.)	in.	(c)	db	(No.	5)	Minimum	spacin	spacing	1.0	in.	)(3/4	in.)	=	1.0	iin.	n.	(4/3)(3/4	25	in	0.625	in.	acing	at	a	The	minimum	col	collectorr	reinforcement	spacing	splice	must	be	at
least	the	largest	of:	ud	db	(a)	Three	longitudinal	(b)	1.5	in.	(c)	cc•PD[>db,	2	in.]	3(	625	in.)	=	1.875	.875	in.	3(0.625	11.5	in.	trols	2	in.	Controls	Maximum	spacing	is	the	smaller	of	5h	or	18	in.	8	in.	18	Con	Controls	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Controls	CHAPTER	8—DIAPHRAGMS	305	Diaphragms	Step	16:
Details	Fig.	E1.11—Diaphragm	chord	and	collector	reinforcement.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	306	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Rigid	Diaphragm	Example	2:	Reinforced	concrete	diaphragm	with	opening—Refer	to	Diaphragm	Example	1	for	structure
DQGGHVLJQGDWD$QDO\]HDQGGHVLJQWKHVHFRQGOHYHOÀRRUGLDSKUDJPZLWKDIWLQ[IWLQRSHQLQJDVVKRZQLQ)LJ	E2.1.	For	diaphragm	building	elevation,	material	properties,	and	design	criteria,	refer	to	Diaphragm	Example	1.	Fig.	E2.1––Eight	story	building.	g.	ACI	318-14	Discussion	scus	Step	1:	Material	requirements	Refer	to
Diaphragm	m	Example	mple	11.	Step	2:	Slab	geometry	6DWLV¿HGSHU'LDSKUDJP([DPSOH	6WHS/DWHUDOIRUFHV	For	lateral	forces	and	design	forces	calculations,	refer	to	Diaphragm	Example	1,	Step	3.	Calculation	Cal	North-South	(N-S):	81	kip,	although	wind	load	controls	(113	kip),	the	diaphragm	will	be	designed	for	the	seismic	load	in	this
example.	East-West	(E-W):	116	kip	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	8—DIAPHRAGMS	307	Diaphragms	6WHS&HQWHURIPDVV&20	DQGFHQWHURIULJLGLW\&25	Design	second-level	diaphragm:	Take	the	point	of	origin	at	F1	(Fig.	E2.2).	Fig.	E2.2—Mass	center	and	rigidity	gid	center	nter
location	ex	excluding	uding	acciden	accidentall	tor	torsion.	'HWHUPLQH&20	XWK	DXVHRIWKHRSHQ	QJ7DNLQJWKHP	PHQ	DURXQGFR	7KH&20KDVVKLIWHGWRWKHVRXWKEHFDXVHRIWKHRSHQLQJ7DNLQJWKHPRPHQWDUHDDURXQGFROXPQOLQH&/	)	yCOM	=	(78	ft)(218	ft)(37	ft)	−	(366	ft)(14	f	ft)(42	)(42	fft)	=	36.8	ft	(78	ft)(218	ft)	−
(36	ft)(14	ft)	7KHUHIRUH		WKH	&20	LV	ORFDWHG	DW					IW			LQ		HDVW	RI	&/				DQG						IW	QRUWK	RI	&/		)		G						IW	QRUWK	RI	'HWHUPLQH	&25	%HFDXVH	WKH	ODWHUDO	UHVLVWLQJ	V\VWHPV	DUH	V\PPHWULFDO	DERXW	ERWK	D[HV		WKH	&25	LV	ORFDWHG	DW		xCOR							IW			�		IW							IW	DQG	yCOR						IW			�			IW						IW	IURP	HDVW	RI	DQG	QRUWK	RI	&ROXPQ	/LQH	)			¨y	=	yCOR	�	yCOM	=	38
ft	–	36.8	ft	=	1.2	ft	Accidental	torsion	ASCE	7-10	(third	edition),	commentary	Section	C12.10.1	requires	an	additional	moment	caused	by	an	assumed	displacePHQWRI&20$VKLIWRIPLQLPXPRI¿YHSHUFHQWRIWKHEXLOGLQJGLPHQVLRQSHUSHQGLFXODUWRWKHGLUHFWLRQRIVHLVPLF	forces	in	addition	to	the	actual	eccentricity	is	considered,
referred	to	as	accidental	eccentricity.	ex	=	±(0.05)(218	ft)	=	±10.9	ft	ey1	=	(0.05)(78	ft)	=	3.9	ft	ey2	=	–(0.05)(78	ft)	=	–3.9	ft	6WHS/DWHUDOV\VWHPVWLIIQHVVFDOFXODWLRQV	For	wall	and	moment	frame	stiffness	calculations	refer	to	Diaphragm	Example	1,	Step	6.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	308
THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	6:	Lateral	resisting	system	forces	Force	in	walls	and	moment-resisting	frames	are	given	by	the	following	equations:	Fuxi	=	Fuyi	=	kix	∑	kix	kiy	∑	kiy	Fpx	±	ki	d	i	Fpx	ey	∑	ki	di2	Fpy	±	ki	d	i	Fpy	ex	∑	ki	di2	where	di	is	the	distance	(xi	or	yi)	of	each	wall	from	the	COR.	Fpx,y	=	80	kip
and	Fpx,x	=	114	kip	are	second-story	lateral	forces	obtained	from	Example	1,	Step	3	(Table),	N-S	and	E-W	directions,	respectively.	Mass	accidental	eccentricities	are	ex	=	10.9	ft;	ey1	=	3.9	ft	+	1.2	ft	=	5.1	ft;	and	ey2	=	–3.9	ft	+	1.2	ft	=	–2.7	ft	are	calculated	in	Step	4	of	this	example.	The	torsional	force	is	calculated	by	multiplying	the	lateral	inertia
force	by	the	corresponding	eccentricity:	NS:	Ty	=	Fpyex	=	(81	kip)(±10.9	ft)	=	±883	ft-kip	EW:	Tx1	=	Fpxey1	=	(116	kip)(+5.1	ft)	=	+592	ft-kip	Tx2	=	Fpxey2	=	(116	kip)(–2.7	ft)	=	–313	ft-kip	Lateral	force	applied	in	N-S	direction	Fpy	=	80	kip	Fu	,	wall	,	max	=	10.5	(10.5)(218	ft/2)	(81	kip)	+	(8833	ft-k	ft-kip))	=	44.5	44	5	kkip	(10.5	+	10.5)	(2)[(1.0)(39
ft)2	+	(10.5)(109	ft)	2	]	(2	Fu	,	wall	,	min	=	8.1	(10.5)(218	ft/2)	t/2)	(81	kip)	(883	ft-kip)	=	36.5	p)	−	(8	ft-k	5	kip	p	(10.5	+	10.5)	(2)[(1.0)(39	ft)	2	]	[(1.0)(39	ft)	2	+	((10.5)(109	0.5)(	Fu	,	MF	=	±	(1.0)(78	ft/2)	2)	ft-kip)	=	±0.2	kip	(883	ft-ki	2	(2)[(1.0)(39	ft)	+	(10.5)(109	ft)	2	]	Lateral	force	applied	in	E-W	direction	(a)	Fpx	=	116	kip	and	ey1	=	5.1	ft	Fu	,	MF
,max	=	1.0	(1.0)(78	ft/2)	(116	kip)	+	(592	ft-kip)	=	58.1	kip	(1.0	+	1.0)	(2)[(1.0)(39	ft)2	+	(10.5)(109	ft)	2	]	Fu	,	MF	,min	=	1.0	(1.0)(78	ft/2)	(116	kip)	−	(592	ft-kip)	=	57.9	kip	(1.0	+	1.0)	(2)[(1.0)(39	ft)2	+	(10.5)(109	ft)	2	]	Fu	,	wall	=	±	(10.5)(109	ft)	(592	ft-kip)	=	±2.7	kip	(2)[(1.0)(39	ft)2	+(10.5)(109	ft)	2	]	(b)	Fpx	=	116	kip	and	ey2	=	2.7	ft	Fu	,	MF	,
max	=	1.0	(1.0)(78	ft/2)	(116	kip)	+	(313	ft-kip)	=	58.1	kip	(1.0	+	1.0)	(2)[(1.0)(39	ft)2	+	(10.5)(109	ft)	2	]	Fu	,	MF	,	min	=	1.0	(1.0)(78	ft/2)	(116	kip)	−	(313	ft-kip)	=	57.9	kip	(1.0	+	1.0)	(2)[(1.0)(39	ft)	2	+	(10.5)(109	ft)	2	]	Fu	,	wall	=	±	(10.5)(218	ft/2)	(313	ft-kip)	=	1.4	kip	(2)[(1.0)(39	ft)2	+	(10.5)(109	ft)	2	]	The	force	distribution	in	the	E-W	direction
for	both	calculated	eccentricities	is	small.	Therefore,	use	58.0	kip.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	8—DIAPHRAGMS	309	Step	7:	Check	shear	force	in	diaphragm	In-plane	shear	in	diaphragm	Nominal	shear	strength	in	E-W	direction	The	diaphragm	slab	is	cast-in-place	concrete,	therefore,	shear
force	is	calculated	from	Eq.	(12.5.3.3)	Vn	,	N	=	(218	ft)(12	in./ft)(7	in.)	2(1.0)	5000	psi	+	0	Vn	=	Acv	(λ	f	c′	+	ρt	f	y	)	=	2,589,708	lb		2590	kip	Ignoring	the	strength	contribution	of	reinforcement;	Nominal	shear	strength	in	N-S	direction	ȡt	=	0	Acv	is	the	diaphragm	gross	area	less	the	6.0	ft	over-	Vn	,	E	=	(72	ft)(12	in./ft)(7	in.)	2(1.0)	5000	psi	+	0
KDQJUHIHUWR6WHSIRUFODUL¿FDWLRQ		=	855,316	lb		855	kip	(	12.5.3.2	21.2.4.2	Design	shear	strength	in	E-W	direction	$SSO\LQJWKHVKHDUVWUHQJWKUHGXFWLRQIDFWRU0.75 �				 	at	the	north	and	south	ends	along	column	lines	�Vn,N	=	(0.75)(2590	kip)	=	1940	kip	A	and	F.	12.5.3.2	21.4.2.1
$WWKHHDVWDQGZHVWHQGVDORQJ&ROXPQ/LQHV	DQGWKHVKHDUVWUHQJWKUHGXFWLRQIDFWRU�		PXVW	not	exceed	the	least	value	for	shear	used	for	the	vertical	components	of	the	primary	seismic-forceUHVLVWLQJV\VWHP7KHUHIRUH�			Check	if	factored	shear	force	is	less	than	design	shear	strength	calculated	d	in	Step	7.	12.5.1.1
22.5.1.2	)	)	Design	shear	strength	in	N-S	direction	�Vn,E	=	(0.75)(855	kip)	=	641	kip	16�V	Vn	=	641	kip	>>	Fu	=	44.5	kip	OK	Vn	=	1940	kip	>>	Fu	=	58.0	OK	(:�V	refo	diaphragm	has	adequate	strength	to	resist	Therefore,	rtia	force	aand	shear	reinforcement	is	not	the	later	lateral	inertia	UH	XLUHG	t	=	0.	UHTXLUHGȡ	12.5.3.4	The	nominal	shear
hea	strength,	ngth	Vn,	must	ust	nnott	exc	exceed:	Vn	=	8	Acv	λ	f	c′	Acv	is	the	diaphragm	gross	area	less	the	6.0	ft	overhang.	Vn	=	8(72	ft)(10	8(7	0	in.)(12	in./ft)(1.0)	i	4000	psi	=	4372	kip	1000	lb/kip	100	%\LQVSHFWLRQWKLVLVVDWLV¿HGOK	%\LQVSHFWLRQ	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Diaphragms
12.5.3.3	(	310	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	8:	Second-level	diaphragm	lateral	force	distribution	N-S	Design	force:	81	kip	12.4.2.4(a)	12.5.1.3(a)	Diaphragm	is	idealized	as	rigid.	Design	moments	and	shear	axial	forces	are	calculated	based	on	a	beam	with	depth	equal	to	full	diaphragm	depth	satisfying
equilibrium	requirements.	The	wall	forces	and	the	assumed	direction	of	torque	due	to	the	eccentricity	are	shown	in	Fig.	E2.3.	12.4.2.4	The	distribution	of	the	applied	force	on	the	diaphragm	Fig.	E2.3—Forces	in	the	structural	resisting	systems	is	calculated	by	using	qL	and	qR	as	the	left	and	right	due	to	a	seismic	force	in	the	N-S	direction.	diaphragm
reactions	per	unit	length	(Fig.	E2.3):	Force	equilibrium	⎛	L⎞	⎛	L⎞	qL	⎜	⎟	+	qR	⎜	⎟	=	Fpx	,	des	(	NS	)	⎝	2⎠	⎝	2⎠	⎛	218	ft	⎞	⎛	218	ft	⎞	qL	⎜	+	qR	⎜	=	81	kip	(I)	⎝	2	⎟⎠	⎝	2	⎟⎠	Moment	equilibrium	⎛	L⎞	⎛	L⎞	⎛	L	⎞	⎛	2L	⎞	⎛L	⎞	qL	⎜	⎟	⎜	⎟	+	qR	⎜	⎟	⎜	⎟	=	Fpx	,	ddes	(	NS	)	⎜	+	0.05	L⎟	⎝	2⎠	⎝	3⎠	⎝	2⎠	⎝	3	⎠	⎝2	⎠	From	statics	solvee	equations	eq	(I)	and	(II)	ffor	qL	and	nd	qR:	XP
PHQWE\WDNLQJW	H¿UVW	)LQGWKHPD[LPXPPRPHQWE\WDNLQJWKH¿UVW	ed	as	a	derivative	of	the	mo	moment	equation	exp	expressed	function	of	x	(unknown	distance)	dM/dx	=	0	qL	(	218	ft	)2	+	q	2	(	218	ft	)2	6	R	6	⎛	218	ft	⎞	=	(81	kip)	⎜	+	10.9	ft	⎟	⎝	2	⎠	4	kip/ft	(I)	qL	+	qR	=	0.74	qL	+	2qR	=	1.23	3	kip/ft	(II)	(II	qL	=0.25	kip/ft	and	qL	=	00.49
kip/ft	x	=	114.455	ft;	Mmax	=	2213	ft-kip	ermine	Draw	the	shear	and	moment	diagrams	and	determine	the	moment	and	shear	forces	at	opening	(Fig.	E2.4).	Note:	In	an	Aug.	2010	National	Institute	and	Standards	Technology	(NIST)	report,	GCR	10917-4,	“Seismic	Design	of	Cast-in-Place	Concrete	Diaphragms,	Chords,	and	Collectors,”	by	Moehle	et	al.
states	that,	“This	approach	leaves	any	moment	due	to	the	frame	forces	along	column	lines	A	and	F	unresolved.	Sometimes	this	is	ignored	or,	alternatively,	it	too	can	be	incorporated	in	the	trapezoidal	loading.”	In	this	example	the	small	moment	due	to	the	frame	forces	(0.2	kip)	are	ignored.	Fig.	E2.4—Shear	and	moment	diagrams.	American	Concrete
Institute	–	Copyrighted	©	Material	–	www.concrete.org	(II)	CHAPTER	8—DIAPHRAGMS	Note:	Experienced	engineers	sometimes	simplify	the	calculations	by	using	uniformly	distributed	load:	q=	Resulting	in	a	maximum	moment	of:	M	max	=	311	81	kip	=	0.372	kip/ft	218	ft	Note:	Both	approaches,	in	this	example,	result	in	similar	maximum	moment
(2213	ft-kip	versus	2210	ft-kip),	but	at	different	locations	(114.5	ft	versus	109	ft).	In	this	example	the	detailed	approach	is	presented.	Step	9:	Chord	reinforcement	N-S	12.5.2.3	Maximum	moment	obtained	from	moment	diagram:	Mu	=	2213	ft-kip	Chord	reinforcement	resisting	tension	must	be	located	within	h/4	of	the	tension	edge	of	the	diaphragm.	h/4
=	72.0	ft/4	=	18	ft	Note:	Chord	reinforcement	can	be	placed	either	in	the	exterior	edge	of	the	balcony	or	it	can	be	placed	along	WKHH[WHULRUIUDPHRI&/$	Placing	chord	reinforcement	along	the	exterior	frame	is	a	simpler	and	cleaner	load	path	for	the	forces	in	the	diaphragm.	Crack	control	reinforcement	should	be	added	in	the	balcony	slab	for
crack	control.	Assume	tension	reinforcement	rcement	is	placed	in	a	2	ft	strip	at	both	north	and	so	south	sides	of	the	slab	edges	2	ft	<	h/	h/4	=	18	ft	OK	DW&/VDQG	Chord	force	rd	tension	on	force	that	mu	Maximum	chord	must	be	rresisted	n	is:	by	the	chord	at	mi	midspan	Tu	=	Mu	B	−	2	ft	Tu	=	22	ft-kip	2213	kip	3	kip	=	31.6	72	ft	−	2	ft	American
Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Diaphragms	(0.372	kip/ft)(218	ft)	2	=	2210	ft-kip	8	312	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Chord	forces	at	opening	The	opening	in	the	diaphragm	results	in	local	bending	of	the	diaphragm	segments	on	either	side	of	the	opening	(refer	to	Fig.	E2.5).	1.	The
diaphragm	sections	above	and	below	the	RSHQLQJDUHLGHDOL]HGDV¿[HGHQGEHDPV	2.	The	applied	loading	on	the	sections	above	and	below	the	opening	are	based	on	the	relative	mass	of	each	section	(1.64:1).	3.	The	secondary	chord	forces	are	calculated	based	on	the	internal	moment	in	the	diaphragm	secWLRQVDGMDFHQWWRWKHRSHQLQJ
4.	The	calculated	tension	and	compression	secondary	chord	forces	are	added	to	the	primary	Fig.	E2.5—Idealization	of	sections	above	and	below	tension	and	secondary	chord	forces.	opening.	The	opening	is	located	at	midlength	of	the	building	Force	at	east	and	west	ends	of	opening	ÀRRUSODQLQWKH(:GLUHFWLRQ7KHWRWDOGLDSKUDJP	(0.49
kip/ft	−	0.25	kip/ft)(91	ft)	forces	at	left	and	right	edges	of	the	opening	are:	qu′	@	beg	=	0.25	kip/ft	+	218	ft	=	0.35	kip/ft	The	load	on	the	north	and	south	section	of	the	diaistributed	accordphragm	bound	by	the	opening	is	distributed	(0.49	kip/ft	−	0.25	kip/ft)(127	ft)	es	north	and	south	of	the	q′	ing	to	the	ratio	of	the	masses	qu′	@	end	=	0.25	kip/ft	+	218
ft	8	percen	opening.	Therefore,	38	percent	and	62	percent	of	=	0.39	kip/ft	the	overall	applied	trape	trapezoidal	load	will	be	distributed	to	the	north	and	south	section	over	this	portion	Force	ce	north	n	of	opening	p	g	m,	respectively.	ctively.	of	the	diaphragm,	qqƍ[email	protected]	(0.35	kip/	kip/ft)	=	0.13	kip/ft	@bN	N	=	(0.38)(0.35	qƍ[email	protected]	0
39	kip/f	kip/ft)	p	=	0.15	kip/ft	@eN	N	=	(0.38)(0.39	ude	at	the	east	aand	d	we	The	unit	forces	m	magnitude	west	ends	ve	us	0.15	of	the	opening	are	closee	(0.13	kip/ft	versus	Fo	ce	south	so	p	g	Force	of	opening	eni	and	(0.22	kip/f	rsus	0.24	qƍ[email	protected]	kip/ft	north	of	opening)	kip/ft	versus	)(0.35	ki	kip/ft)	=	0.22	kip/ft	@bSS	=	(0.62)(0.35	kip/ft
south	of	opening).	Therefore,	the	average	unit	qƍ[email	protected]	=	(0.62)(0.39	0.62)(0.39	kip/ft)	=	0.24	kip/ft	force	of	0.14	kip/ft	and	0.23	kip/ft	will	be	used	for	calculating	the	diaphragm	moment	segments	north	and	south	of	the	opening	(Fig.	E2.6).	Fixed	end	moment	can	be	obtained	from	computer-aided	design	software	programs	or	from	the
Reinforced	Concrete	Design	Handbook	Design	Aid	–	Analysis	Tables,	which	can	be	downloaded	from:	.	aspx?ItemID=SP1714DA	Fig.	E2.6—Moment	diagram	of	sections	at	opening.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	8—DIAPHRAGMS	313	The	secondary	chord	forces	are	obtained	from	the	moment
diagram.	Assuming	a	1	ft	strip	(<	B/4)	at	each	end	of	the	span	between	opening	and	diaphragm	edge:	Secondary	chord	force	north	of	opening:	15	ft-kip	=	0.7	kip	21	ft	Secondary	chord	force	south	of	opening:	Mu	D	Tu−,	op	,	N	=	Tu−,	op	,	S	=	12.5.1.1	22.4.3.1	Required	reinforcement	�Tn	=	�fyAs•Tu	25	ft-kip	=	0.7	kip	35	ft	As	,	req	'	d	=	700	lb	=	0.01
in.2	(0.9)(60,000	psi)	Refer	to	the	following	discussion.	The	engineer	has	two	options	for	providing	chord	reinforcement	at	the	opening:	1.	The	beams	are	designed	for	1.2D	+	1.6L.	For	seismic,	the	governing	load	combination	is	(1.2	+	0.2SDS)	D	+	0.5L	+	E.	The	demand	from	1.2D	+	1.6L	is	usually	higher	than	the	gravity	portion	of	the	moments	under
seismic,	(1.2	+	0.2SDS)D	+	0.5L.	The	two	loads	are	proportioned	and	then	the	balance	reinforcement	is	used	to	carry	seismic	chord/collector	forces.	2.	The	chord	force	is	resisted	with	additional	reinforcement	(conservative).	VXVHGDVWKHUHTXLUHGUHLQIRUF
,QWKLVH[DPSOHWKH¿UVWRSWLRQLVXVHGDVWKHUHTXLUHGUHLQIRUFHPHQWLVQHJOLJLEOH%HDPWRSUHLQIRUFHPHQWLV	continuous.	Diaphragm	edge	Total	moment	to	be	re	resisted	is	the	sum	of	the	main	dary	chord	fo	chord	force	and	the	secondary	force:	Tu,Total	=	Tu1	+	Tu2	Tu,total,N	tal,N	N	=	Cu,total,N	N	=	31.1	kip	+	0.7	kip	=
31.8	kip,	say,	32	kip	12.5.2.2	12.5.1.5	12.5.1.1	22.4.3.1	Tu,Total	=	Tu1	+	Tu3	Chord	reinforcement:	n	Tension	due	to	moment	is	resisted	by	deformed	bars	conforming	to	Section	20.2.1	of	ACI	318-14.	kip	+	0.7	kip	=	31.8	kip,	say,	32	kip	Tu,total,S	al,SS	=	Cu,total,S	S	=	31.1	ki	6WHHOVWUHVVLVWKHOHVVHURIWKHVSHFL¿HG\LHOG	strength	and
60,000	psi.	fy	=	60,000	psi	Required	reinforcement	�Tn	=	�fyAs•Tu	As	,	req	'	d	=	32,000	lb	=	0.59	in.2	(0.9)(60,000	psi)	The	building	is	assigned	to	SDC	B.	therefore,	ACI	318-14	Chapter	18	requirements	for	chord	spacing	and	transverse	reinforcement	of	18.12.7.6	do	not	apply.	18.12.7.5	2YHUVWUHQJWKIDFWRUȍo,	for	chord	design	is	not	required.
Therefore,	use	the	compression	stress	limit	in	Provision	18.12.7.5	of	0.2fcƍ	Required	chord	width:	wchord	>	CChord	0.2	f	c′hdiaph	Choose	reinforcement:	Check	if	provided	reinforcement	area	is	greater	than	required	reinforcement	area:	wchord	>	32,000	lb	=	4.6	in.	(0.2)(5000	psi)(7	in.)	/HVVWKDQWKHDVVXPHGIWOK	Try	two	No.	5	chord	bars
As,prov.	=	2(0.31	in.2)	=	0.62	in.2	As,prov.	=	0.62	in.2	>	As,req’d	=	0.59	in.2	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Diaphragms	Tu	,	opening	=	314	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	10:	Collector	reinforcement	N-S	12.5.4.1	Collectors	transfer	shear	forces	from	the	diaphragm
to	the	vertical	walls	at	both	east	and	west	ends	along	column	lines	1	and	7	(Fig.	E2.2).	Collectors	extend	over	the	entire	diaphragm	width.	Unit	shear	force:	vu	@	F	=	Fu	@	F	From	Step	6:	Fu	=	44.5	kip	B	In	diaphragm:	vu	@	F	=	In	wall:	vu	@	F	=	Fpx	Ldiaph	Fpx	Lwall	vu	@	F	=	44.5	kip	=	0.62	kip/ft	72	ft	vu	@	F	=	44.5	kip	=	1.59	kip/ft	28	ft	Force	at
diaphragm	to	wall	connection	Wall	west	end:	F7/D.5	=	–(0.62	kip/ft)(22	ft)	=	–13.6	kip	East	wall	north	end:	F7/B.5	=	–13.6	kip	+	(0.97	kip/ft)(28	ft)	=	13.5	kip	At	diaphragm	end:	IW	§NLS	F7/A	NLS±NLSIW	IW	§NLS	agram,	the	maximum	axial	Per	collector	force	diagram,	tor	iis	Tu	=	Cu	=	13.5	kip.	This	force	on	the	collector	ansf	rom	the	diap	m	to	the
force	must	be	transferred	from	diaphragm	shear	wall	(Fig.	E2	E2.7).	orc	and	d	its	connections	to	o	the	shear	The	collector	force	ied	by	the	syste	wall	will	not	be	mu	multiplied	system	overASCE/SEI	77-10,	Table	VWUHQJWKIDFWRUȍ	o	=	2.5	(ASCE/SEI	12.2-1),	because	this	is	not	a	special	structural	wall.	12.5.4.2	12.5.1.1	22.4.3.1	Collectors	are
designed	as	tension	members,,	compression	members,	or	both.	Tension	is	resisted	by	reinforcement	as	calculated	above.	Fig.	E2.7—Collector	force	diagram.	Required	reinforcement:	�Tn	=	�fyAs•Tu	As	,	req	'	d	=	Tu	13,600	lb	=	=	0.25	in.2	0.9	f	y	(0.9)(60,000	psi)	$OWKRXJKRQH1REDUVXI¿FHVWZR1RDUHSURvided	to	maintain	symmetry.	American
Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	8—DIAPHRAGMS	Check	if	collector	compressive	force	exceeds	0.2fcƍ	Calculate	minimum	required	collector	width	using	0.2fcƍ	wcoll	.	>	CColl	.	0.2	f	c'tdiaph	This	results	in	compressive	stress	on	the	concrete	diaphragm	collector	being	relatively	low.	The	section	is	adequate
to	transfer	shear	stress	without	additional	reinforcement.	The	collector	compression	and	tension	forces	are	transferred	to	the	lateral	force-resisting	system	within	its	width	(shear	wall).	Therefore,	no	eccentricity	is	present	and	no	in-plane	bending	occurs.	wcoll	>	13,600	lb	=	1.9	in.	(0.2)(5000	psi)(7	in.)	Use	12	in.	wide	collector	(same	width	as	shear
wall).	Provide	two	No.	5	bars	at	mid-depth	of	slab	to	prevent	additional	out-of-plane	bending	stresses	in	the	slab.	Space	the	two	No.	5	bars	at	8	in.	on	center	starting	at	2	in.	from	the	edge	of	the	diaphragm	within	the	12	in.	wide	collector/shear	wall	(Fig.	E2.8).	ACI	318	permits	to	discontinue	the	collector	along	the	length	of	the	shear	wall	where
transfer	of	design	collector	is	not	required.	Fig.	E2.8––Colle	E2.8––Collector	reinforcement.	12.5.3.3	21.2.4.2	Check	slab	shear	strength	along	shear	walls	Slab	shear	strength	along	walls:	L	=	28	ft	and	slab	thickness	t	=	7	in.	From	φVc	=	φAcv	2λ	f	c′	 �								� Vc	=	(0.75)(2)(1.0)(	5000	)(28	ft)(12(7	in.)	�Vc	=	249,467	lb	~	249	kip	12.5.1.1	Is	the	provided
shear	strength	adequate?	�Vc	=	249	kip	>	Vu	=	44.5	kip	(from	Step	7)	12.5.3.4	By	inspection,	the	diaphragm	shear	design	force	VDWLV¿HVWKHUHTXLUHPHQWRI	φVc	=	φAcv	8λ	f	c′	12.4.2.4	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	OK	Diaphragms	18.12.7.5	315	316	THE	REINFORCED	CONCRETE	DESIGN
HANDBOOK—SP-17(14)	6WHS/DWHUDOIRUFHGLVWULEXWLRQLQGLDSKUDJP(:	Design	force:	114	kip	12.4.2.4(a)	12.5.1.3(a)	Design	moments,	shear,	and	axial	forces	are	calculated	based	on	a	beam	with	depth	equal	to	full	diaphragm	length	satisfying	equilibrium	requirements.	The	wall	forces	and	the	assumed	direction	of	torque	due	to	the
eccentricity	are	shown	in	Fig.	E2.9.	The	distribution	of	the	applied	force	on	the	diaphragm	is	uniform	because	of	the	negligible	effect	of	accidental	torsion	(Fig.	E2.9):	F	E2	Fig.	E2.9—Forces	orces	in	the	structural	resisting	systems	ismic	for	due	to	a	seismic	force	in	the	E-W	direction.	kip	⎞	⎛	116	ki	qL	=	⎜	=	1.6	kip/ft	⎝	72	ft	⎟⎠	Shear	force:	V	=	(1.6
kip.ft)(36	ft)	=	58	kip	x	=	36	ft;	Mmax	=	1131	ft-kip	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	8—DIAPHRAGMS	317	Diaphragms	Maximum	moment	is	taken	at	midspan.	Draw	the	shear	and	moment	diagrams	(Fig.	E2.10).	Fig.	E2	E2.10—Shear	Shear	and	moment	diagrams.	Step	12:	Chord	reinforcement	EE-
W	12.5.2.3	Maximum	moment	me	is	calculated	above	above:	Mu	=	11	1131	ft-kip	p	men	resisting	isting	tension	m	st	be	Chord	reinforcement	must	located	within	h/4	of	the	tension	edge	of	the	diaphragm.	18.0	ft/4	=	54.5	ft	h/4	=	218.0	Assume	tension	reinforcement	is	placed	in	a	1	ft	strip	at	both	north	and	south	sides	of	the	slab	edges	DW&/VDQG	1	ft
<	h/4	=	54.5	ft	OK	Chord	force	Maximum	chord	tension	force	that	must	be	resisted	by	the	chord	at	midspan:	Tu	=	Mu	B	−	1	ft	Tu	,1	=	1131	ft-kip	=	5.2	kip	(218	ft	−	1	ft)	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	318	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Chord	forces	at	opening	The
opening	in	the	diaphragm	results	in	local	bending	of	the	diaphragm	segments	on	either	side	of	the	opening	(Fig.	E2.11).	1.	The	diaphragm	sections	to	the	east	and	west	of	WKHRSHQLQJDUHLGHDOL]HGDV¿[HGHQGEHDPV	2.	The	applied	loading	on	the	sections	east	and	west	the	opening	are	based	on	the	relative	mass	of	each	section	(1:1).	Fig.
E2.11—Idealization	of	sections	above	and	below	3.	The	secondary	chord	forces	are	calculated	opening.	based	on	the	internal	moment	in	the	diaphragm	secWLRQVDGMDFHQWWRWKHRSHQLQJ	Force	east	and	west	of	opening	4.	The	calculated	tension	and	compression	secondary	chord	forces	are	added	to	the	primary	⎛	1.6	kip/ft	⎞	qu′	@	bE	=	qu′	@
bW	=	⎜	⎟⎠	=	0.8	kip/ft	tension	and	secondary	chord	forces.	⎝	2	The	opening	is	located	at	mid-length	of	the	buildLQJÀRRUSODQLQWKH(:GLUHFWLRQ7KHORDGRQWKH	north	and	south	sections	of	the	diaphragm	bound	by	the	opening	are	equal	to	one	half	of	the	overall	is	portion	of	the	applied	trapezoidal	load	over	this	diaphragm	(Fig.	E2.12).
Because	forces	at	both	ends	of	openings	are	close,	a	uniform	load	is	assu	assumed.	men	can	be	obtained	fro	Fixed	end	moment	from	com	computerig	software	ware	programs	or	from	aided	aided	design	cre	Design	esign	Handbook	Design	Aid	Reinforced	Concrete	ed	at:	–	Analysis	Tables,,	w	which	can	be	downl	downloaded	.	aspx?ItemID=SP1714DA
Fig.	E2.12—Moment	diagram	of	sections	at	opening.	The	secondary	chord	forces	are	obtained	from	the	moment	diagram.	Assuming	a	2	ft	strip	(<	B/4)	at	each	end	of	the	span	between	opening	and	diaphragm	edge:	Tu,opening	=	Mu/D	Tu+,op	,S	=	13.1	ft-kip	=	0.15	kip	89	ft	Total	moment	to	be	resisted	is	the	sum	of	the	main	chord	force	and	the
secondary	chord	force:	Tu,total	=	Tu1	+	Tu,O2	Tu,total,N	=	Cu,total,N	=	5.2	kip	+	0.15	kip	=	5.35	kip	Use	5.4	kip	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	8—DIAPHRAGMS	12.5.1.5	12.5.1.1	22.4.3.1	Chord	reinforcement:	Tension	due	to	moment	will	be	resisted	by	deformed	bars	conforming	to	Section
20.2.1	of	ACI	318-14.	6WHHOVWUHVVLVWKHOHVVHURIWKHVSHFL¿HG\LHOG	strength	and	60,000	psi.	Required	reinforcement	�Tn	=	�fyAs•Tu	The	chord	forces	north	of	and	south	of	opening	are	equal.	As	=	5400	lb	=	0.1	in.2	0.9(60,000	psi)	2QH1REDUVDWLV¿HVWKHUHTXLUHPHQW7KHUHTXLUHG	collector	reinforcement	in	the	N-S
direction,	however,	requires	two	No.	5	bars.	Therefore,	provided	reinforcement	is	adequate	and	no	additional	reinforcement	is	required.	Step	13:	Collector	reinforcement	E-W	Continuous	reinforced	concrete	frame	over	the	full	length	of	the	building	will	act	as	a	collector.	Note:	Provide	continuous	reinforcement	with	tension	splices	(Step	15).	hragm
where	shear	is	In	cast-in-place	diaphragms,	he	di	transferred	from	the	diaphragm	to	a	collector,	or	agm	or	collector	llector	to	a	sh	from	the	diaphragm	shear	wall,	d	sshrinkage	age	reinforceme	temperature	and	reinforcement	is	usually	ns	that	at	for	adequate	to	transfer	force.	rat	einforcement	Step	14:	Shrinkage	and	temperature	reinforcement	rin	and
temperatu	12.6.1	The	minimum	shrinkage	temperature	24.4.3.2	Reinforcement,	AS+T:	12.5.3.7	24.4.3.3	AS+T•Ag	(0.0018)(7	in.)(12	in./ft)	=	0.15	in.2	AS+TT	=	(0.00	Spacing	of	S+T	reinforcement	is	the	lesser	of	5h	and	18	in.	5h	=	5(12	in.)	=	60	in.	18	in.	Controls	Note:	Shrinkage	and	temperature	reinforcement	may	be	part	of	the	main	reinforcing
bars	resisting	diaphragm	in-plane	forces	and	gravity	loads.	If	provided	reinforcement	is	not	continuous	(placing	bottom	reinforcing	bars	to	resist	positive	moments	at	midspans	and	top	reinforcing	bars	to	resist	negative	moments	at	columns),	continuity	between	top	and	bottom	reinforcing	bars	may	be	achieved	by	providing	adequate	splice	lengths
between	them.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Diaphragms	12.5.2.2	319	320	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	15:	Reinforcement	detailing	Reinforcement	spacing	12.7.2.1	Chord	and	collector	reinforcement	minimum	and	maximum	spacing	must	satisfy	12.7.2.1	and
12.7.2.2.	25.2.1	18.12.7.6a	12.7.2.2	Section	25.2	requires	minimum	spacing	of	(a)	1	in.	(b)	4/3dagg.	(c)	db	No.	5	Minimum	spacing	1.0	in.	Controls	4/3(3/4	in.)	aggregate	=	1.0	in.	0.625	in.	Collector	reinforcement	spacing	at	a	splice	must	be	at	least	the	larger	of:	(a)	At	least	three	longitudinal	db	(b)	1.5	in.	(c)	cc•PD[>db,	2	in.]	3(0.625	in.)	=	1.875	in.
1.5	in.	2	in.	Controls	Maximum	spacing	is	the	smaller	of	5h	or	18	in.	18	in.	Controls	Edge	reinforcement	The	opening	has	four	beams	around	its	perimeter.	Therefore,	the	beams	reinforcement	is	adequate	to	resist	the	tension	forces	due	to	inertial	forces	and	additional	reinforcementt	is	not	requ	required.	ot	con	Note:	If	beams	are	not	constructed
around	the	opening	perimeterr	a	m	minimum	of	two	No.	5	is	rou	the	opening	as	sh	n	in	the	recommended	around	shown	ex	d	a	minimum	of	itss	develop-	Fi	Fig.	E2.13	and	extended	Fig.	E2	E2.13—Twoo	No.	5	reinforcement	r	around	opening.	ment	length.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	8—
DIAPHRAGMS	321	Diaphragms	Step	16:	Details	Fig.	E2.14—Typical	diaphragm	to	wall	section.	ODULW\	1RWH6ODEUHLQIRUFHPHQWQRWVKRZQIRUFODULW\	Fig.	2.15A—Collector	reinforcement	in	shear	walls	along	CL	1	and	7.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	322	THE	REINFORCED	CONCRETE
DESIGN	HANDBOOK—SP-17(14)	Fig.	2.15B—Chord	reinforcement	at	midspan.	Fig.	2.15D—Chord	reinforcement	nt	at	a	opening.	ening.	Fig.	2.15C—Chord	reinforcement	at	supports.	Fig.	2.15E—Crack	2	E—C	control	reinforcement	r	at	balcony	edge.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	323	Rigid	Diaphragm
Example	3:	Lateral	force	distribution	of	a	rigid	diaphragm	to	shear	walls—A	three-story	wood	apartment	building	is	built	on	a	normalweight	reinforced	concrete	one-story	slab.	The	slab	is	200	ft	x	90	ft	with	fcƍ	SVLDQG	fy	=	60,000	psi.	Assume	that	the	structure	is	located	in	an	active	earthquake	region	Seismic	Design	Category	(SDC)	D	and
WKDWWKHVHLVPLFDQDO\VLVRIWKHVWUXFWXUDODQDO\VLVEDVHGRQ$6&(UHVXOWLQJLQDEDVHVKHDUFRHI¿FLHQWRI7KHVODE	supporting	the	wood	structure	is	10	in.	thick	and	the	wall	lengths,	height,	and	thicknesses	are	shown	as	follows.	Assume	the	weight	of	the	wood	frame	building	imparts	an	equivalent	uniform	dead	load	of	135
psf	to	the	slab.	In	addition,	add	a	10	psf	miscellaneous	dead	load	to	the	slab.	Refer	to	Fig.	E3.1	for	geometric	information.	This	example	will	determine	the	seismic	forces	that	are	resisted	by	the	shear	walls,	design	the	diaphragm,	chords,	and
collecWRUVWRUHVLVWWKHVHIRUFHVDQGWUDQVPLWWKHPWRWKHZDOOVDQGWKHQGHWDLOWKHÀDWZRUNDFFRUGLQJO\	Given:	Project	data––	Diaphragm	size	200	ft	0	in.	x	90	ft	0	in.	Wall	1:	90	ft	0	in.	x	8	in.	Wall	2:	30	ft	0	in.	x	10	in.	Wall	3:	30	ft	0	in.	x	10	in.	Wall	4:	28	ft	0	in.	x	10	in.	Wall	5:	40	ft	0	in.	x	10	in.	Slab	thickness:	t	=	10	in.
Parking	structure	(top	of	slab)	height	is	12	ft	above	the	foundation	Concrete––	fcƍ	SVL	fy	=	60,000	psi	Fig.	E3.1––Slab	––Slab	that	su	supports	po	a	four-story	wood	building.	por	Seismic	criteria––	SDC	D	CS	=	0.316	ateral-force-res	ing	system	are	not	ot	sh	Note:	Nonparticipating	columns	in	the	lateral-force-resisting	shown	for	clarity	clarity.	ACI	318-14
Discussion	Step	1:	Material	requirements	7.2.2.1	The	mixture	proportion	must	satisfy	the	durability	requirements	of	Chapter	19	and	structural	strength	requirements	(ACI	318-14).	The	designer	determines	the	durability	classes.	Please	refer	to	Chapter	4	of	this	Handbook	for	an	in-depth	discussion	of	the	categories	and	classes.	Calculation	By
specifying	that	the	concrete	mixture	shall	be	in	accordance	with	ACI	301	and	providing	the	exposure	FODVVHV&KDSWHUUHTXLUHPHQWVDUHVDWLV¿HG	Based	on	durability	and	strength	requirements,	and	experience	with	local	mixtures,	the	compressive	VWUHQJWKRIFRQFUHWHLVVSHFL¿HGDWGD\VWREHDWOHDVW	4000	psi.
$&,LVDUHIHUHQFHVSHFL¿FDWLRQWKDWLVFRRUGLnated	with	ACI	318-14.	ACI	encourages	referencLQJ$&,LQWRMREVSHFL¿FDWLRQV	There	are	several	mixture	options	within	ACI	301,	such	as	admixtures	and	pozzolans,	which	the	designer	can	require,	permit,	or	review	if	suggested	by	the	contractor.	Step	2:	Slab	geometry	12.3.1.1
$VVXPHWKDWGLDSKUDJPWKLFNQHVVVDWLV¿HVWKH	requirements	for	stability,	strength,	and	stiffness	under	factored	load	combinations.	Given:	h	=	10	in.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Diaphragms	CHAPTER	8—DIAPHRAGMS	324	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)
6WHS/DWHUDOIRUFHV	The	lateral	force	is	obtained	by	multiplying	the	self-weight	of	the	reinforced	concrete	slab,	wood	frame	building	dead	load,	miscellaneous	dead	load,	and	the	contribution	RIWKHVKHDUZDOOVE\WKHEDVHVKHDUFRHI¿FLHQW	Gravity	loads	The	reinforced	concrete	slab	self-weight:	Wslab	=	(L)(B)(h	Ȗc)	Wslab=	(200	ft)(90
ft)(10	in./12	in/ft)(150	lb/ft3)	=	2,250,000	lb	=	2250	kip	Weight	of	wood	frame	building	dead	load	and	miscellaneous	dead	load:	WD	=(135	psf	+	10	psf)(200	ft)(90	ft)	=2610	kip	Total	gravity	dead	load:	W	=	2250	kip	+	2610	kip	=	4860	kip	Shear	wall	self-weight	contribution	to	diaphragm	lateral	force	calculation	is	half	the	wall	height.	N-S	direction	Wi
=	(L)(H/2)(tw)(Ȗc)	W1	=(90	ft)(12	ft/2)(8	in.)/(12	in./ft)(150	lb/ft3)	W1	=	54,000	lb	=	54	kip	W4	=(28	ft)(12	ft/2)(10in.)/(12in./ft)(150	lb/ft3)	W4	=	21,000	lb	=	221	kip	(	ft)(12	2	ft/2)(10i	ft/2)(10in.)/(12in./ft)(150	lb/ft3)	W5	=(40	30	lb	=	30	kip	W5	=	30,000	Total	gravity	dead	direction:	ead	load	in	the	N-S	direc	ion:	E-W	direction	Wi	=	(L)(H/2)(tw)(Ȗc)	™
W	=	44860	kip	+	54	kip	+	21	kip	+	30	kip	=	4965	kip	™W	ft/2)	lb/ft3)	W2	=(30	ft)(12	ft/2)(10in.)/(12in./ft)(150	W2	=	22,500	lb	=	22.5	kip	W3	=(30	ft)(12	ft/2)(10in.)/(12in./ft)(150	lb/ft3)	W3	=	22,500	lb	=	22.5	kip	Total	gravity	dead	load	in	the	E-W	direction:	™W	=	4860	kip	+	22.5	kip	+	22.5	kip	=	4905	kip	/DWHUDOORDGV	Base	shear	is	obtained
from	ASCE7-10	Section	12.8.1:	V	=	CsW	Cs	is	calculated	using	ASCE	7-10	Section	12.8.1.1;	not	shown	here	for	brevity:	Cs	=	0.316	given	The	equivalent	lateral	force	distribution	over	the	building	height	is	per	ASCE	7-10	Eq.	(12.8-11).	The	diaphragm	design	forces	Fpx	are	calculated	per	ASCE	7-10	Eq.	(12.10-1).	Fpx	and	Fpy	must	be	in	accordance
with	ASCE	7-10	Eq.	(12.10-2)	and	(12.10-3).	Calculations	not	shown	here	as	it	is	outside	the	scope	of	this	Handbook.	Equivalent	lateral	force	at	the	concrete	level	is:	Fx	=	363.1	kip	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	8—DIAPHRAGMS	Diaphragm	design	forces:	N-S:	E-W:	325	Note
&RQVHUYDWLYHO\		WKH	ZHLJKW	RI	DOO	ZDOOV�SDUDOOHO	DQG	SHUSHQGLFXODU�WR	WKH	GLUHFWLRQ	RI	WKH	DQDO\VLV	FDQ	EH	LQFOXGHG		,Q	WKLV		example,	the	contribution	of	wall	weights	parallel	to	the	applied	seismic	force	is	considered	in	the	calculation	of	diaphragm	shears.	Walls	perpendicular	to	the	applied	seismic	force	are	included
in	determining	the	lateral	force	of	concrete	diaphragms.	6WHS&HQWHURIPDVV&20	Determine	center	of	mass	Assume	that	the	diaphragm	is	rigid.	Assume	the	(0,0)	coordinate	is	located	at	the	bottom	left	corner	of	the	diaphragm.	Center	of	mass	of	walls	is	shown	in	Table	E.1:	Table	E.1––Determining	shear	walls	center	of	gravity	Wall	no.	Weight,	psf
Length,	ft	Area,	ft2	Weight,	kip	Direction	xcg,	ft	Wxcg,	ft-kip	ycg,	ft	Wycg,	ft-kip	1	(8	in.)	100	90	540	54	x	100	5400	89.67	4842	2	(10	in.)	125	30	180	22.5	y	0.417	9.38	45	1012.5	3	(10	in.)	125	30	180	22.5	y	199.583	4490.6	45	1012.5	4	(10	in.)	125	28	168	21	x	54.0	1134	10	210	5	(10	in.)	125	40	240	30	x	140.0	4200	10	™	150	15,234	The	values	of	xcg
and	ycg	are	the	centerr	of	mass	of	each	wall.	For	example:	nates	xcg	=	55	ft	+	90	ft/2	=	100	ft	and	y	=	90	ft	–	(8	in./12)/2	=	89.67	ft	Wall	1	has	the	following	coordinates:	ina	i	2)/2	=	0.41	0.417	ft	and	y	=	30	ft	+	30	ft	ft/2	=	45	ft	Wall	2	has	the	following	coordinates:	xcgg	=	0	ft	+	(10	in./12)/2	Center	of	mass	of	all	walls:	x1	=	y1	=	∑	Wi	xcg	,i	∑	Wi	∑	Wi
ycg	,i	∑	Wi	=	15,234	ft-kip	101.6	ft	=1	150	kip	=	7377.2	ft-kip	=	49.2	ft	150	kip	Center	of	mass	of	the	slab	is:	x2	=	200	ft/2	=	100	ft	and	y2	=	90	ft/2	=	45	ft	/RFDWLRQRIFHQWHURIPDVVRIWKHVODEDQGZDOOVFRPELQHG	xm	=	(4860	kip)(100	ft)	+	(150	kip)(101.6	ft)	∑	Wi	xi	=	=	100.05	ft	W	4860	kip	+	150	kip	∑	i	and	ym	=	(4860	kip)(45	ft)	+	(150
kip)(49.2	ft)	∑	Wi	yi	=	=	45.13	ft	4860	kip	+	150	kip	∑	Wi	where	4860	kip	and	150	kip	are	the	weight	of	the	slab	and	walls,	respectively.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	300	7377.2	Diaphragms	Fpy	=	745	kip	Fpx	=	726	kip	326	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)
6WHS&HQWHURIULJLGLW\&25	DQGODWHUDOV\VWHPVWLIIQHVV	Determine	center	of	rigidity	)URPWKHODWHUDODQDO\VLVWKHGLDSKUDJPLVDVVXPHGULJLGDQGWKHUHIRUHGLDSKUDJPÀH[LELOLW\LVQRWFRQVLGHUHG7KHUHIRUH
ODWHUDOIRUFHVDUHGLVWULEXWHGWRVKHDUZDOOVLQERWKGLUHFWLRQVLQSURSRUWLRQWRWKHLUUHODWLYHVWLIIQHVVHV/DWHUDOGLVSODFHPHQW	LVWKHVXPRIÀH[XUDODQGVKHDUGLVSODFHPHQWV	Apply	a	lateral	force	of	1	kip	is	applied	at	the	top	of	a	cantilevered	wall	as	shown	in	Fig.	E3.2.	The	wall’s	lateral
displacePHQWXQGHUDXQLWORDGZKLFKLVUHODWHGWRLWVVWLIIQHVVLVWKHVXPRIÀH[XUDODQGVKHDUGLVSODFHPHQWV	¨	¨Flexure¨Shear	Δ=	Ph3	1.2	Ph	where	G	≅	0.4E	and	E	=	3,605,000	psi	+	3EI	AG	Δ	Flexure	Δ	Shear	⎛	h⎞	4P	⎜	⎟	3	3	⎝	L⎠	Ph	Ph	=	=	=	Et	3EI	L3t	3E	12	1.2	Ph	(1.2)	Ph	=	=	=	AG	(	Lt	)0.4	E	3	⎛	h⎞	3P	⎜	⎟	⎝	L⎠	Et	)LJ(±
±&DQWLOHYHUZDOOGHÀHFWLRQ	Rigidity	ki	¨i	(refer	to	Table	E.2)	Table	E.2––Determining	walls’	relative	stiffnesses	t,	in.	¨i	×	10–4,	in.	ki	¨i	×	104,	1/in.	0.1333	8	0.14	7.043	0.4000	10	0.40	2.476	30	0.4000	10	0.40	2.476	28	0.4286	10	0.44	2.252	40	0.3000	10	0.28	3.576	Wall	no.	Height	h,	ft	/HQJWKL,	ft	h/L	1	12	90	2	12	30	3	12	4	12	5	12	Table
E.3––Determining	walls’	rigidity	Wall	no.	Direction	x,	ft	y,	ft	kix	kiy	(kiy)x	(kix)y	631.55	1	x	—	89.67	7.043	—	—	2	y	0.417	—	—	2.476	1.03	—	3	y	199.58	—	—	2.476	494.16	—	4	x	—	10.0	2.252	—	—	22.52	5	x	—	10.0	3.576	—	—	35.76	12.872	4.952	495.19	689.83	™	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	8—
DIAPHRAGMS	327	Calculate	the	system’s	center	of	rigidity:	∑	kiy	xi	495.19	ft/ft	xr	=	=	=	100	ft	4.95/ft	∑	kiy	689.83	ft/ft	∑	kix	yi	=	=	53.6	ft	12.87	1/ft	∑	kix	Torsional	eccentricity	The	torsional	eccentricity	is	the	difference	between	the	system’s	center	of	rigidity	and	its	center	of	mass	(Fig.	E3.3):	ex	=	xr	–	xm	=	100.05	ft	–	100.02	ft	=	0.03	ft,	which	is
negligible	ey	=	yr	–	ym	=	53.6	ft	–	45.1	ft	=	8.5	ft	Fig.	E3.3—Locations	of	the	system’s	m’s	ce	center	of	rigidity	and	center	of	mass.	s.	ASCE	7-10	requires	shifting	thee	ce	center	of	mass	by	a	m	minimum	dimension,	referred	to	as	um	of	5	percent	nt	oof	the	building	di	accidental	eccentricity,	in	addition	eccentricity.	tio	to	the	he	calculated	ec	ntricity.	ex
=	0	ft	±	(0.05)(200	ft)	=	±10	0	fft	ey	=	8.5	ft	±	(0.05)(90	ft)	ey1	=	88.5	ft	–	4.5	ft	=	4	ft	.5	ft	+	4.5	=	13	ft	ey2	=	8.5	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Diaphragms	yr	=	328	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	6WHS/DWHUDOUHVLVWLQJV\VWHPIRUFHV	In-plane	wall	forces	due
to	direct	lateral	shear	force	are	calculated	by:	Fvx	=	Fpx	Fvy	=	Fpy	kix	∑	kix	kiy	∑	kiy	In-plane	wall	forces	due	to	torsional	moment	are	calculated	by:	ki	xi	T	2	x	∑	ki	xi	Ftx	=	ki	yi	Fty	=	∑	ki	yi	2	Ty	The	torsional	moment	is	the	lateral	shear	force	multiplied	by	the	corresponding	eccentricity:	NS:	Ty	=	Fpyex	=	(745	ft)(±10	ft)	=	±7450	ft-kip	EW:	Tx	=
Fpxey1	=	(726	lb)(±4	ft)	=	±2904	ft-kip	Tx	=	Fpxey2	=	(726	lb)(±13	ft)	=	±9438	ft-kip	The	in-plane	diaphragm	force	is	the	sum	of	the	direct	lateral	shear	force,	Fvi,	and	the	torsional	moment,	Fti	(refer	to	Tables	E.4,	E.5.	and	E.6):	Fu	=	Fvi	+	Fti	Table	E.4––Determining	wall	shear	due	to	seismic	forces	in	the	eN	N-S	direction	directio	Wall	no	kix	kiy
ddxi,	ft	dyi,	ft	kid	ki((d)2	Fvi,	kip	Fti,	kip	Ftotal,	kip	Fdesign,	kip	1	7.04	0	—	36.08	4.09	254.09	9166.8	0	27.3	–27.3	27.3	–27.3	2	0	2.476	–99.66	—	–	46.56	–246.56	24,553.6	37	372.5	–26.5	26.5	346.0	399.0	346.0	Use,	kip	3	0	2.476	99.6	—	46.56	246.56	553.6	24,553.6	37	372.5	26.5	–26.5	399.0	4	2.25	0	—	–43.6	–	185	–98.185	4280.2	0	–10.5	10.5	–10.5
10.5	5	3.57	0	—	–43.6	–155.91	6796.4	0	–16	–16.7	16.7	–16.7	16.7	™	12.87	4.952	0	69,350.5	Example	on	calculating	dyi:	Wall	1:	dyi	=	90	ft	-	(8	in./12	in./ft)/2	–	53.6	ft	=	36.08	ft	Walls	4	and	5:	dyi	=	53.6	ft	–	10	ft	=	43.6	ft	Table	E.5––Determining	wall	shear	due	to	seismic	forces	in	the	E-W	direction	ey1	=	4	ft	Wall	no	kix	kiy	xi,	ft	yi,	ft	kid	ki(d)2	Fx,	kip
Fx2*,	kip	Fdesign,	kip	386.7	1	7.043	0	—	36.08	254.09	9166.8	397.2	–10.6	2	0.00	2.476	–99.6	—	–246.565	24,553.7	0.0	10.2	10.2	3	0.00	2.476	99.6	—	246.565	24,553.7	0.0	–10.2	–10.2	4	2.252	0	—	–43.6	–98.185	4280.2	127.0	4.1	131.1	5	3.576	0	—	–43.6	–155.91	6796.4	201.7	6.5	208.2	™	12.87	4.952	0	69,350.9	Table	E.6––Determining	wall	shear	due	to
seismic	forces	in	the	E-W	direction	ey2	=	13	ft	Wall	no	kix	kiy	xi,	ft	yi,	ft	kid	ki(d)2	Fx,	kip	Fx1*,	kip	Fdesign,	kip	362.8	1	7.043	0	—	36.08	254.09	9166.8	397.2	–34.5	2	0.00	2.476	–99.6	—	–246.565	24,553.7	0.0	33.5	33.5	3	0.00	2.476	99.6	—	246.565	24,553.7	0.0	–33.5	–33.5	4	2.252	0	—	–43.6	–98.185	4280.2	127.0	13.3	140.4	5	3.576	0	—	–43.6	–155.91
6796.4	201.7	21.2	222.9	™	12.87	4.952	0	69,350.9	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	8—DIAPHRAGMS	329	where	d	is	the	distance	(dxi	or	dyi)	from	the	center	of	each	wall	to	the	center	of	rigidity.	Fx1	is	the	additional	shear	force	due	to	eccentricity	of	13	ft.	Fx2	is	the	additional	shear	force	due	to
eccentricity	of	4	ft.	Notes:	•	dxi	and	dyi	are	the	distances	of	a	wall	from	the	center	of	rigidity	in	the	x-	and	y-direction.	•	If	torsional	moment	reduces	the	magnitude	of	the	direct	lateral	shear	on	a	wall,	then	it	is	ignored.	The	wall	design	shear	forces	are	summarized	in	Table	E.7.	Wall	no.	Wall	length,	ft	E-W	load,	kip	N-S,	load	Design,	shear,	kip	1	90.00	2
30.00	387	27	387	33.5	399	3	30.00	33.5	399	399	399	4	28.00	5	40.00	140	11	140	223	17	223	Step	7:	Diaphragm	shear	strength	In-plane	shear	in	diaphragm	The	diaphragm	nominal	shear	strength	is	calculated	North	and	south	from	Eq.	(12.5.3.3)	Vn	=	(90	ft)(12	in./ft)(10	in.)	(2)(1.0)	4000	psi	12.5.3.3	Vn	=	Acv	2λ	f	c′	+	ρt	f	y	(	)
,QWKLVH[DPSOH¿UVWFKHFNWKHGLDSKUDJPVWUHQJWK	UVWFK	eme	therefore,	refore,	ignor	without	reinforcement;	ignore	the	buti	of	reinforcement:	ȡt	=	0.	strength	contribution	or	length	h	is	the	full	leng	h	of	Assume	collector	length	th	directions.	ctions.	diaphragm	in	both	12.5.3.2	21.2.4.2	Applying	the	reduction	factor	18.2.4.1	.0.6 �	=	 b	Per
ACI	318-14,	�	must	not	exceed	the	least	value	for	shear	used	for	the	vertical	components	of	the	primary	seismic-force	resisting	system:	12.5.1.1	22.5.1.2	Check	if	design	shear	strength	exceeds	the	factored	shear	force.	18.12.9.2	The	nominal	shear	strength,	Vn,	must	not	exceed:	8	Acv	f	c′	(	Diaphragms	Table	E.7––Summary	of	wall	shear	forces	due	to
seismic	forces	)	=	1,366,104	1	366	10	lb	=	1366	kip	East	and	westt	Vn	=	(2	(200	ft)(12	2	in./ft)(1	in./ft)(10	in.)	(2)(1.0)	4000	psi	(	=	3,035,787	877	lb	=	33036	kip	16�Vn	=	(0.6)(1366	(0.6)(136	kip)	=	820	kip	Vn	=	(0.6	(0.6)(3036	kip)	=	1821	kip	EW:	�V	�Vn	=	820	kip	>	Vu	=	399	kip	OK	�Vn	=	1821	kip	>	Vu	=	387	kip	OK	8(10	in.)(90	ft)(12	in./ft)	(	4000
psi	1000	lb/kip	Vn,	NS	=	1366	kip	<	5464	kip	Vn,	EW	=	3036	kip	<	5464	kip	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	OK	OK	)	=	5464	kip	)	330	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	8:	Diaphragm	lateral	force	distribution	N-S	12.4.2.4	Diaphragm	is	assumed	rigid	(ACI	318-14,
Sec12.5.1.3	tion	12.4.2.4(a)).	Therefore,	the	diaphragm	design	moments,	shears,	and	axial	forces	are	calculated	assuming	a	simply	supported	beam	with	depth	equal	to	full	diaphragm	depth	(ACI	318-14,	Section	(12.5.1.3(a)).	The	wall	forces	and	the	assumed	direction	of	the	torsional	moment	are	shown	in	Fig.	E3.4.	Refer	to	previous	Step	5	for
calculation	of	seismic	force	location.	6.6.2.3(b)	The	seismic	force	on	the	diaphragm	is	distributed	within	diaphragm	as	shown	in	(Fig.	E3.4):	Fig.	E3.4—Shear	wall	forces	due	to	seismic	force	in	the	N-S	direction.	Force	equilibrium	⎛	L⎞	⎛	L⎞	qL	⎜	⎟	+	qR	⎜	⎟	=	Fpx	,	des	(	NS	)	⎝	2⎠	⎝	2⎠	(I)	⎛	200	ft	⎞	⎛	200	ft	⎞	qL	⎜	+	qR	⎜	=	745	kip	⎟	⎝	2	⎠	⎝	2	⎟⎠	en	around
bottom	left	Moment	equilibrium	(taken	g	)	gm)	corner	of	the	diaphragm)	(	200	ft	)2	+	q	2	(	200	ft	)2	⎛	200	ft	⎞	=	(745	kip)	⎜	+	10	ft	⎟	⎝	2	⎠	⎛	L⎞	⎛	L⎞	⎛	L	⎞	⎛	2L	⎞	⎛L	⎞	qL	⎜	⎟	⎜	⎟	+	qR	⎜	⎟	⎜	⎟	=	Fpx	,	de	+	0.05	L⎟	(II)	des	(	NS	)	⎜	⎝	2⎠	⎝	3⎠	⎝	2⎠	⎝	3	⎠	⎝2	⎠	qL	Solve	equationss	((I)	andd	(II)	for	qL	and	qR:	ment	diagrams	(Fig.	ig.	E3.5).	Draw	the	shear	an	and
moment	qL	=	2.6	2.61	kip/ft,	say,	2.6	kip/ft	4.84	kip/ft,	ft,	say,	4.8	kip/ft	qR	=	4.8	6	R	6	Note:	In	an	Aug.	2010	National	Institute	and	Standards	Technology	(NIST)	report,	GCR	10-917-4,	“Seismic	Design	of	Cast-in-Place	Concrete	Diaphragms,	Chords,	and	Collectors,”	by	Moehle	et	al.	states	that,	“This	approach	leaves	any	moment	due
WRWKHIUDPHIRUFHVDORQJFROXPQOLQHV&/	$DQG	F	unresolved.	Sometimes	this	is	ignored	or,	alternatively,	it	too	can	be	incorporated	in	the	trapezoidal	loading.”	Vmax	=	399	kip	Mmax	=	21,106	ft-kip,	say,	21,100	ft-kip	Fig.	E3.5—Shear	and	bending	moment	diagrams	due	to	a	lateral	seismic	force	in	the	N-S	direction.	Note:	Experienced
engineers	simplify	the	calculations	by	using	uniformly	distributed	load:	q	=	745	kip/200	ft	=	3.723	kip/ft,	say	3.72	kip/ft	Calculate	a	maximum	moment:	M	max	=	(3.73	kip/ft)(200	ft)	2	=	18,650	ft-kip	8	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	331	Notes:	•	The	difference	in	maximum	moment	between	the	two
approaches	is	13.3	percent	and	at	different	locations	(110	ft	versus	100	ft).	•	Shear	diagram	for	the	second	approach	is	a	straight	line	with	maximum	shear	force:	9	NLSIW	IW		NLS	Step	9:	Chord	reinforcement	N-S	R12.1.1	Assume	the	slab	behaves	like	a	beam	with	compression	and	tension	forces	at	the	near	and	far	edges,	respectively:	Cchord	=
Tchord	=	M/d	12.5.2.3	ACI	318	suggests	placement	of	chord	reinforcement	within	an	arbitrary	width	of	h/4	of	the	diaphragm	tension	edge	(Fig.	E3.6).	h/4	=	90	ft/4	=	22.5	ft	⇒	=	90	ft	–	1/2(22.5ft)	=	78.75	ft	21,100	ft-kip	=	268	kip	78.75	ft	The	maximum	chord	tension	force	is:	Tu	=	Tension	due	to	moment	is	resisted	by	deformed	bars	conforming	to
Section	20.2.1	of	ACI	318-14.	VSHFL¿HG\LHOG	6WHHOVWUHVVLVWKHOHVVHURIWKHVSHFL¿HG\LHOG	strength	and	60,000	psi.	fy	=	60,000	psi	einfo	Required	chord	reinforcement	area:	�Tn	=	�fyAs•Tu	As	=	268	kip	=	5	iin.2	(0.9)(60	(0	ksi)	It	is,	however,	re	recommended	ended	to	place	tension	t	nsion	reinume	ttension	forcement	closee	tto	the
tension	face.	As	Assume	om	arm	is	approxim	tely	0.95B	reinforcement	moment	approximately	ou	sides	des	of	the	slab	edges:	es:	at	both	north	and	south	(0.95)(90	5)(9	ft))	=	85	85.5	5	ft	The	calculated	tension	force	is:	Tu	=	Mu	0.95	B	Required	tension	reinforcement	is:	�Tn	=	�fyAs•Tu	18.12.7.5	Tu	=	21,100	ft-kip	=	247	kip	85.5	ft	As	=	247	kip	=	4.6
in.2	(0.9)60	ksi	Per	provision	18.12.7.5,	the	required	chord	width	for	the	concrete	compressive	strength	limit	of	0.2fcƍ	wchord	>	Cchord	0.2	f	c′hdiaph	wchord	>	247	kip	=	30.9	in.	(0.2)(4000	psi)(10	in.)	Note:	The	chord	force	does	not	need	to	be	increased	and	by	the	overstrength	factor.	wchord	=	30.9	in.	<	h/4	=	90	ft/4	=	22.5	ft	OK	Say,	32	in.	Note:
Although	it	is	permissible	to	place	bars	within	22	ft-6	in.	(h/4)	of	diaphragm	width,	it	is	recommended	to	place	bars	close	to	the	tension	end,	where	it	is	most	effective.	Since	load	is	reversible,	chord	reinforcePHQWLVSODFHGDWERWKQRUWKDQGVRXWKRIGLDSKUDJPHQGVUHIHUWR)LJ(	7KH¿QDOOD\RXWRIEDUVZLOOEH
FRRUGLQDWHG	ZLWK	WKH	FROOHFWRU	UHLQIRUFHPHQW	GXH	WR	LQHUWLDO	IRUFH	LQ	WKH	(DVW�:HVW		(	:		GLUHFWLRQ		American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Diaphragms	CHAPTER	8—DIAPHRAGMS	332	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Fig.	E3.6—Suggested	chord
reinforcement	at	the	north	and	south	edges	of	the	diaphragm.	Step	10:	Collectors	design	N-S	Collectors	transfer	shear	forces	from	the	diaphragm	to	the	vertical	walls	at	both	east	and	west	ends	(Fig.	E3.4).	Assume	collectors	extend	over	the	full	width	of	the	diaphragm.	an	be	consid	Partial	depth	collectors	can	considered,	but	a	complete	force	path
should	be	designed	that	is	caing	aall	forces	from	the	diaphragm	pable	of	transmitting	to	the	collector	and	into	the	vertical	ele	elements..	12.5.4.1	agm	sshear	Unit	shear	forcee	iis	the	maximum	diaph	diaphragm	gm	ddepth,	B	=	90	ft:	divided	by	the	dia	diaphragm	vu	@	F	=	Fu	@	F	From	Step	6	(Table	E	E.7):	Fu	=	399	kip	mS	B	In	slab:	vu	@	F	=	399	kip
=	4.43	kip/ft	90	ft	In	wall:	vu	@	F	=	399	kip	=	13.3	kip/ft	30	ft	Check	if	the	concrete	shear	strength	excluding	reinforcement	exceeds	the	factored	shear:	φvc	=	φ2	f	c′btdiaph	φvc	=	(0.6)(2	4000	psi)(12	in./ft)(10	in.)	=	9.1	kip/ft	1000	lb/kip	�vc	=	9.1	kip/ft	<	vc	=	13.3	kip/ft	Shear	reinforcement	is,	therefore,	required.	Use	the	No.	5	at	16	in.	on	center
temperature	and	shrinkage	reinforcement	in	each	direction	to	increase	shear	capacity	(assuming	two-way	slab).	ρt	=	NG	0.31	in.2	=	0.00194	(10	in.)(16	in.)	�vn	=	9.1	kip/ft	+	(0.6)(0.00194)(10	in.)(12	in.)(60	ksi)	=	17.5	kip/ft	>	vu	=	13.3	kip/ft	OK	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	8—DIAPHRAGMS
333	Force	at	diaphragm	to	wall	connection	The	proportional	diaphragm	force	that	the	collector	transfers	to	walls	connection	is	(Fig.	E3.7):	Wall	north	end:	�						NLS									NLS	IW	�					NLS	IW		î					IW	=	133.2	kip	Slab	end:							NLS	�						NLS	IW			IW		§			NLS	Fig.	E3.7––Collector	forces	due	to	inerti	inertial	forces	in	N-S	direction.	The	collector	factored	tore	force	that	is	transferred	to
the	walls	is	shown	wn	in	Fig.	g.	E3.7:	18.12.2.1	12.5.4.2	R12.5.4	18.12.7.5	22.4.3	for	is	then	multiplied	by	by	the	system	This	collector	force	cto	ȍo	=	2.5	for	buildin	overstrength	factor	building	system	systems	ctu	walls	alls	in	SDC	D	(ASCE	SCE	with	special	structural	7-10,	Table	12.2-1).	Tu	=	ȍoTColllll	=	ȍoCCColl	=	(2.5)(133.2	kip)	=	333	kip
Collectors	are	designed	as	both	tension	and	compression	members.	7KHUHDUHQREHDPVDORQJWKH&/VRDSRUWLRQRI	the	slab	is	used	as	a	collector.	The	collector	width	for	tension	reinforcement	is	GHWHUPLQHGE\HQJLQHHULQJMXGJHPHQW$&,	provides	in	the	commentary	that	a	collector	width	cannot	exceed	approximately	one-half	the
contact	length	between	the	collector	and	the	vertical	element	measured	from	the	face	of	the	vertical	element.	beff	=	30	ft/2	+	10	in.=	15.8	ft	=	190	in.	The	collector	width,	however,	is	chosen	such	that	2.5Ccoll	333	kip	wcollector	=	=	=	16.7	in.	the	limiting	stresses	are	not	exceeded.	When	the	0.5	f	t	(2	ksi)(10	in.)	′	c	tension	and	compression	collector
forces	are	increased	by	the	overstrength	factor,	then	the	limiting	wcollector	=	16.7	in.	<	190	in.	concrete	compression	stress	is	0.5fcƍ&DOFXODWHWKH	but	wcollector	=	16.7	in.	>	tw	=	10	in.	required	compressive	collector	width:	Therefore,	part	of	the	slab,	beff,	is	needed	to	resist	the	collector	force.	Required	reinforcement	area	to	resist	collector
force:	ΩT	333	kip	=	6.2	in.2	As	=	o	coll	=	�	Tn	=�fyAs•Tu	0.9	f	y	0.9(60	ksi)	Note:	Collector	reinforcement	may	be	varied	along	the	length	of	the	diaphragm	based	on	required	strength	and	terminated	where	not	required.	In	this	example,	the	reinforcement	is	extended	over	the	full	length	of	the	diaphragm.	American	Concrete	Institute	–	Copyrighted	©
Material	–	www.concrete.org	Diaphragms	Wall	south	end:	�						NLS	IW				IW				±						NLS	334	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	A	number	of	bars	are	placed	in	line	with	the	wall.	The	balance	is	distributed	across	the	width	of	the	collector	element.	In	this	case,	for	the	10	inch	thick	wall,	two	No.	8	bars	in	line	with	the	wall	will	result
in	a	reasonable	bar	spacing	of	6	in.	Therefore,	two	No.	8	bars	are	centered	on	the	wall	for	As,line	=	1.58	in.2	The	balance	of	the	required	reinforcement	is:	As,bal	=	6.2	in.2	�						LQ	2	=	4.62	in.2	distributed	over	the	15.0	ft	wide	collector;	4.62	in.2/15.0	ft	=	0.31	in.2/ft	Try	eight	No.	5	top	and	bottom	spaced	over	15	ft.	As,prov.	=	(2)(8)(0.31	in.2)	=	4.96	in.2
As,prov.	=	4.96	in.2	>	As,req’d	=	4.62	in.2	OK	Design	collector	region:	The	collector	geometry	results	in	a	moment	in	the	GLDSKUDJPVHFWLRQDGMDFHQWWRWKHZDOOEHFDXVHRI	lector	and	the	wall.	the	eccentricity	between	the	collector	rough	shear	forces	in	the	This	moment	is	solved	through	ular	to	the	collector	and	benddiaphragm
perpendicular	ing	in	the	plane	off	the	ddiaphragm	due	to	eccentric	pres	orces	(Fig.	E3.8).	E	tension	and	compression	forces	9	wall	Mu	=	Tdisteten	+	Cddistecompp	–	9Ɛ	where	Tdist	is	thee	pportion	n	of	the	tension	collector	ollector	portion	orti	off	the	force	resisted	by	As,d	s,dist;	Cdistt	is	the	p	compression	collector	force	resisted	by	slab	outside	the
wall;	and	V	is	the	shear	strength	of	the	diaphragm.	Where	the	collector	element	is	in	tension,	the	concrete	contribution	to	V	is	neglected,	Vc	=	0.	�Vs	�fyȡttw(wcomp	–	twall)	Assume	No.	5	@	16	in.	on	center	is	provided:	For	more	in-depth	understanding	refer	to:	Structural	Engineer	Association	of	California	6($2&	6HLVPRORJ\&RPPLWWHH
³&RQcrete	Slab	Collectors,”	from	the	Aug.	2008	SEAOC	%OXH%RRN6HLVPLF'HVLJQ5HFRPPHQGDWLRQV	Compilation,	Structural	Engineers	Association	of	California,	Sacramento.	Fig.	E3.8—Diaphragm	segment	plan.	�Vs	=	0.6(0.00193(60	ksi)(10	in.)(16.7	in.	–	10	in.)	=	4.7	kip	ρt	=	0.31	in.2	=	0.00193	>	0.0018	(10	in.)(16	in.)	American	Concrete
Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	8—DIAPHRAGMS	335	Tension	force	in	the	slab	(outside	the	wall	geometry)	is	proportional	to	reinforcement:	⎛	4.62	in.2	⎞	(333	kip)	=	247	kip	Tdist	=	⎜	⎝	6.2	in.2	⎟⎠	The	moment	arm:	etens	=	Compression	force	in	the	slab	(outside	the	wall	geometry)	is	proportional	to	collector	width:	⎛
16.7	in.	−	10	in.⎞	Cdist	=	⎜	⎟⎠	(333	kip)	=	137	kip	⎝	16.7	in.	Moment	arm:	ecomp	=	Mu	=	Tdisteten	+	Cdistecomp	–	9Ɛ	Mu	=	(247	kip)(95	in.)	+	(134	kip)(8.35	in.)	–	(4.7	kip)(29.5	ft)(12	in./ft)	Mu	=	22,920	in.-kip	10	in.	16.7	in.	−	10	in.	+	=	8.35	in.	2	2	Assume	Ɛ						IW	�					IW								IW	PRPHQW	DUP		Required	reinforcement:	As	,	req	'	d	=	22,920	in.-kip	(	(0.9)(60	ksi)
(0.9)(29.5	ft)(12	in./ft)	As,req’d	=	1.33	in.2	Use	thre	three	No.	o.	6	dowels	at	each	end	of	the	wall.	R	er	to	Fig.	E3.9.	9	Refer	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Diaphragms	(15	ft)(12	in./ft)	10	in.	+	=	95	in.	2	2	336	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Shear	transfer	design:	A
number	of	bars	are	placed	in	line	with	the	wall,	which	results	in	transferring	portion	of	the	diaphragm	force	in	tension	and	direct	bearing	of	slab	against	the	wall	in	compression.	The	diaphragm	and	shear	transfer	interface	is	designed	for	the	balance	of	the	collector	element.	Assuming	tension	forces	are	distributed	in	proportion	to	collector	area,	Vu	for
diaphragm	and	shear	transfer	design	is	then	calculated	as	follows:	Vu	=	247	kip	+	134	kip	+	(4.43	kip/ft)(30	ft)	=	514	kip	6.2	in.2	is	the	required	reinforcement	area	to	resist	the	collector	force	in	prior	calculation.	1.58	in.2	is	the	area	of	two	No.	8	bars	placed	in-line	with	the	shear	wall.	12.5.3.7	Shear	from	the	diaphragm	is	transferred	by	shear	friction
to	the	wall	with	dowels	placed	perpendicular	to	the	wall-slab	interface:	Vn	ȝ$vffy	22.9.4.2	Assume	that	diaphragm	ragm	slab	is	placed	against	hardened	wall	concrete	that	is	clean,	free	of	laitance,	te	th	y	rroughened	ned	to	a	full	am	itude	of	and	intentionally	amplitude		)URP7DEOH	ȝ		DSSUR[LPDWHO\LQ)URP7DEOHȝ	21.2.1(b)	ID	RI�		EHF	VHWKH
8VHDUHGXFWLRQIDFWRURI�		EHFDXVHWKH	QR	PHPEHU2WKHUZ	H�			NLS”�V	VKHDULQWHUIDFHLVQRWDPHPEHU2WKHUZLVH�		NLS	(0.75)(1.0)Avf(60	ksi)	n	=	(0.75)	The	wall	is	Ɛwall	=	30	ft	long.	.42	in.2	or	o	Avf/Ɛwall	=	11.42	in.2/(30	ft)	=	0.38	in.2/ft	Avf	=	11.42	Try	No.	6	aat	12	in.	on	center.	As,prov.	=	0.44	in.2/ft	OK	The	required
diaphragm	strength	is:	vu	=	514	kip/30	ft	=	17.1	kip/ft	The	diaphragm	shear	strength	is	the	contribution	of	concrete	and	reinforcement	in	prior	calculation	of	this	step:	22.9.4.4	�vn	�vc	+	vs)	The	value	of	Vn	across	the	assumed	shear	plane	must	not	exceed	the	lesser	of	the	following	limits:	�vn	=	17.5	kip/ft	>	vu	=	17.1	kip/ft	(a)	0.2fcƍAc	(b)	(480	+
0.08fcƍ	Ac	(c)	1600Ac	(0.2)(4000	psi)	=	800	psi	OK	(480	+	0.08(4000	psi))	=	800	psi	1600	psi	OK	Therefore,	Vn	must	not	exceed:	(800	psi)(10	in.)(30	ft)(12	in./ft)	=	2880	kip	>	Vn	1000	lb/kip	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	337	Diaphragms	CHAPTER	8—DIAPHRAGMS	Collector	reinforcement	at	Shear	Walls
2	and	3	Enlarged	collector	reinforcement	at	Wall	2	Fig.	E3.9—Collector	reinforcement	for	lateral	force	in	the	N-S	direction.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	338	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	11:	Diaphragm	lateral	force	distribution	E-W	The	wall	forces	and	the
assumed	direction	of	torque	due	to	accidental	eccentricity	are	shown	in	Fig.	E3.10.	The	distribution	of	the	diaphragm	force	is	calculated	by	using	qL	and	qR	as	the	left	and	right	diaphragm	reactions	per	unit	length	(Fig.	E3.10).	Case	I:	Eccentricity	at	ey	=	4	ft	ation	of	Refer	to	Step	5	of	this	example	for	calc	calculation	eccentricity.	Force	equilibrium	F
E3	Fig.	E3.10—Shear	ear	wall	fforces	due	to	a	seismic	force	he	E	ction	at	ey	=	8.5	ft.	in	the	E-W	direction	⎛	L⎞	⎛	L⎞	qL	⎜	⎟	+	qR	⎜	⎟	=	Fpx	,	des	(	EW	)	⎝	2⎠	⎝	2⎠	⎛	90	ft	⎞	⎛	90	ft	⎞	qL	⎜	+	qR	⎜	=	726	kip	⎝	2	⎟⎠	⎝	2	⎟⎠	(I)	0RPHQWHTXLOLEULXPWDNHQDURXQG&/:	O	⎛	L⎞	⎛	L⎞	⎛	L	⎞	⎛	2L	⎞	qL	⎜	⎟	⎜	⎟	+	qR	⎜	⎟	⎜	⎟	⎝	2⎠	⎝	3⎠	⎝	2⎠	⎝	3	⎠	=	(	F4	+	F5	)(80	ft)	−	F2	(200
ft)	(II)	(90	ft)2	2(90	ft)2	+	qR	6	6	=	(208	kip	+	131	kip)(80	ft)	–	(10	kip)(200	ft)	qL	F2,	F4,	and	F5	are	per	Table	E.5.	Solve	equations	(I)	and	(II)	for	qL	and	qR:	qR	=	2.5	kip/ft	qL	=	13.6	kip/ft	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	8—DIAPHRAGMS	339	Draw	the	shear	and	moment	diagrams	for	the
diaphragm	assuming	simply	supported	beam	behavior	(Fig.	E3.11).	The	maximum	moment	is	located	at	40.5	ft	from	the	south	end	of	the	diaphragm.	Diaphragms	Vmax	=	387	kip	Mmax	=	6542	ft-kip	Note:	Moehle	et	al.	also	state	in	NIST	report	number	GCR	10-917-4	that,	“For	a	rectangular	diaphragm	of	uniform	mass,	a	trapezoidal	distributed	force
having	the	same	total	force	and	centroid	is	then	applied	to	the	diaphragm.	The	resulting	shears	and	moments	are	acceptable	for	diaphragm	design.	This	approach	leaves	any	moment	due	to	(shear	walls	perpendicular	to	the	diaphragm	inertia	lateral	force)	unresolved;	sometimes	this	is	ignored	or,	alternatively,	it	too	can	be	incorporated	in	the



trapezoidal	loading.”	Fig.	E3.11––Shear	3.11––Shear	aand	nd	moment	diagrams	for	Case	I.	Case	II:	Eccentricity	at	ey	=	13	ft	us	Step	5	for	calculation	of	Refer	to	previous	eccentricity.	m	Force	equilibrium	⎛	L⎞	⎛	L⎞	qL	⎜	⎟	+	qR	⎜	⎟	=	Fpx	,	des	(	EW	)	⎝	2⎠	⎝	2⎠	⎛	90	ft	⎞	⎛	90	ft	⎞	qL	⎜	+	qR	⎜	=	726	kip	⎝	2	⎠⎟	⎝	2	⎟⎠	(I)
0RPHQWHTXLOLEULXPWDNHQDURXQG&/:	O	⎛	L⎞	⎛	L⎞	⎛	L	⎞	⎛	2L	⎞	qL	⎜	⎟	⎜	⎟	+	qR	⎜	⎟	⎜	⎟	⎝	2⎠	⎝	3⎠	⎝	2⎠	⎝	3	⎠	=	(	F4	+	F5	)(80	ft)	−	F2	(200	ft)	(II)	(90	ft)2	2(90	ft)2	+	qR	6	6	=	(223	kip	+	140	kip)(80	ft)	–	(33.5	kip)(200	ft)	qL	F2,	F4,	and	F5	are	per	Table	E.6.	Solve	equations	(I)	and	(II)	for	qL	and	qR:	qR	=	0.4	kip/ft	qL	=	15.7	kip/ft	American	Concrete
Institute	–	Copyrighted	©	Material	–	www.concrete.org	340	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Draw	the	shear	and	moment	diagrams	for	the	diaphragm	assuming	simply	supported	beam	behavior	(Fig.	E3.12).	The	maximum	moment	is	located	at	36	ft	from	the	south	end	of	the	diaphragm.	Vmax	=	363	kip	Mmax	=	6507
ft-kip,	say,	6500	ft-kip	Fig.	E3.12––Shear	E3.12––	and	moment	diagrams	for	Case	II.	Case	I	Case	II	Shear,	kip	389	363	Moment,	ft-kip	6540	6500	Case	I	controls.	Therefore,	design	sig	diaphragm	phragm	in	the	E	East-West	t-West	(E-W)	ddirection	ectio	for	thee	inertial	force	obtained	from	controlling	case.	qui	nt	uniformly	dis	buted	inertial	force	rce	bby
ignoring	oring	the	accidental	torsion,	the	correNote:	Taking	the	approach	of	equivalent	distributed	sponding	shear	and	moment	forcess	are:	ned.	Shear:	317.6	kip	at	wall	W1	and	408.4	kip	at	walls	W4	and	W5	combined.	Maximum	moment:	6252	ft-kip
&RPSDULQJWKHPRPHQWVRIWKHWZRDSSURDFKHVZH¿QGWKDWWKHGLIIHUHQFHLVOHVVWKDQSHUFHQWQHJOLJLEOH	Experienced	engineers	will	usually	continue	the	design	using	the	uniformly	distributed	inertia	force.	This	example,
howHYHUZLOOXVHWKHGHWDLOHGDSSURDFKDSSO\LQJWKH¿YHSHUFHQWDFFLGHQWDOWRUVLRQ	Force	summary	in	the	E-W	direction	Case	I	Case	II	Maximum	moment,	ft-kip	6540	6500	I	W1	shear	force,	kip	387	363	I	W4	shear	force,	kip	131	140	II	W5	shear	force,	kip	208	223	II	American	Concrete	Institute	–	Copyrighted	©	Material	–
www.concrete.org	Controlling	case	CHAPTER	8—DIAPHRAGMS	341	Step	12:	Chord	reinforcement	E-W	R12.1.1	Assume	the	slab	behaves	like	a	beam	with	compression	and	tension	forces	at	the	near	and	far	edges,	respectively:	Cchord	=	Tchord	=	M/d	Chord	reinforcement	resisting	tension	must	be	located	within	h/4	of	the	tension	edge	of	diaphragm.
h/4	=	200	ft/4	=	50	ft	d	=	175	ft	Diaphragms	Assume	that	tension	reinforcement	will	be	placed	within	wall	thickness.	Therefore,	moment	arm	is	approximately	200	ft	–	1/2	(10	in./12)	=	199.58	ft	at	both	east	and	west	sides	of	the	slab	edges:	d	=	199.58	ft	Chord	force	The	maximum	chord	tension	force	is	at	midspan:	Tu	=	18.12.7.5	Mu	d	T=	6540	ft-kip
=	32.8	kip	199.58	ft	Calculate	the	required	chord	width	for	the	calculated	concrete	compressive	strength	limit	of	0.2fcƍ	wchord	>	Cchord	0.2	f	c′t	wchord	>	32.8	kip	−	4.1	in.	(0.2)(4000	psi)(10	in.)	(0.2)(400	si)	Note:	Chord	force	ce	ddoes	nott	need	to	be	increased	sed	by	h	fa	the	overstrength	factor.	12.5.2.3	em	resisting	esisting	tension	m	ust	be	b
loChord	reinforcement	must	aphragm.	cated	within	h/4	of	the	tension	edge	of	diaphragm.	Check	if	required	calculated	width	is	less	than	wall	thickness:	wchordd	=	4.2	in.	<	tw	=	10	in.	Tension	due	to	moment	is	resisted	by	deformed	bars	conforming	to	Section	20.2.1	of	ACI	318-14.	6WHHOVWUHVVLVWKHOHVVHURIWKHVSHFL¿HG\LHOG	strength
and	60,000	psi.	fy	=	60,000	psi	Required	reinforcement	�Tn	=�fyAs•Tu	As	,	req	'	d	=	OK	32.8	kip	=	0.61	in.2	(0.9)60	ksi	Note:	The	chord	reinforcement	at	east	and	west	ends	is	compared	to	the	partial	collector	reinforcement	placed	in	the	east	and	west	walls	due	to	inertia	forces	in	the	North-South	(N-S)	direction.	From	Fig.	E3.9,	two	No.	8	bars	are
placed	within	the	wall	thickness	that	exceed	the	required	chord	reinforcement.	Therefore,	OK.	Step	13:	Diaphragm	shear	strength	Refer	to	Step	7	for	diaphragm	shear	strength.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	342	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	14:	Collector	design	E-
W	Wall	1	12.5.4.1	Collectors	transfer	shear	forces	from	the	diaphragm	and	transfer	them	axially	to	wall	W1	(Fig.	E3.13).	In	this	example,	assume	collectors	extend	over	the	full	length	of	the	diaphragm.	Unit	shear	force:	vu	@	F	=	12.5.4.1	From	Step	6	(Table	E.5):	Fu	=	387	kip	Fu	@	F	B	In	slab:	vu	@	F	=	387	kip	=	1.94	kip/ft	200	ft	In	Wall	W1:	vu	@	F
=	387	kip	=	4.3	kip/ft	90	ft	Walls	4	and	5	Collectors	transfer	shear	forces	from	the	diaphragm	and	transfer	them	axially	to	walls	W4	and	W5	(Fig.	E3.13).	Collectors	extend	overr	the	full	width	of	the	diaphragm.	Unit	shear	force:	vu	@	F	=	Fu	@	F	B	From	Step	6	(Table	E.6)	E.6):	b:	Fu	=	140	40	kip	+	2223	kip	=	363	kip	Slab:	vu	@	F	=	363	kipp	=	1.82
kip/ft	k	200	ft	Walll	4:	Fu	=	140	W	40	kip	In	slab:	vu	@	F	=	40	kip	140	=	5	kip/ft	28	ft	Wall	5:	Fu	=	223	kip	In	wall:	vu	@	F	=	223	kip	=	5.58	kip/ft	40	ft	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	8—DIAPHRAGMS	343	Step	15:	Collectors	design	N-S	Force	at	diaphragm	to	wall	connection	The	proportional
diaphragm	force	that	the	collector	transfers	to	walls	connection	is	(Fig.	E3.13):	Diaphragms	Wall	1	west	end:	�						NLS	IW				IW				±						NLS	Wall	1	east	end:	–106.7kip	+	(2.36kip/ft)(90ft)	=	106.6	kip	Diaphragm	end:	106.6	kip	–	(1.94	kip/ft)(55	ft)=	0	kip	Wall	4	west	end:	–(1.82	kip/ft)(40	ft)	=	–72.8	kip	Wall	4	east	end:	–72.8	kip	+	(3.18	kip/ft)(28	ft)	=	16.2	kip
Wall	5	west	end:						NLS	�							NLS	IW				IW				±					NLS	Wall	5	east	end:	/ft)(40	ft)	=	71.8	kip	–78.6	kip	+	(3.76	kip/ft)(40	Diaphragm	east	end	end:	82	kip/ft)(40	)(40	ft)	=	0	kip	+71.8	kip	–	(1.82	Fig.	E3.13—Collector	forces	in	the	E-W	direction.	18.12.2.1	The	collector	factored	force	that	is	transferred	to	the	walls	is	shown	in	Fig.	E3.13:	This	collector	force	is	then
multiplied	by	the	system	RYHUVWUHQJWKIDFWRUȍo	=	2.5	for	building	systems	with	special	structural	walls	in	SDC	D	(ASCE/SEI	7,	Table	12.2-1).	Wall	1	Wall	4	Wall	5	2.5Tu	268	268	182	41	197	180	2.5Cu	–268	–268	–182	–41	–197	–180	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	344	12.5.4.2	18.12.7.5	THE
REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Collectors	are	designed	as	tension	and	compression	members.	7KHUHDUHQREHDPVDORQJ&/VRSRUWLRQRIWKH	slab	is	used	as	a	collector.	The	collector	width	is	determined	by	engineerLQJMXGJHPHQWDQGFKRVHQVXFKWKDWWKHOLPLWLQJ	stresses	are	not	exceeded.	When	the
tension	and	compression	collector	forces	are	increased	by	the	overstrength	factor,	then	the	limiting	concrete	compressive	stress	is	0.5fcƍ&DOFXODWHWKHFRPSUHVVLYH	collector	width:	wchord	=	2.5Ccoll/0.2fcƍt	Wall	1	Wall	4	Wall	5	wcoll,	in.	17	17	9	2	9.9	9	is	wcoll	>	tw?	Y	Y	N	N	N	N	For	Wall	1,	the	required	collector	width	(17	in.)	is	wider	than
the	wall	thickness	(8	in.).	Part	of	the	seismic	force	is	resisted	by	reinforcement	placed	in-line	with	the	shear	wall	to	transfer	the	force	directly	to	the	end	of	the	shear	wall	and	direct	bearing	of	slab	against	wall	in	compression.	Therefore,	two	No.	6	in-line	with	the	wall.	The	balance	of	seismic	force	is	resisted	by	rein	reinforcing	bars	placed	along	the
sides	of	the	wall	and	apacity	at	the	wall-to-slab	interface	to	transfer	seismic	forces	to	the	wall.	uses	the	slab	shear-friction	capacity	For	Walls	4	and	5,	the	maximum	required	collectors’	widths	(9	in.	and	99.9	in.,	respectively)	are	narrower	hs	(10	in.),	therefore,	place	reinforcement	ent	w	within	the	wa	lls	ls	widths.	than	the	walls	widths	walls	Wall	1:
Required	area	off	ccollector	reinforcement:	or	reinforceme	�Tn	=	�fyAs•T	Tu	R12.5.4	As	=	ΩoTcoll	268	kip	=	=	5	in.2	0.9	f	y	ksi)	0	0.9(60	ks	Note:	Collector	reinforcement	in	ment	along	th	the	length	gth	of	the	diaphragm	phra	may	ay	be	var	varied	based	on	required	strength	ement	is	eextended	over	the	full	length	of	the	and	terminated	when	not
required.	In	this	example,	the	reinforcement	diaphragm.	The	collector	width,	as	suggested	by	ACI	318	commentary,	is	an	arbitrary	width	equal	to	half	the	wall	width	taken	from	the	face	of	the	wall	plus	the	wall	width.	beff	=	Ɛwall/2	+	twall	There	are	several	options	to	detail	the	collector	reinforcement:	beff	=	90	ft/2	+	8	in./(12	in./ft)	=	45.67	ft	1.	Place
bars	within	the	arbitrary	width	of	45.67	ft.	Spreading	bars	over	more	than	half	the	diaphragm	width	is	not	practical.	2.	Use	the	calculated	chord	reinforcement	in	the	N-S	direction	to	resist	the	collector	inertial	forces	in	the	E-W	direction	over	h/4.	This	option	is	acceptable	as	the	required	chord	and	collector	calculated	reinforcement	is	approximately
equal,	5	in.2.	The	collector	is	wider	than	the	wall,	therefore,	longitudinal	and	transverse	reinforcement	must	be	provided	to	transfer	forces	from	the	collector	into	the	wall.	3.	Place	bars	in	a	2	ft	0	in.	deep	by	12	in.	wide	edge	Collector	and	chord	reinforcement	are	placed	in	a	beam	beam.	In	this	example,	this	option	is	used.	American	Concrete	Institute
–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	8—DIAPHRAGMS	345	The	required	reinforcement	to	resist	the	gravity	dead	and	live	load	is	calculated	to	be	equal	to	3.8	in.2.	Required	collector	reinforcement	is	5	in.2	calculated	above.	Therefore,	a	total	of	8.8	in.	2	must	be	placed	within	the	beam	to	resist	gravity	loads	combined	with	either
the	calculated	chord	force	or	collector	force	due	to	inertial	forces	in	the	N-S	and	E-W	directions,	respectively	(Fig.	E3.14A).	Note:	Typically,	gravity	design	is	carried	out	for	1.2D	+	1.6L.	For	seismic,	the	gravity	loading	is	(1.2	+	0.2SDS)D	+	0.5L,	which	is	usually	less	than	the	previous	case.	Therefore,	it	may	be	possible	to	count	on	a	portion	of	provided
gravity	reinforcement	for	seismic	collectors.	The	beam	(12	in.)	is	wider	than	the	wall	(8	in.).	Mu	=	(268	kip)(2	in.)	=	536	in.-kip	Therefore,	the	force	transferred	from	the	beam	to	the	wall	is	eccentric	(2	in.).	Tension	and	compression	forces	at	both	ends	of	the	wall	are:	T	=C=	Required	reinforcement:	As	=	536	in.-kip	=	0.5	kip	(89	ft)(12	ft)	(0.5	kip)(1000
lb/kip)	=	0.01	in.2	(0.9)(60,000	psi)	Note:	The	force	is	very	small	and	the	corresponding	reinforcement	is	negligible.	Therefore,	it	is	assumed	that	the	result	of	the	eccentric	force	between	beam	and	wall	cent	centerlines	is	resisted	by	the	diaphragm.	In	case	the	force	is	largee	(large	eccentricity,	large	force,	or	shorter	wal	wall	length),	reinforcement	is
required	erly	developed	at	both	ends	of	the	wall	and	extending	into	nto	the	diaphragm	a	minimum	and	placed	and	properly	length	equal	to	thee	dev	development	length	of	the	bars.	Wall	4:	cto	width	th	is	less	than	th	Required	collector	the	wall	thickΩT	182	kip	=	3.37	in.2	m	may	ay	be	placed	wi	in	th	ness.	Reinforcement	within	the	wall	As	=	o	coll	=	f
0.9	ksi)	0	0.9(60	ks	y	width:	Try	four	No.	o.	9	bars:	in	2	>	As,	req’d	=	2.94	in.2	As,prov.	=	4	in.	22.9.4.4	Shear	friction	reinforcement	is	not	required	as	the	collector	force	is	already	developed	into	the	wall.	The	value	of	Vn	across	the	assumed	shear	plane	must	not	exceed	the	lesser	of	the	following	limits:	(a)	0.2fcƍAc	(b)	(480	+	0.08fcƍ	Ac	(c)	1600Ac
(0.2)(4000	psi)	=	800	psi	OK	(480	+	0.08(4000	psi))	=	800	psi	1600	psi	OK	Therefore,	Vn	must	not	exceed:	(800	psi)(10	in.)(28	ft)(12	in./ft)	=	2688	kip	>	Vn	1000	lb/kip	Wall	5:	Required	collector	width	is	less	than	the	wall	thickness.	Reinforcement	may	be	placed	within	the	wall	width:	As	=	ΩoTcoll	197	kip	=	=	3.65	in.2	0.9	f	y	0.9(60	ksi)	Try	four	No.	9
bars:	As,prov.	=	4.0	in.2	>	As,	req’d	=	3.65	in.2	Shear	friction	reinforcement	is	not	required	as	the	collector	force	is	already	developed	into	the	wall.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Diaphragms	Gravity	load	calculation	is	not	provided	in	this	example.	346	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK
—SP-17(14)	Step	16:	Shrinkage	and	temperature	reinforcement	12.6.1	Shrinkage	and	temperature	24.4.3.2	reinforcement:	24.4.3.3	AS+T•Ag	AS+T	=	(0.0018)(10	in.)(16	in./ft)	=	0.288	in.2	Spacing	of	S+T	reinforcement	is	the	lesser	of	5h	and	18	in.	(a)	5h	=	5(15	in.)	=	75	in.	(b)	18	in.	Controls	Note:	Shrinkage	and	temperature	reinforcement	may	be
part	of	the	main	reinforcing	bars	resisting	diaphragm	in-plane	forces	and	gravity	loads.	If	provided	reinforcement	is	not	continuous	(placing	bottom	reinforcing	bars	to	resist	positive	moments	at	midspans	and	top	reinforcing	bars	to	resist	negative	moments	at	columns),	the	engineer	must	ensure	continuity	between	top	and	bottom	reinforcing	bars	by
providing	adequate	splice	lengths	between	them.	Step	17:	Reinforcement	detailing	Development	25.4.2.2	Chord	and	collector	reinforcement	are	extended	25.4.10.2	over	full	length	and	width	of	the	edges	of	the	12.7.3.2	diaphragm.	Therefore,	development	length	will	be	ngths.	calculated	only	to	determine	splice	lengths.	Development	length	of	shearr
transfer	reinforcement	Ad	=	25.5.2.1	18.12.7.6	12.7.2.1	25.2.1	18.12.7.6	12.7.2.2	f	yψt	ψe	Ɛd	Ɛd,	in.	Use	Ɛd,	in.	25λ	f	c′	N	5	No.	23.4	24	N	6	No.	28.5	30	Splices	ild	engths	are	longe	Because	the	building	lengths	longer	than	a	ng	length	th	of	the	No.	8	lo	ngitud	standard	shipping	longitudinal	plic	will	be	needed.	U	reinforcement,	splices	Usee	Class	B
splice:	1.3(Ɛd)	The	center-to-center	spacing	of	the	longitudinal	bars	for	collector	and	chords	at	splices	and	anchorage	zones	is	but	not	less	than	1.5	in.	and	concrete	FRYHU•db,	but	not	less	than	2	in.	(1.3)	A	d	=	(1	60,000	0,000	psi	0)	4000	psi	25(1.0)	(1.0	in.)	=	55.6	in.	Say,,	56	in.	(4	ft	8	in.)	3db	=	3(1.0	in.)	=	3.0	in.	minimum	spacing	(2.5)(1.0	in.)	=
2.5	in.	cover	Therefore,	transverse	reinforcement	is	not	required.	Reinforcement	spacing	Chord	and	collector	reinforcement	minimum	and	maximum	spacing	must	satisfy	12.7.3.2	and	12.7.3.3.	Section	25.2	requires	minimum	spacing	of	(a)	1	in.	(b)	4/3dagg.	(c)	db	No.	9	Minimum	spacing	1.128	in.,	say,	1.25	in.	Collector	reinforcement	spacing	at	splice
must	be	at	least	the	larger	of:	3(1.128	in.)	=	3.384	in.	say	3.5	in.	a.	At	least	three	longitudinal	db	b.	1.5	in.	c.	cc•PD[>db,	2	in.]	Maximum	spacing	is	the	smaller	of	5h	or	18	in.	18	in.	Controls	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Controls	Controls	CHAPTER	8—DIAPHRAGMS	347	Diaphragms	Step	18:	Detailing	Fig.
E3.14—Diaphragm	reinforcement	ment	de	detailing.	Section	A—Edge	beam	gravity	and	collector	or	chord	reinforcement.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	348	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Section	B—Chord/collector	reinforcement	at	south	end	of	diaphragm.	Section	C—
Collector	reinforcement	along	Walls	4	and	5.	Section	D—Collector	reinforcement	along	Walls	2	and	3.	Note:	Wall	reinforcement	not	shown	for	clarity	for	Walls	W4	and	W5	the	detail	is	similar,	however,	alternate	dowels	to	either	side	of	the	wall.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	8—DIAPHRAGMS	349
Step	19:	Discussion	There	is	no	consensus	among	engineers	on	how	to	distribute	the	diaphragm	inertia	force.	Based	on	discussions	with	several	respected	engineers,	the	main	approaches	are	as	follows:	This	example	follows	the	ASCE	7-10	recommendation.	The	5	percent	eccentricity	is	excluded	in	the	analysis.	The	diaphragm	inertia	force	is	uniformly
distributed	to	the	diaphragm.	The	shear	forces	in	the	lateral-force-resisting	system	due	to	the	equivalent	lateral	force	analysis	are	compared	to	the	forces	due	to	diaphragm	inertia	forces.	The	diaphragm	is	designed	for	the	larger	force.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Diaphragms	ASCE	7-10	(third	printing)
Section	12.10.3.4,	recommends	shifting	the	center	of	mass	by	a	minimum	of	5	percent	of	the	building	dimension	in	either	direction	and	perpendicular	to	the	seismic	loading,	referred	to	as	accidental	eccentricity.	This
¿YHSHUFHQWWRUVLRQDOHFFHQWULFLW\LVDSSOLHGLQDGGLWLRQWRWKHFDOFXODWHGJHRPHWULFHFFHQWULFLW\+RZHYHUWKH$6&(	recommendation	is	located	in	the	commentary,	therefore,	it	is	not	mandatory.	350	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	When	center	of	mass	and	center	of	rigidity	do	not
coincide,	the	lateral-force-is	example:	(W1	(27.3	kip),	W4	(10.5	kip),	and	W5	(16.7	kip))	for	a	seismic	force	acting	in	the	N-S	direction	and	(W2	and	W3	(22	kip))	for	a	seismic	force	acting	in	the	E-W	direction.	Drawing	the	moment	diagram	shows	a	discontinuity	at	the	center	of	rigidity.	Moehle	et	al.	also	state	in	NIST	Report	No.	GCR	10-917-4	that:	“For
a	rectangular	diaphragm	of	uniform	mass,	a	trapezoidal	distributed	force	having	the	same	total	force	and	centroid	is	then	applied	to	the	diaphragm.	The	resulting	shears	and	moments	are	acceptable	for	diaphragm	design.	Note	that	this	approach	leaves	any	moment	due	to	(shear	walls	perpendicular	to	the	diaphragm	inertia	lateral	force)	unresolved;
sometimes	this	is	ignored	or,	alternatively,	it	too	can	be	incorporated	in	the	trapezoidal	loading.”	2WKHUHQJLQHHUVLQFRUSRUDWHWKHPRPHQWGXHWRVKHDUZDOOVSHUSHQGLFXODUWRWKHGLDSKUDJPLQHUWLDODWHUDOIRUFH7KLVUHVXOWV	LQGLVFRQWLQXLW\MXPS
LQWKHPRPHQWGLDJUDPDVVKRZQLQ)LJ((TXLOLEULXPLQWKHV\VWHPLVREWDLQHGE\GUDZLQJWKH	moment	diagram	due	to	the	shear	forces	in	the	shear	walls	perpendicular	to	the	direction	of	the	seismic	force	(Fig.	E3.15):	Fig.	E3.15––shear	and	bending	moment	diagrams.	American	Concrete	Institute	–	Copyrighted	©	Material	–
www.concrete.org	CHAPTER	8—DIAPHRAGMS	351	Diaphragms	In	this	example,	the	moment	diagram	is	constructed	by	incorporating	the	shear	force	in	the	trapezoidal	loading	for	the	construction	of	the	moment	diagram.	Since	Case	I	resulted	in	a	slightly	higher	moment,	the	calculations	for	that	case	follow:	Fig.	E3.16—Free	body	diagram.	Mx	=	(131
kip	+	208	kip)(x	�				IW		�						NLS	IW	x2				�	>				NLS	IW									NLS	IW	�					NLS	IW					IW	î	x](x2/6)	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	352	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	9—COLUMNS	9.2—General	The	provisions	of
Chapter	10	in	ACI	318-14	apply	for	the	design	of	nonprestressed,	prestressed,	and	composite	columns.	Headings	of	a	section	are	considered	part	of	the	code	and	care	should	be	taken	to	notice	when	a	heading	limits	the	following	requirements	to	a	particular	type	of	column.	The	word	“nonprestressed”	is	typically	in	reference	to	castin-place	columns
and	“prestressed”	with	precast	columns.	While	ACI	318-14	covers	post-tensioned	columns,	they	are	not	commonly	used.	Chapter	14	in	ACI	318-14	covers	the	design	of	plain	concrete	pedestals.	9.3—Design	limits	9.3.1	General—Concrete	columns	offer	architects	an	opportunity	to	create	various	cross-sectional	shapes	for	the	aesthetic	purposes.	Unusual
cross-sections,	however,	DUH	PRUH	GLI¿FXOW	WR	DQDO\]H	6HFWLRQ		LQ$&,		permits	the	designer	to	use	an	effective	cross-sectional	areas	for	various	situations	that	allow	for	a	simpler	analysis.	For	Fig.	9.3.1—Permitted	cross-section	for	analysis.	example,	Section	10.3.1.1	in	ACI	318-14	permits	an	idealized	circular	section	within	the	actual
section	(Fig.	9.3.1).	The	key	point	is	that	a	using	a	portion	of	an	oversized	column	or	wall	that	is	easier	to	analyze	is	permitted.	Section	10.3.1.2	in	ACI	318-14	allows	an	oversized	column	to	be	designed	with	a	smaller	effective	area,	with	a	lower	limit	of	one-half	the	total	area.	The	analysis	and	design	assume	the	smaller	effective	area,	but	the	column	is
detailed	considering	the	actual	cross	section.	Note	that	the	minimum	area	of	steel	(refer	to	9.6	of	this	Handbook)	is	0.01Ag	based	on	the	smaller	effective	area,	but	Ag	cannot	be	less	than	half	ar	the	actual	area.	Note	that	the	shape	of	the	column	can	be	determined	by	the	building	architecture	but	it	must	always	equirements	of	of	ACI	A	AC	318-14.	meet
the	requirements	zingg	It	is	i	not	economical	to	have	a	unique	9.3.2	Initi	Initial	sizing—It	de	for	eeach	column	olumn	in	th	design	the	building.	The	following	guidelp	in	economical	mical	colu	lines	help	column	construction:	1	Reuse	Reus	formwork	ork	k	as	much	m	1.	as	possible.	It	is	common	to	hree	or	four	fo	columns	sizes	for	the	entire	use	only	three
bu	building.	t	same	me	streng	2.	Use	the	strength	of	concrete	for	all	columns	at	a	l.	Structures	Structur	under	six	stories	or	less	commonly	level.	co	use	one	concrete	strength	for	the	full	height	of	the	bui	building.	Note	section	15.3	in	ACI	318-14	has	addiWLRQDOGHVLJQUHTXLUHPHQWVDWWKHÀRRUMRLQWVLIWKH	concrete	strength	in	the
columns	exceeds	1.4	times	WKHFRQFUHWHVWUHQJWKRIWKHÀRRUV\VWHP	3.	Proportion	the	column	cross	sections	and	concrete	strengths	so	that	reinforcement	ratios	are	in	the	range	of	1	to	2	percent.	4.	If	higher	axial	strength	is	needed,	increasing	the	VWUHQJWKRIFRQFUHWHLVXVXDOO\PRUHHI¿FLHQWWKDQ	increasing	reinforcement
area.	The	analysis	and	design	of	columns	is	an	iterative	process.	To	begin,	the	designer	assumes	sectional	properties	in	order	to	run	an	analysis.	An	initial	column	area,	Ag,	can	be	estimated	by	dividing	the	maximum	factored	axial	load	by	0.4fcƍ	for	ordinary	columns	or	0.3fcƍIRUFROXPQVLQKLJKVHLVPLF	areas.	Columns	are	usually	rectangular,
square,	or	round.	)RU	WKH	¿UVW	LWHUDWLRQ	D		SHUFHQW	UHLQIRUFHPHQW	UDWLR	LV	evenly	distributed	around	the	column	perimeter.	An	effective	moment	of	inertia,	Ieff,	of	concrete	members	is	used	in	the	analysis	to	account	for	cracking	at	the	nominal	condition.	The	simple	Ieff	values	in	Table	6.6.3.1.1(a)	in	ACI	318-14	are	generally	used
and	the	cross-section	properties	are	assumed	to	be	uniform	for	the	length	of	the	member.	With	these	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Columns	9.1—Introduction	The	column	chapter,	Chapter	10	in	ACI	318-14,	follows	the	organization	of	the	other	member	chapters:	applicability;	initial	data;	analysis	to
determine	the	required	strength;	design	area	of	reinforcement	needed	to	exceed	the	required	strength;	check	against	minimum	reinforcement	required;	and	detailing.	The	analysis	must	be	consistent	with	ACI	318-14,	Chapters	4	through	6.	A	quick	review	of	Sections	10.1	through	10.4	in	ACI	318-14,	will	remind	the	designer	of	limits	and	rules	for
columns	that	should	be	accounted	for	in	their	analysis	model.	The	requirements	for	column	design	start	in	Section	10.5	in	ACI	318-14.	A	column	is	always	part	of	the	gravity-force-resisting	system,	and	in	cast-in-place	construction	is	often	part	of	the	ODWHUDO	IRUFHUHVLVWLQJ	V\VWHPV	/)56		7KH	PRVW	FRPPRQ	lateral	design	forces	are	seismic
and	wind.	For	buildings	designed	to	resist	seismic	forces,	the	requirements	of	Chapter	10	in	ACI	318-14	apply,	along	with	the	additional	tional	seismic	requirements	in	Chapter	18	in	ACI	318-14	for	columns	that	are	part	of	an	ordinary,	intermediate,	termediat	or	special	moment	frame	system.	There	are	also	seismic	requirements	lso	sei
IRUFROXPQVWKDWDUHQRWSDUWRID/)567KHVHLVPLFUHTXLUH/)5	ments	are	intended	to	increase	col	column	ductility	to	ac	accommodate	the	large	displacementss	tthat	are	during	re	expected	dur	ga	maximum	design	earthquake.	Fo	For	buildings	dings	that	resist	only	nly	wind	forces,	columns	are	designed	gn	byy	Chapter	10	in	ACI
ZKHWKHUWKH\DUHGHVLJQDWHGDVSDUWRID/)56RUQRW	HG	DUWRID/)56R	RW	There	are	no	additional	requirements	nts	for	wind	d	fforces.	This	Handbook	provides	some	explanation	of	ACI	318-14	requirements	and	how	they	impact	a	column’s	design	and	detailing.	A	review	of	basic	engineering	principles	is	provided	so	that	a	designer	can
effectively	design	columns	by	hand	or	computer	using	only	this	Handbook.	354	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	)LJD²3¨HIIHFWV	assumptions,	an	initial	analysis	is	run	and,	subsequently,	VHFWLRQ	SURSHUWLHV	RU	UHLQIRUFHPHQW	DUHD	DUH	DGMXVWHG	DV	necessary.	Fig.	9.4.1b—Effects	of	slenderness	on
a	column.	9.4—Required	strength	9.4.1	General—The	required	strength	is	calculated	using	nd	analysis	the	factored	load	combinations	in	Chapter	5	and	procedures	in	Chapter	6	(ACI	318-14).	Three	methods	of	VLV			HODVWLF	VHFRQG	DQDO\VLV			HODVWLF	¿UVWRUGHU	DQDO\VLV	econd	order	analysis;	and	3)	inelastic	second-order	analysis,	are
pter	3	of	this	Handbook.	permitted	as	discussed	in	Chapter	ose	alll	columns	mu	Regardless	of	the	method	chosen,	must	be	checked	for	slenderness.	oci	with	higher	sle	derSlenderness	effects	are	associated	slenderern	ratios	occur	for	long	ong	ness	ratios,	NƐu/r.	Higher	slenderness	ctional	dimen	n	columns,	columns	with	a	small	cro	cross-sectional
dimension,	or	columns	with	limited	end	restraint.	As	a	column	becomes	more	slender,	larger	lateral	deformations	and	deformation	along	the	length	occur	due	to	the	applied	load.	The	column	must	support	additional	moment	created	by	the	column	axial	load	acting	on	the	deformed	column,	also	known	as	second-order	moments.	There	are	two	types	of
second-order	moments	related	to	the	P-Delta	effects	shown	in	Fig	9.4.1a:	1)	second-order	moments	due	to	translation	of	the	column	ends	(P-Δ	DQG	VHFRQGRUGHUPRPHQWVGXHWRGHÀHFWLRQ	along	the	member	(P-δ).	These	second-order	moments	gradually	increase	due	to	this	geometric	nonlinearity	until	the	column	stabilizes.	If	the	slenderness
ratio	is	very	high,	the	column	becomes	unstable	and	cannot	resist	the	axial	load,	refer	to	Fig.	9.4.1b).	9.4.2	Slenderness	concepts—A	column’s	degree	of	slenderness	is	expressed	in	terms	of	its	slenderness	ratio,	NƐu/r,	where	Ɛu	is	unsupported	column	length;	k	is	effective	length
IDFWRUUHÀHFWLQJHQGUHVWUDLQWDQGODWHUDOEUDFLQJFRQGLWLRQV	and	rLVWKHUDGLXVRIJ\UDWLRQUHÀHFWLQJWKHVL]HDQGVKDSH	of	a	column	cross	section.	The	column’s	unsupported	length	Ɛu	is	the	clear	distance	between	the	underside	of	the	beam,	slab,	or	column	capital
DERYHDQGWKHWRSRIWKHÀRRUEHORZ7KHXQVXSSRUWHGOHQJWK	may	be	different	in	two	orthogonal	directions	depending	on	the	building	geometry.	Figure	9.4.2a	shows	different	framing	conditions	and	corresponding	unsupported	lengths	)LJD²8QVXSSRUWHGFROXPQOHQJWKƐu.	(Ɛu).	Each	coordinate	and	x	and
yVXEVFULSWLQWKH¿JXUHLQGLcates	the	plane	of	the	frame	in	which	the	stability	of	column	is	investigated.	The	effective	length	factor	k	UHÀHFWV	WKH	FROXPQ¶V	HQG	restraint	and	lateral	bracing	conditions	as	shown	in	Fig.	9.4.2b.	The	factor	k	varies	between	0.5	and	1.0	for	laterDOO\	EUDFHG	FROXPQV	DQG	EHWZHHQ		DQG	’	IRU
XQEUDFHG	columns.	Most	columns	have	end	restraints	that	are	neither	SHUIHFWO\KLQJHGQRUIXOO\¿[HG7KHGHJUHHRIHQGUHVWUDLQW	GHSHQGV	RQ	WKH	ÀRRU	VWLIIQHVV	UHODWLYH	WR	WKH	FROXPQ	VWLIIness.	Jackson	and	Moreland	alignment	charts,	given	in	Fig.	R6.2.5	in	ACI	318-14,	can	be	used	to	determine	the	factor	k	for
different	values	of	relative	stiffness	at	column	ends.	The	VWLIIQHVV	UDWLRV	ȥADQG	ȥB	XVHG	LQ	WKH	FKDUWV	VKRXOG	UHÀHFW	concrete	cracking,	and	the	effects	of	sustained	loading.	%HDPV	DQG	VODEV	DUH	ÀH[XUH	GRPLQDQW	PHPEHUV	DQG	PD\	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	355	Columns
CHAPTER	9—COLUMNS	IIH	OHQJWKIDFWRUN	UFROXPQVD		E	D	DUHIRUQR	)LJE²(IIHFWLYHOHQJWKIDFWRUNIRUFROXPQVD	E	DQGF	DUHIRUQRQVZD\IUDPHV	and	(d),	(e),	and	(f)	are	for	sway	fram	frames.	Fig.	9.4.2c—Radius	of	gyration	for	circular,	square,	and	rectangular	sections.
FUDFNVLJQL¿FDQWO\PRUHWKDQFROXPQVZKLFKDUHFRPSUHVsion	dominant	members.	The	reduced	moment	of	inertia	values	given	in	Section	6.6.3.1.1	of	ACI	318-14	should	be	used	to	determine	k.	Tables	D1.1	through	D1.5	in	the	supplement	to	this	Handbook,	ACI	Reinforced	Concrete	Design	Handbook	Design	Aid	–	Analysis	Tables	(ACI	SP-
17DA),	provide	design	aids	for	the	calculation	of	the	effective	length	factor,	stiffness,	and	moment	of	inertia.	The	radius	of	gyration	introduces	the	effects	of	crosssectional	size	and	shape	to	slenderness.	A	section	with	a	higher	moment	of	inertia	per	unit	area	produces	a	lower	slenderness	ratio	and	thus	a	more	stable	column.	The	radius	of	gyration,
rLVGH¿QHGLQ6HFWLRQRI$&,DQG	shown	in	the	following	Eq.	(9.4.2)	r=	I	A	(9.4.2)	It	is	permissible	to	use	r	=	0.3h	for	square	and	rectangular	sections,	and	r	=	0.25h	for	circular	sections,	where	“h”	is	the	dimension	in	the	direction	stability	is	being	considered.	This	is	shown	in	Fig.	9.4.2c.	9.4.3	First-order	analysis²)RU	D	¿UVWRUGHU	HODVWLF
analysis,	Section	6.6.4	in	ACI	318-14	provides	a	moment	PDJQL¿FDWLRQ	PHWKRG	ZKLFK	FRQVHUYDWLYHO\	DFFRXQWV	IRU	slenderness.	This	method	is	shown	in	Example	9.1	of	this	+DQGERRN	,Q	D	¿UVWRUGHU	HODVWLF	DQDO\VLV	WKH	EXLOGLQJ	frame	is	analysed	once	and	results	are	used	for	input	to	the
PRPHQWPDJQL¿FDWLRQPHWKRG	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	356	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	9.4.3.1	Sway	or	nonsway	frames—The	designer	needs	to	determine	if	the	column	is	in	a	sway	or	nonsway	frame.
$IUDPHLVQRQVZD\LILWLVVXI¿FLHQWO\VXSSRUWHGE\ODWHUDO	bracing,	such	as	structural	walls.	Structural	walls	used	for	elevator	shafts,	stairwells,	partial	building	enclosures,	or	interior	stiffening	elements	provide	substantial	drift	control	and	lateral	bracing.	In	many	cases,	even	a	few	structural	walls	can	brace	a	multi-story,	multi-bay
building.	Sway	PXVW	EH	FKHFNHG	IRU	HDFK	GLUHFWLRQ	DQG	ÀRRU$&,		provides	three	methods	to	determine	if	the	lateral	stiffness	is	VXI¿FLHQWWRGHVLJQDWHWKHIUDPHDVQRQVZD\	1.	Section	6.2.6,	ACI	318-14:	Columns	are	nonsway	if	the	gross	lateral	stiffness	of	the	walls	(bracing	elements)	in	a	story	is	at	least	12	times	the	gross
lateral	stiffness	of	the	columns	in	that	story.	This	is	a	simple,	conservative	hand	calculation.	2.	Section	6.6.4.3(a),	ACI	318-14:	Columns	are	nonsway	if	the	increase	in	column	end	moments	due	to	second-order	HIIHFWV	GRHV	QRW	H[FHHG		SHUFHQW	RI	WKH	¿UVWRUGHU	HQG	moments.	3.	Section	6.6.4.3(b),	ACI	318-14:	Columns	are	nonsway	if
the	stability	index	“Q”	does	not	exceed	0.05	as	shown	in	Eq.	(9.4.3.1):	Q=	∑	Pu	Δ	o	≤	0.0	0.05	Vus	A	c	(9.4.3.1)	axial	load	ad	acting	on	al	all	the	ZKHUH	™Pu	is	total	factored	ax	O	IIDFWRUHG	HG	VWRU\	VKHDU	¨o	is	columns	in	a	story,	Vus	LV	WRWDO	KH	RIWKHVWRU\UHO	YH
ODWHUDOVWRU\GULIWGHÀHFWLRQRIWKHWRSRIWKHVWRU\UHODWLYH	G	LIW	¨o	should	h	to	the	bottom	of	that	story)	due	to	Vus6WRU\GULIW¨	be	computed	using	section	properties	taking	into	account	the	presence	of	cracked	regions	along	the	member,	refer	to	Section	6.6.3.1	in	ACI	318-14.	9.4.3.2	Column
slenderness²7KHPRPHQWPDJQL¿FDWLRQ	method	states	that	for	columns	in	sway	or	nonsway	frames,	secondary	effects	may	be	neglected	if	the	slenderness	ratios	are	below	the	limits	given	in	Section	6.2.5	in	ACI	318-14.	If	these	limits	are	exceeded	in	a	nonsway	frame,	then	secondorder	effects	due	to	translation	(P-Δ)	may	be	ignored,	but	the	second-
order	effects	along	the	member	(P-δ)	given	in	6.6.4.5	in	ACI	318-14	need	be	considered.	If	the	slenderness	ratio	limits	are	exceeded	in	a	sway	frame,	column	(P-Δ)	and	(P-δ)	effects	are	to	be	calculated.	Section	6.6.4.6	in	$&,LVFRPSOHWHG¿UVWWRFDOFXODWHWKHDPSOL¿HGHQG	moments	due	to	translation	(P-Δ	7KHVHPRGL¿HGPRPHQWV	are
then	used	in	Section	6.6.4.5	in	ACI	318-14	to	calculate	the	second-order	effects	along	the	member	(P-δ).	9.4.4	Second-order	analysis—Many	software	analysis	programs	can	directly	compute	the	second-order	effects.	Such	a	program	must	be	capable	of	the	iterative	calculations	to	determine:	(a)	Second-order	moments	(P-Δ)	due	to	the	laterally
GHÀHFWHGVWUXFWXUH	(b)	Second-order	moments	(P-δ	GXHWRGHÀHFWLRQDORQJ	the	length	of	the	column	The	column	needs	to	be	divided	into	at	least	two	segments	WR	FDOFXODWH	D	GHÀHFWLRQ	DORQJ	LWV	OHQJWK$	ZD\	WR	FKHFN	a	computer	program	for	this	effect	is	given	in	the	ACI	Q&A,	Using	an	Elastic	Frame	Model	for
Column	Slenderness	Calculations	(Frosch	2011).	Slenderness	effects	are	nonlinear,	so	the	principle	of	superposition	does	not	apply	for	calculating	the	second-order	moments.	The	forces	for	a	load	combination	must	be	combined	before	running	the	analysis.	Section	6.7.1.1	in	ACI	318-14	states,	“An	elastic	secondRUGHU	DQDO\VLV	VKDOO	FRQVLGHU
WKH	LQÀXHQFH	RI	D[LDO	ORDGV	presence	of	cracked	regions	along	the	length	of	the	member,	DQG	HIIHFWV	RI	ORDG	GXUDWLRQ´	7KH	PRPHQW	PDJQL¿FDWLRQ	method	in	Section	6.6.4	in	ACI	318-14	accounts	for	these	properties	by	using	stiffness	reduction	factors,	fk.	The	method	uses	two	different	factors	for	the	two	different	types	of
slenderness	effects,	P-Δ	and	P-δ,	refer	to	R6.6.3.1.1,	R6.6.4.5.2,	and	R6.6.4.6.2	in	ACI	318-14.	A	lower	stiffness	reduction	factor	is	required	for	P-δ	compared	to	P-Δ.	Computer	programs	should	also	account	for	stiffness	reduction	in	its	second-order	analysis.	These	programs	should	be	reviewed	for	how	they	account	for	stiffness	reduction.	—Design
strength	stren	9.5—Design	PDMRULW\RIUHLQIRUFHG	FH	7KHPDMRULW\RIUHLQIRUFHGFRQFUHWHFROXPQVDUHGHVLJQHG	WÀH[	D[LDOIRUFH	WRUHVLVWÀH[XUHD[LDOIRUFHDQGVKHDU)LJXUHLOOXVWUDWHV	VWUD	DQG	VWUHVVHV	HV	LQ	D	W\	VWUDLQV	W\SLFDO	FROXPQ	VHFWLRQ	VXEMHFWHG	co	bine	moment	ent	and
axial	compression.	As	can	be	to	combined	ffere	combinations	binations	of	moment	and	accompanying	seen,	different	xial	force	orce	result	in	differ	axial	different	column	nominal	strengths	F	UHVS	J	VWUDLQ	SSUR¿OHV	ZKLOH	DOVR	DIIHFWLQJ	WKH	DQG	FRUUHVSRQGLQJ	t	pression	i	controlled	behavior.	The	combinatension	or	compression	ment
and	axial	force	that	result	in	a	column’s	tion	of	moment	nal	strength	is	traditionally	presented	by	“column	internominal	action	dia	diagrams.”	Interaction	diagrams	are	constructed	by	computing	moment	and	axial	force	nominal	strengths,	as	VKRZQEHORZIRUGLIIHUHQWVWUDLQSUR¿OHV	Pn	=	Cc	+	Cs1	+	Cs2	–	Ts	(9.5a)	Mn	=	Ccx2	+	Cs1x1	+	Cs2
+	Tsx3	(9.5b)	As	the	strains	vary	using	Eqs.	(9.5a)	and	(9.5b)	from	pure	compression	to	pure	bending,	a	nominal	strength	curve	can	be	created	as	shown	by	the	outer	curve	in	Fig.	R10.4.2.1	in	$&,7KHQRPLQDOVWUHQJWKLVDGMXVWHGWRWKHGHVLJQ	VWUHQJWKE\PXOWLSO\LQJE\WKHDSSURSULDWH�	IDFWRUV7KH�		factor	for	compression-
controlled	sections	is	0.75	for	spirals	DQG		IRU	RWKHU	WLH	FRQ¿JXUDWLRQV	7KH	�		IDFWRU	IRU	DOO	tension-controlled	sections	is	0.9.	This	factor	varies	linearly	from	0.65	or	0.75	to	0.9	through	the	transition	zone	shown	in	Fig.	9.5.	The	design	strength	curve	is	shown	by	the	inner	curve	in	Fig.	R10.4.2.1	in	ACI	318-14.	The	interaction	diagram	is
the	plot	of	both	the	nominal	and	design	strength	curves	shown	on	a	graph.	An	electronic	spreadsheet	is	provided	as	a	supplement	to	this	Handbook	to	demonstrate	how	to	make	an	interaction	diagram	(ACI	SP17DAE).	The	key	points	of	the	diagram	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	9—COLUMNS
357	are:	pure	compression	(zero	moment),	pure	tension	(zero	moment),	pure	bending	(zero	axial	force),	reinforcement	stress	at	0.0fy,	reinforcement	stress	at	0.5fy,	and	the	balanced	point	where	reinforcement	stress	is	at	1.0fy	and	the	concrete	reaches	it	maximum	usable	strain.	The	previous	version	of	this	Handbook	was	a	design	manual	that
contained	interaction	diagrams.	These	diagrams	have	been	retained	in	a	supplement	to	this	Handbook	titled,	Reinforced	Concrete	Design	Handbook	Design	Aid	–	Analysis	Tables	(ACI	SP-17DA).	A	brief	description	off	how	the	ement	along	with	diagrams	are	made	is	given	in	the	supplement	information	on	biaxial	moments.	mns	is	similar	to	beams,
Because	shear	design	in	columns	Hand	review	Beam	Chapter	8	of	this	Handbook	for	this	informaFFX	FROXPQVDQGW	HWLRQ6LJQL¿FDQWWRUVLRQUDUHO\RFFXUVLQFROXPQVDQGWKHUHVH	LQ	WKH	FROXPQV	FKD	WHU	IRUH	LV	QRW	VSHFL¿FDOO\	DGGUHVVHG	FKDSWHU	ha	hould	be	review	d.	For	column	torsion,	the	beam	chapter
should	reviewed.	9.6—Reinforcement	limits	The	minimum	column	vertical	reinforcement	ratio	is	0.01Ag.	This	amount	is	enough	to	keep	the	reinforcement	from	yielding	due	to	concrete	creep	under	sustained	service	loads	(ACI	318-14,	Section	R10.6.1.1).	The	maximum	reinforcement	ratio	is	0.08Ag.	This	amount	is	about	the	maximum	that	can	be
realistically	provided	at	the	perimeter	of	a	concrete	section	that	would	also	meet	the	minimum	cover	and	spacing	requirements.	This	percentage	was	set	in	ACI	318-63	when	butt	splices	were	common.	For	present	day	construction,	lap	splices	are	more	common	and	for	many
SURMHFWVEDUVDUHVSOLFHGDWWKHERWWRPRIWKHFROXPQVWDUWLQJ	DWWKHÀRRU,QWKLVFDVHWKHPD[LPXPSHUFHQWRIUHLQIRUFHment	is	4	percent,	since	the	maximum	percentage	of	reinforcement	at	a	section	is	8	percent.	If	the	lap	splices	are	staggered,	the	maximum	percent	of	reinforcement	can	increase	up	to	6	percent.	As
stated	earlier,	usual	reinforcing	ratios	are	in	the	range	of	1	to	2	percent.	There	are	cases	where	more	reinforcement	is	necessary,	such	as	to	meet	a	required	strength.	If	the	column	design	routinely	requires	reinforcement	in	the	3	percent	range,	designer	should	consider	a	different	cross	section	or	higher-strength	concrete.	9.7—Reinforcement
detailing	9.7.1	General—Section	10.5	in	ACI	318-14	focuses	on	the	calculation	of	reinforcement	area	needed	for	to	resist	design	forces	and	moments.	Section	10.6	in	ACI	318-14	provides	minimum	column	reinforcement	area.	Section	10.7	in	ACI	318-14	provides	limitations	on	the	location,	spacing,	and	splicing	of	longitudinal	reinforcement	and	the
location,	spacing,	geometry,	and	type	of	transverse	reinforcement.	General	requirements	such	as	concrete	cover,	development	length,	and	splice	lengths,	are	covered	in	Chapters	20	and	25	in	ACI	318-14	for	all	members.	Note	that	many	detailing	provisions	of	this	chapter	are	related	to	how	columns	are	constructed.	9.7.2	Longitudinal	bars	9.7.2.1
Spacin	Spacing—The	minimum	number	of	bars	in	a	on	10.7.3.1	in	ACI	318-14.	Square	column	is	given	in	Se	Section	tangular	columns	mu	and	rectangular	must	have	a	minimum	of	four	bars.	Circularr	col	columnss	must	hav	have	three	or	six	depending	if	the	tie	is	triangular	tri	gular	or	circular.	cular.	Eigh	Eight	bars	are	suggested,	however,	to	ensure
ens	re	that	th	the	design	esign	mo	moment	is	achieved	regardless	of	LWLRQ	RI	UHLQIRUFHPHQW	QIRUFHPH	LQ	WKH	¿HOG	7KH	PLQLPXP	WKH	SRVLWLRQ	bar	sp	cing	is	given	ven	in	Se	spacing	Section	25.2	in	ACI	318-14.	A	max	um	sspacing	g	requirem	maximum	requirement	in	Chapter	10	in	ACI	318-14	ly	given.	Section	18.7.5.2(e)	in	ACI	318-
14,	is	not	explicitly	however,	states	that	ffor	columns	in	a	special	moment	frame,	thee	spacing	of	longitudinal	bars	laterally	supported	by	the	corner	of	a	crosstie	or	hoop	leg,	hx,	shall	not	exceed	14	in.	around	the	perimeter	of	the	column.	Note	that	this	spacing	is	further	reduced	to	8	in.	for	conditions	given	in	Section	18.7.5.2(f)	in	ACI	318-14.	Typically,
bars	are	evenly	spaced	around	the	perimeter,	as	this	helps	to	create	a	more	stable	column	cage	during	construction.	Designers	will	often	place	bars	only	at	the	corners	of	square	or	rectangular	columns	to	reduce	the	¿HOG	ZRUN	QHFHVVDU\	WR	SODFH	WLHV	%XQGOHG	EDUV	DUH	RIWHQ	needed	to	meet	the	required	area	of	steel	for	this
arrangement.	Note	that	Section	18.7.5.2	in	ACI	318-14	makes	this	practice	impractical	for	columns	in	special	moment	frames	GXHWRWKHLQOLPLWDWLRQ,IFRQ¿QHPHQWRIWKHFRQFUHWH	core	is	necessary	or	desired,	evenly	spaced	longitudinal	bars	DUH	KHOSIXO	,I	PRUH	EDUV	DUH	UHTXLUHG	WR	UHVLVW	ÀH[XUH	DW	D	particular
location,	some	bars	can	be	added	to	the	evenly	spaced	column	bars.	9.7.2.2	Splicing—Splice	locations,	lengths,	and	types	VKRXOGEHLQFOXGHGRQWKHVWUXFWXUDOGUDZLQJV/DSVSOLFHV	are	the	most	common	splice	type	due	to	their	ease	of	fabrication	and	construction.	Mechanical	connectors	and	buttwelded	splices	are	helpful	where	bar
arrangement	becomes	congested	but	they	can	require	additional	erection	time.	End-bearing	splices	are	not	common	today	but	are	some-	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Columns	Fig.	9.5—Column	section	analysis.	358	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Fig.	9.7.2.2a—Column
splice	locations	ons	(Fanella	2007).	2007)	times	used	in	bundled	bar	arrangements	ents	that	are	only	in	binatio	compression	under	all	load	combinations.	They	are	not	ation	Columns	splices	are	permitted	in	high	seismic	applications.	IFR	VDWHDFKÀRRU	D	XVXDOO\ORFDWHGDWWKHERWWRPRIFROXPQVDWHDFKÀRRULID	HG	/DS	VSOLFHV	IRU
FROX	PQV	PLGKHLJKW	VSOLFH	LV	QRW	UHTXLUHG	FROXPQV	in	buildings	assigned	to	SDC	D,	E,	or	F	are	required	too	be	n	length	accordi	g	to	located	in	the	center	half	of	the	co	column	according	n	ACI	318-14.	Bottom	and	nd	Sections	18.7.4.3	and	18.14.3.3	in	ns	are	illustrated	t	mid-height	column	splice	locations	in	Fig.	9.7.2.2a.	For	lap	splices
than	are	about	one-third	to	one-half	the	he	story	height,	it	may	be	more	economical	to	lap-splice	the	EDUVHYHU\RWKHUÀRRU&RQFUHWH5HLQIRUFLQJ6WHHO,QVWLWXWH	(CRSI)	2011).	The	length	of	lap	splices	should	be	noted	on	WKHVWUXFWXUDOGUDZLQJV/DSVSOLFHVYDU\ZLWKWKHEDUGLDPeter,	concrete	strength,	bar	spacing,
concrete	cover,	position	of	the	bar,	distance	from	other	bars,	and	if	the	bar	is	tension	RU	FRPSUHVVLRQ	/DS	VSOLFHV	DUH	QRW	SHUPLWWHG	IRU	1R		and	18	bars,	except	for	transferring	compression	(only)	to	a	footing	with	dowels	(ACI	318-14,	Section	16.3.5.4).	To	maintain	bars	in	the	corners	of	rectangular	column,	longitudinal	bars	that	are	lap
spliced	are	usually	offset	bent	into	the	column	above,	whether	there	is	change	in	column	size	or	not.	Circular	columns	typically	need	not	be	offset	bent	where	columns	size	does	not	change.	The	slope	of	the	inclined	portion	of	an	offset	bent	should	not	exceed	one	in	six	(ACI	318-14,	Section	10.7.4.1).	Additional	ties	are	required	at	offset	bent	locations
and	are	placed	not	more	than	6	in.	from	the	point	of	the	bend	(ACI	318-14,	Section		7\SLFDOO\WKUHHFORVHO\VSDFHGWLHVLVVXI¿FLHQWWR	resist	the	lateral	force	created	by	the	bend	and	one	of	the	ties	may	be	part	of	the	regularly	spaced	ties.	Separate	splice	bars	and	more	ties	may	be	necessary	where	the	column	section	changes	3	in.	or
more.	Examples	of	offset	bent	splices	are	illustrated	in	Fig.	9.7.2.2b.	Where	there	is	a	reduction	of	orcement,	longit	reinforcement,	longitudinal	bars	from	the	column	below	are	\	WH	PLQDWHG	ZLW	KLQ	LQ		LQ	RI	WKH	WRS	RI	WKH	¿QLVKHG	W\SLFDOO\	WHUPLQDWHG	ZLWKLQ	$&,					XQO	ÀRRU	$&,	XQOHVV	GHVLJQ	UHTXLUHV
RWKHUZLVH	Col	n	the	colum	Column	bar	area	in	column	above	must	be	extended	from	the	co	mn	below	to	o	lap	bars	above.	column	led	bars	aree	typical	Bundled	typically	groups	of	larger	bars	that	SDQ	WZR	WZR	VW	H	EHDULQJ	VSOLFHV	LQ	EXQGOHG	VSDQ	VWRULHV	/DS	DQG	HQG	bars	require	quire	staggering	gering	the	individual	bars.	For
this	reason,	bbundled	bars	preassem	preassembly	is	more	complicated	and	can	tional	erec	create	additional	erection	time	to	place	longitudinal	and	verse	bars	oon	the	free-standing	cage.	transverse	99.7.3	7	3	Transverse	bars	9.7.3.1	Column	ties—Standard	(nonseismic)	arrangements	of	ties	for	various	numbers	of	vertical	bars	are	shown	in	Fig.	9.7.3.1.
The	one	and	two-piece	tie	arrangements	shown	provide	maximum	rigidity	for	column	cages	preassembled	on	the	site	before	erection.	The	spacing	of	ties	depends	on	the	sizes	of	longitudinal	bars,	columns,	and	of	ties.	The	maximum	spacing	of	ties	required	for	shear	is	shown	in	Table	10.7.6.5.2	in	ACI	318-14.	9.7.3.2	Spirals—Spirals	are	used	primarily
for	circular	columns,	piers,	and	caissons.	Spiral	reinforcement	can	be	plain	or	deformed	bars	or	wire.	The	term	“spiral”	used	in	the	code	is	more	than	a	geometric	description	of	a	circular	tie.	It	GH¿QHVWKHUHTXLUHGSLWFKUHLQIRUFHPHQWDPRXQWVSOLFLQJ	and	termination,	which	are	listed	in	Section	25.7.3	in	ACI	318-14.	A	continuously-
wound	bar	or	wire	not	meeting	all	of	the	requirements	of	25.7.3	is	simply	a	continuous	circular	tie.	The	spiral	pitch	is	between	1	and	3	in.,	inclusive,	and	is	typically	given	in	1/4	in.	increments.	The	spiral	size	and	pitch	should	meet	the	volumetric	reinforcement	ratio,	rs	(Eq.	(25.7.3.3)	in	ACI	318-14).	The	continuation	of	spirals	into
ÀRRUMRLQWVLVDFFRUGLQJWR7DEOH7KHPLQLPXP	diameters	to	which	standard	spirals	can	be	formed	is	given	in	Table	9.7.3.2	(ACI	315-99).	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	359	Columns	CHAPTER	9—COLUMNS	Fig.	9.7.2.2b—Column	splice	details	(ACI	315-99).	Table	9.7.3.2—Minimum	diameters	of
spiral	reinforcement	Spiral	bar	diameter,	in.	Minimum	outside	diameter	that	can	be	formed,	in.	3/8	9	1/2	12	5/8	15	3/4	30	9.8—Design	steps	1.	Determine	an	initial	size	of	the	column	and	amount	of	reinforcement.	D	2UGLQDU\Ag	=	Pu,max/0.4fcƍ+LJKVHLVPLFAg	=	Pu,max/0.3fcƍ	(b)	Shape	of	column	is	often	dictated	by	the	architect;
otherZLVHVTXDUHRUURXQGFROXPQVDUHFRPPRQ¿UVWHVWLPDWHV	(c)	Reinforcement	ratios	are	typically	1	to	2	percent	2.	Run	initial	analysis	to	determine	column	loads.	(a)	If	second-order	effects	are	accounted	by	the	computer	program,	go	to	Step	3	(b)	If	second-order	effects	are	not	accounted	by	the	computer	program,	use	the	Moment
0DJQL¿FDWLRQPHWKRGLQ6HFWLRQLQ	ACI	318-14	to	calculate	these	effects	3.	Create	a	moment-interaction	diagram	using	an	electronic	spreadsheet	or	commercial	software.	Check	the	required	moment	and	axial	load	strengths	against	the	design	strength	curve.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	360	THE
REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Fig.	9.7.3.1—Standard	column	ties	(ACI	315-99).	0DNHDGMXVWPHQWVDVQHFHVVDU\WRWKHLQLWLDOFROXPQ	size	and	reinforcement.	Rerun	the	analysis,	if	necessary,	until	design	strength	is	greater	than	required	strength	for	all	load	cases.	5.	Check	shear	strength	and	minimum
shear	reinforcement	requirements.	6.	Detail	column	longitudinal	and	transverse	requirements	showing	all	bar	locations,	spacing,	splices,	and	bar	terminations.	It	is	common	to	use	typical	column	details	and	sections	along	with	a	column	schedule	table.	REFERENCES	American	Concrete	Institute	(ACI)	ACI	315-99—Details	and	Detailing	of	Concrete
Reinforcement	ACI	318-63—Building	Code	Requirements	for	Structural	Concrete	and	Commentary	ACI	318-14—Building	Code	Requirements	for	Structural	Concrete	and	Commentary	ACI	SP-17DA-14—Reinforced	Concrete	Design	Handbook	Design	Aid	–	Analysis	Tables;	h	t	t	p	s	:	/	/	w	w	w.	c	o	n	c	r	e	t	e	.	o	rg	/	s	t	o	r	e	/	p	r	o	d	u	c	t	d	e	t	a	i	l	.	aspx?
ItemID=SP1714DA	ACI	SP-17DAE-14—	Interaction	Diagram	Excel	spreadsheet;	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	9—COLUMNS	h	t	t	p	s	:	/	/	w	w	w.	c	o	n	c	r	e	t	e	.	o	rg	/	s	t	o	r	e	/	p	r	o	d	u	c	t	d	e	t	a	i	l	.	aspx?ItemID=SP1714DAE	$PHULFDQ	&RQFUHWH	,QVWLWXWH	)DUPLQJWRQ	+LOOV	0,9	
No.	6,	June,	pp.	79-80.	Concrete	Reinforcing	Steel	Institute	(CRSI),	2011,	“Detailing	Concrete	Columns,”	Concrete	International,	$PHULFDQ	&RQFUHWH	,QVWLWXWH	)DUPLQJWRQ	+LOOV	0,9		No.	8,	Aug.,	pp.	47-53.	Columns	Authored	documents	Fanella,	D.,	2007,	Seismic	Detailing	of	Concrete
Buildings633RUWODQG&HPHQW$VVRFLDWLRQ6NRNLH,/SS	Frosch,	R.,	2011,	“Using	an	Elastic	Frame	Model	for	Column	Slenderness	Calculations,”	Concrete	International,	361	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	362	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	9.9––Examples	Columns
Example	1:	Column	analysis	$QDO\]H¿UVWÀRRULQWHULRUFROXPQLQRQHGLUHFWLRQDWORFDWLRQ(IURPWKHH[DPSOHEXLOGLQJJLYHQLQ&KDSWHURIWKLV	+DQGERRN7KHPRPHQWPDJQL¿FDWLRQPHWKRGLVXVHGZLWKD¿UVWRUGHUDQDO\VLV7KHFROXPQ¶VIDFWRUHGIRUFHVDQGPRPHQWV
DUHIURPD¿UVWRUGHUIUDPHDQDO\VLVXVLQJKDQGFDOFXODWLRQV7KHEXLOGLQJZDVDOVRDQDO\]HGE\¿UVWRUGHUDQGVHFRQGRUGHU	elastic	methods	using	commercial	software	for	comparison	purposes.	The	factored	moments	are	from	an	analysis	of	the	moment	frame	along	Grid	E.	Three	common	controlling	load	combinations	are
considered.	Given:	Materials––	6SHFL¿HGFRQFUHWHFRPSUHVVLYHVWUHQJWK	fcƍ=	5	ksi	6SHFL¿HG\LHOGVWUHQJWKfy	=	60	ksi	Modulus	of	elasticity	of	concrete,	Ec	=	4030	ksi	Loading––	/RDGVFRQVLGHUHG	/RDG	Combination	/RDGEUHDNRXW	Vu,	kip	Pu,	kip	(Mu)top,	kip-in.	Dead	d	+	live	+	sn	snow	Dead	+	wind	+	live	l	e	+	snow	Dead	D
+	EQ	+	live	+	snow	2D	L+0.5S	(i)	U	=	1.2D+1.6L+0.5S	(	U=1.2D+1.0W+1.0L+0.5S	U=1.2D+1.0	1.0L	S	(ii)	(i	U*=1.2D+1.0E+1.0L+0.2S	(iii)	1.2D	+	1.6L	+	0.5S	0	867	1.2D	+1.0L	+	0.5S	0	777	1.0W	6	0	1.2D	+1.0L	+	0.2S	0	789	1.0E	22	0	24	12	±418	12	±1740	�			�			�			(Mu)bot	,	kip-in.	±650	±2328	7KH	ORDG	IDFWRU	RQ	'	LQ	/RDG	&RPELQDWLRQ		LLL
LVLQFUHDVHGDVUHTXLUHGE\$6&(E\SDS.	Note	that	ȡ	=	1.0	for	buildings	in	SDC	B.	*	Reference:	SP-17	Supplement,	Reinforced	Concrete	Design	Handbook	Design	Aid	–	Analysis	Tables,	found	at	https://	www.concrete.org/store/productdetail.aspx?ItemID=SP1714DA,	ACI	318-14	Discussion	Calculation	Step	1—Determine	initial	column	size
Estimate	the	maximum	load	at	the	interior	column,	(XVLQJ/RDGFRPELQDWLRQL		5.3.1	U	=	1.2D	+	1.6L	+	0.5S	Pu	=	867	kip	Estimate	the	size	of	a	square	column	by	dividing	867	kip	area	=	=	434	in.2	force	by	0.4fcƍ	0.4	×	5	ksi	h	=	434	=	20.8	in.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	9—COLUMNS
Complete	a	rough	check	on	slenderness:	Concrete	columns	become	very	slender	when	NƐu/r	exceeds	45.	Since	this	column	is	likely	to	be	in	a	sway	frame,	assume	a	k	=	1.5	and	determine	a	size	WKDWVDWLV¿HVNƐu/r	<	45.	r	=	0.3h	and	kAu	=	45	r	Ɛu	=	18	×	12	–	30	=	186	in.	Rearranging	terms	and	solve	for	h:	h=	1.5	×	186	=	20.7	in.	0.3	×	45	It	is
common	for	an	engineer	to	choose	a	large	enough	column	size	so	the	column	design	is	permit-	Try	24	in.	x	24	in.	ted	to	ignore	slenderness.	For	a	frame	not	braced	(Column	sizes	are	often	rounded	to	the	nearest	increagainst	sidesway,	a	NƐu/r	limit	of	22	would	allow	ment	of	2	in.)	the	engineer	to	ignore	slenderness.	This	example,	however,	will	consider
slenderness	and	show	the	full	set	of	calculations	needed	for	a	slender	column.	Step	2—Sway	or	nonsway	moment	frame	Fig.	R6.2.6	$ÀRZFKDUWKDVEHHQDGGHG)LJ5WRWKH&RPPHQWDU\WR$&,WKDWKHOSVWKHHQJLQHHUGHWHUmine	column	analysis	options.	This	example	shows	the	full	extent	of	the	provisions	when	done	by	hand.
7KHVHFDOFXODWLRQVFRXOGHDVLO\EHSURJUDPPHGLQDVSUHDGVKHHW7KH¿UVWVWHSLQWKHÀRZFKDUWLVWRGHWHUmine	if	the	structure	is	a	sway	or	nonsway	frame.	A	moment	frame	that	is	nonsway	greatly	tly	reduces	he	Code	provides	three	the	required	calculations.	The	ame	to	be	considered	as	options	to	permit	the	frame	nonsway.
re	ar	6.2.5	1)	The	stiffness	of	al	all	the	bracing	elements	in	a	There	are	no	bracing	el	elements	in	the	direction	of	the	men	frame.	story	are	at	leastt	12	timess	the	stiffness	of	all	the	moment	n	of	evaluation.	Bracing	racing	columns	in	the	di	direction	al	means	ans	walls	but	bra	es	ar	elements	generally	braces	are	sometimes	used.	n	end	moment	ue	to	ond
order	moment	6.6.4.3(a)	2)	The	increase	off	co	column	moments	due	Second	moments	are	calculated	in	Step	4.	The	second-order	effects	does	not	exceed	5	percent	of	results	of	the	calcul	calculation	show	that	the	second	order	cts	exceed	5	percent.	WKH¿UVWRUGHUHQGPRPHQWV	effects	6.6.4.3(b)	3)	Q,	in	accordance	with	Section	6.6.4.4.1,,	does
not	∑	Pu	Δ	o	6.6.4.4.1	exceed	0.05.	Q	is	determined	for	a	single	story	and	Q	=	Vus	A	c	FRQWUROOLQJORDGFRPELQDWLRQ'LIIHUHQWÀRRUVRI	where,	the	same	moment	frame	have	different	Q	values.	⎛	30	⎞	⎛	7	⎞	A	c	=	18	×12	−	⎜	⎟	+	⎜	⎟	=	204.5	in.	⎝	2	⎠	⎝	2⎠	Ɛc	is	the	height	of	the	column	from	center-to-center	of	the	joints.	To	calculate	Q,	the	load
case	must	consider	lateral	Check	Load	Combination	(iii)	load	and	also	impose	the	maximum	gravity	load.	For	this	example,	select	Load	Combination	(iii),	which	has	a	larger	axial	load	than	Load	Combination	(ii).	™Pu	is	the	sum	all	factored	column	and	wall	gravity	™Pu	=	25,700	kip	ORDGVDWWKHÀRRUFRQVLGHUHGIRU/RDG&RPELQDWLRQ	(iii).
The	value	was	derived	from	the	loads	given	in	Chapter	1	of	this	Handbook.	Vus	is	the	total	factored	horizontal	story	shear	for	Vus	=	775	kip	Load	Combination	(iii).	The	value	was	calculated	from	the	lateral	forces	calculated	in	Chapter	1	of	this	Handbook.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Columns	6.2.5	6.2.5.1
363	364	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	ǻoLVWKH¿UVWRUGHUVWRU\GHÀHFWLRQGHWHUPLQHGE\	3	3	Vus	⎡⎛	2	×	A	c	⎞	⎛	A	c	⎞	⎤	an	elastic	analysis.	For	this	hand	calculation	exΔo	=	+	⎢⎜	⎥	3	∑	EI	⎢⎣⎝	3	⎟⎠	⎜⎝	3	⎟⎠	⎥⎦
DPSOHDVLPSOHDSSUR[LPDWLRQRIGHÀHFWLRQLVSURYLGHG7KH¿UVWVWRU\RIDEXLOGLQJLVRIWHQDVVXPHG	to	have	a	hinge	at	0.67Ɛc.	The	following	equation	Ec	=	4030	ksi	SURYLGHVGHÀHFWLRQDWDGLVWDQFHƐ	to	the	hinge.	I	=	24	×	243/12	=	27,650	in.4	3	™EI	=	37	columns	×	0.5	×	4030	×	27,650	V	×	(	A)	Δ	=	us	=	2.06	×	109
kip-in.2	3	∑	EI	6.6.3.1.2	The	value	for	stiffness	should	be	reduced	for	cracking.	A	value	of	0.5	is	commonly	used	for	all	members	in	an	analysis	calculated	by	hand.	ǻo	=	0.36	in.	Q=	1RWHWKDWWKHGHÀHFWLRQIURPD¿UVWRUGHUHODVWLF	analysis	from	software	that	accounts	for	the	relative	stiffness	of	all	the	members	is	0.64	in.	The
advanRQRIODWHUDOGHÀHFWDJHRIDPRUHDFFXUDWHFDOFXODWLRQRIODWHUDOGHÀHFtion	is	discussed	in	furtherr	detail	in	Step	4.	Step	3—Check	to	see	if	slendernesss	can	bbe	neglected	ndern	ratio,	NƐu/r.	The	notation	Compute	the	slenderness	RUWH	JWK7KHÀRRU	RRU	ƐuLVWKHXQVXSSRUWHGOHQJWK7KHÀRRUWRÀRRU	WD
HÀRRUDWWKHVHF	QGOHYHOLV	GLVWDQFHLVIWDQGWKHÀRRUDWWKHVHFRQGOHYHOLV	30	in.	deep.	To	calculate	the	ef	effective	ve	length	factor	k	for	the	th	column,	the	member	framing	att	the	top	mbe	stiffnesses	ffnesses	framin	DQGERWWRPMRLQWVQHHGWREHFDOFXODWHG	25,	700	×	0.36	=	0.058	>	0.05	775	×	204.5	Therefore,	the
frame	is	sway.	$PRUHDFFXUDWH¿UVWRUGHUDQDO\VLVVKRZVWKDW	Q=	25,	700	×	0.64	=	0.104	775	×	204.5	Ɛu	=	18	ft	×	12	in./ft	–	30	in.	=	186	in.	T-Beam	column):	Team	(at	top	of	colum	bf	=	12	120	in.	(calculated	calculated	in	Beam	Ex.	1)	bw	=	18	in.	n.	hf	=	7	in.	h	=	30	in.	For	rectangular	sections,	I	=	bh3/12.
)RU7VHFWLRQV¿QGWKHFHQWURLGE\	y=	∑	moment	of	area	∑	area	then	use	transformation	of	sections	to	calculate	I.	ybeam	=	120	×	7	×	3.5	+	18	×	23	×	18.5	=	8.5	in.	120	×	7	+	18	×	23	120	×	73	+	120	×	7	×	5.02	12	18	×	233	+	+	18	×	23	×	10.02	=	84,100	in.4	12	Slab	(at	bottom	of	column):	h	=	7	in.	b	=	14	ft	×	12	in.	=	168	in.	I	beam	=	(	)	(
See	the	plan	in	Chapter	1	for	plan	dimensions.	Islab	=	168	×	73/12	=	4800	in.4	Column	(all	levels):	h	=	24	in.	b	=	24	in.	Icol	=	24	×	243/12	=	27,650	in.4	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	)	CHAPTER	9—COLUMNS	Table	6.6.3.1.1(a)	&DOFXODWHDGMXVWHGEI	values.	For	this	part,	a	more	detailed	values
for	EI	are	used.	365	Ec	=	4030	ksi	R6.2.5	Joint	at	top	of	column:	Factor	kUHÀHFWVFROXPQHQGUHVWUDLQWFRQGLWLRQV	which	depends	on	the	relative	stiffness	of	the	col78	×	106	78	×	106	+	XPQVWRWKHÀRRUPHPEHUVDWWRSDQGERWWRPMRLQWV	204.5	168	$WWKHWRSMRLQWWKHFROXPQVIUDPHLQWREHDPVDQG	Ψ	A	=	119	×
106	119	×	106	DWWKHERWWRPMRLQWWKHFROXPQVIUDPHLQWRDWZR	+	432	432	way	slab.	Find	the	ratio	of	column	stiffness	to	beam	ΨA	=	1.5	or	slab	stiffness:	Ψ	=	[(EI/Ɛc)col,	above+	(EI/Ɛc)col,	below]/	[(EI/Ɛ)beam,	left	+	(EI/Ɛ)beam,	right]	Joint	at	bottom	of	column:	Fig.	R6.2.5	Read	k	from	the	nomograph.	nom	For	a	sway	sw	frame,	rame,	k§
kk§	(Note:	k§	(N	te:	For	F	a	nonsway	onsway	frame,	fra	6.2.5.1	Determine	the	rad	radius	off	gyr	gyration,	r	Ig	=	27,	27,650	in.4	Ag	=	57	576	in.2	r=	6.2.5	Ig	78	×	106	78	×	106	+	120	204.5	ΨB	=	4.8	×	106	4.8	×	106	+	204	204.5	204.5	ΨB	=	23.0	r=	Ag	Note	that	Section	6.2.5.1	also	allows	an	approximation	of	0.3	times	the	width	of	the	column	in	the
direction	of	the	frame,	which	would	be	0.3	×	24	=	7.2	in	this	case.	Check	to	see	if	slenderness	can	be	neglected	for	sway	frame.	Slenderness	for	a	sway	frame	can	be	neglected	if	NƐu/r”	Note:	For	a	nonsway	frame,	there	are	two	limits	that	must	be	met:	⎛M	⎞	kAu	kAu	≤	34	+	12	⎜	1	⎟	and	≤	40	r	r	⎝	M2	⎠	8VH/RDG&RPELQDWLRQLLL	WR¿QGM1	and
M2.	27,560	60	=	6.9	576	For	a	sway	frame,	2.2	×	186	=	59	>	22	6.9	Slenderness	cannot	be	neglected.	Note:	For	a	nonsway	frame:	k	A	u	0.9	×	186	=	=	24	r	6.9	⎛	1752	⎞	24	≤	34	+	12	⎜	=	40.9	and	24	≤	40	⎝	2352	⎟⎠	therefore,	slenderness	could	be	neglected	if	this	condition	occurred.	American	Concrete	Institute	–	Copyrighted	©	Material	–
www.concrete.org	Columns	0.35(EcI)beam	=	0.35	×	4030	×	84,100	=	119	×	106	kip-in.2	0.25(EcI)slab	=	0.25	×	4030	×	4800	=	4.8	×	106	kip-in.2	0.70(EcI)col	=	0.70	×	4030	x	27,650	=	78	×	106	kip-in.2	366	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	4—Determine	second	order	effects	for	PǻVZD\	For	a	sway	frame,	the
secondary	moments	at	the	)URP/RDG&RPELQDWLRQLLL	DERYH	end	of	the	column	due	to	differential	movement	of	the	ends	of	column	must	be	calculated	before	Mns	Ms	calculating	deformations	along	the	length.	Note	that	1.0E	1.2D	+1.0L	+	secondary	moments	are	often	called	“Pǻ´XSSHU	0.2S	case	delta)	effects	by	most	reference	materials,	but
M1NLSLQ	12	±1740	are	labeled	“Pįs´ORZHUFDVHGHOWD	LQ$&,	M	NLSLQ	–24	2	6.6.4.6.1	±	7KH&RGHSURYLGHVDFRQVHUYDWLYHPHWKRGWRHVWL	mate	this	effect.	The	equations	are	M1	=	M1nsįsM1s	M2	=	M2nsįsM2s	6.6.4.6.2	Eq.	D	:KHUHWKH¿UVWRUGHUPRPHQWVGXHWRJUDYLW\ORDGV	IRUDVLQJOHORDGFRPELQDWLRQM1ns)
are	added	to	WKH¿UVWRUGHUPRPHQWVGXHWRODWHUDOORDGVM1s)	PXOWLSOLHGE\WKHVZD\PRPHQWPDJQL¿FDWLRQIDF	WRUįs.	7KHVZD\PRPHQWPDJQL¿FDWLRQIDFWRUPD\EH	GHWHUPLQHGRQHRIWZRZD\V	δs	=	1	≥1	1−	Q	δs=	1	=	1.06		−		7KLVH[SUHVVLRQLVFRPPRQO\XVHGLIVRIWZDUH	QLV	PRQO\XVHGLIVR	WZDUH	¿U
GHUODWHUDOGHÀHFW	RQ	GHWHUPLQHVWKH¿	UVWRUGHUODWHUDOGHÀ	HFWLRQ	OR	Eq.	E	δs	=	1	≥1	∑	Pu	1−	0.75	∑	Pc	7KLVH[SUHVVLRQLVFRPPRQO\XVHGLQKDQGFDOFXOD	tions.	δs	=	1	∑	Pu	1−	0.75	∑	Pc	ZKHUH™Pu	NLS)URP6WHS	Note	that	Section	6.6.4.6.2c	also	acknowledges	that	the	second	order	effect	may	be	determined	by
VRIWZDUHWKDWXVHVDVHFRQGRUGHUDQDO\VLV	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	9—COLUMNS	R6.6.4.6.2	Calculate	the	critical	load	Pc	from	Eq.	(6.6.4.4.2).	EIeff	may	be	calculated	from	one	of	three	equations	in	6.6.4.4.4.	Use	Eq.	(6.6.4.4.4a)	since	the	column	reinforcement	is	not	known	at
this	point	of	the	design.	Key	points	about	EIeff	are	(a)	Commentary	Section	R6.6.4.4.4,	explains	the	differences	in	the	equations	E	)RUVZD\IUDPHVȕds	LVVXEVWLWXWHGIRUȕdns	and	is	0.0	for	short	term	lateral	loads	(c)	Ise	in	Eq.	(6.6.4.4.4b)	may	be	calculated	using	Table	D.4.5	in	the	supplement	to	this	Handbook,	see	reference	at	the	start	of	this
example.	Pc	=	π	2	(	EI	)eff	(	k	A	u	)2	(	EI	)eff	=	=	0.4	Ec	I	g	1	+	β	ds	0.4	×	4030	×	27,	650	kip-in.2	1+	0	=	45	×	106	kip-in.2	k	=	2.2	(sway	frame)	Ɛu	=	186	in.	Pc	=	δs	=	(	π	2	×	45	×	106	(	2.2	×	186)	2	)	=	2630	kip	1	=	1.54	25,	700	1−	0.75	(37	columns	×	2630)	The	large	l	disparity	between	the	two	results	(1.06	versus	1.54)	is	un	unusual.	This	disparity
indicates	that	the	n.	column	stiffness	stiff	ss	m	24	in.	may	be	outside	normal	bounds	d	th	for	stabl	stable	results	results,	an	and	the	engineer	should	consider	reasi	the	he	column	ssize.	increasing	Discussion:	HE	F*UHJRUDQG+D	H	LWLVVX	JHVW	ǻo	iin	Eq.	,QWKHUHIHUHQFHE\0DF*UHJRUDQG+DJH	LWLVVXJJHVWHGWKDWǻ	Eq	((6.6.4.6.2a)	be
taken	from	a	\VL	QJDFRPSXWHUSU	JUDPWKDWDFFRX	WVIR	HPEHUVWL	¿UVWRUGHUDQDO\VLVXVLQJDFRPSXWHUSURJUDPWKDWDFFRXQWVIRUWKHPHPEHUVWLIIQHVVHV$VQRWHGLQ6WHS	HUD	HFWLRQLVLQ	DQGWKHYDOXHI	Q	becomes	b	s	0.104.	Thus,	T	WKHVRIWZDUHODWHUDOGHÀHFWLRQLVLQDQGWKHYDOXHIRUQ	the
revised	įs,	for	Eq.	(6.6.4.6.2a)	is	δs=	1	=	1.12	1	−	0.104	The	MacGregor	and	Hage	(1977)	reference	is	informative	and	describes	the	Q	method.	A	few	helpful	suggestions	from	the	reference	are	(a)	For	Q	values	between	0.05	and	0.2,	the	error	in	second-order	moments	will	be	less	than	5	percent	E	ǻo/H	(story	height)	should	be	less	than	1/500	for
nonsway	frames	and	less	than	1/200	for	sway	frames	at	factored	loads	F	™Pu™Pcr	in	Eq.	(6.6.4.6.2b)	should	be	less	than	0.2	,QWKLVH[DPSOH™Pu™Pcr	is	0.26	>	0.2,	so	the	results	from	Eq.	(6.6.4.6.2b)	are	becoming	questionable.	Q
FDOFXODWHGIURPGHÀHFWLRQVE\D¿UVWRUGHUFRPSXWHUDQDO\VLVLVZKLFKLVLQWKHUDQJHVXJJHVWHGE\0DFGregor	and	Hage;	thus,	the	second	order-moments	calculated	by	the	Q	method	should	be	within	5	percent	of	WKHDFWXDO,IWKHǻo	from	the	computer	analysis	was	not	available,	it	would	be	prudent	to	use	Eq.	(6.6.4.6.2b)
DQGLQFUHDVHWKHVTXDUHFROXPQVL]HWRVDWLVI\™Pu™Pcr	<	0.2.	&DOFXODWHWKHPDJQL¿HGPRPHQWVXVLQJWKH	software-based	Q.	Note	that	only	the	moment	due	WRWKHODWHUDOORDGVDUHPDJQL¿HG	Calculate	the	design	moments	M1	and	M2	įsM1s	=	1.12	×	1740	=	1950	kip-in.	įsM2s	=	1.12	×	2328	=	2610	kip-in.	M1	=
M1nsįsM1s	=	12	+	1950	=	1962	kip-in.	M2	=	M2nsįsM2s	=	24	+	2610	=	2634	kip-in.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Columns	6.6.4.4.2	6.6.4.4.4	367	368	6.2.6	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Check	to	see	if	the	second-order	moments	exceed
SHUFHQWRI¿UVWRUGHUPRPHQWV	First	order	M1	is	1740	+	12	=	1752	kip-in.	”[	WKHUHIRUHOK.	First	order	M2	is	2328	+	24	=	2352	kip-in.	”[	WKHUHIRUHOK.	Step	5—Determine	second	order	effects	for	Pįnonsway	6.6.4.6.4	Second-order	effects	along	the	length	of	the	column	must	be	calculated	for	a	sway	or	nonsway	frame	where	slenderness
cannot	be	neglected.	The	magni¿HGPRPHQWVM1	and	M2,	from	Section	6.6.4.6	are	used	in	Section	6.6.4.5.	6.6.4.5.1	The	required	moment	for	design	is	calculated	by	multiplying	the	larger	end	moment	M2	by	the	moPHQWPDJQL¿FDWLRQIDFWRUį	Mc	įM2	6.6.4.5.2	7KHPRPHQWPDJQL¿FDWLRQIDFWRUį	is	calculated	by	Pu	=	789	kip	δ=	Cm	≥	1.0
Pu	1−	0.75	Pc	M1	M2	M1	=	1962	19	2	kip-in.	kip	i	26	kip-in.	p-in.	M2	=	2634	6.6.4.5.3	Cm	=	0.6	−	0.4	6.6.4.5.4	Check	M2,min:	M2,min	=	Pu(0.6	+	0.03h))	6	+	0.03	0	03	×	24)	=	1041	kip-in.,	which	is	M2,min	min	=	789	(0.6	less	than	2634.	R6.6.4.5.3	een	updated	to	follow	ow	the	Notice	that	M1/M2,	hhas	been	right	hand	rule;	thus,	the	sign	convention
has	been	changed	in	ACI	318-14.	0.4	4	Cm	=	0.6	−	0	6.6.4.4.2	R6.6.4.4.4	+	M1/M2	is	double	curvature	–M1/M2	is	single	curvature	The	critical	buckling	load	was	calculated	in	Step	4,	but	ȕds	ZDVVXEVWLWXWHGIRUȕdns.	It	shall	now	be	calculated	using	ȕdns.	The	commentary	states	that	ȕdns	may	be	assumed	to	be	0.6.	Another	common	way	of
calculating	ȕdns	is	to	divide	the	dead	load	by	transient	gravity	loads	for	a	given	load	combinaWLRQ)RU/RDG&RPELQDWLRQLLL	WKHFDOFXODWLRQLV	1.23D	1.23D	+	1.0	L	+	0.2	S	1.2	×	517	=	1.23	×	517	+	1.0	×	151	+	0.2	×	10	=	0.79	β	dns	=	Pc	=	Controls	Co	1962	=	0.30	26	2634	π	2	(	EI	)eff	(	k	A	u	)2	(	EI	)eff	=	0.4	Ec	I	g	1	+	β	dns	0.4	×	4030
×	27,	650	kip-in.2	1	+	0.79	=	25	×	106	kip-in.2	k	=	2.2	(sway	frame)	Ɛu	=	186	in.	=	Pc	=	(	π	2	×	25	×	106	(	2.2	×	186)	2	)	=	1470	kip	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	9—COLUMNS	Magnify	the	moment	for	second-order	effects	along	the	length	of	the	column.	δ=	369	0.3	=	1.06	789	1−	0.75	×	1470
Mc	įM2	=	1.06	×	2634	=	2795	kip-in.	Step	6—Summary	and	discussion	This	example	calculates	the	second-order	moment	for	one	column,	in	one-direction,	for	one	load	case.	It	is	easy	to	see	that	this	is	a	time-consuming	process.	The	following	table	shows	a	comparison	between	the	moment	and	axial	loads	calculated
E\KDQGDQGE\FRPSXWHUVRIWZDUHIRU/RDG&RPELQDWLRQLLL		Hand	(second-order)	Computer	¿UVWRUGHU	Computer	(second-order)	Pu	,	kip	789	789	818	818	Mu,	kip-in.	2352	2795	2177	2401
2QHFDQVHHWKDWWKHKDQGFDOFXODWLRQWR¿QGWKHVHFRQGRUGHUPRPHQWLVPRUHFRQVHUYDWLYHWKDQLQDFRPSXWHUDQDO\VLV	The	second-order	moment	increase	for	the	computer	is	10	percent	which	is	lower	than	the	18	percent	calculated	by	the	moPHQWPDJQL¿FDWLRQPHWKRG1RWLFHWKDWWKHQPHWKRGXVHGLQ(TD
ZDVDLGHGZLWKDǻo	computed	by	a	computer	DQDO\VLV,IWKDWGHÀHFWLRQZDVQRWDYDLODEOH(TE	ZRXOGKDYHEHHQXVHGDQGWRWDOLQFUHDVHRISHUFHQWZRXOG	have	been	required	which	is	more	than	the	40	percent	allowed.	Thus,	a	larger	column	would	have	been	selected	as	suggested	in	the	discussion	in	Step	4.	American
Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Columns	Hand	¿UVWRUGHU	370	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Column	Example	2:	Column	for	an	ordinary	moment	frame²'HVLJQDQGGHWDLOWKH¿UVWÀRRULQWHULRUFROXPQDWORFDWLRQ(	from	the	example	building	given	in	Chapter	1	of
this	Handbook.	The	column	is	part	of	an	ordinary	moment	frame.	Example	LVWKHGHVLJQRIWKHFROXPQDQDO\]HGLQ([DPSOH7KHORDGVKDYHEHHQPRGL¿HGWRPDWFKWKHUHVXOWVRIDQDQDO\VLVIURP	commercial	software	capable	of	second-order	elastic	analysis.	Given:	Materials––	6SHFL¿HG\LHOGVWUHQJWKfy	=	60	ksi	Modulus	of
elasticity	of	steel,	Es	=	29,000	ksi	6SHFL¿HGFRQFUHWHFRPSUHVVLYHVWUHQJWK	fcƍ	NVL	Modulus	of	elasticity	of	concrete,	Ec	=	4030	ksi	Normalized	maximum	size	of	aggregate	is	1	in.	Loading––	/RDGFRPELQDWLRQV	(i)	U	=	1.2D	+	1.6L	+	0.5S	(ii)	U	=	1.2D	+	1.0W	+	1.0L	+	0.5S	(iii)	U*	=	1.2D	+	1.0E	+	1.0L	+	0.2S	(iv)	U*	=	0.9D	+	1.0E	+
1.0L	+	0.2S	Pu,	kip	890	800	818	486	Mu,	kip-in.	0	651	2401	2401	Vu	,	kip	0	5	18	18	7KHVRIWZDUHDGMXVWVVHLVPLFORDGFRPELQDWLRQVDVUHTXLUHGE\$6&(	XLUHGE\$6&	s	productdetail.asp	p	?Item	Ite	Reference:	SP-17	Supplement,	Interaction	Diagram	Excel	spreadsheet	found	at	ACI	318-14	Discussion	D	Calculation	C	Step	1—Find	the
required	areaa	of	longitudinal	reinforcement	tudinal	reinfor	ment	ĺ	en	ection	22.4	for	tthee	calculation	of	Pn	and	Mn.	Section	The	Code	references	Section	ti	22.4	22	provides	an	equation	to	ĺ	calculate	P0	and	d	rreferences	nces	Section	22.	22.2	for	strain	limits.	evaluated	by	y	making	aan	interaction	tera	diagram	diagram.	A	tutorial	spreadsheet	is
proThe	interaction	off	Pn	and	Mn	is	evaluat	m	for	a	giv	vided	with	this	manual	that	demonstrates	how	to	make	a	diagram	given	section	and	reinforcement	ratio	ve	diagram	ȡ	This	example	used	the	spreadsheet	to	create	an	interactive	diagram.	The	generated	interaction	diagram	ent	is	satisfactory.	shows	if	the	assumed	longitudinal	reinforcement	The
section	properties	and	geometry	were	determined	in	the	analysis	from	Column	Example	1.	The	next	step	is	to	assume	a	quantity,	size,	and	location	of	the	longitudinal	reinforcement.	The	design	of	columns	is	RIWHQDQLWHUDWLYHSURFHVV7KH¿QDOGHVLJQPD\VKRZWKDWDODUJHUVHFWLRQRUPRUHUHLQIRUFHPHQWLVQHHGHG	in	which
case,	the	analysis	will	need	to	be	redone.	The	spreadsheet	analyzes	rectangular	or	square	colXPQVIRUFRPELQHGD[LDODQGÀH[XUDOVWUHQJWK7KH	designer	inputs	the	number	of	steel	layers	in	the	colXPQFURVVVHFWLRQ7KHVSUHDGVKHHWSODFHVWKH¿UVW	and	last	layer	as	close	to	the	outer	face	as	permitted	(concrete	cover	plus	tie	bar
size).	10.6.1.1	The	remaining	layers	are	evenly	spaced	between	the	outer	layers.	The	spacing	of	the	bars	within	each	layer	is	similar	to	the	placement	of	the	layers.	The	¿UVWDQGODVWEDUDUHDVFORVHWRWKHRXWHUIDFHDV	permitted	and	the	remaining	bars	are	evenly	spaced	between	the	outer	bars.	American	Concrete	Institute	–	Copyrighted
©	Material	–	www.concrete.org	CHAPTER	9—COLUMNS	ĺ	22.2.2.4.3	ĺ	25.7.2.2	ĺ	20.6.1.3.1	The	design	moments	are	not	very	large,	so	try	the	minimum	area	of	reinforcement	and	assume	a	uniform	distribution	of	bars	around	the	perimeter.	/RQJLWXGLQDOEDUVDUHW\SLFDOO\ODUJHUEDUV1RDQG	greater,	to	make	stable	column	cages	for	erection
and	to	reduce	the	number	of	ties	at	a	section.	ĺ	21.2	ĺ	ĺ	Try	8	bars,	one	in	each	corner	and	one	on	each	side	(3	layers:	3	bars,	2	bars,	3	bars)	Area	bar	needed	=	5.76	in.2/8	=	0.72	in.2	At	least	four	bars	are	needed	in	a	rectangular	Area	of	a	No.	8	bar	is	0.79	in.2;	therefore,	try	(8)-No.	column.	8	bars	The	spreadsheet	does	a	sectional	strength	analysis
using	an	equivalent	rectangular	stress	distribution	Section	properties	and	geometry	DFFRUGLQJWR6HFWLRQ7KHȕLVDIXQFWLRQRI	No.	layers:	3	fc’	which	is	automatically	calculated	and	displayed	’	=	5,000	psi	f	c	for	the	user’s	information.	No.	4	ties	are	a	common	starting	size	since	they	provide	good	initial	shear	strength	and	are	rigid	enough	to
provide	column	cage	stability	during	erection.	Concrete	cover	protects	the	reinforcement	from	HFWLRQ7KHPLQLFRUURVLRQDQGSURYLGHV¿UHSURWHFWLRQ7KHPLQLn	Section	20.6.	mum	cover	is	provided	in	The	spreadsheet	calculates	alcula	the	distances	to	the	cem	c	iss	needed	eede	for	later	e	layers	of	reinforcement,	which	y	us	he	tie	bar
size,	ccover	er	to	tie,	calculations,	by	using	the	al	bbar	size.	ze.	and	longitudinal	ĺ	25.2.3	As,min	=	0.01Ag	=	0.01	×	242	=	5.76	in.2	ȕ	0.80	b=	24	in.	h=	24	in.	fy	=	60	ksi	ksi	Es	=	29,000	Tie	bar	size:	4	C	Clear	cover	to	tie	=	1.50	/RQJED	/RQJEDUVL]H	8	Number	of	bars	per	layer	/D\HU	D\HU	di,	in.	N	No.	long.	bars	Asi,	in.2	3	2.500	00	3	2.37	2	12.000
000	2	1.58	1	1	500	21.500	3	2.37	™	6.32	The	minimum	bar	spacing	is	calculated	and	displayed	for	the	user’s	information.	Key	variables	needed	for	design	are	displayed	for	WKHXVHU¶VLQIRUPDWLRQ7KHVWUDLQOLPLWVDQG�	IDFWRUV	change	as	the	column	interaction	diagram	transitions	from	compression-controlled	sections	to
tensioncontrolled	sections.	in.	Bar	spacing	checks	d1	=	21.50	in.	c/c	bar	sp.	(h)	=	9.50	in.	2.	c/c	bar	sp.	(b)	=	9.50	in.	2.	Min.	clear	sp.	(in.)	=	1.50	in.	(25.2.3)	6WUDLQGH¿QLWLRQV	fy/E=	0.00207	İcu	=	0.003	Ductile	Strain	=	-0.005	Brittle	Strain	=	-0.002	�tension-controlled	=	0.9	�compression-controlled	=	0.65	The	interaction	diagram	is	made	by
calculating	the	Pn	and	Mn	for	incremental	changes	in	the	net	tensile	strain	in	the	extreme	layer	of	longitudinal	tensile	reinforcement	at	nominal	strength,	İt.	A	random	strain	of	0.0007	was	chosen	to	illustrate	the	calculation	of	Pn	and	Mn	in	the	following	steps.	9DU\İt	from	pure	compression,	İt	equal	to	fy/Es	at	Find	Pn	and	Mn	for	İt	=	0.0007	all	layers,
to	pure	tension,	–fy/Es	at	all	layers.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Columns	10.7.3.1	371	372	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	2.	Calculate	c,	the	distance	from	the	extreme	comSUHVVLRQ¿EHUWRWKHQHXWUDOD[LVIRUWKHJLYHQİtE\	XVLQJVLPLODUWULDQJOHV	c=
c=	−0.003	×	21.5	=	28.09	in.	0.0007	−	0.003	−ε	cu	×	d1	ε	t	−	ε	cu	3.	Calculate	aWKHGHSWKRIWKHHTXLYDOHQWVWUHVV	EORFN	⎡β	×c	a	=	min	⎢	1	⎣h	⎡	0.80	×	28.09	=	22.47	in.	a	=	min	⎢	⎣	h	=	24	in.	Use	a	=	22.5	in.	4.	Calculate	Cc,	the	force	at	concrete	compression	EORFN	Cc	=	0.85	×	a	×	b	×	fcƍ	Cc	=		×		×		×		=	NLSV
&DOFXODWHİsiWKHVWUDLQDWHDFKOD\HURIEDUV	)RUİs1İs2DQGİs3,	c•diWKXV¿QGWKHPLQLPXPRI	⎡	(c	−	d	i	)	⎢	ε	cu	×	c	if	c	≥	di	then	ε	si	=	min	⎢	fy	⎢	⎢	Es	⎣	⎡	(c	−	d	i	)	⎢	ε	cu	×	c	if	c	<	di	then	ε	sii	=	max	⎢	fy	⎢	−	⎢	E	s	⎣	6.	Calculate	FsiWKHIRUFHDWHDFKOD\HURIEDUV	ε	s1	=	0.003	×	εs2	(	28.1	−	21.5)	=	0.000703	28.1	(	28.1	−	12)	=



0.00172	=	0.003	0	003	×	0	0.003	×	ε	s	3	=	0.	28.1	28	1	(28.1	−	2.5)	=	0.00273	28.1	fy	60	=	=	0.00207	29,	000	Es	2	and	8VHİİs1	İ		İs2	DQGİs3	=	0.00207	For	Fs1,	Fss22,	and	Fs3İs•WKXV	,Iİsi	>	0,	then	Fsi	İsi	×	Asi	×	Es	–	0.85	×	Asi	×	fcƍ	Fs1	=	0.000703	×	2.37	×	29,000	–	0.85	×	2.37	×	5		NLS
1RWHWKDWSRVLWLYHVWUDLQLQGLFDWHVWKDWWKHEDULVLQ	Fs2	îî±îî	NLS	compression.	The	force	is	adjusted	to	account	for	the	Fs3	îî±îî	NLS	displaced	concrete.	,Iİsi”WKHQFsi	İsi	×	Asi	×	Es	7.	Calculate	Po.	Po	=	Cc™Fsi	Po		NLS	Note	that	Pn,max	is	not	applied	in	this	spreadsheet
XQWLOWKHGHVLJQVWUHQJWKFXUYHLVFDOFXODWHG	8.	Calculate	di,	the	moment	arm	to	forces	Cc	and	each	Fsi.	dCc	=	di	=	h	a	−	2	2	h	−	di	2	24	22.47	−	=	0.77	in.	2	2	d1	=	12	–	21.5	=	–9.5	in.	d2	=	12	–	12	=	0	in.	d3	=	12	–	2.5	=	9.5	in.	dCc	=	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	9—COLUMNS
373	9.	Calculate	Mi,	the	moment	for	each	force	about	the	center	of	the	section.	MCc	=	dCc	×	Cc	M	Cc	=	0.77	×	Mi	=	di	×	Fsi	M	1	=	−9.5	×	M2	=	0	×	2292	=	147	ft·kip	12	38.3	=	−30.3	ft·kip	12	108	=	0	ft·kip	12	M	3	=	9.5	×	132	=	105	ft	⋅	kip	12	ĺ	21.2	ĺ	22.4.2.1	Mn	=	147	–	30.3	+	0	+	105	=	222	ft·kip	Mn	=	MCc™Mi	The	spreadsheet	changes	the
strain	in	small	increDesign	Strength	Interaction	Diagram:	ments	to	create	a	smooth	plot	of	a	nominal	strength	interaction	diagram.	The	values	are	then	multiplied	by	�	and	the	limits	on	axial	strength	are	applied	eraction	diagram.	to	create	the	design	strength	interaction	sion-controlled	sections	is	The	�	IDFWRUfor	compression-controlled	DFWRUIR
IRUWLHV7KH�	IDFWRUIRUDOOWHQVLRQFRQWUROOHG	is	fac	sections	is	0.9.	This	factor	varies	linearly	from	0.65	he	transition	tr	n	zone	show	ich	crecre	to	0.9	through	the	shown	which	han	in	the	lower	part	of	the	curve.	ates	the	sharp	change	n	tthe	right	ht	is	for	this	column	column	exe	The	diagram	on	ads	from	the	fou	ample	and	it	has	th	the
loads	four	given	load	ted	combinations	plotted.	Use	se	eight	No.	8	bars	ba	evenly	spaced	around	the	met	perimeter.	Note	that	points	for	load	combinations	(i),	(ii),	and	(iii)	are	to	the	left	of	the	“Stress	=	0	fy´/LQHPHDQQHPHDQ	ing	all	the	bars	remain	in	compression.	Point	iv)	is	for	a	load	combination	with	lighter	gravity	loads.
,WLVMXVWWRWKHULJKWRIWKHOLQHPHDQLQJDIHZEDUV	will	be	in	tension.	Thus,	a	tension	splice	is	required.	Another	line	could	be	drawn	on	the	diagram	showing	where	the	tensile	bar	stress	is	0.5fy.	That	line	delineates	whether	a	Class	A	or	B	splice	is	required.	10.7.5.2.2	For	this	example,	all	the	bars	are	going	to	be	spliced	at	one	location	so	a
Class	B	splice	is	always	required.	Step	2—Find	the	required	area	and	geometry	of	transverse	reinforcement	ĺ	The	Code	references	Section	22.5	for	the	calculation	/RDG&RPELQDWLRQLLL		22.5	of	Vn.	The	PuJLYHQLQ/RDG&RPELQDWLRQLLL	KDVWKH	Vu	=	18	kip	expression	0.2SDS	is	applied	in	the	downward	posiPu	=	737	kip	ton	as	required	by
ASCE	7-10.	The	Pu	value	shown	KHUHLVFKDQJHGWRUHÀHFWSDS	in	the	upward	position	for	the	lowest	axial	load	associated	with	this	load	combination.	18.3.3	Note	that	Ɛu	(186	in.)	is	greater	than	5c1	(120	in.);	therefore,	the	additional	shear	requirement	for	ordinary	moment	frame	columns	does	not	apply.	American	Concrete	Institute	–
Copyrighted	©	Material	–	www.concrete.org	Columns	10.	Calculate	Mn.	374	Eq.	(22.5.5.1)	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	The	shear	force	resisted	by	the	column	is	minimal	in	this	case.	It	is	conservative	to	ignore	the	effect	of	the	compression	load	on	shear	resistance.	Use	Eq.		WR¿QGVc.	21.5	=	73.0	kip	≥	18	kip
1000	Vc	=	2λ	f	c′bw	d	Vc	=	2	×	1.0	5000	×	24	×	10.6.2	ĺ	21.2	Minimum	shear	reinforcement	is	required	when	Vu	!�Vc	Check	for	minimum	shear	reinforcement	18	kip	8	0.5	×	0.75	×	73	=	27	kip	ĺ	25.7.2	Ties	are	not	needed	for	shear	but	they	are	necessary	for	lateral	support	of	longitudinal	bars.	Thus,	tie	requirements	must	meet	the	geometry
requirements	of	25.7.2	and	location	requirements	of	10.7.6.2	Column	ties	are	not	necessary	for	shear	resistance.	10.7.6.2	25.7.2.2	The	minimum	tie	bars	size	is	No.	3	for	longitudinal	bars	No.	10	or	smaller;	however,	a	No.	4	tie	was	chosen	as	discussed	in	Step	1.	25.7.2.1	The	minimum	spacing	is	(4/3)dagg;	however,	the	trols	for	this	exmaximum	tie
requirements	controls	ample.	Use	No.	4	ties.	acing	shall	not	exceed	the	least	of:	The	maximum	spacing	in	Controls.	(a)	166	×	1.00	in.	=	16	in.	ongi	l	bar	(a)	16db	of	the	longitudinal	(b	n.	=	24	in.	(b)	48	×	0.50	in.	transverse	se	bar	(b)	48	db	of	the	tra	(c	(c)	24	in	in.	(c)	h	or	b	25.7.2.3	Fig.	R25.7.2.3a	equ	hat	lateral	su	Section	25.7.2.3	requires	that
support	from	ties	is	provided	for	bars	at	every	column	corner	and	also	bars	with	greater	than	6	in.	clear	on	each	side.	ort	in	this	Thus,	every	vertical	bar	needs	lateral	support	example	U	Use	s	=	16	in.	on	center	(o.c.)	i	o.c.	Use	N	No.	4	ties	@	16	in.	Ties	with	90-degree	standard	hooks	are	acceptable	for	this	case.	A	diamond-shaped	tie	is	used	to	support
bars	along	the	sides.	This	is	desirable	because	it	provides	a	strong	column	cage	for	erection;	however,	it	becomes	a	fabrication	problem	when	the	column	is	rectangular	and	this	tie	becomes	oblong.	It	is	common	to	use	alternative	tie	geometry,	such	as	cross	ties,	for	columns	that	are	not	square.	6WHS²&KHFNWKHMRLQW	ĺ
7KHWUDQVIHURIFROXPQD[LDOIRUFHWKURXJKWKHMRLQWPXVWEHFKHFNHG,WLVFRPPRQWRKDYHKLJKHUVWUHQJWK	15.3	FRQFUHWHLQWKHFROXPQVDQGZDOOVDQGDORZHUVWUHQJWKLQWKHÀRRUV\VWHP,IWKHGLIIHUHQFHLQFRQFUHWH	strengths	is	greater	than	1.4,	then	the	Code	provides	three	options	to	account	for	this
difference.	This	building	uses	the	same	fc’IRUERWKWKHFROXPQVDQGÀRRUV\VWHPVRQRDGGLWLRQDOFDOFXODWLRQVRUDGMXVWPHQWVDUH	necessary.	15.2.2,	6HFWLRQVDQGUHTXLUHWKDWEHDPFROXPQMRLQWVEHGHVLJQHGDQGGHWDLOHGIRUVKHDULI	15.2.3,	moment	is	being	transferred	to	the	column.	Section	15.4	does	not
require	minimum	shear	reinforcement	15.2.4,	WKURXJKWKHMRLQWLIWKHMRLQWLVUHVWUDLQHGLQDFFRUGDQFHZLWKRUDQGLVQRWSDUWRIDVHLVPLF	15.2.5,	force-resisting	system.	Note	that	this	exception	may	be	superseded	by	Chapter	18	as	noted	in	Section	15.2.3.	15.4.1	This	column	is	part	of	an	ordinary	moment	frame;	therefore,	it
is	part	of	the	seismic-force-resisting	system.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	9—COLUMNS	Section	15.4.2	applies	which	requires	that	minimum	shear	reinforcement	is	provided	in	the	joint	region	even	if	minimum	shear	reinforcement	is	not	required	in	the	column.	Av	shall	be	at	least	the	greater	of:
0.75	f	′	50	15.4.2.1	15.4.2.2	At	each	tie,	Av	=	0.20	in.2	×	4	legs	=	0.80	in.2	Check	s	=	16	in.	0.75	×	5000	×	24	×	16	=	0.34	in.2	≤	0.80	in.2	60,	000	bs	fy	50	×	24	×	16	=	0.32	in.2	≤	0.80	in.2	60,	000	bs	fy	The	maximum	spacing	is	one-half	the	depth	of	the	shallowest	beam	or	slab	framing	into	the	element	and	shall	be	distributed	along	the	column	for	the
full	depth	of	the	deepest	member.	Find	the	maximum	spacing	in	joint:	s=	30	=	15	in.	2	Controls	Thus,	two	ties	are	required	along	the	depth	of	the	joint	at	a	spacing	not	greater	than	15	in.	ACI	352R	Section	15.2.2	of	the	Code	states	that,	“the	shear	resulting	from	moment	transfer	shall	be	considered	in	the	GHVLJQRIWKHMRLQW
´7KH&RGHGRHVQRWSURYLGHVSHFL¿FUHTXLUHPHQWVWRPHHWWKLVUHTXLUHPHQWLQ&K,I	shear	strength	is	a	concern,	thee	shear	strength	requirements	of	S	Section	18.18.4	of	the	Code	can	be	used.	Note	LVQRWVLJQL¿FDQWO\LQFUHDVHGE\WKHLQFUHDVHR
WKDWMRLQWVKHDUVWUHQJWKLVQRWVLJQL¿FDQWO\LQFUHDVHGE\WKHLQFUHDVHRIVKHDUUHLQIRUFHPHQWDVH[SODLQHGLQ	KHVKHDULVVRORZIRUWKLVH[DPSOHWKDWDFKHFNRQVKHDULV	6HFWLRQ57KHVKHDULVVRORZIRUWKLVH[DPSOHWKDWDFKHFNRQVKHDULVQRWQHFHVVDU\6HH([DPSOH	sign.	For	a	greater
understanding	of	jointt	des	for	a	full	joint	design.	design,	reference	A	ACI	562R,	“Recommendations	eam	mn	Connectio	n	Monolit	for	Design	of	Beam-Column	Connections	in	Monolithic	Rein	Reinforced	Concrete	Structures.”	ice	and	joint	at	Level	2	Step	4—Detail	the	column	splice	RE	ODSVSOLFHVIRUWK	YHUW	PHQ	ÀRRUOHYH
,WLVFRPPRQWREHJLQODSVSOLFHVIRUWKHYHUWLFDOUHLQIRUFHPHQWDWWKHÀRRUOHYHOLQRUGLQDU\PRPHQWIUDPHV	ice	aree	at	one	location	Since	all	the	splices	location,	a	Class	B	tensio	tension	lap	length	iss	provide	provided	and	checked	against	the	compression	lap	len	length	as	a	minimum.	ĺ	Ɛst	is	the	greater	of:	Determinee	Ɛstt
for	a	No.	N	8	bar:	ĺ	Ȝ		(a)	1.3Ɛd	ȥt	=	ȥe	=	ȥs	Ȝ	25.5.2	(b)	12	in.	in.	db	=	1.0	in	cb	=	1.5	+	0.5	+	1.0/2	=	2.5	in.	10.7.5.2.2	n	=	3,	number	of	longitudinal	bars	along	the	splitting	plane	where,	s	=	16	in.,	spacing	of	ties	ĺ	f	Atr	=	4	tie	legs	×	0.2	in.2	=	0.8	in.2	ψt	ψeψ	s	3	y	=	d	A	d	b	ĺ	40	λ	f	c′	⎛	cb	+	K	tr	⎞	40	×	0.8	25.4.2	K	tr	=	=	0.67	⎜⎝	d	⎟⎠	16	×	3	b	and,	K	tr
=	40	Atr	sn	⎛	cb	+	K	tr	⎞	⎛	2.5	+	0.67	⎞	⎜⎝	d	⎟⎠	=	⎜⎝	1.0	⎟⎠	=	3.17	≤	2.5	b	Ad	=	3	60,	000	1.0	1.0	=	25.4	in.	40	1.0	5000	2.5	Ɛst	=	1.3	×	25.4	=	33.0	in.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Columns	15.4.2	375	376	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	ĺ	For	fy	equal	to	60	ksi,	Ɛsc	is	the
greater	of:	ĺ	(a)	0.0005fy	db	=	30db	25.5.5.1	(b)	12	in.	Check	compression	lap	splice	length.	10.7.5.2.1	For	ease	of	construction,	use	Ɛst	=	33	in.	for	all	splices	and	splice	at	every	level.	10.7.4.1	10.7.6.4	A	common	way	of	expressing	this	splice	on	the	structural	drawings	is	to	make	a	lap	splice	table	and	reference	it	in	the	detail.	Note	that	it	is	common	to
splice	at	every	other	story	to	save	time	on	labor	in	WKH¿HOG	/DWHUDOVXSSRUWRIRIIVHWEHQGVLVSURYLGHGE\	column	ties	at	bend.	Ties	need	to	resist	1.5	times	the	horizontal	tension	component	of	the	computed	force	in	the	inclined	portion	of	the	offset	bar.	The	horizontal	component	was	determined	for	the	bar	strength	at	maximum	incline,	1
in	6	(9.5	degrees).	The	calculations	shows	that	one	additional	No.4	tie	can	laterally	support	one	No.	8	bar	at	the	offset.	Ɛsc	=	30	×	1.0	=	30	in.	Nominal	vertical	bar	strength:	No.	8	=	(fyAst)	=	60	×	0.79	=	47.4	kip	Horizontal	tension	at	the	bend:	Pu	=	1.5	×	47.4	×	sin(9.5°)	=	11.7	kip	Nominal	tie	strength:	No.	4	=	(fyAst		î	NLSV•NLS	Provide	one	tie	leg
for	each	vertical	bar	at	its	offset.	The	current	tie	detail	meets	this	requirement.	10.7.6.2	15.4.1	7KH&RGHUHTXLUHVWKH¿UVWWLHVWDUWLQJRQDQ\OHYHO	to	be	within,	s/2,	of	the	top	of	the	slab.	It	is	good	construction	practice	to	start	the	tie	at	2	or	3	in.	ÀRRUE	IURPWKHWRSRIWKHÀRRUEHJLQQLQJRIWKHFROXPQ	ocee	with	the	typical	tie
spacing.	cage)	and	then	proceed	HF	QFDJHERWWRP	WKHÀRRU	$WWKHWRSRIWKHFROXPQFDJHERWWRPRIWKHÀRRU	UH	GWKURXJKEHDP	VODEM	DERYH	WLHVDUHUHTXLUHGWKURXJKEHDPVODEMRLQWLI	OE	UHQRWFRQ¿QHGE	WKHF	WKHORQJLWXGLQDOEDUVDUHQRWFRQ¿QHGE\WKHFRQn	this	case,	only	two	wo	beams	crete
on	all	four	sid	sides.	In	WV	EHDP	GHSWK	E	Z	WKH	IUDPHLQWRWKHMRLQWVRWKHEHDPGHSWKEHORZWKH	VODEGRHVQRWSURYLGHMRLQWFRQ¿QHPHQW7KHVODE	LVRQDOOIRXUVLGHVVRLWSURYLGHVFRQ¿QHPHQWDQG	KH	&RGH	WLHVDUHQRWUHTXLUHGLQWKLVMRLQWUHJLRQ7KH&RGH	requires	the	last	tie	to	be	within
s/2	of	the	lowest	KRUL]RQWDOUHLQIRUFHPHQWLQWKHFRQ¿QHGFRQFUHWH	Again,	it	is	good	construction	practice	to	place	a	tie	DWRULQEHORZWKHFRQ¿QLQJFRQFUHWH	/RFDWHWKHWRSRIIVHWEHQGDWWKHWLHMXVWEHORZWKH	slab.	Provide	a	tie	at	the	bottom	offset	bend.	This
SURYLGHVWZRWLHVLQWKHMRLQWUHJLRQLQUHTXLUHG	spacing.	The	tie	requirements	are	not	additive	in	this	case.	Step	4—Discussion	and	summary	7KH[LQFROXPQLVVDWLVIDFWRU\IRUGHVLJQ7KHPLQLPXPUHLQIRUFHPHQWHLJKW1RVLVVXI¿FLHQWWR	resist	the	factored	loads	and	moments.	Shear	is	very	low	and	only	the	minimum
tie	area	and	spacing,	No	4	WLHVDWLQRQFHQWHUDUHUHTXLUHGIRUVXSSRUWRIWKHORQJLWXGLQDOUHLQIRUFHPHQW2QLQVSHFWLRQWKLVFROXPQVL]HDQGUHLQIRUFHPHQWZLOOZRUNIRUWKHUHPDLQLQJÀRRUVVLQFHWKHFROXPQVJHWVKRUWHUDQGWKHORDGV
GHFUHDVH$VPDOOHUFROXPQZLOOZRUNIRUWKHXSSHUÀRRUVEXWWKHFRVWRIDFKDQJHLQIRUPZRUNPD\QRW	overcome	the	cost	of	the	small	amount	of	concrete	that	is	saved.	For	this	building,	the	architect	may	want	to
VDYHVRPHVSDFHRQWKHXSSHUÀRRUVDQGWKHUHPD\EHDFRPSURPLVHEHWZHHQIXQFWLRQDOLW\DQGH[SHQVH	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	9—COLUMNS	377	Column	Example	3:	Column	for	an	intermediate	moment	frame	(IMF)
'HVLJQDQGGHWDLOWKH¿UVWÀRRULQWHULRUFROXPQDWORFDWLRQ(IURPWKHH[DPSOHEXLOGLQJJLYHQLQ&KDSWHURIWKLV+DQGERRN	The	column	is	part	of	an	IMF.	([DPSOHLVDFRQWLQXDWLRQRI([DPSOHVDQG7KHORDGVKDYHEHHQPRGL¿HGWRPDWFKWKH	results	of	an	analysis	from	commercial	software	capable	of	second-
order	elastic	analysis	and	for	Seismic	Design	Category	C.	Given:	Loading––	/RDG&RPELQDWLRQV	(i)	U	=	1.2D	+	1.6L	+	0.5S	(ii)	U	=	1.2D	+	1.0W	+	1.0L	+	0.5S	(iii)	U*	=	1.2D	+	1.0E	+	1.0L	+	0.2S	(iv)	U	*=	0.9D	+	1.0E	+	1.0L	+	0.2S	Pu,	kip	890	800	848	56	456	Mu,	kip-in.	0	651	3228	3228	Vu	,	kips	0	5	25	25
7KHVRIWZDUHDGMXVWVVHLVPLFORDGFRPELQDWLRQVDVUHTXLUHGE\$6&(	TXLUHGE\$	Reference:	SP-17	Supplement,	Interaction	Diagram	Excel	spreadsheet	found	at	productdetail.asp	p	?Item	Ite	ACI	318-14	Discussion	Calculation	6WHS²'LVFXVVLRQRQPRGL¿FDWLRQRI([DPSOHIRUDQ,0)	FDW	([DPSOHIRU	,0)	ĺ	This	example	column
requirements	The	le	demonstrates	onstrates	the	colu	mn	design	requi	men	for	an	IMF.	Th	h	design	requirements	are	ĺ	VLPLODUWRDQRUGLQDU\PRPHQWIUDPH20)	H[FHSWWKDWKRRSVDUHUHTXLUHGLQWKHSODVWLFKLQJHUHJLRQ	QR	DU\PRPHQWIUDP	20)	H[FHSW	KDWK	HUHTXLUHG
Ɛo,DWDUHGXFHGVSDFLQJ7KHDGGLWLRQDOGHVLJQUHTXLUHPHQWVIRUDQ,0)LQFUHDVHVWKHUHVSRQVHPRGL¿FDHG	FLQJ7KHDGGLWL	DOGHVLJQUHTXL	PHQ	DQ,0)LQ	W	R	P		IRU	DQ	20		IRU	DQ	,	7KH	DVH	LQ	5	WLRQFRHI¿FLHQWRIURPIRUDQ20)WRIRUDQ,0)7KHLQFUHDVHLQ5UHVXOWVLQDGHFUHDVHLQVHLVPLF	signed	to
SDC	B	and	required	for	SDC	C.	base	shear.	An	IMF	is	permitted	to	be	used	for	structures	assigned	ear	is	so	low	that	it	is	not	economical	to	require	For	the	column	designed	in	Examples	1	and	2,	the	shear	IWKHUHGXFHGVKHDU
WKHH[WUDGHWDLOLQJWRJDLQWKHEHQH¿WRIWKHUHGXFHGVKHDU)RUWKLVH[DPSOHWKHH[DPSOHEXLOGLQJLV	DQDO\]HGIRUDUHJLRQDVVLJQHGWR6'&&DQG/RDG&RPELQDWLRQLLL	DUHUHYLVHG	Step	2—Find	the	required	area	of	longitudinal	reinforcement	The	same	column	from	Example	2	is	checked	usDesign	Capacity
Interaction	Diagram:	ing	the	interaction	diagram	spreadsheet	referenced	at	the	start	of	this	example.	See	Example	2	for	a	detailed	discussion	on	the	calculation	of	nominal	and	design	interaction	diagrams.	The	diagram	on	the	right	is	for	this	column	example	and	it	has	the	loads	from	the	four	given	load	combinations	plotted.	Eight	No.	8	bars	evenly
spaced	around	the	perimHWHULVVXI¿FLHQW	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Columns	Materials––	6SHFL¿HG\LHOGVWUHQJWKfy	=	60	ksi	Modulus	of	elasticity	of	steel,	Es	=	29,000	ksi	6SHFL¿HGFRQFUHWHFRPSUHVVLYHVWUHQJWK	fcƍ	NVL	Modulus	of	elasticity	of	concrete,	Ec	=	4030	ksi
Normalized	maximum	size	of	aggregate	is	1	in.	378	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	3—Find	the	required	area	of	transverse	reinforcement	ĺ	7KHVKHDUKDVLQFUHDVHGLQ/RDG&RPELQDWLRQLLL		22.5	but	it	is	still	very	low.	The	concrete	design	strength
FDOFXODWHGLQ([DPSOHLVVXI¿FLHQWWRFDUU\WKH	10.6.2	load.	18.4.3.1	For	columns	in	IMFs,	there	are	additional	shear	requirements.	�Vn	shall	be	at	least	the	lesser	of:	18.4.3.1(a)	Shear	calculated	for	reverse	curvature	from	the	maximum	Mn	over	the	range	of	factored	axial	ORDGVZLWKODWHUDOIRUFHV7KHIROORZLQJ¿JXUH
LOOXVWUDWHVKRZWR¿QGMn	(National	Institute	of	Standards	and	Technology	(NIST),	“Seismic	Design	of	Reinforced	Concrete	Special	Moment	Frames:	A	Guide	for	Practicing	Engineers,”	NIST	GCR	8-917-1).	φVc	=	27	kip	≥	Vu	=	25	kip	2	The	range	of	nominal	moments	is	shown	in	the	folORZLQJ¿JXUH	interaction	diagram	spreadsheet	allows	the
user	The	interact	In	this	example,	the	range	of	Mn	does	not	contain	input	an	axial	load	value	and	it	will	calculate	the	he	maximum	to	inp	the	balance	point	of	the	curve.	Thus,	the	QRPLQDOPRPHQWVHHWKH³6HOHFW$[LDO/RDG´WDE	value	for	Mn	is	at	the	load	combination	with	the	greatest	Mn.	For	Pu	=	848	kip,	Mn	=	9373	kip-in.	For	Pu	=	456
kip,	Mn	=	7994	kip-in.	Use,	Mn	=	9373	kip-in.	Vu	=	18.4.3.1(b)	25	Shear	with	the	overstrength	factor	ȍo	applied.	M	nt	+	M	nb	2	×	9373	=	=	101	kips	Au	186	ȍo.=	3	(Table	12.2-1,	ASCE	7)	Vu	=	3	×	25	=	75	kip	Controls	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	9—COLUMNS	Shear	reinforcement	is
required.	The	equation	for	shear	reinforcement	is	NG	Av	f	yt	d	From	Example	2	Area	of	a	No.	4	bar	=	0.20	in.2	s	Av	=	4	legs	×	0.20	=	0.80	in.2	d	=	24	–	2.5	=	21.5	in.	fyt	=	60	ksi	When	shear	is	required,	there	is	a	limit	on	spacing.	Assume	maximum	spacing	of	The	maximum	spacing	is	the	lesser	of	d/2	or	24	in.	d	21.5	for	smax	=	=	=	10.75;	use	s	=	10
in.	Vs	=	10.7.6.5.2	φVc	/2	=	27	kip	<	Vu	=	75	kip	Vs	≤	4	f	c′bw	d	=	4	5000	×	24	×	21.5	=	145.9	kip	1000	2	2	Calculate	Vs	Vs	=	0.80	×	60	×	21.5	=	64.5	kips	16	”WKXVsmax	assumption	is	OK.	22.5.1.1	10.6.2.2	Check	the	Av,min.	Av,min	shall	bee	at	least	the	greater	of:	0.75	f	c′	50	bs	fy	�Vn	�Vs	+	Vc				NLS•	kip	OK	Av	=	4	legs	×	0.25	=	0.80	in.2	0.75	×
5000	×	24	4	×	10	=	0.21	in.2	≤	0.80	in.2	OK	60,	000	50	×	24	×	10	=0	20	in	iin.2	≤	0.80	in.2	OK	0.20	60,	60	000	bs	fy	Step	4—Find	the	required	geometry	etry	and	spacing	of	tra	transverse	erse	reinfo	reinforcement	ment	18.4.3.3	The	tie	geometry	from	Example	2	is	acceptable	for	Typical	cal	section	along	Ɛo.	all	locations	except	in	the	plastic	hinge
region,	Ɛo.	Section	18.4.3.3	requires	that	hoops	are	used	in	the	plastic	hinge	region,	Ɛo.	ĺ	25.7.4	18.4.3.3	Hoop	geometry	is	similar	to	ties	but	the	tie	must	be	closed	with	seismic	hooks	at	each	end.	Hoop	is	IXUWKHUGH¿QHGLQ&KDSWHURIWKH&RGH,WVWDWHV	that	the	bend	must	not	be	less	than	a	standard	135-degree	hook.	Another	common	tie
arrangement	is	one	exterior	hoop	with	one	cross	tie	for	the	middle	bars	in	each	direction.	The	plastic	hinge	Ɛo	is	the	greatest	of	(a)	1/6Ɛu	(b)	h	or	b	(c)	18	in.	Find	Ɛo	(a)	1/6	×	186	=	31	in.	(b)	24	in.	(c)	18	in.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Controls.	Columns	ĺ	22.5.10.5.3	379	380	THE	REINFORCED
CONCRETE	DESIGN	HANDBOOK—SP-17(14)	18.4.3.3	The	maximum	spacing,	so,	along	the	plastic	hinge	Find	the	maximum	spacing	for	so	region	is	the	smallest	of	(a)	8	×	1	=	8	in.	Controls.	(a)	8db,	smallest	longitudinal	bar	(b)	24db,	hoop	(b)	24	×	0.5	=	12	in.	(c)	0.5h	or	0.5b	(c)	0.5	×	24	=	12	in.	(d)	12	in.	(d)	12	in.	18.4.3.5	2XWVLGHƐo	the	column
transverse	reinforcement	is	Thus,	the	transverse	reinforcement	is	provided	as	shown	in	Example	2	but	with	a	10	in.	No.	4	hoop	at	8	in.	along	Ɛo	and	No.	4	ties	at	10	in.	outside	of	Ɛo	spacing	for	shear.	6WHS²&KHFNWKHMRLQW	15.2.4
)URP([DPSOHWZRWLHVDUHUHTXLUHGDORQJWKHGHSWKRIWKHMRLQWDWDVSDFLQJQRWJUHDWHUWKDQLQ	18.4.4	Section	18.4.4	refers	the	engineer	to	the	Chapter	15	so	there	are	no	additional	requirements	according	to	the	Code	for	an	IMF.	18.4.2	The	shear	required	for	design	is	larger	for	the	IMF.	As	discussed	in	Step	3	of	Example	2,
the	provisions	RI6HFWLRQFDQEHXVHGWRFKHFNWKHFRQFUHWHVKHDUVWUHQJWKWKURXJKWKHMRLQW1RWHWKDW6HFWLRQ	DUHUHTXLUHPHQWVIRUD7\SHFRQQHFWLRQDVGH¿QHGLQ$&,5$Q,0)FRXOGEHGHVLJQHGDV	a	Type	1	connection	in	ACI	352R.	9DOXHVDGDSWHGIURP%HDP([DPSOHLQ&KDSWHURI	Calculate	column
shear	force	Vu	associated	with	the	nominal	moments	and	related	shears	calculated	WKLV+DQGERRN5HLQIRUFHPHQWLVPRGL¿HGWRPHHW	the	beam	requirements	for	IMFs.	Use	seven	No.	7	2.	The	column	in	accordance	with	Section	18.4.2.	EDUVDWWKH	EDUVDWWKH7EHDPÀDQJHDQGWKUHH1REDUVDW	ated	with	the	following	shear	can
be	approximated	he	T-beam	ste	the	stem.	JLQÀHFWL	HTXDWLRQDVVXPLQJLQÀHFWLRQSRLQWVRFFXUDWWKH	ghts:	column	midheights:	Mnll	=	6520	0	kip-in.	h⎤	⎡	Mnrr	=	2960	kip	in.	⎢(	M	nl	+	M	nr	)	+	(Vul	+	Vur	)	2	⎦⎥	Vull	=	77	kip	Vu	,col	=	⎣	Vurr	=	30	kip	A	Also,	Where	Ɛis	thee	distance	d	ce	between	the	mid-height	id-height	of	Also
WKHFROXPQDERYHDQGEHORZWKHMRLQW1RWHWKDWLW	188	ft	+	14	ft	is	unconservative	to	ignore	the	slab	for	this	check;	A	=	×	12	in./ft	=	192	in.	2	therefore,	consider	the	full	effective	width,	bf,	of	h	=	24	in.	the	T-Beam	in	the	calculations.	Vu	,col	7KHVKHDUDWWKHFHQWHURIWKHMRLQWLV	24	⎤	⎡	⎢⎣(	6520	+	2960)	+	(	77	+	30)	2	⎥⎦	=	=
52	kip	192	T1	=	3	×	0.60	×	60	=	108	kip	T2	=	7	×	0.60	×	60	=	252	kip	Vj	=	T2	+	C1	–	Vu	C1	=	T1	=	108	kip	C2	=	T2	=	252	kip	Vj	=	252	+	108	–	52	=	308	kip	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	9—COLUMNS	7KHHIIHFWLYHDUHDRIWKHMRLQWAj,	is	calculated	by	the	multiplying	the	column
depth,	h,	by	the	effective	width	which	is	the	lesser	of:	bw,beam	=	18	in.	hcol	=	bcol	=	24	in.	x=	Fig.	R18.8.4	18.8.4.1	21.2.4.3	(a)	bw,beam	+	hcolumn	(b)	bw,beam	+	2x	(c)	bcolumn	where	x	is	the	smaller	distance	between	the	edge	of	the	beam	and	edge	of	the	column.	&DOFXODWHWKHVKHDUVWUHQJWKRIWKHMRLQW7DEOH	18.8.4.1	provides
Vn	for	several	conditions.	This	MRLQWLVFRQ¿QHGE\EHDPVRQWZRRSSRVLWHIDFHV	Vn	=	15λ	f	c′Aj	24	in.	−	18	in.	=	3	in.	2	(IIHFWLYHMRLQWZLGWK	(a)	18	+	24	=	42	in.	(b)	18	+	2	×	3	=	24	in.	(c)	24	in.	Controls	Aj	=	24	×	24	=	576	in.2	Vn	=	15	×	1.0	×	5000	×	576	=	611	kips	1000	�Vn	î	NLS•NLS	-RLQWVKHDULVVXI¿FLHQW	Note	that	for	a
Type	1	connection	in	ACI	352R	a	higher	shear	strength	is	permitted.	Vn	=	20λ	f	c′Aj	6WHS²'HWDLOWKHFROXPQVSOLFHDQGMRLQWDW/HYHO	MRLQWDW/	18.4.3.4	7KH¿UVWKRRSIURPWKHIDFHRIWKHMRLQWPXVWEH	IURPW	within	so6LPLODUWR([DPSOHWKH¿UVWKRRSLV	6LPL	ample	the	3	in.	off	the	top	of	thee	slab.	For	this	example	QG
KHMRLQW7KHODV	KRRSLQWKH	KRRSVH[WHQGLQWRWKHMRLQW7KHODVWKRRSLQWKH	GE	HDVW	oIURPWKH¿UVWKRRSDWWKH	WKH¿	VWKR	MRLQWVKRXOGEHDWOHDVWs	next	level.	The	splice	is	permitted	to	start	at	the	top	of	the	slab	for	an	IMF,	which	is	desired	for	ease	of	construction.	Step	7—Discussion	and	summary	This
example	is	an	extension	of	Example	2	but	the	seismic	loads	where	increased	for	a	Seismic	Design	Category	C.	The	difference	in	design	resulted	in	almost	twice	as	much	transverse	reinforcement.	The	requirement	to	use	hoops	only	resulted	in	a	135-degree	hooks	instead	of	90-degree	hooks.	The	column	size	and	longitudinal	reinforcement	remained	the
same.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Columns	18.8.4.3	381	382	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Column	Example	4:	Column	for	a	special	moment	frame	(SMF)
'HVLJQDQGGHWDLOWKH¿UVWÀRRULQWHULRUFROXPQDWORFDWLRQ(IURPWKHH[DPSOHEXLOGLQJJLYHQLQ&KDSWHURIWKLV+DQGERRN	The	column	is	part	of	an	SMF.	([DPSOHLVDFRQWLQXDWLRQRI([DPSOHVDQG7KHORDGVKDYHEHHQPRGL¿HGWRPDWFKWKH	results	of	an	analysis	from	commercial	software	capable	of	second-
order	elastic	analysis	and	for	Seismic	Design	Category	D.	Given:	Materials––	6SHFL¿HG\LHOGVWUHQJWKfy	=	60	ksi	Modulus	of	elasticity	of	steel,	Es	=	29,000	ksi	6SHFL¿HGFRQFUHWHFRPSUHVVLYHVWUHQJWKfcƍ	NVL	Modulus	of	elasticity	of	concrete,	Ec	=	4030	ksi	Normalized	maximum	size	of	aggregate	is	1	in.	Loading––
/RDGFRPELQDWLRQV	(i)	U	=	1.2D	+	1.6L	+	0.5S	(ii)	U	=	1.2D	+	1.0W	+	1.0L	+	0.5S	(iii)	U	=	1.2D	+	1.0E	+	1.0L	+	0.2S	(iv)	U=	0.9D	+	1.0E	+	1.0L	+	0.2S	Pu,	kip	890	800	872	432	Mu,	kip-in.	0	651	4491	4491	Vu,	kip	0	5	34	34	Reference:	SP-17	Supplement,	Interaction	Diagram	Excel	spreadsheett	found	at	p	g	ACI	318-14	Discussion	ussion
Calculation	6WHS²'LVFXVVLRQRQPRGL¿FDWLRQRI([DPSOHIRUDVSHFLDOPRPHQWIUDPH60)	RQRI([DPSOHIRUDVSHFLDOPRPHQWIUDPH60)	IUDP	This	example	demonstrates	the	column	design	mon	ng	propertie	The	foll	following	properties	are	from	the	intermediate	requirements	forr	an	SMF.	additional	design	F.	The	addition	men	frame
(IMF)	de	moment	design	and	are	repeated	here	for	and	detailing	requirements	equ	ents	for	a	SMF	iincreases	creases	the	in	rma	information.	UHVSRQVHPRGL¿FDWLRQFRHI¿FLHQW5IURPIRU	¿F	FRHI¿FLHQW5IU	P	an	IMF	to	8	for	an	SMF.	permitted	F.	A	SMF	is	perm	tted	to	be	C	umn	Column:	es	aassigned	ned	to	SDC	B	and	C	and	h	=	b	=	24	in.
used	for	structures	required	for	SDC	D,	E,	and	F.	For	this	example,	the	Eight	No.	8	longitud	longitudinal	bars	example	building	is	analyzed	for	a	region	assigned	No.	4	hoops	WR6'&'DQG/RDG&RPELQDWLRQVLLL	DQGLY		l	are	revised.	This	example	starts	with	the	column	designed	in	Example	3.	Beam:	h	=	30	in.	bf	=	120	in.	bw	=	18	in.
6HYHQ1RORQJEDUVDWEHDPÀDQJH	Three	No.	7	long.	bars	at	beam	stem	Step	2—Check	dimensional	limits	and	axial	load	18.7.2.1	The	column	cross	section	shall	satisfy	the	following:	a)	The	least	dimension	shall	be	at	least	12	in.	b)	b/h•ZKHUHh•b	h	LQ•LQOK	b/h	•OK	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org
CHAPTER	9—COLUMNS	18.8.2.4	18.7.5.2(f)	7KHEHDPFROXPQMRLQWPXVWEHGHHSHQRXJKWR	The	largest	longitudinal	reinforcement	in	the	beam	prevent	slip	of	the	longitudinal	bar	from	the	beam.	WKDWUXQVWKURXJKWKHMRLQWLVD1R	)RUQRUPDOZHLJKWFRQFUHWHWKHMRLQWZLGWKSDUDOOHO	to	the	beam	must	be	20	times	the
largest	longitudi-	20db	=	20	×	0.875	=	17.5	in.	nal	reinforcement	in	the	beam.	h	•LQOK	7KHGHSWKRIWKHMRLQWVKDOOQRWEHOHVVWKDQRQHKDOI	hbeam	30	WKHGHSWKRIDQ\EHDPIUDPLQJLQWRWKHMRLQW	=	=	16	in.	2	2	The	arrangement	of	the	longitudinal	reinforcement	is	effected	if	hcolumn	LQ•LQOK	Pu	=	872	kip	Ag	=	576	in.2	Pu
>	0.3AgfcƍRU	fcƍ!SVL	872	kip	>	0.3	×	576	×	5	=	864	kip	5000	psi	8	10,	000	psi	The	value	hx	shall	not	exceed	8	in.	if	this	occurs;	otherwise,	it	shall	not	exceed	14	in.	Therefore,	hx	shall	not	exceed	8	in.	hx	for	the	cross	section	in	Examples	2	and	3	is	The	area	of	steel	in	the	current	column	is	Ast	=	8	×	0.79	in.2	=	6.31	in.2	⎡	24	−	(1.5	×	2)	−	(	0.5	×	2)	−
1.0	⎤⎦	9	5	in	in	in.	;	8	in.	hx	=	⎣	=	9.5	Try	ry	using	4	bars	at	each	side	using	No.	7s	2	77.20	2	in.2	Thus,	either	the	cross-section	ss-sect	can	be	increased	or	the	Ast	=	12	×	0.60	in.2	=	7.2	ould	be	rearranged	to	satisfy	this	reinforcement	should	hx	=	[24	–	(1.5	×	2)	–	(0.	(0.5	×	2)	–	875]/3	requirement.		LQ	LQ”LQ	er	level	and	the	aaxial	ial	lo	This	column	is
at	a	lower	load	3Agfcƍ7KHXSS	ƍ7KHXSSHUOHYHO	HYHO	is	slightly	greater	th	than	0.3A	xc	i	It	is	therefore	columns	will	not	exceed	this	li	limit.	recommended	to	rearrange	the	reinforcement.	The	reinforcement	for	the	upper	levels	can	switch	back	o	be	more	to	the	previous	cross-section	if	it	is	found	to	economical.	Step	3—Find	the	required	area	of
longitudinal	reinforcement	ĺ	Using	the	Interaction	Diagram	spreadsheet	referĺ	enced	at	the	start	of	this	Example,	the	revised	column	section	is	analyzed	for	the	four	load	combinations	given	for	this	example.	18.7.4.1	For	SMFs,	the	maximum	amount	of	longitudinal	reinforcement,	Ast,	is	reduced	to	0.06Ag.	The	minimum	amount	of	Ast	stays	the	same	at
0.01Ag.	U	twe	Use	twelve	No.	7	longitu	longitudinal	bars	evenly	spaced	a	und	tthe	perimeter.	rimeter.	around	Design	Capacity	Interaction	Diagram:	Twelve	No.	7	bars	evenly	spaced	around	the	perimeter	LVVXI¿FLHQW	0.01Ag	=	0.01	×	24	×	24	=	5.76	in.2	0.06Ag	=	0.06	×	24	×	24	=	34.56	in.2	Ast	=	12	×	0.60	in.2	=	7.20	in.2	American	Concrete
Institute	–	Copyrighted	©	Material	–	www.concrete.org	OK	Columns	18.8.2.3	383	384	18.7.3.2	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	7KHÀH[XUDOVWUHQJWKRIFROXPQLQD60)PXVW	satisfy:	⎛6⎞	∑	M	nc	≥	⎜	⎟	∑	M	nb	⎝5⎠	18.6.3.2	The	beam	design	is	not	part	of	this	example.	The
EHDPXVHGIRUWKHRUGLQDU\PRPHQWIUDPH20)		and	IMF	does	not	meet	all	the	requirements	for	a	60)7KHEHDPLVPRGL¿HGKHUHDVQHFHVVDU\WR	IXOO\GHPRQVWUDWHWKHFROXPQDQGMRLQWGHVLJQ	Mn	is	the	minimum	nominal	moment	in	the	range	of	the	interaction	curve	related	to	the	minimum	and	maximum	axial	loads	for	the
seismic	load	combinations.	For	more	information	on	how	to	calculate	Mn,	refer	to	Step	2	in	Example	3.	The	Interaction	Dia	Diagram	Spreadsheet	aallowss	the	ad	value	and	it	will	ll	caluser	to	input	an	ax	axial	load	na	moment,	ment,	see	the	“S	ect	A	culate	the	nominal	“Select	Axial	/RDG´WDE	From	Example	3,	the	nominal	moments	in	the	beam	are:	Mnl
=	6520	kip-in.	Mnr	=	2960	kip-in.	Add	one	more	No.	7	bars	to	the	bottom	of	the	beam	so	that	the	positive	moment	at	least	one-half	the	negative	PRPHQWDWWKHMRLQWIDFH	Mnl	=	6520	kip-in.	Mnr	=	3940	kip-in.	Column:	9720	kip-in.	For	Pu	=	872	kip,	Mn	=	9	F	Pu	=	432	kip,	p,	Mn	=	8	8380	kip-in.	For	U	the	lowest	value,	Mn	=	8380	kip-in.	Use	6	5
(	2	×	8380)	≥	(6520	+	3940)	•OK	•	Step	4—Determine	the	geometry	of	the	transverse	reinforcement	rcement	18.7.4.3	Hoops	for	rectangular	columns	or	spirals	for	18.7.5.1	circular	columns	are	required	for	the	entire	column	18.7.5.5	height.	The	hoops	at	the	plastic	hinge,	Ɛo,	and	the	splice	must	meet	geometry	requirements	of	Section	18.7.5.2
18.7.5.2.	There	are	six	conditions	that	geometry	of	the	section	must	satisfy.	The	cross-section	shown	on	the	right	meets	these	conditions.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	9—COLUMNS	385	Note	that	hoops	are	closed	ties	with	standard	hooks	at	the	end	that	are	at	least	135	degrees.	Crossties	are
permitted	to	support	the	longitudinal	bars	between	the	corners.	Where	crossties	are	used	they	shall	be	alternated	end	for	end	along	the	longitudinal	bar.	For	this	example,	every	bar	needed	support.	Since	there	are	an	even	number	of	bars,	overlapping	hoops	provide	the	least	number	of	pieces	that	still	provide	the
QHFHVVDU\VXSSRUWDQGFRQ¿QHPHQW	14	−	hx	⎞	(c)	4	+	⎛⎜	⎟	⎝	3	⎠	⎛	14	−	6.4	⎞	(c)	4	+	⎜	⎟	=	6.53	in.	⎝	3	⎠	Also,	so	shall	not	exceed	6	in.	and	need	not	be	taken	less	than	4	in.	18.7.5.5	The	maximum	spacing,	s,	between	Ɛo	and	d	the	column	splice	regions	is	the	smallest	of:	udinal	bar	(a)	6db,	smallest	longitudinal	(b)	6	in.	Maximum	sspacing	for	s	a)	6
in.	(a)	n	(b)	6	×	0.875	=	5.25	in.	Controls.	t	column	height	unless	noted	Use	s	=	5.25	in.	along	the	erwi	from	m	the	follow	otherwise	following	checks.	m	of	transverse	rein	orcement	require	ti	hinge	hi	Step	6—Check	the	minimum	amount	reinforcement	required	alon	along	the	plastic	length,	Ɛo	2	18.7.5.4	ate	than	n	0.3AgfcƍDVVKRZQLQ6WHS
VKRZQLQ6	Assh	=	0.	0.20	in.	×	4	=	0.80	in.2	Since	Pu	is	greater	greatestt	of:	bc	=	24	–	(2	×	1.5)	=	21	in.	Ash/sobc	shall	be	gre	Ag	=	24	×	24	=	576	in.	in	2	2	2	Ach	=	21	=	441	in.	5000	+	0.6	=	0.8	<	1.0	;	use	1.0.	25,	000	12	kn	=	=	1.2	12	−	2	kf	=	⎛A	⎞	f′	(a)	0.3	⎜	g	−	1⎟	c	⎝	Ach	⎠	f	yt	(b)	0.09	f	c′	f	yt	(c)	0.2k	f	kn	⎛	576	⎞	5	−	1⎟	=	0.0077	(a)	0.3	⎜	⎝	441	⎠
60	(b)	0.09	Pu	f	yt	Ach	5	=	0.0075	60	(c)	0.2	×	1.0	×	1.2	872	=	0.0079	Controls	60	×	441	where	kf	=	f	c′	+	0.6	≥	1.0	and	25,	000	kn	=	nl	nl	−	2	nl	is	the	number	of	longitudinal	bars	around	the	perimeter	of	the	column	core	that	are	laterally	supported	by	the	corner	of	hoops	or	seismic	hooks.	American	Concrete	Institute	–	Copyrighted	©	Material	–
www.concrete.org	Columns	Notice	that	Section	18.7.5.2(f)	was	checked	early	in	this	example.	The	maximum	longitudinal	spacing	requirements	of	Section	18.7.5.2(e)	and	(f)	can	impact	the	design	of	the	column	as	it	did	in	this	example.	Step	5—Determine	the	maximum	spacing	of	the	transverse	reinforcement	18.7.4.3	The	maximum	spacing,	so,	along
the	plastic	hinge	18.7.5.1	Maximum	spacing	for	so	length,	Ɛo,	and	splice	regions	is	the	smallest	of:	18.7.5.3	(a)	0.25	×	24	=	6	in.	(a)	0.25h	or	0.25b	(b)	6	×	0.875	=	5.25	in.	Controls	(b)	6db,	smallest	longitudinal	bar	386	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Find	the	required	maximum	spacing	for	this	amount	of
reinforcement	Ash	≥	0.0079	or	so	bc	so	≤	Ash	0.80	=	=	4.8	in.	0.0079bc	0.0079	×	21	Use	s	=	4.5	in.	along	Ɛo	Step	7—Check	the	minimum	amount	of	transverse	reinforcement	required	for	shear	18.7.6.1.1	Section	18.7.6.1.1	states:	“The	design	shear	force	Ve	shall	be	calculated	from	considering	the	maximum	forces	that	can	be	generated	at
WKHIDFHVRIWKHMRLQWVDWHDFKHQGRIWKHFROXPQ7KHVHMRLQWIRUFHVVKDOOEHFDOFXODWHGXVLQJWKHPD[LPXP	SUREDEOHÀH[XUDOVWUHQJWKVMpr,	at	each	end	of	the	column	associated	with	the	range	of	factored	axial	forces,
PuDFWLQJRQWKHFROXPQ7KHFROXPQVKHDUVQHHGQRWH[FHHGWKRVHFDOFXODWHGIURPMRLQWVWUHQJWKVEDVHG	on	MprRIWKHEHDPVIUDPLQJLQWRWKHMRLQW,QQRFDVHVKDOOVe	be	less	than	the	factored	shear	calculated	by	analysis	of	the	structure.”	7KH¿UVWSDUWRI6HFWLRQLVYHU\VLPLODU	Using	the	Interaction
Diagram	Spreadsheet,	generate	to	how	Mn	is	calculated	in	Step	3	above,	except	that	the	curve	for	fy	=	75	ksi.	on	diagram	1.25fy	is	used	to	generate	the	interaction	ards	and	Technology	(National	Institute	of	Standards	gn	of	Rei	(NIST),	“Seismic	Design	Reinforced	Concrete	ames:	A	Guide	for	Practicing	Special	Moment	Frames:	7*&	(QJLQHHUV
´1,67*&5	7KLVPRGL¿HG	d	th	bable	moment	moment	is	called	the	probable	moment,	Mpr.	8VHWKH³6HOH	8VHWKH³6HOHFW$[LDO/RDG´VKHHWLQWKHVSUHDGVKHHW	WR	¿Q	WR¿QGM	pr.	For	Pu	=	872	kip,	Mpr	=	10,284	kip-in.	For	Pu	=	432	kip,	Mpr	=	9120	kip-in.	Use	Mpr	=	10,284	kip-in.	Ve	=	M	prt	+	M	prb	Au	=	2	×	10,	284	=	111	kip	186
American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	9—COLUMNS	The	second	part	of	Section	18.7.6.1.1	is	similar	to	KRZWKHFROXPQVKHDUZDVFDOFXODWHGIRUWKHMRLQW	in	Step	3	of	Example	3.	Calculate	column	shear	force	Ve	associated	with	the	probable	moments	and	related	shears	of	the	beam.	The
column	shear	can	be	approximated	with	the	following	equation	DVVXPLQJLQÀHFWLRQSRLQWVRFFXUDWWKHFROXPQPLGheights:	387	The	probable	Mpr1	=	8010	kip-in.	Mpr2	=	4920	kip-in.	Ve1	=	85	kip	Ve2	=	–22	kip	Also,	18	ft	+	14	ft	×	12	in./ft	=	192	in.	2	h	=	24	in.	A=	(	)	Ve,col	24	⎤	⎡	⎢⎣(8010	+	4920)	+	(85	−	22)	2	⎥⎦	=	=	71	kip	192	where	Ɛ
is	the	distance	between	the	mid-height	of	WKHFROXPQDERYHDQGEHORZWKHMRLQW1RWHWKDWLW	is	unconservative	to	ignore	the	slab	for	this	check;	therefore,	consider	the	full	effective	width,	bf,	of	the	T-beam	in	the	calculations.	The	last	part	of	Section	18.7.6.1.1	8.7.6.1.1	states	that	Ve	can-	The	maximum	Vu	from	the	load	combinations	om
the	analysis.	not	be	less	than	Vu	from	Ve	=	34	kip	ĺ	22.5.10.5.3	The	requirementt	permits	the	use	of	the	shear	pe	ar	calUse	Ve	=	111	kip	culated	for	the	sec	second	part	of	Section	118.7.6.1.1,	7.6.1.1,	op	the	shear	hear	related	to	Mprr	of	the	but	try	to	develop	column.	ax	m	spacing	of	ho	Determine	the	maximum	hoopss	required	F	From	mE	Examplee	2:
for	shear	Vc	=	73	kip	�			Area	of	No.	4	bar	=	0.20	in.2	Av	=	4	legs	×	0.20	=	0.80	in.2	d	=	24	–	2.44	=	21.56	in.	22.5.1.1	The	equation	for	shear	reinforcement	is	Vs	=	Av	f	yt	d	s	=	5.25	in.	from	Step	5	Vs	=	s	�Vn	�Vs	+	Vc	•Ve	0.80	×	60	×	21.56	=	197	kips	5.25	�Vn			NLS•Ve	=	111	kip	Step	8—Summarize	the	amount	and	spacing	of	transverse
reinforcements	along	the	height	of	the	column	18.7.5.1	Find	Ɛo	The	plastic	hinge	length,	Ɛo,	is	the	greatest	of:	(a)	24	in.	(a)	h	(b)	1/6	x	186	=	31	in.	Controls.	(b)	1/6Ɛu	(c)	18	in.	(c)	18	in.	Ɛo	is	starts	at	the	top	of	the	slab	and	bottom	of	the	From	Step	6,	s	=	4.5	in.	beam	and	extends	toward	the	middle	of	the	column.	Along	Ɛo,	use	No.	4	hoops	at	4.5	in.
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must	meet	Sections18.7.5.2	and	18.7.5.3	but	not	18.7.5.4.	In	the	calculation	of	hoop	spacing	for	Ɛo	regions,	18.7.5.4	controlled	but	the	difference	is	so	small	in	this	case	that	the	same	spacing	used.	Ɛst	is	the	greater	of:	(a)	1.3Ɛd	(b)	12	in.	10.7.5.2.2	where,	Ad	=	and	K	tr	=	ø	t	ø	eø	s	3	fy	40	λ	f	'	⎛	cb	+	K	tr	c	⎜	⎝	db	⎞	⎟	⎠	db	40	Atr	sn	Along	the	splice,	use
No.	4	hoops	at	4.5	in.	Determine	Ɛst	for	a	No.	7	bar:	ȥt	=	ȥe	=	ȥs	Ȝ		db	=	0.875	in.	cb	=	1.5	+	0.5	+	0.875/2	=	2.44	in.	n	=	4,	number	of	bars	along	the	splitting	plane	s	=	4.5	in.,	spacing	of	ties	Atr	=	4	tie	legs	×	0.2	in.2	=	0.8	in.2	Ktr	=	⎛	cb	+	Ktr	⎞	⎛	1.94	+	1.78	⎞	⎜	⎟=⎜	⎟	=	4.25	≤	2.5	⎝	db	⎠	⎝	0.875	⎠	Ad	=	ĺ	For	fy	equal	to	60	0	kksi,	Ɛsc	iss	the	greater	of:
ĺ	3	b	(a)	0.0005	fy	db	=	30d	25.5.5.1	(b)	12	in.	10.7.5.2.1	40	×	0.8	=	1.78	4.5	×	4	3	60,	000	1.0	0.875	=	22.3	in.	40	1.0	5000	2.5	Ɛst	=	1.3	×	22	22.3	2.33	=	29.0	29	0	iin.	ck	ccompression	ession	lap	splice	length.	Check	Ɛsc	=	30	×	0.875	=	26.25	in.	F	ease	of	construction,	nstruction	use	Ɛst	=	29	in.	for	all	splices	For	heig	at	every	level.	and	spli	splice	at
mid	mid-height	The	end	result	is	hoop	spacing	of	4.5	in.	at	Ɛo	regions	and	along	the	splice	length.	The	remainder	of	the	column	has	a	spacing	of	5.25	in.	18.7.4.3	18.2.7	18.2.8	Note	that	mechanical	and	welded	splices	are	permitted.	Type	1	mechanical	splices	and	welded	splices	are	not	permitted	within	a	distance	equal	to	twice	the	column	depth	from
the	bottom	of	beam	or	top	of	slab.	Type	2	mechanical	splices	do	not	have	a	location	restriction	for	cast-in-place	SMFs.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	9—COLUMNS	6WHS²&KHFNWKHMRLQW	18.8	7KHFROXPQVKHDUVWUHVVHVDWWKHMRLQWLVFDOFXODWHG	18.8.2.1	in	Step	7.	The
column	shear	is	calculated	from	the	SUREDEOHPRPHQWLQWKHEHDPVZKHUHWKHÀH[XUDO	tensile	reinforcement	is	1.25fy.	7KHVKHDUDWWKHFHQWHURIWKHMRLQWLV	Vj	=	T2	+	C1	–	Vu	389	Ve,col	=	71	kip	T1	=	4	×	0.6	×	60	×	1.25	=	180	kip	T2	=	7	×	0.875	×	60	×	1.25	=	315	kip	18.8.4.3	7KHHIIHFWLYHDUHDRIWKHMRLQWAj,	is
calculated	by	the	multiplying	the	column	depth	h	by	the	effective	width	which	is	the	lesser	of:	Fig.	R18.8.4	(a)	bw,beam	+	hcolumn	(b)	bw,beam	+	2x	(c)	bcolumn	where	x	is	the	smaller	maller	distance	between	the	edge	of	dge	of	the	column.	the	beam	and	edge	bw,beam	=	18	in.	hcol	=	bcol	=	24	in.	x=	24	in.	−	18	in.	=	3	in.	2
(IIHFWLYHMRLQWZLGWK	HFWLYHMRLQWZLGWK	(a)	18	+	24	=	42	in.	(b)	18	+	(2	×	3)	=	24	in.	(c	ntrols	(c)	24	in	in.	Controls	Aj	=	24	×	24	=	576	in.2	18.8.4.1	21.2.4.3	&DOFXODWHWKHVKHDUVWUHQJWKRIWKHMRLQW7DEOH	DU	JWKRIWKHMRLQ	DEOH	18.8.4.1	provides	Vn	for	several	conditions.	This
MRLQWLVFRQ¿QHGE\EHDPVRQWZRRSSRVLWHIDFHV	Vn	=	15	×	1.0	×	5000	×	576	=	611	kips	1000	�V	Vn		î	NLS•NLS	Joint	is	OK.	Step	10—Discussion	and	summary	This	example	is	an	extension	of	Examples	2	and	3	but	the	seismic	loads	where	increased	for	a	Seismic	Design	Category	D.	The	difference	in	design	resulted	in	a	rearrangement	of	the
longitudinal	bars	and	a	differHQWKRRSDUUDQJHPHQW7KHDPRXQWRIWUDQVYHUVHUHLQIRUFHPHQWLVDOPRVWWLPHVWKDWRIDQ20)DQGDERXW	WZLFHWKDWRIDQ,0)7KHFROXPQVL]HZDVVXI¿FLHQWIRUDOOWKUHHW\SHVRIPRPHQWUHVLVWLQJIUDPHV	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org
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reinforced	concrete	walls.	In	addition	to	Chapter	11,	Section	18.10	of	ACI	318-14	provides	design	and	detailing	requirements	for	special	cast-in-place	walls	forming	part	of	the	seismic-forceresisting	system.	Reinforced	concrete	structural	walls	are	common	in	buildings,	and	are	almost	always	part	of	a	building’s	lateral-forceUHVLVWLQJV\VWHP/)56
GXHWRWKHLUKLJKLQSODQHVWLIIQHVV	Although	structural	walls	are	also	part	of	the	gravity-forceresisting	system,	they	are	often	lightly	axially	loaded.	They	are,	designed	and	detailed	to	resist	the	combined	effects	of	gravity	and	lateral	forces.	:DOOVWKDWDUHSDUWRIWKH/)56DUHFRPPRQO\UHIHUUHGWR	as	shear	walls	(ASCE	7)	because
they	resist	a	large	portion	of	the	total	lateral	forces	acting	on	the	structure	through	in-plane	shear.	In	ACI	318,	all	walls	are	referred	to	as	structural	walls.	equirements	and	ACI	318	and	ASCE	7	have	coordinated	requirements	QSUHVWUHV	LGHQWLI\WZRFDWHJRULHVRI/)56IRUQRQSUHVWUHVVHGFDVWLQ	place	walls:	1.	An	ordinary	cast-in-
place	stru	structural	wall,	permitted	DC	A,	B,	and	C,	which	whi	is	in	seismic	design	categories	(SDCs)	ian	with	th	Chapter	11	of	ACI	designed	and	detailed	in	compliance	318-14.	hic	is	designed	and	det	iled	2.	A	special	structural	wall,	which	detailed	1	and	18	of	ACI	318-14.	31	4.	in	compliance	with	Chapters	11	dF	Special	walls	are	required	in	SDCs	D,
E,	and	F,	but	can	be	constructed	in	all	seismic	categories.	Seismic	requirements	are	intended	to	increase	wall	e	strength	and	ductility	to	accommodate	the	large	displacements	demands	expected	during	a	maximum	design	earthquake.	Walls	are	laterally	connected	to	diaphragms	and	vertically	to	foundations	or	support	elements.	In	seismic	and
nonseismic	design,	the	connections	to	diaphragms	are	designed	to	remain	elastic,	and	the	energy	from	the	lateral	forces	is	absorbed	by	the	structural	wall.	In	seismic	design,	connection	to	the	foundation	can	be	the	point	of	maximum	wall	moment	and	yielding	of	vertical	reinforcement	is	expected.	10.2—General	10.2.1	Distinguishing	a	column	from	a
wall—The	design	of	a	wall	can	be	so	similar	to	a	column	that	the	question	of	when	a	rectangular	column	becomes	a	wall	is	often	delibHUDWHG	)RU	VSHFLDO	PRPHQW	IUDPHV	FROXPQV	DUH	GH¿QHG	as	having	a	minimum	aspect	ratio	of	0.4	in	18.7.2.1(b)	of	ACI	318-14.	Although	this	limit	is	necessary	to	achieve	the	expected	behavior,	it	might	not
be	the	best	limit	for	the	consideration	of	column	or	wall	design.	Expected	behavior	and	construction	constraints	of	the	member	are	often	the	keys	to	answering	the	question	of	wall	or	column.	Columns	usually	have	high	axial	loads	and	their	shear	behavior	is	similar	to	beams.	Walls	usually	have	low	axial	loads	and	their	shear	behavior	is	similar	to	one-
way	slabs	for	out-ofplane	loads,	with	unique	shear	behavior	for	in-plane	loads.	For	further	discussion	and	information	regarding	unique	shear	behavior	for	in-plane	loads	in	walls,	refer	to	Moehle	(2015).	10.2.1.1	Longitudinal	reinforcement—In	general,	longitudinal	bars	require	lateral	support	to	prevent	buckling	of	the	bars	due	to	axial	compression.	In
a	wall,	if	longitudinal	reinforcement	is	required	for	axial	strength,	or	if	Ast	exceeds	0.01Ag,	then	Section	11.7.4.1	of	ACI	318-14	states	the	longitudinal	reinforcement	must	be	supported	by	transverse	ties.	This	requirement	could	be	used	as	a	practical	limit	to	determine	whether	the	member	should	be	designed	as	a	column	or	a	wall.	If	the	wall	requires
heavy	reinforcement	(exceeding	0.01Ag),	a	tie	bar	would	be	required	at	every	intersection	of	longitudinal	and	transverse	reinforcement,	which	would	VLJQL¿FDQWO\	DIIHFW	WKH	UHTXLUHG	DPRXQW	RI	FRQVWUXFWLRQ	labor.	Designing	this	same	member	as	a	column	could	be	more	ppractical.	10.2.1.2	Shea	Shear	aspect	ratios—The	next	limit
to	consider	ear.	Most	walls	have	a	length-to-thickness	ratio	of	at	is	shear.	hese	aspect	ratios,	ati	it	is	easy	to	see	how	the	shear	atio	least	6.	For	these	ffer	from	a	column	for	either	in-plane	or	outbehaviorr	wi	will	differ	of-p	or	smaller	aspect	ratios	of	approximately	of-planee	loa	loads.	For	2.5	to	6,,	the	member	er	is	desig	designed	either	as	a	wall	or
column,	ng	oon	the	shear	hear	forc	depending	force	applied	and	the	direction	of	hear,	except	xce	as	limited	mited	by	18.7.2.1(b)	of	the	Code.	For	shear,	aspec	atio	under	er	2.5,	the	member	is	likely	to	be	designed	aspect	ratios	as	a	column.	Further	ddiscussion	on	this	topic	is	given	in	03).	Garcia	(2003).	2.2	Wall	lay	10.2.2	layout—Shear	walls	should	be
located	within	DDEXLOGLQJSODQWRHI¿FLHQWO\UHVLVWODWHUDOORDGLQJ/RFDWLQJ	EXLOGLQ	shear	walls	in	the	center	half	of	each	building	is	generally	a	good	location	for	resisting	lateral	forces	(Fig.	10.2.2(a)).	This	arrangement,	however,	can	restrict	architectural	use	of	space.	Although	shear	walls	are	commonly	located	at	the	ends	of	a
building,	such	wall	locations	will	increase	slab	restraint	and	shrinkage	stresses,	especially	in	long	buildings	and	buildings	such	as	parking	structures	that	are	exposed	to	large	temperature	changes	(Fig.	10.2.2(b)).	Symmetrical	wall	DUUDQJHPHQWVSURYLGHJRRGÀH[XUDODQGWRUVLRQDOVWLIIQHVV	Walls	at	the	perimeter	resist	torsional	forces
most	effectively.	Walls	away	from	the	perimeter,	however,	could	have	a	higher	tributary	area	and,	consequently,	larger	gravity	axial	force	to	resist	uplift	or	overturning.	They	are,	however,	less	HI¿FLHQWLQUHVLVWLQJKRUL]RQWDOWRUVLRQ	An	unsymmetrical	arrangement,	however,	does	not	usually	provide	predictable	torsional	stiffness	due	to
their	eccentricity	(Fig.	10.2.2(c)).	Such	a	shear	wall	layout	should	be	designed	explicitly	for	torsion.	A	symmetrical	arrangement	is	preferable	to	avoid	designing	walls	for	torsion.	10.2.3	:DOO	FRQ¿JXUDWLRQV—Shear	walls	could	have	VHYHUDO	JHRPHWULF	FRQ¿JXUDWLRQV	LQFOXGLQJ	SODQH	ÀDQJHG	or	channel	sections.	A	plane	wall	section
is	rectangular	with	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Walls	CHAPTER	10—STRUCTURAL	REINFORCED	CONCRETE	WALLS	392	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Fig.	10.2.2—Shear	wall	layouts.	Fig.	10.2.3a—Shear	wall	cross	sections.	se	s.
)LJE²'H¿QLQJVKHDUZDOOKHLJKWOHQJWKDQGGHSWK	or	without	enlarged	ends	(boundary	elements).	Flanged	VKHDU	ZDOOV	DUH	RIWHQ	7	RU	/VKDSHG	VHFWLRQV	5HLQIRUFHG	concrete	walls	around	building	elevator	core	shafts	and	stairwells	are	typically	in	a	C-	or	U-shape	(channel	shear	wall)	(Fig.	10.2.3a).	Notation	uused	to	describe
the	wall	dimensions	are	shown	in	Fig.	10.2.3b;	whe	where	h	is	the	wall	thickness,	hw	is	the	wall	wall	len	length.	height,	and	Ɛw	in	the	wal	4	Wa	ype—The	selection	of	a	shear	wall	type	is	10.2.4	Wall	type—The	bas	n	se	based	on	several	factors,	in	including	functionality,	constructabilit	tability,	eco	economy,	and	seism	seismic	performance	(Moehle	et	al.
011)	For	low-rise	buildings	building	(Fig.	10.2.4(a)),	squat,	solid	2011).	predominantly	used	(hw/Ɛw	<	2).	As	the	building	walls	are	re	pr	nantly	use	incre	es	in	height,	t,	the	wa	increases	wall	height	to	length	increases	(hw/	N	OO	E	Ɛw•	PDNLQJZDOOVEHFRPHPRUHVOHQGHU)LJF		Perforated	walls	(Fi	(Fig.	10.2.4(b))	are	acceptable,	but	ding	on	a
wall’s	w	depending	opening	percentage,	the	wall	strength	r	could	be	reduced.	A	row	of	vertically	aligned	openings	in	a	slender	wall	results	in	dividing	the	wall	in	two	sections,	termed	“coupled	walls”	because	they	behave	as	two	individual	continuous	wall	sections	connected	by	coupling	beams	(Fig.	10.2.4(d)).	10.2.5	Design	limits—Minimum	wall
thicknesses	are	as	shown	in	Table	10.2.5.	For	walls	designed	by	the	alternative	method	for	out-ofplane	loads	in	Section	11.8	of	ACI	318-14.	ACI	551.2R	provides	the	following	slenderness	limits:	D	2QHOD\HURIUHLQIRUFHPHQWDWWKHFHQWHURIWKHZDOO	Ɛc/h”	(b)	Two	layers	of	reinforcement,	one	at	each	face	of	the	wall,	Ɛc/h”	ACI	318	does
not	provide	separate	thickness	limits	for	structural	walls	resisting	in-plane	lateral	forces.	The	NEHRP	Technical	Brief	No.	6	(Moehle	et	al.	2011)	suggests	the	following	minimum	wall	thickness:	(a)	Special	structural	walls:	8	in.	(b)	Special	structural	walls	with	boundary	elements—	i.	Boundary	element:	12	in.	ii.	Wall:	10	in.	(c)	Coupled	shear	walls—
American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	10—STRUCTURAL	REINFORCED	CONCRETE	WALLS	393	Fig.	10.2.4—Shear	wall	types.	Table	10.2.5—Minimum	wall	thickness	h	(ACI	318-14,	Table	11.3.1.1)	Minimum	thickness	h	Bearing*	Greater	of:	Nonbearing	Greater	of:	Exterior	basement	and	foundation*	4
in.	(a)	1/25	the	lesser	of	unsupported	length	and	unsupported	height	(b)	4	in.	(c)	unsupported	1/30	the	lesser	of	unsup	length	and	unsupported	heig	height	(d)	7.5	in.	(e)	*	2QO\DSSOLHVWRZDOOVGHVLJQHGLQDFFRUGDQFHZLWKWKHVLPSOL¿HGGHVLJQPHWKRGRI	UGDQ	KHVLPSOL¿HGG	PHWKRG	GR	i.	Coupling	beam	designed	d	aas	a	special
pecial	moment	bbeam:	am:	14	in.	d	w	ceii.	Coupling	beam	designed	with	diagonal	reinf	reinforcement:	16	in.	There	is	no	code	limit	on	the	overall	building	drift.	*HQHUDOO\WKHUHODWLYHODWHUDOGHÀHFWLRQLQDQ\RQHVWRU\	should	not	exceed	1/500	of	the	story	height.	10.3—Required	strength	Chapter	5	in	ACI	318-14	provides	the	load
combinations	necessary	to	design	a	shear	wall	for	moment,	shear,	and	axial	force.	Section	12.4	in	ASCE	7	has	additional	seismic	load	combinations	to	consider	and	load	effects,	such	as	the	overVWUHQJWKIDFWRUȍo.	10.3.1	Methods	of	analysis—ASCE	7	allows	for	three	different	types	of	analysis	for	determining	the	lateral	seismic	forces:
(TXLYDOHQW/DWHUDO)RUFH$QDO\VLV(/)	7KHHTXLYDlent	lateral	force	analysis	is	the	simplest	method	of	analysis	DQG	LV	VXI¿FLHQW	IRU	WKH	PDMRULW\	RI	VWUXFWXUHV	EXLOW	XVLQJ	an	approximated	fundamental	period	Ta,	which	can	be	conservative.	For	long	periods	greater	than	3.5	seconds,	this	method	is	not	acceptable.	2.	Modal
Response	Spectrum	Analysis	(MRS):	The	modal	response	spectrum	analysis	accounts	for	the	elastic	dynamic	behavior	of	the	structure	and	determines	the	building	period.	The	calculated	base	shear	can	be	less	than	the	base	shear	FDOFXODWHGXVLQJWKH(/)PHWKRG7KHEDVHVKHDUKRZHYHU	VKRXOG	EH	VFDOHG	WR	D	PLQLPXP	RI	
SHUFHQW	RI	WKH	(/)	base	shear.	33.	S	smi	Response	nse	Histo	Seismic	History	Analysis	(SRH):	The	seismic	espon	e	hi	response	history	method	of	a	three-dimensional	model	is	used	to	anal	analyze	thee	building	building.	E	7-10	7	Table	bl	12	2	provides	the	required	response	ASCE	12.2-1	PRGL¿FDWLRQ	FRHI¿FL	FRHI¿FLHQW	R	DQG
GHÀHFWLRQ	DPSOL¿FDWLRQ	UHTXLUHGLQWKHDQDO\VLV7KHUHOHYDQWFRHI¿FLHQWV	factors	CdUHTXLUH	are	listed	for	shear	walls	in	Tables	10.3.1a	through	10.3.1c.	6HFWLRQVDQGLQ$&,DGGUHVV¿UVWRUGHU	elastic	analysis,	second-order	elastic	analysis,	and	secondorder	inelastic	analysis,	respectively.	Section	18.2.2.1	in	ACI	318-
14	requires	that	the	interaction	of	all	structural	and	nonstructural	members	that	affect	the	linear	and	nonlinear	response	of	the	structure	to	earthquake	motions	be	considered	in	the	analysis.	)RU	ÀDQJHG	ZDOOV	WKH	HIIHFWLYH	ÀDQJH	ZLGWK	RI	D	ZDOO	varies	depending	on	the	anticipated	deformation	level	and	whether	it	is	in	tension	or
compression.	Tests	(Wallace	1996)	KDYH	VKRZQ	WKDW	WKH	HIIHFWLYH	ÀDQJH	ZLGWK	LQFUHDVHV	ZLWK	LQFUHDVLQJ	GULIW	OHYHO	DQG	WKH	HIIHFWLYHQHVV	RI	D	ÀDQJH	LQ	FRPSUHVVLRQ	GLIIHUV	IURP	WKDW	IRU	D	ÀDQJH	LQ	WHQVLRQ	7KH	YDOXH	XVHG	IRU	WKH	HIIHFWLYH	FRPSUHVVLRQ	ÀDQJH	ZLGWK	KDV	little
effect	on	the	strength	and	deformation	capacity	of	the	wall;	therefore,	to	simplify	design,	a	single	value	of	effective	ÀDQJH	ZLGWK	EDVHG	RQ	DQ	HVWLPDWH	RI	WKH	HIIHFWLYH	WHQVLRQ	ÀDQJHZLGWKLVXVHGLQERWKWHQVLRQDQGFRPSUHVVLRQ	6HFWLRQ		LQ	$&,		GH¿QHV	WKH	HIIHFWLYH	ÀDQJH	ZLGWK	WKDW	H[WHQGV	IURP
WKH	IDFH	RI	WKH	ZHE	RI	/	7	&	RU	RWKHU	ÀDQJHG	VHFWLRQV	DV	WKH	OHVVHU	RI	RQHKDOI	WKHGLVWDQFHWRDQDGMDFHQWZDOOZHEDQGSHUFHQWRIWKH	WRWDO	ZDOO	KHLJKW7KH	IXOO	ÀDQJH	ZLGWK	DQG	QRW	WKH	HIIHF-	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Walls	Wall	type	394	THE
REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Table	10.3.1a—Design	coefficients	for	shear	walls	in	bearing	wall	systems	Seismic-forceresisting	system	5HVSRQVHPRGL¿FDWLRQ	'HÀHFWLRQDPSOL¿FDWLRQ	FRHI¿FLHQWR	factor	Cd	Special	reinforced	concrete	shear	walls	5	5	2UGLQDU\UHLQforced	concrete	shear	walls	4	4
Intermediate	precast	shear	walls	4	4	2UGLQDU\SUHFDVW	walls	3	3	Table	10.3.1b—Design	coefficients	for	shear	walls	in	building	frame	systems	Seismic-forceresisting	system	5HVSRQVHPRGL¿FDWLRQ	'HÀHFWLRQDPSOL¿FDWLRQ	FRHI¿FLHQWR	factor	Cd	Special	reinforced	concrete	shear	walls	6	5	2UGLQDU\UHLQforced	concrete	shear	walls
5	4.5	Intermediate	precast	shear	walls	5	4.5	2UGLQDU\SUHFDVW	walls	4	4	Table	10.3.1c—Design	coefficients	for	shear	cie	walls	in	dual	systems	with	special	moment	frames	capable	of	resisting	at	least	25	percent	of	prescribed	seismic	forces	Seismic-forceresisting	system	5HVSRQVHPRGL¿FDWLRQ	'HÀHFWLRQDPSOL¿FDWLRQ	FRHI¿FLHQWR
factor	Cd	Special	reinforced	concrete	shear	walls	7	5.5	2UGLQDU\UHLQforced	concrete	shear	walls	6	5	WLYHÀDQJHZLGWKPD\EHXVHGLQGHWHUPLQLQJWKHWULEXWDU\	gravity	loads	that	resist	uplift	(ASCE	7).	10.4––Design	strength	Walls	are	a	versatile	building	element	used	in	a	variety	of	ways	that	determine	how	the	wall	is	approached	for
design.	A	wall	is	typically	very	long	in	one	plan	dimension,	compared	to	the	orthogonal	dimension	making	the	wall	slender.	This	slenderness	can	control	the	design	if	there	are	large	loads	applied	laterally	along	the	smaller	wall	dimension	h/RDGV	applied	in	this	direction	are	commonly	called	out-of-plane
ORDGV/RDGVDSSOLHGODWHUDOO\DORQJWKHODUJHUZDOOGLPHQsion	Ɛw	are	commonly	called	in-plane	loads.	Rarely	do	out-of-plane	and	in-plane	loading	have	to	be	considered	at	the	same	time,	though	axial	loads	are	always	present.	The	designer	typically	designs	a	wall	for	the	two	conditions	discussed	for	axial	load	with	out-of-plane	and	those
with	in-plane	loads	(10.2.1).	10.4.1	Design	for	axial	load—Wall	design	for	axial	load	is	similar	to	column	design.	The	wall	slenderness	is	considHUHGE\XVLQJWKHPRPHQWPDJQL¿FDWLRQPHWKRGLQ6HFWLRQ		RI$&,		IRU	D	¿UVWRUGHU	DQDO\VLV	RU	E\	XVLQJ	a	computer	program	that	accounts	for	P¨	HIIHFWV	XVLQJ	D	second-order	analysis.
The	design	is	completed	according	to	Section	22.4	of	ACI	318-14,	which	can	be	quickly	evaluated	using	an	interaction	diagram	generated	by	software	or	an	electronic	spreadsheet.	If	the	resultant	of	all	axial	loads	is	located	in	the	middle	third	of	the	wall	thickness	h,	then	DVLPSOL¿HGHTXDWLRQLVSHUPLWWHGLQRI$&,	where	moment	can	be
ignored	and	Pn	is	directly	calculated.	The	wall	section	considered	effective	to	resist	a	concentrated	gravity	load	is	the	width	of	the	bearing	plus	four	times	the	wall	thickness.	The	effective	width	cannot	cross	a	YHUWLFDOZDOOMRLQWXQOHVVWKHMRLQWLVGHVLJQHGWRWUDQVIHUWKH	load	(ACI	318-14,	Section	11.2.3.1).	10.4.2	Axial	and	out-
of-plane	loads—Walls	should	be	analyzed	for	combined	axial	and	out-of-plane	loads.	For	walls	that	are	part	of	a	multistory	building	lateral	load	em,	combined	axial	and	out-of-plane	loads	rarely	system,	control	the	design	of	the	wa	wall.	The	design	of	these	walls	can	plete	according	ccording	to	Section	22.4	of	ACI	318-14	and	be	completed	slen	ness
checked	ed	using	S	slenderness	Section	6.6.4	of	ACI	318-14	for	D¿UVW	UGHU	LVRUE\X	D¿UVWRUGHUDQDO\VLVRUE\XVLQJDFRPSXWHUSURJUDPWKDW	IHFWVXVLQ	accountss	for	P¨HIIHFWVXVLQJDVHFRQGRUGHUDQDO\VLV	For	a	tall	one-story	ry	buildin	building	with	long	shear	walls,	such	as	a	warehouse,	war	ouse	combined	bined	axia
axial	and	out-of-plane	loads	typically	h	walll	ddesign.	i	T	control	the	There	are	many	one-story	commergs	that	use	exterior	concrete	walls	to	support	roof	cial	buildings	IURPWKHDGM	ORDGVIURPWKHDGMDFHQWLQWHULRUED\DQGUHVLVWODWHUDORXWRI	plane	and	in-plane	loads.	These	buildings	are	typically	40	to	60	ft	in	height	to	allow	for
rack	storage	or	second-story	mezzanines.	The	wall	thickness	is	usually	made	as	slender	as	possible	for	economy.	The	design	of	these	walls	is	typically	completed	in	accordance	with	Section	11.8	of	ACI	318-14.	Alternative	methods	for	out-of-plane	slender	wall	analysis	include	ACI	318-14,	or	by	using	a	Finite	Element	Analysis	(FEA)	that	accounts	for
P¨HIIHFWV	The	alternative	method	has	several	limitations	as	stated	LQ	6HFWLRQ		RI	$&,		/LPLWV	WKDW	JHQHUDOO\	control	this	method	use	are:	(a)	Pu	at	midheight	cannot	exceed	0.06fcƍAg	E	2XWRISODQHGHÀHFWLRQDWVHUYLFHORDGVFDQQRWH[FHHG	Ɛc/150	A	comprehensive	discussion	of	this	method,	including	its	derivation,
limitations,	use,	and	worked	examples,	is	given	in	ACI	551.2R.	10.4.3	Axial	and	in-plane	loads,	squat	walls—Walls	are	W\SLFDOO\SDUWRIWKH/)56GXHWRWKHLUODUJHLQSODQHVWLIIness.	In	squat	walls	(hw/Ɛw	<	2),	the	predominant	wall	failure	mode	is	diagonal	shear.	Shear	applied	to	the	top	of	the	wall	is	delivered	to	the	base	through
compressive	struts.	Diagonal	cracks	form	along	the	struts	at	inclined	angles	of	approximately	38	degrees	(Barda	et	al.	1977),	as	shown	in	Fig.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	10—STRUCTURAL	REINFORCED	CONCRETE	WALLS	395	10.4.3.	The	vertical	(longitudinal)	reinforcement	is	mostly
effective	in	resisting	this	type	of	shear	through	shear	friction.	Separation	at	the	crack	engages	the	vertical	reinforcement	in	tension,	creating	a	clamping	force	and	increased	resistance	to	shear.	The	vertical	reinforcement	is	fully	effective	for	wall	height-to-length	ratios	(hw/Ɛw)	of	0.5	or	less.	As	this	ratio	increases	above	0.5,	the	horizontal	(transverse)
reinforcement	begins	to	provide	a	portion	of	the	resistance.	At	a	height-to-length	ratios	exceeds	2.5,	the	horizontal	reinforcement	provides	most	of	the	shear	strength	and	the	shear	behavior	is	more	like	a	beam.	This	change	in	shear	behavior	is	accounted	for	in	the	minimum	reinforcement	requirement	according	to	Eq.	(11.6.2)	of	ACI	318-14.
ZKHUHȡtVKDOOEHDWOHDVWȡt	is	calculated	according	to	Section	11.5.4.8	of	ACI	318-14.	If	this	value	is	less	than	a	reinforcement	ratio	of	0.0025,	then	the	minimum	reinforcenforcement	is	ment	ratio	for	both	horizontal	and	vertical	reinforcement	ment	excee	0.0025.	If	the	required	shear	reinforcement	exceeds	0.0025,	en	Eq.	(11.6.2)	of	ACI	318-14
assures	that	enough	longitudinal	ded	ffor	shear-friction	resis(vertical)	reinforcement	is	provided	”		ȡƐ	computed	from	m	tance	in	squatter	walls.	At	hw/ƐƐw	”	qui	by	y	11.5.4.8.	How	However,	ver,	(T	FRXOGH[FHHGȡt	required	KDW	ƐH[FHHGȡ	FHHG	t	calculated	ulated	by	(T	GRHVQRWUHTXLUHWKDWȡ		(T		T		SURYL	SURYLGHV	HV	D	11.5.4.8.	At
hw/Ɛw	!		DQG”		cement	that	cha	es	minimum	amount	of	longitudinal	re	reinforcement	changes	/	w	off	22.5.	At	OLQHDUO\IURPȡt	required	at	an	hw/Ɛw	oof	0.5	to	hw/Ɛ	hw/Ɛw	>	2.5,	the	transverse	(horizontal)	reinforcement	is	fully	HQJDJHGDQGDPLQLPXPDȡƐ	of	0.0025	is	provided.	WK
)RURUGLQDU\VWUXFWXUDOZDOOVWKHD[LDODQGÀH[XUDOVWUHQJWK	is	calculated	according	to	Section	22.4	of	ACI	318-14,	as	discussed	in	10.4.2	of	this	Handbook.	Concrete	shear	strength	Vc	is	calculated	according	to	Table	11.5.4.6	(ACI	318-14),	and	shear	reinforcement	strength	Vs	is	calculated	according	to	Section	11.5.4.8	(ACI	318-14).
The	maximum	nominal	shear	strength	Vn	is,	according	to	Section	11.5.4.3	Vn	≤	10	f	c′hd	)RU	VSHFLDO	VWUXFWXUDO	ZDOOV	WKH	D[LDO	DQG	ÀH[XUDO	strength	may	also	be	calculated	according	to	Section	22.4	of	ACI	318-14,	which	is	discussed	in	10.4.2	of	this	Handbook.	Section	18.10	in	ACI	318-14	implies	that	a	wall	is	squat	when	the	height-
to-length	ratio	is	less	than	2.0.	For	walls	with	hw/Ɛw	<	2.0,	the	displacement	method	of	Section	18.10.6.2	(ACI	318-14)	does	not	apply,	leaving	only	the	stress-based	method	of	Section	18.10.6.3	(ACI	318-14)	to	determine	if	boundary	elements	are	necessary.	If	boundary	elements	are	not	necessary,	the	design	of	a	special	structural	wall	is	similar	to	an
ordinary	structural	wall.	A	more	detailed	discussion	about	boundary	elements	is	given	in	10.4.4	of	this	Handbook.	Key	differences	in	squat	wall	shear	design	for	special	structural	walls	versus	ordinary	structural	walls	are	Fig.	10.4.1—Effective	wall	horizontal	length.	Walls	⎛	h	⎞	ρA	≥	0.0025	+	0.5	⎜	2.5	−	w	⎟	(ρt	−	0.0025)	(11.6.2)	Aw	⎠	⎝	Fig.	10.4.3—
Shear	4.3—	in	squat	w	walls.	calculated	over	Acv	instead	of	hd.	Acv	is	(a)	Shear	hear	stress	is	calcul	ngth	of	th	typically	the	length	the	wall,	Ɛw,	multiplied	by	the	width	of	eb,	h	(ACI	318-14,	Section	18.10.4.1).	the	wall	web,	b)	Minimum	reinforcement	is	approximately	the	same:	(b)	i	F	i.	For	ordinary	structural	walls,	the	minimum	reinforcement	is
according	to	Table	11.6.1	(ACI	318-14)	for	Vu	OHVV	WKDQ	�Vc	RU	�hdȜ	fc′	(ACI	318-14,	Section	11.6.1).	ii.	For	special	structural	walls,	the	minimum	reinforcement	is	according	to	Table	11.6.1	for	Vu	less	than	AcvȜ	fc′	(ACI	318-14,	Section	18.10.2.1).	2WKHUZLVHWKHPLQLPXPUHLQIRUFHPHQWUDWLRIRUȡtDQGȡƐ	is	0.0025	(ACI	318-14,
Section	18.10.2.1).	(c)	For	hw/Ɛw			ȡƐ	VKDOO	EH	DW	OHDVW	ȡt	(ACI	318-14,	Section	18.10.4.3).	(d)	For	Vu	greater	than	2	AcvȜ	fc′	or	hw/Ɛw	•		WZR	curtains	of	reinforcement	are	required	(ACI	318-14,	Section	18.10.2.2).	H	/RQJLWXGLQDOUHLQIRUFHPHQWPXVWH[WHQGƐw	beyond	the	point	where	it	is	no	longer	required	(ACI	318-14,	Section
18.10.2.3(a)).	(f)	At	locations	where	yielding	of	longitudinal	reinforcement	is	expected,	development	lengths	shall	be	1.25fy	in	tension	(ACI	318-14,	Section	18.10.2.3(b)).	10.4.4	Axial	and	in-plane	loads,	slender	walls—The	term	“slender	walls”	is	used	if	the	predominant	failure	mode	is
ÀH[XUH%RXQGDU\HOHPHQWVDUHRIWHQUHTXLUHGZKLFKRIIHU	LQFUHDVHG	ÀH[XUDO	VWUHQJWK	HQKDQFHG	FXUYDWXUH	FDSDFLW\	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	396	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Fig.	10.4.4—Calculation	of	neutral	axis	depth	c
(Moehle	ehle	et	al.	2011).	DQG	EHWWHU	GLVWULEXWLRQ	RI	ÀH[XUDO	O	FUDF	FUDFNV	WKDW	SURPRWH	increased	displacement	capacity	(Mo	(Moehle	2015).	For	walls	ACI	318-14),	4),	the	design	desig	for	designed	only	by	Chapter	11	(ACI	D[LDO	DQG	ÀH[XUDO	VWUHQJWK	LV	DFF	DFFRUGLQJ		RI	J	WR	6HFWLRQ		ACI	318-14,	as	discussed
in	10.4.2	off	this	Handbook	Handbook.	For	0.	special	structural	walls,	Chapterr	18	of	ACI	318-14	requires	req	ires	special	boundary	elements	at	prescribed	There	are	res	ed	limits.	Ther	two	methods	for	determining	the	ne	need	for	special	boun	boundary	elements:	the	displacement	method	of	Section	18.10.6.2	and	the	stress-based	method	of	Section
18.10.6.3	(ACI	318-14).	The	displacement	method	is	the	preferred	method	of	design	according	to	the	NEHRP	Technical	Brief	No.	6	(Moehle	et	al.	2011).	This	method	assumes	that:	(a)	The	longitudinal	bars	at	ends	of	the	wall	will	yield	at	a	single	critical	section	(b)	The	wall	has	a	constant	cross	section	throughout	its	height	(c)	hw/Ɛw•	G	įu/hw•	A
special	boundary	element	is	required	if	the	neutral	axis	depth	c	calculated	exceeds	Eq.	(18.10.6.2)	in	ACI	318-14.	c≥	Aw	600	(1.5δ	u	/hw	)	(18.10.6.2)	This	equation	was	derived	from	the	relationship	shown	in	Fig.	10.4.4	of	this	Handbook	(Moehle	et	al.	2011).	The	1.5	PXOWLSOLHUWRįu	was	added	in	ACI	318-14	to	more	accurately
HYDOXDWHWKHGHÀHFWLRQRIWKHZDOODWWKHPD[LPXPFRQVLGHUHGHDUWKTXDNH7KHQRWDWLRQįu	is	the	design	displacement	found	through	a	linear	elastic	analysis	and	the	section	should	include	the	effect	of	the	corresponding	axial	load	for	the	JLYHQODWHUDOVHLVPLFIRUFH7KHOLPLWRIįu/hw•ZDV
PRGL¿HGLQ$&,7KLVORZHUOLPLWSURYLGHVLQFUHDVHG	deformation	capacity	for	a	range	of	stiffer	walls	that	did	not	previously	require	boundary	elements.	This	method	also	has	an	additional	requirement	for	the	termination	of	the	transverse	reinforcement	at	special	boundary	elements,	if	required.	The	transverse	reinforcement	must	extend
vertically	above	and	below	the	critical	section	at	least	the	greater	of	Ɛw	and	Mu/4Vu,	except	at	the	wall	base	as	noted	in	18.10.6.4(g)	in	ACI	318-14.	At	the	foundation,	the	boundary	element	ties	or	hoops	must	extend	into	the	foundation	12	in.,	or	if	the	edge	of	the	boundary	element	is	within	one-half	the	foundation	depth	from	an	edge	of	the	footing,
ties	or	hoops	must	extend	into	the	foundation	or	support	a	distance	equal	to	the	development	length	of	the	largest	vertical	bar	in	the	boundary	Section	18.13.2.3	(ACI	318-14).	The	longitudinal	reinforcement	of	the	boundary	element	must	be	adequately	developed	in	the	foundation.	The	stress-based	method	is	used	for	irregular	walls	or	walls	with
disturbed	regions,	for	example,	around	openings,	according	the	NEHRP	Technical	Brief	No.	6	(Moehle	et	al.	2011).	The	method	requires	special	boundary	elements	if	the	effective	compressive	stress	at	the	wall	ends	or	around	open0.	cƍ7KHERXQGDU\HOHPHQWVDUHGLVFRQWLQXHG	ings	exceeds	0.2f	comp	if	thee	effective	compressive	stress	is
less	than	0.15	fcƍ7KH	sed	on	a	line	arr	eelastic	analysis.	model	iss	ba	based	linear	Bo	dary	elements—Special	eleme	10.4.55	Boundary	boundary	elements	ired	if	the	limits	in	S	are	required	Sections	18.10.6.2	or	in	18.10.6.3	of	AC	ACI	318	318-14	are	not	met.	Special	boundary	elements	are	¿	LQ6		GH¿QHGLQ6HFWLRQ$&,	:KHQWKHOLPLWV	n
18.10.6.2	18.	0.6.2	or	18.10.6.3	10.6.3	ar	in	are	met,	boundary	elements	are	VWLOOU	XLUH	DUHGH¿QH	VWLOOUHTXLUHGDQGDUHGH¿QHGDFFRUGLQJWR6HFWLRQ	(A	318-14).	8	1	Iff	a	speci	i	boundary	element	is	not	required,	(ACI	special	einforceme	is	required	if	the	longitudinal	reinboundary	reinforcement	PHQW	UDWLR	DW	WKH	ZDOO
ERXQGDU\	ȡ	H[FHHGV	fy.	IRUFHPHQW	Boundary	reinforcement	is	also	required	for	the	stress-based	method	where	the	effective	compressive	stress	is	between	0.15fcƍ	DQG	fcƍ	DFFRUGLQJ	WR	7KH	UHTXLUHPHQWV	for	size	and	detailing	of	these	requirements	are	described	in	Fig.	10.4.5	of	this	Handbook.	Horizontal	reinforcement	in	structural
walls	with	boundary	elements	must	be	anchored	into	the	core	of	the	boundary	element	with	hooks,	headed	bars,	or	straight	embedment	and	also	has	to	extend	to	within	6	in.	of	the	end	of	wall	Section	18.10.6.4.	10.4.6	Vertical	wall	segments	and	wall	piers—A	vertical	wall	segment	is	any	portion	of	a	wall	that	is	bound	by	the	outer	edge	of	a	wall	and	an
edge	of	an	opening,	or	the	portion	of	a	wall	bound	by	the	vertical	edges	of	two	openings.	According	to	Chapter	11	of	ACI	318-14,	the	design	of	nonseismic	vertical	wall	segments	is	the	same	as	that	of	walls.	For	special	structural	walls	designed	according	to	Chapter	18	of	ACI	318-14,	there	are	additional	requirements.	The	nominal	shear	strength	is
reduced	for	the	total	cross	section	of	a	wall	at	the	vertical	wall	segments.	The	calculated	Vn	may	not	exceed	8Acv	fc′	for	the	total	Acv,	as	shown	in	Fig.	10.4.6	of	this	Handbook.	For	an	individual	vertical	wall	segment,	Vn	may	not	exceed	10Acv	fc′	.	9HUWLFDOZDOOVHJPHQWVDUHGHVLJQHGDVZDOOVFROXPQVRU	wall	piers	according	to	the
segment	geometry	as	summarized	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	397	Walls	CHAPTER	10—STRUCTURAL	REINFORCED	CONCRETE	WALLS	Fig.	10.4.5—Summary	of	boundary	element	requirements	for	special	walls	(Fig.	R18.10.6.4.2	of	ACI	318-14).	in	Table	10.4.6	of	this	Handbook.	In	many	cases,	the
special	structural	wall	requirements	apply.	If	the	wall	segment	is	designed	as	a	column,	Section	18.10.8.1	requires	that	the	special	detailing	of	18.7.4,	18.7.5,	and	18.7.6	for	columns	be	applied	(ACI	318-14).	Wall	piers	are	subset	of	vertical	wall	VHJPHQWVDVGH¿QHGLQ7DEOH7KH\PD\EHGHVLJQHG	as	special	columns	or	by	alternative	requirements
given	in	Section	18.10.8	in	ACI	318-14.	Wall	piers	designed	to	these	alternative	requirements	require:	(a)	Ve	that	can	develop	Mpr	at	the	ends	of	the	column	or	ȍo	times	the	factored	shear	determined	by	analysis	(18.7.6.1	and	18.10.8.1)	(b)	Hoops	at	a	spacing	not	greater	than	6	in.	(c)	Checking	to	see	if	the	pier	should	include	a	special	boundary
element	(d)	Horizontal	reinforcement	above	and	below	the	wall	SLHU	WR	WUDQVIHU	WKH	GHVLJQ	VKHDU	LQWR	WKH	DGMDFHQW	ZDOO	segments	10.4.7	Horizontal	wall	segments	and	coupling	beams—A	horizontal	wall	segment	is	any	portion	of	a	wall	that	is	bound	by	the	outer	edge	of	a	wall	and	an	edge	of	an	opening,	or	the	portion	of	a	wall
bound	by	the	horizontal	edges	of	two	openings.	According	to	Chapter	11	of	ACI	318-14,	the	design	of	nonseismic	horizontal	wall	segments	is	the	same	as	that	of	walls.	Horizontal	wall	segments	in	special	structural	walls	are	designed	as	special	structural	walls	according	to	Chapter	18	of	ACI	318-14.	If	horizontal	wall	segments	are	part	of	a	coupled
special	structural	wall	system,	the	segment	is	called	a	coupling	beam.	The	coupling	beam	is	separated	into	three	categories	in	ACI	318-14.	(a)	If	Ɛn/h•WKHFRXSOLQJEHDPLVGHVLJQHGDVDEHDPLQ	a	special	moment	frame	(b)	If	Ɛn/h	<	2	and	Vu•λAcv	fc′	,	design	the	beam	with	diagonally	placed	bars	for	a	more	effective	transfer	of	shear	through	the
member	(c)	For	other	cases,	the	beam	may	be	designed	either	as	a	special	beam	or	with	diagonal	placed	bars	The	design	of	a	coupling	beam	is	beyond	the	scope	of	this	Handbook.	For	more	information,	reference	Moehle	et	al.	(2011)	and	Moehle	(2015).	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	398	THE
REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	10.5––Detailing	Structural	walls	are,	in	general,	thin,	tall,	wide	members	with	reinforcement	in	both	the	horizontal	(transverse)	and	vertical	(longitudinal)	directions.	Properly	designed	and	Fig.	10.4.6—Shear	strength	for	vertical	wall	segments.	Table	10.4.6—Governing	design	provisions
sions	for	8.10.1	in	ACI	vertical	wall	segments*	(Table	R18.10.1	318-14)	Length	of	vertical	wal	wall	segment/wall	thickness	(Ɛw/bw)	Clear	height	of	vertical	wall	segment/length	of	vertical	wall	segment	(hw/Ɛw)	(Ɛw/bw	”	2.	2.5	<	(Ɛw/bw	”	”	(Ɛw/bw)	>	6.0	hw/Ɛw	<	2.0	Wall	Wall	all	Wal	Wall	hw/Ɛw•	Wall	ll	ppier	required	uired	Wall	pier
WRVDWLVI\VSHFL¿HG	required	to	column	design	VDWLVI\VSHFL¿HG	requirements	column	design	or	alternative	requirements;	requirements;	refer	to	Section	refer	to	Section	18.10.8.1	(ACI	18.10.8.1	(ACI	318-14)	318-14)	Wall	*	hw	is	the	clear	height,	Ɛw	is	the	horizontal	length,	and	bw	is	the	width	of	the	web	of	the	wall	segment.	detailed	shear
walls	in	buildings	have	resisted	seismic	forces	and	sidesway	effectively	in	past	earthquakes.	,I	VKHDU	ZDOOV	DUH	WKH	RQO\	PHPEHUV	LQ	WKH	/)56	WKH\	XVXDOO\EHKDYHDVFDQWLOHYHUEHDPV¿[HGDWWKHEDVH7KH\	transfer	moments,	shear,	and	axial	forces	to	the	foundation.	,I	WKH	/)56	LQFOXGHV	D	VWLII	IUDPH	WKH	ZDOO
FRXOG	EHKDYH	more	like	a	column,	depending	on	relative	stiffnesses	and	shear	wall	locations.	In	these	cases,	the	shear	wall	will	XVXDOO\FROOHFWWKHODUJHPDMRULW\RIVKHDUEXWWKHLUPRPHQWV	are	much	less	due	to	frame	action.	Reinforcement	placed	in	the	horizontal	and	vertical	directions	resists	in-plane	shear	forces	and	limits
cracking.	For	WDOOHUZDOOVWKHYHUWLFDOUHLQIRUFHPHQWVHUYHVDVÀH[XUDOUHLQIRUFHPHQW	,I	VLJQL¿FDQW	PRPHQW	VWUHQJWK	LV	UHTXLUHG	DGGLtional	reinforcement	is	placed	at	the	ends	of	a	wall	or	within	boundary	elements	(Fig.	10.5a	and	10.5b	of	this	Handbook).	Although	one	curtain	of	reinforcement	is	permitted	for



ordinary	shear	walls,	two	curtains	of	reinforcement	are	recommended.	It	is	advantageous	to	place	the	transverse	reinforcement	as	the	exterior	layer	to	prevent	longitudinal	UHLQIRUFHPHQWIURPEXFNOLQJDQGSURYLGHEHWWHUFRQ¿QHPHQW	to	the	concrete.	The	casting	position	of	transverse	reinforcement	assumes	more	than	12	in.	of
concrete	below	the	bar	for	DOFXODWLRQRIGHY	WKHFDOFXODWLRQRIGHYHORSPHQWDQGVSOLFHOHQJWKVȥ	t	=	1.3).	UVW	VSOLFHRIYHU	LFD	FD	7KH¿UVWVSOLFHRIYHUWLFDOUHLQIRUFHPHQWW\SLFDOO\RFFXUV	ately	above	ove	the	ffoundation,	where	wall	longituimmediately	dina	reinforcement	info	nt	laps	wit	dinal	with	foundation
dowel	bars.	These	dowel	lap	th	the	w	dowels,	lapped	with	wall	bars,	provide	the	critical	h	ism	of	transferring	ferring	te	mechanism	tension	and	shear	forces	from	the	t	the	foundation.	ion.	The	dowels	should	extend	into	the	wall	to	IRXQG	LRQ	GHSWKVXI	IRXQGDWLRQZLWKDGHSWKVXI¿FLHQWHQRXJKWREHIXOO\GHYHOn.	F	co	oped	for	tension.
For	constructability	purposes,	dowels	with	ooks	shou	90-degree	hooks	should	extend	to	the	bottom	of	the	foundaZKHUHWKH\F	WLRQZKHUHWKH\FDQEHWLHG¿UPO\WRWKHIRXQGDWLRQERWWRP	reinforcem	reinforcement.	Structural	walls	in	SDCs	D,	E,	and	F	have	an	additional	requirement.	Section	18.10.2.3	of	ACI	318-14	requires	that
longitudinal	reinforcement	be	developed	or	spliced	for	1.25fy	if	the	foundation	connection	is	where	yielding	of	wall	reinforcement	is	likely	to	occur	as	a	result	of	lateral	displacements.	)LJD±±'HYHORSPHQWRIZDOOKRUL]RQWDOUHLQIRUFHPHQWLQFRQ¿QHGERXQGDU\HOHPHQW	American	Concrete	Institute	–	Copyrighted	©	Material	–
www.concrete.org	CHAPTER	10—STRUCTURAL	REINFORCED	CONCRETE	WALLS	399	Fig.	10.5b––Boundary	element	requirements	for	special	walls.	10.6––Summary	in	advantages:	ntages:	Structural	walls	have	two	main	c	uct	because	reinf	rce1.	They	are	relatively	easy	to	construct	reinforcehtf	rd.	ment	detailing	of	walls	is	straightforward.	tiff	they
usually	m	ni2.	Because	of	their	inherent	stiffness,	minit	d	nonstructural	mize	sway	and	damage	in	structural	and	elements,	such	as	glass	windows	and	building	contents,	for	buildings	exposed	to	high	lateral	loads.	o:	Structural	walls	have	disadvantages,	including	these	two:	1.	Shear	walls	can	create	interior	barriers	that	interfere	with	architectural	and
mechanical	requirements.	2.	Shear	walls	carry	large	lateral	forces	resulting	in	the	possibility	of	large	overturning	moments.	Attention	is	required	at	the	wall-foundation	interface	and	foundation	design.	REFERENCES	American	Concrete	Institute	(ACI)	ACI	318-14—Building	Code	Requirements	for	Structural	Concrete	and	Commentary	ACI	551.2R-10—
Design	Guide	for	Tilt-Up	Concrete	Panels	American	Society	of	Civil	Engineers	(ASCE)	$6&	$6&(²0LQLPXP'HVLJQ/RDGVIRU%XLOGLQJVDQG	2WKHU6WUXFWXUH	2WKHU6WUXFWXUHV	ed	documents	Authored	a,	F.;	Hanson,	nson,	J.	M.;	and	Corley,	W.	G.,	1977,	“Shear	Barda,	6WUH	KRI	5LVH:DOOVZ
6WUHQJWKRI/RZ5LVH:DOOVZLWK%RXQGDU\(OHPHQWV´ReinConc	uctures	in	Seismic	Zones,	SP-53,	Amerforced	Concrete	Structures	ncre	Institute,	ute,	Farmington	Farm	ican	Concrete	Hills,	MI,	pp.	149-202.	*DU	D/	³&RQ	*DUFLD/(³&RQFUHWH4	$4XHVWLRQV´	Conc	e	In	ional9	Concrete	International91R2FWS	Se	Moehle,	J.	P.,	2015,	Seismic
Design	of	Reinforced	Concrete	McGraw-H	Education,	New	York,	760	pp.	Buildings,	McGraw-Hill	Moehle,	J.	P.;	Ghodsi,	T.;	Hooper,	J.	D.;	Fields,	D.	C.;	Ged	and	Gedhada,	R.,	2011,	“Seismic	Design	of	Cast-in-Place	Concrete	Special	Structural	Walls	and	Coupling	Beams:	A	Guide	for	Practicing	Engineers,”	NEHRP	Seismic	Design	Technical	Brief	No.6,
National	Institute	of	Standards	and	Technology,	Gaithersburg,	MD,	37	pp.	Wallace,	J.	W.,	1996,	“Evaluation	of	UBC-94	Provisions	for	Seismic	Design	of	RC	Structural	Walls,”	Earthquake	Spectra	9		1R		0D\	SS		GRL	10.1193/1.1585883	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Walls	The	amount	of	required	transverse
reinforcement	is	found	in	Table	18.10.6.4(f)	(ACI	318-14).	The	spacing	of	the	transverse	reinforcement	is	tighter	at	the	base	of	the	wall	for	a	his	distance	Ɛw	or	Mu/4Vu	at	the	lesser	of	6	in.	or	6db.	Above	this	region,	the	spacing	widens	to	8	in.	or	8db	untill	the	reinforcetransvers	reinforcement	ratio	drops	below	400/fy,	where	transverse	ment	is	not
required	(Fig.	10.5b).	400	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	10.7—Examples	Shear	Wall	Example	1:	Seismic	Design	Category	B/wind—The	reinforced	concrete	shear	wall	in	this	example	is	nonprestressed.	This	shear	wall	is	part	of	the	lateral	force-resisting-system	(a	shear	wall	is	at	each	end	of	the	structure)	in	the
NorthSouth	(N-S)	direction	of	the	hotel	(Fig.	E1.1).	Material	properties	are	selected	based	on	the	code	limits	and	requirements	of	&KDSWHUV		DQG		$&,			HQJLQHHULQJ	MXGJPHQW	DQG	ORFDOO\	DYDLODEOH	PDWHULDOV7KH	VWUXFWXUH	LV	DQDO\]HG	IRU	DOO
UHTXLUHGORDGFRPELQDWLRQVE\DQHODVWLF'¿QLWHHOHPHQWDQDO\VLVVRIWZDUHPRGHOWKDWLQFOXGHVVKHDUZDOOIUDPHLQWHUDFWLRQ	The	resultant	maximum	factored	moments	and	shears	over	the	height	of	the	wall	are	given	for	the	load	combination	selected.	This	example	provides	the	shear	wall	design	only	at	the	base.
Given:	Pu	=	1015	kip	In-plane––	Vu	=	235	kip	Mu	=	18,600	ft-kip	Out-of-plane––	Vu	=	16	kip	Mu	=	60	ft-kip	Material	properties––	fcƍ	SVL	fy	=	60,000	psi	)LJ(²%XLOGLQJÀRRUSODQ¿UVWÀRRU	This	example	uses	the	Interaction	Diagram	spreadsheet	aid	found	at	.	aspx?ItemID=SP1714DAE.	ACI	318-14	Discussion	Calculation	Step	1:	Geometry	11.3.1
This	wall	design	example	follows	the	requirements	of	Section	11.5.2,	and,	therefore,	the	wall	thickness	does	not	need	to	meet	the	requirements	of	Table	11.3.1.1	(ACI	318-14).	The	thickness	equations	(a)	and	(b)	of	Table	11.3.1.1	can,	however,	provide	an	indication	that	the	thickness	chosen	is	appropriate.	20.6.1.3.1	The	unsupported	height	controls;
18	ft	<	28	ft	From	Table	11.3.1.1,	the	wall	thickness	must	be	at	least	the	greater	of	4	in.	and	the	lesser	of	1/25	the	hreq’d	=	(18	ft)(12	in./ft)/25	=	8.64	in.	lesser	of	the	unsupported	height	of	the	wall	(18	Example	shear	wall	h	=	12	in.	>	hreq’d	=	8.64	in.	IWIRUWKH¿UVWHOHYDWHGÀRRU	DQGWKHXQVXSSRUWHG	length	of	the	wall	(28	ft	from	end
to	end	of	the	wall).	A	12	in.	wall	is	used	in	this	design	and	the	wall	is	assumed	to	be	exposed	to	weather	on	the	exterior	of	the	structure.	Concrete	cover	is	1-1/2	in.,	which	is	in	accordance	with	Table	20.6.1.3.1	(ACI	318-14).	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	OK	CHAPTER	10—STRUCTURAL	REINFORCED
CONCRETE	WALLS	401	6WHS/RDGVORDGSDWWHUQVDQGDQDO\VLVRIWKHZDOO	11.4	The	structure	is	analyzed	using	the	assumptions	and	6.9	requirements	of	11.4.	Walls	The	structure	was	analyzed	using	3D	elastic	Finite	7KHPD[LPXPIDFWRUHGD[LDOIRUFHÀH[XUDOPRPHQW	Element	Analysis	(FEA)	software	that	follows	the	and	shear
force	at	the	base	of	the	wall	are	listed	in	the	analysis	requirements	of	Section	11.4	and	Chapters	given	section	at	the	start	of	this	example.	5	and	6	of	ACI	318-14	for	loading	and	analysis,	respectively	refer	to	Fig.	E1.2	and	E1.3	for	in-plane	ÀH[XUHDQGLQSODQHVKHDUDORQJWKHKHLJKWRIWKH	wall,	respectively.
)LJ(²,QSODQHÀH[XUHDORQJWKHKHLJKWRIWKHZDOO	J	WKHK	Fig.	E1.3—In-plane	shear	along	the	height	of	the	wall.	Step	3:	Concrete	and	steel	material	requirements	11.2.1.1	The	mixture	proportion	must	satisfy	the	durability	requirements	of	Chapter	19	and	structural	strength	requirements	(ACI	318-14).	The	designer	determines	the	durability
classes.	Please	refer	to	Chapter	4	of	this	Handbook	for	an	in-depth	discussion	of	the	categories	and	classes.	$&,LVDUHIHUHQFHVSHFL¿FDWLRQWKDWLVFRRUGLnated	with	ACI	318-14.	ACI	encourages	referencLQJ$&,LQWRMREVSHFL¿FDWLRQV	There	are	several	mixture	options	within	ACI	301,	such	as	admixtures	and	pozzolans,	which	the
designer	can	require,	permit,	or	review	if	suggested	by	the	contractor.	By	specifying	that	the	concrete	mixture	shall	be	in	accordance	with	ACI	301	and	providing	the	exposure	FODVVHV&KDSWHUUHTXLUHPHQWVDUHVDWLV¿HG	Based	on	durability	and	strength	requirements,	and	experience	with	local	mixtures,	the	compressive	strength
RIFRQFUHWHLVVSHFL¿HGDWGD\VWREHDWOHDVW	psi.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	402	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	11.2.1.2	The	reinforcement	must	satisfy	Chapter	20	of	ACI	318-14.	The	designer	determines	the	grade	of	bar	and	if	the	bar	should	be	coated	by
epoxy,	galvanized,	or	both.	6WHS$[LDODQGÀH[XUDOGHVLJQVWUHQJWK	11.5,	11.5.2	7KHFRPELQHGD[LDODQGÀH[XUDOGHVLJQVWUHQJWKRI	a	shear	wall	can	be	determined	using	an	interaction	diagram	similar	to	a	column	interaction	diagram.	The	wall	interaction	diagram	is	generated	using	the	Interaction	Diagram	spreadsheet	(link	in	the
given	section	of	this	example).	Refer	to	Column	Example	9.2	in	this	Handbook	for	additional	information	about	the	Interaction	Diagram	spreadsheet.	By	specifying	the	rebar	grade	and	any	coatings,	and	that	the	rebar	shall	be	in	accordance	with	ACI	301,	&KDSWHURI$&,UHTXLUHPHQWVDUHVDWLV¿HG	In	this	case,	assume	grade	60	bar	and	no
coatings.	An	initial	interaction	diagram	is	made	using	No.	5	bars	at	12	in.	spacing	throughout	the	wall	(refer	to	*Note	below).	It	is	assumed	that	all	of	the	longitudinal	reinIRUFHPHQWLVHIIHFWLYHUHVLVWLQJLQSODQHÀH[XUH	7KH¿UVWSDLURI1REDUVLVDVVXPHGWREHDWLQ	from	the	end	of	the	wall,	the	second	pair	is	placed	at	12	in.	from
the	end	of	the	wall,	and	the	remaining	pairs	at	12	in.	spacing.	The	different	spacing	at	the	end	of	the	wall	is	to	allow	for	cover	on	the	end	pairs	of	bars	in	the	wall	and	to	force	the	reinforcement	to	be	symmetrical.	The	reinforcement	is	symmetrical	about	the	center	of	the	wall	and	this	bar	layout	is	applied	to	both	ends	of	the	wall.	To	estimate	an	initial
reinforcement	area,	the	wall	is	Fig.	E1.4	shows	the	resulting	design	strength	interacDPRXQWRIÀH[XUDO	tion	diagra	DVVXPHGDVDFDQWLOHYHUDQGWKHDPRXQWRIÀH[XUDO	diagram.	The	design	strength	interaction	diagram	y	to	resist	th	LQFOXGHVWKH�	ID	reinforcement	necessary	the	moment	is	LQFOXGHVWKH�	IDFWRU	calculated.	ion
Diagra	The	Inte	Interaction	Diagram	spreadsheet	contains	a	sheet	PHG	W$[LDO/R	QDPHG³6HOHFW$[LDO/RDG´:KHQWKHXVHUHQWHUVD	Pn,	the	ssheet	calculates	lculates	th	the	associated	maximum	Mn	on	th	inter	iagram	ccurve	and	plots	a	point	on	the	the	interaction	diagram	in	ract	ram	to	sh	interaction	diagram	show	that	point.	th	“Input
Point”	on	the	interacThiss	po	point	is	named	the	gram.	The	input	point	of	Pn	corresponding	tion	diagram.	to	a	Pu	of	1015	kips	calculates	a	point	on	the	design	strength	interaction	diagram	Mu	of	24,600	ft-kip.	The	input	point	is	plotted	as	a	solid	triangle.	The	open	triangle	indicates	where	the	example	load	resultants	are	and	shows	that	this	iteration
does	satisfy	required	strength.	Further	iterations	are	unnecessary.	*	Note:	For	constructability,	No.	5	bars	are	selected	for	the	vertical	reinforcement.	Smaller	bars	will	work	for	WKHVWUHQJWKRIWKHZDOOEXWDUHRIWHQWRRÀH[LEOHWRHI¿FLHQWO\ZRUNZLWKLQDYHUWLFDOSRVLWLRQ	American	Concrete	Institute	–	Copyrighted	©
Material	–	www.concrete.org	Fig.	E1.4––Design	strength	interaction	diagram.	Step	5:	Shear	design	strength	(in-plane)	11.5.4	Shear	walls	resist	both	in-plane	and	out-of-plane	11.5.4.4	shear.	The	out-of-plane	shear	is	very	small,	11.5.4.5	therefore,	by	inspection	it	will	not	control	the	wall	21.2.1	design.	11.5.1.1	In-plane	shear,	Vu	is	given	as	235	kips.
Equation	gives:	Vn	=	Vc	+	Vs	Vc	=	2	f	c′(h)(d	)	where	ss	and	dd	Ɛw	=	(0.8)(336	h	=	12	in.,	wall	th	thickness	in.)	=	268.8	in.	From	Table	21.2.1(b)	.1(	usee	shear	strength	reduction	eduction	IDFWRU�			&KHFNLI�Vc•Vu	Step	6:	Flexure	design	strength	(out-of-plane)	11.5.1	As	shown	in	Step	4,	the	layers	of	No.	5	vertical	11.5.3.1
ZDOOUHLQIRUFHPHQWVDWLV¿HVWKHLQWHUDFWLRQHTXDWLRQ	21.2.2	for	in-plane	bending.	The	resultant	of	the	out-of-plane	moment,	Mu	=	60	ft-kip	is	within	the	middle	third	of	the	wall.	This	allows	Section	11.5.3.1	to	be	used	to	check	the	outof-plane	strength	of	the	wall.	Vc	=	2	(	403	)	5000	00	psi	(12	(1	in.)(268.8	in.)	=	456	kip	�Vc	=	(0	�
56	456)(0.75)	kip)	=	342	kip	�Vc	=	342	kip	>	Vu	=	235	kip	OK	Eccentricity	of	the	resultant	load:	(1015	kip)(e)	=	60	ft-kip	e	=	0.7	in.	e	<	2	in.	⎛	⎛	kA	⎞	2	⎞	Pn	=	0.55(	f	c′)(	Ag	)	⎜1	−	⎜	c	⎟	⎟	⎝	⎝	32h	⎠	⎠	⎛	⎛	(0.8)(202	in.)	⎞	2	⎞	Pn	=	0.55(5	ksi)(12	in.)(336	in.)	⎜1	−	⎜	⎟	⎟	⎝	⎝	32(12	in.)	⎠	⎠	From	Table	21.2.2(b),	use	axial	strength	reduction	IDFWRU�			Pn	=	9090
kip	�Pn	=	(0.65)(9090	kip)	=	5900	kip	NLS•NLSOK	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Walls	CHAPTER	10—STRUCTURAL	REINFORCED	CONCRETE	WALLS	404	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	7:	Reinforcement	limits	11.6
%HFDXVHWKHLQSODQHVKHDUH[FHHGV�Vc,	11.6.2	applies.	11.6.2	Assuming	12	in.	for	spacing	in	both	directions,	the	Vu•�Vc	minimum	reinforcement	results	in:	D	DQGE	PXVWEHVDWLV¿HG	D	ȡƐ	must	be	the	greater	of	the	three	values	below:	ȡƐ		0.0025	⎛	0.62	in.2	⎞	ȡƐ•±hwƐw	îȡt±	ρA	≥	0.0025	+	0.5(	2.5	−	92ft/28	ft)	×	⎜	−	0.0025⎟	⎝	(12	in.)
(12	in.)	ȡƐIURPHTXDWLRQQHHGQRWH[FHHGȡt	in	accordance	with	Eq.	(11.5.4.8)	ȡƐ•	ȡt(T		*	E	ȡ		ȡtE			Minimum	reinforcement	in	both	the	longitudinal	and	horizontal	directions	is	0.0025sh.	As,min		LQ	LQ		LQ2.	Using	No.	5	bars	in	each	face	and	direction	at	12	in.	gives	0.62	in.2	in	both	directions.	As,prov.	LQ2/ft	>	As,req’d	LQ2/ft	OK	*	11.5.4.8
Equation	(11.5.4.8)	requires	zero	reinforcement	for	Equatio	strength	becau	because	the	concrete	strength	is	adequate	in	shear.	Step	8:	Reinforcement	detailing	11.7	Placing	continuous	ous	No.	5	bars	in	each	fface	and	11.7.2.1	direction	at	12	in.	meetss	the	detailing	rrequirements	uirements		RIDQG1REDUVZHUHVHOHFWHGLQ		1REDUVZH	VHOH
the	horizontal	direction	construction.	ire	n	for	ease	of	con	ructio		11.7.4.1	nfor	t	is	not	req	Reinforcement	required	for	shear	strength;	th	efor	the	maximum	spacing	for	vertical	bars	therefore,	QRWH	hLQ	FDQQRWH[FHHGhLQ	RULQ7KHLQVSDFLQJ	ertic	bars	are	less	tthan	these	limits.	of	vertical	S	ilarl	the	maximum	spacing	for	horizontal	bars
Similarly,	HGh	FDQQRWH[FHHGhLQ	RULQ7KHLQVSDFLQJ	ontal	bars	are	less	than	these	limits.	of	horizontal	h	>	10	in.,	therefore	two	layers	are	required.	Two	layers	aare	provided	having	equal	reinforcement	ar	area.	If	the	area	of	vertical	reinforcement	exceeds	7KHYHUWLFDOÀH[XUDOUHLQIRUFHPHQWXVHGLQWKHGHVLJQ	0.01Ag,	or	if	the
reinforcement	is	needed	to	resist	strength	interaction	diagram	is	two	No.	5	bars	at	12	in.	D[LDOORDGVWLHVDUHUHTXLUHGWRFRQ¿QHWKHYHUWLFDO	on	center	spacing.	The	Ag	within	this	length	is	144	in.2	UHLQIRUFHPHQW7KHUHLQIRUFHPHQWUDWLRIRUWKHÀH[	Ast	is	0.62	in.2	ural	vertical	reinforcement	at	the	wall	ends	needs	to	The
ratio	of	Ast	to	AgLV7KLVLVOHVVWKDQWKH	0.01	and	therefore	ties	are	not	required	by	11.7.4.1.	be	calculated	to	determine	if	ties	are	required.	The	maximum	factored	axial	load	is	1015	kips	or	1,015,000	lb	and	the	maximum	factored	moment	is	IWNLSRULQOE7KHIDFWRUHGD[LDO	stress	on	the	concrete	due	to	the	combined	loads	is:	ı	OE ̂LQ	IW
LQIW	`	LQOEîLQLQ4	SVL	This	is	below	the	design	strength	of	concrete	and	thus	steel	is	not	needed	to	resist	the	axial	load.	Therefore,	ties	are	not	required	by	Section	11.7.4.1.	Refer	to	Fig.	E1.5	and	E1.6	for	wall	elevation	and	section	cut	at	the	ends	of	the	wall.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	⎠	CHAPTER	10
—STRUCTURAL	REINFORCED	CONCRETE	WALLS	405	Walls	Step	9:	Detailing	Fig.	E	1.5—Vertical	bar	distribution.	Fig.	E1.6—Plan	reinforcement	layout.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	406	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Shear	Wall	Example	2:	Seismic	Design	Category	D
The	reinforced	concrete	shearwall	in	this	example	is	nonprestressed.	This	shearwall	is	part	of	the	lateral	force-resistingsystem	(a	shearwall	is	at	each	end	of	the	structure)	in	the	North-South	(N-S)	direction	of	the	hotel	(Fig.	E2.1).	Material	properties	are	selected	based	on	the	code	limits	and	requirements	of	Chapters	19	and	20	(ACI	318-14),
engineering	judgment,	and	ORFDOO\DYDLODEOHPDWHULDOV7KHVWUXFWXUHLVDQDO\]HGIRUDOOUHTXLUHGORDGFRPELQDWLRQVE\DQGHODVWLF'¿QLWHHOHPHQWDQDO\VLV	software	model	that	includes	shearwall-frame	interaction.	The	resultant	maximum	factored	moments	and	shears	over	the	height	of	the	wall	are	given	for	the
load	combination	selected.	This	example	provides	the	shearwall	design	and	detailing	at	the	base	of	the	wall.	Given:	Forces	and	moments	at	the	wall	base––	Pu	=	1015	kip	In-plane––	Vu	=	470	kip	Mu	=	37,200	ft-kip	Material	properties––	fcƍ	SVL	fy	=	60,000	psi	Out-of-plane––	Vu	=	32	kip	Mu	=	120	ft-kip	)LJ(²%XLOGLQJÀRRUSODQ¿UVWÀRRU	)	This
example	shows	the	design	and	detailing	of	a	special	shear	wall	due	to	in-plane	forces,	including	a	seismic	ial	structural	shea	ERXQGDU\HOHPHQWDWWKHZDOO¶VHGJH,QDGGLWLRQWKHGHVLJQVWUHQJWKIRUWKHRXWRISODQHIRUFHVLVYHUL¿HG,QWKLVH[DPSOHRQO\	one	loading	condition	is	checked.	In	a	typical	design,	several	load
combinations	require	checking.	This	example	uses	the	Interaction	Diagram	spreadsheet	aid	found	at	.	aspx?ItemID=SP1714DAE.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	10—STRUCTURAL	REINFORCED	CONCRETE	WALLS	Calculation	hreq’d	=	(18	ft)(12	in./ft)/25	=	8.64	in.	Example	shear	wall	h	=	12	in.
>	hreq’d	=	8.64	in.	OK	7KHPD[LPXPIDFWRUHGD[LDOIRUFHÀH[XUDOPRPHQW	7KHPD[LPXP	and	shear	force	at	the	bbase	of	the	wall	are	listed	in	the	en	se	tion	at	the	start	tart	of	this	example.	given	section	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Walls	ACI	318-14	Discussion	Step	1:	Geometry	11.3.1	This	wall
design	example	follows	the	requirements	of	Chapter	18	and,	therefore,	does	not	need	to	meet	the	requirements	of	Table	11.3.1.1	(ACI	318-14).	However,	the	thickness	equations	(a)	and	(b)	of	Table	11.3.1.1	can	provide	an	indication	that	the	thickness	chosen	is	an	appropriate	design	starting	point.	Note	that	where	special	boundary	elements	are
required,	the	special	boundary	element	will	be	thicker.	From	Table	11.3.1.1,	the	wall	thickness	must	be	at	least	the	greater	of	4	in.	and	the	lesser	of	1/25	the	lesser	of	the	unsupported	height	of	the	wall	(18	IWIRUWKH¿UVWHOHYDWHGÀRRU	DQGWKHXQVXSSRUWHG	length	of	the	wall	(28	ft	from	end-to-end	of	wall).	A	12	in.	wall	is	used	in	this
design	and	the	wall	is	20.6.1.3.1	assumed	to	be	exposed	to	weather	on	the	exterior	of	the	structure.	Concrete	cover	is	1-1/2	in.,	which	is	in	accordance	with	Table	20.6.1.3.1	(ACI	318-14).	6WHS/RDGVORDGSDWWHUQVDQGDQDO\VLVRIWKHZDOO	11.4	The	structure	is	analyzed	using	sing	the	assumptions	and	on	11.4.	requirements	of	Section	The
structure	was	analyz	analyzed	using	3D	elastic	Finite	Element	Analysiss	(FE	(FEA)	software	that	follows	the	me	off	Section	11.4	of	o	ACI	318analysis	requirements	nalysi	14	and	Chapter	5	and	6	for	loading	and	analysis,	LJ	DQG(IRULQ	ODQH	UHVSHFWLYHO\)LJ(DQG(IRULQSODQHÀH[ure	and	in-planee	sshear	along	the	height	off	the	wall,
respectively).	407	408	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	)LJ(²,QSODQHÀH[XUHDORQJWKHKHLJKWRIWKHZDOO	Fig.	E2.3—In-plane	shear	along	g	th	the	height	ight	of	the	wal	wall.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	10—STRUCTURAL	REINFORCED	CONCRETE
WALLS	Step	3:	Concrete	and	steel	material	requirements	11.2.1.1	The	mixture	proportion	must	satisfy	the	durability	requirements	of	Chapter	19	and	structural	strength	requirements	(ACI	318-14).	The	designer	determines	the	durability	classes.	Please	refer	to	Chapter	4	of	this	Handbook	for	an	in-depth	discussion	of	the	categories	and	classes.	409	By
specifying	that	the	concrete	mixture	shall	be	in	accordance	with	ACI	301	and	providing	the	exposure	FODVVHV&KDSWHUUHTXLUHPHQWVDUHVDWLV¿HG	Based	on	durability	and	strength	requirements,	and	experience	with	local	mixtures,	the	compressive	strength	RIFRQFUHWHLVVSHFL¿HGDWGD\VWREHDWOHDVW	psi.
$&,LVDUHIHUHQFHVSHFL¿FDWLRQWKDWLVFRRUGLnated	with	ACI	318-14.	ACI	encourages	referencLQJ$&,LQWRMREVSHFL¿FDWLRQV	There	are	several	mixture	options	within	ACI	301,	such	as	admixtures	and	pozzolans,	which	the	designer	can	require,	permit,	or	review	if	suggested	by	the	contractor.	The	reinforcement	must	satisfy	Chapter
20	of	ACI	318-14.	de	of	bar	and	if	the	The	designer	determines	the	grade	y	epoxy	or	galvanized,	or	rebar	should	be	coated	by	both.	DFWLRQ	6WHSD$[LDODQGÀH[XUDOLQWHUDFWLRQGLDJUDPJHQHUDO	D[LD	ÀH[XUDOGHVLJQ	HQJWK	7KHFRPELQHGD[LDODQGÀH[XUDOGHVLJQVWUHQJWK	mined	using	an	in	eraction	of	a	shearwall	iss
ddetermined	interaction	lumn	interaction	diag	diagram	similarr	tto	a	column	diagram.	By	specifying	the	rebar	grade	and	any	coatings,	and	that	the	rebar	shall	be	in	accordance	with	ACI	301-10,	&KDSWHU	&KDSWHU$&,	UHTXLUHPHQWVDUHVDWLV¿HG,Q	this	case,	assum	assume	Grade	60	bar	and	no	coatings.	ion	diagram	gram	is	generat	The
wall	interaction	generated	using	the	m	spreadsheet	h	t	(link	in	the	given	i	Interaction	Diagram	section	of	this	example).	dbook	Refer	to	Column	Example	9.2	in	this	Handbook	for	additional	information	about	the	Interaction	Diagram	spreadsheet.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Walls	11.2.1.2	410	THE
REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	6WHSE$[LDODQGÀH[XUDOLQWHUDFWLRQGLDJUDPLQSODQH	11.1.2,	Section	11.1.2	requires	that	special	structural	walls	18.10.5	be	designed	in	accordance	with	Chapter	18	of	ACI	318-14.	Chapter	18	covers	all	requirements	necessary	to	design	the	wall.	An	initial	interaction	diagram
is	generated	using	No.	8	bars	at	12	in.	spacing	throughout	the	wall.	It	is	assumed	that	all	of	the	longitudinal	reinforcement	is	HIIHFWLYHWRUHVLVWLQSODQHÀH[XUH	7KH¿UVWSDLURI1REDUVLVDVVXPHGWREHDWLQ	from	the	end	of	the	wall,	the	second	pair	is	placed	To	estimate	an	initial	reinforcement	area,	the	wall	is	at	12	in.	from	the	end
of	the	wall,	and	the	remaining	DVVXPHGDVDFDQWLOHYHUDQGWKHDPRXQWRIÀH[XUDO	pairs	at	12	in.	spacing.	The	wall	is	symmetrical	about	reinforcement	necessary	to	resist	the	moment	is	the	center	of	the	wall	and	this	bar	layout	is	applied	at	calculated.	both	ends	of	the	wall.	Fig.	E2.4	shows	the	resulting	design	strength	interaction	diagram.
The	design	strength	interaction	diagram	LQFOXGHVWKH�	IDFWRU7KLVVSUHDGVKHHWFRQWDLQVDVKHHW	QDPHG³6HOHFW$[LDO/RDG´:KHQWKHXVHUHQWHUVDPu,	WKHVKHHWFDOFXODWHVWKHDVVRFLDWHGPD[LPXP�Mn	on	the	design	strength	interaction	diagram	curve	and	plots	a	point	on	the	design	strength	interaction	diagram.
It	also	generates	a	corresponding	maximum	Mn	on	the	gen	streng	interaction	diagram	(not	shown).	nominal	strength	hee	““Input	Point”	on	the	interaction	This	point	is	called	the	gram	Th	i	t	po	i	of	Pu	of	1015	kips	calculates	diagram.	Thee	input	point	D[LP	�M	Mn	point	o	on	the	interaction	diagram	of	DPD[LPXP�M	4	200	ft-kips.	The	input	point	is
plotted	as	a	solid	40,200	tri	ngle	along	the	h	iinteraction	t	triangle	curve.	The	example	5	kip	and	an	Mu	of	37,200	ft-kip.	The	has	a	Pu	of	1015	op	n	tri	ndicates	w	open	triangle	indicates	where	the	example	Pu	and	Mu	are	and	showss	that	this	iteration	does	satisfy	required	strength;	therefore,	further	iterations	are	unnecessary.	Fig.	E2.4—Design
strength	interaction	diagram.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	10—STRUCTURAL	REINFORCED	CONCRETE	WALLS	411	6WHSF$[LDOÀH[XUDODQGVKHDURXWRISODQH	11.5.1	As	shown	in	Step	4b,	the	layers	of	No.	8	vertical
ZDOOUHLQIRUFHPHQWVDWLV¿HVWKHLQWHUDFWLRQHTXDWLRQ	for	in-plane	bending.	11.5.3.1	The	resultant	of	the	out-of-plane	moment,	Mu	=	120	ft-kip	is	within	the	middle	third	of	the	wall.	This	allows	Section	11.5.3.1	to	be	used	to	check	the	outof-plane	strength	of	the	wall.	Eccentricity	of	the	resultant	load:	(1015	kip)(e)	=	120	ft-kip	e	=	1.4
in.	e	<	2	in.	⎛	⎛	kA	⎞	2	⎞	Pn	=	0.55(	f	c′)(	Ag	)	⎜1	−	⎜	c	⎟	⎟	⎝	⎝	32h	⎠	⎠	⎛	⎛	(0.8)(202	in.)	⎞	2	⎞	Pn	=	0.55(5	ksi)(12	in.)(336	in.)	⎜1	−	⎜	⎟	⎟	⎝	⎝	32(12	in.)	⎠	⎠	Pn	=	9090	kip	φPn	=	(0.65)(9090	kip)	=	5900	kip	5900	kip	≥	1015	kip	22.5.5.1,	21.2.1	From	Table	21.2.2(b)	use	axial	strength	reduction	factor:	�			gn	strength	calculaFor	out-of-plane	shear,	the	design	tion
is:	φVc	=	φ(2)	f	c′bw	d	From	Table	21.2.1(b)	(b)	uuse	shear	strength	reduction	factor:	�			OK	Vu	=	32	kip	The	axial	and	moment	design	strength	over	a	one	foot	section	oof	the	wall	is	adequate.	Walls	21.2.2	φVc	=	((0.75)(2)(	)(	5000	ppsi)(336in	.)(9.25in	.)	φVc	=	330	3	kip	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	OK	412
THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	5:	Seismic	reinforcement	detailing	18.10.1	This	structure	is	using	a	special	structural	wall	to	resist	the	lateral	loads	applied.	Two	curtains	of	steel	are	used,	the	distributed	reinforcement	ratios	are	met,	and	the	forces	are	determined	within	code	allowed	analysis	methods.
Therefore,	requirements	18.10.1	through	18.10.3	(ACI	318-14)	are	met.	18.10.2	7KHGLVWULEXWHGZHEUHLQIRUFHPHQWUDWLRVȡƐDQGȡt,	for	structural	walls	must	be	at	least	0.0025,	except	that	if	Vu	does	not	exceed	AcvȜ¥fcƍWKHQȡƐDQGȡt	are	permitted	to	be	reduced	to	the	values	in	Section	11.6	of	ACI	318-14.	This	example	provides	No.	4
bars	in	the	horizontal	direction	in	each	face	at	12	in.	This	provides	0.40	in.2	per	foot	in	the	horizontal	direction.	The	transverse	reinforcement	ratio	is:	ȡt	=	0.4	in.2/(12	×12)	in.2	=	0.0028	>	0.0025	OK	This	example	provides	No.	8	bars	in	the	vertical	direction	in	each	face	at	12	in.	This	provides	1.58	in.2	per	foot	in	the	vertical	direction.	ȡƐ	=	1.58
in.2/(12	×	12)	in.2	=	0.0110	>	0.0025	OK	18.10.2.2	The	code	requires	two	curtains	of	distributed	reinforcement	if;	Vu	>	2	AcvȜ¥fcƍRUhw/Ɛw•	hw/Ɛw•IW	IW		!	Two	curtains	are	required	and	are	provided.	18.10.3	lculated	from	the	factored	Vu	=	470	kip	The	code	allows	the	Vu	calculated	n	shear.	loads	to	be	the	design	Mu	=	37,200	ft-kip	18.10.4	th	oof
special	al	structural	walls	is	af	The	shear	strength	afeigh	to	length	ength	ratio	of	th	fected	by	the	height	the	wall.	The	code	limitss	Vn	to:	(	Vn	=	Acv	α	c	λ	f	c′	+	ρt	f	y	)	OK	Vn	=	40	4032	0	in.2	(2	5000	psi	+	(0.0028)(60,000	psi)	1248	kip	=	12	ere	where	(12	in.)(28	28	ft)(12	iin./ft)	=	4032	in.2	Acv	=	(1	ZKHUHĮc	is	2.0	for	hw/lw•DQGYDULHVEHWZHHQ
2.0	and	3	for	hw/Ɛw	<	2.0.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	10—STRUCTURAL	REINFORCED	CONCRETE	WALLS	413	21.2.4,	21.2.4.1	7KH�	IDFWRUIRUVSHFLDOVWUXFWXUDOZDOOVLVGHWHUmined	by	Sections	21.2.4	and	21.2.4.1.	From	the	analysis	of	the	structure,	the	maximum	axial	load
under	seismic	loading	combinations	for	this	wall	is	approximately	1200	kip.	Pu	=	1200	kip	From	the	interaction	diagram,	Mu	corresponding	to	Pu	of	1200	kip	is:	Mu	=	41,860	ft-kip	Vu	from	a	moment	of	41,860	ft-kip	is:	Vu	=	2	×	41,860	ft-kip/18	ft	=	4650	kip	18.10.4.4	In	this	example,	the	code	limits	on	shear	strength	based	on	concrete	strength	of
Vn”Acw¥fcƍ	ZLOODOVROLPLWWKH�	IDFWRUWR	Max	shear:	Vn	=	4032	in.2	(10	5000	psi)	=	2851	kip	The	Vu	calculated	from	the	nominal	moment	strength	of	the	shear	wall	is	greater	than	the	maximum	code	alORZHGVKHDUVWUHQJWK7KHUHIRUHXVHD�	IDFWRURI	�Vn		NLS		NLS!NLS2.	18.10.6,	18.10.6.1
'HVLJQIRUÀH[XUHDQGD[LDOIRUFHDUHWKHVDPHDV	for	a	non-seismic	structural	wall.	Requirements	of	Section	18.10.5	are	met	through	the	ÀH[XUDODQGD[LDOLQWHUDFWLRQGLDJUDPGHVLJQSURFHVV	in	Step	4b.	VRQZDOOÀDQJHV	This	w	7KHFRGHSURYLGHVJHRPHWULFOLPLWVRQZDOOÀDQJHV	wall	is	rectangular	in	plan	and	does
not	have	end	ÀDQJHV	ments	ar	Special	boundary	elements	are	often	required	in	special	structural	walls	tto	resist	the	large	compression	forces	att	the	ends	of	the	walls	during	an	nt.	earthquake	event.	en	are	required	in	acco	dance	with	Boundary	elements	accordance	6.2	or	18.10.6.3	8.10.6.3	(ACI	31	-14)	Sections18.10.6.2	318-14).	American	Concrete
Institute	–	Copyrighted	©	Material	–	www.concrete.org	Walls	18.10.5	414	18.10.6.2	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Section	18.10.6.2	applies	to	walls	satisfying	the	following:	18.10.6.2	(a)	hw/Ɛw•DUHFRQWLQXRXVIURPEDVH	RIVWUXFWXUHWRWRSRIZDOODQGDUHGHVLJQHGWRKDYH
DVLQJOHFULWLFDOVHFWLRQIRUÀH[XUHDQGD[LDOORDGV	2WKHUZLVH6HFWLRQDSSOLHV	hw/Ɛw	IW	IW		IWOK	:DOOLVFRQWLQXRXVIURPERWWRPRIVWUXFWXUHWRWRSRI	wall.	OK	:DOOLVGHVLJQHGKDYLQJDVLQJOHFULWLFDOVHFWLRQIRU	VKHDUDQGÀH[XUHOK	7KHUHIRUH6HFWLRQZLOOEHXVHG
6HFWLRQUHTXLUHVDVSHFLDOERXQGDU\	HOHPHQWLIWKHQHXWUDOD[LVGHSWKFDOFXODWHGIRUWKH	IDFWRUHGD[LDOIRUFHDQGIDFWRUHGPRPHQWLVJUHDWHU	WKDQWKHYDOXHLQ(T	Check	if.	7KHLQWHUDFWLRQGLDJUDPVSUHDGVKHHWFDOFXODWHVWKH	QHXWUDOD[LVGHSWKcZKLFKLVLQ
7KHVRIWZDUHWKDWDQDO\]HVWKHVWUXFWXUHSUHVHQWVWKH	GHÀHFWLRQGDWDIRUWKHVWUXFWXUH7KHYDOXHRIįuIURP	WKHVRIWZDUHLVLQDQGGRHVQRWLQFOXGHWKHCd	IDFWRURIIRUDVSHFLDOVWUXFWXUDOFRQFUHWHZDOOIURP	$6&(	c≥	Aw	600	(1.5δ	u	/hw	)	,IVRDVSHFLDOERXQGDU\HOHPHQWLVQHHGHG	δ	u
/hw	=	(2.4	in.)(5)	(92	ft)(12	in./ft)	įu/hw	=	0.0109	7KHUHIRUHWKHYDOXHGHWHUPLQHGIURP(T		is:	c≥	336	in.	=	34.25	in.	600(1.5	×	0.0109)	%HFDXVHcRILQLVJUHDWHUWKDQLQ6HF	cRILQLV	WLRQGRHVUHTXLUHDERXQGDU\HOHPHQW	Q	GRHVUHT	ERX	\HOHPHQWWUDQV	UVHUHLQ	E
7KHVSHFLDOERXQGDU\HOHPHQWWUDQVYHUVHUHLQ	WH	YHUWLFDOO\DERYH	DQGEHORZ	IRUFHPHQWPXVWH[WHQGYHUWLFDOO\DERYHDQGEHORZ	LR	HDVWWKHJUHDWHUR	ƐwD	DQG	WKHFULWLFDOVHFWLRQDWOHDVWWKHJUHDWHURIƐ	VS	WWHGE\6HFWLRQ	J	Mu/4VuH[FHSWDVSHUPLWWHGE\6HFWLRQJ		RI$&,
American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	10—STRUCTURAL	REINFORCED	CONCRETE	WALLS	415	18.10.6.4(e)	Where	special	boundary	elements	are	required	by	18.10.6.2	or	18.10.6.3,	(a)	through	(h)	must	be	VDWLV¿HG	a)	The	boundary	element	must	extend	horizontally
IURPWKHH[WUHPHFRPSUHVVLRQ¿EHUDGLVWDQFHDW	least	the	greater	of	c	–	0.1Ɛw	and	c/2,	where	c	is	the	largest	neutral	axis	depth	calculated	for	the	factored	axial	force	and	nominal	moment	strength	consistent	ZLWKįu.	18.10.6.4(a)	requires	that	the	special	boundary	element	extend	a	minimum	from	the	extreme	compresVLRQ¿EHU	c	–
0.1Ɛw	=	67.85	in.	–	(0.1)(336	in.)	=	34.25	in.	or	c/2	=	67.85	in./2	=	33.925	in.	The	example	rounds	the	length	of	the	boundary	element	to	34	in.	E	:LGWKRIWKHÀH[XUDOFRPSUHVVLRQ]RQHb,	over	the	horizontal	distance	calculated	by	18.10.6.4(a),	LQFOXGLQJÀDQJHLISUHVHQWVKDOOEHDWOHDVWhu/16.	E
LVVDWLV¿HGE\PDNLQJWKHZDOOWKLFNHU	over	the	boundary	element	to	meet	the	requirement	of	hu/16	=	216	in./16	=	13.5	in.	Therefore,	the	wall	thickness	will	be	14	in.	at	the	boundary	elements.	(c)	For	walls	or	wall	piers	with	hwƐw•2.0	that	are	se	of	structure	to	effectively	continuous	from	the	base	ve	a	single	critical	secsec	top	of	wall,
designed	to	have	[LDOORDG	WLRQIRUÀH[XUHDQGD[LDOORDGVDQGZLWKFƐ	w•	3/8,	DOFRP	ZLGWKRIWKHÀH[XUDOFRPSUHVVLRQ]RQHb	over	the	d	in	S	length	calculated	Section	18.10.6.4(a)	shall	be	greater	than	or	equ	equal	to	12	in.	18.10.6.4(c)	does	not	apply	because	the	example	assum	that	the	wall	and	boundary	element	will	be	assumes
a	different	heights	to	reduce	the	amount	reevaluated	at	teel	required;	ttherefore,	refo	the	wall	is	considered	of	steel	LJQH	IRU	VHYHUDO	FULW	L	GHVLJQHGIRUVHYHUDOFULWLFDOVHFWLRQVIRUÀH[XUHDQG	al	loa	axial	loads.	HF	WKHERXQGDU\HO	PHQ	G	,QÀDQJHGVHFWLRQVWKHERXQGDU\HOHPHQWVKDOO	FWL	DQJHZLGWKLQFR
SUHVVLRQ	LQFOXGHWKHHIIHFWLYHÀDQJHZLGWKLQFRPSUHVVLRQ	b	and	shall	extend	at	least	12	in.	into	the	web.	Section	18.10.6.4(e)	imposes	spacing	requirements	on	the	transverse	reinforcement.	The	boundary	element	transverse	reinforcement	shall	satisfy	Section	18.7.5.2(a)	through	(e)	and	Section	18.7.5.3,	except	the	value	hx	in	Section
18.7.5.2	must	not	exceed	the	lesser	of	14	in.	and	two-thirds	of	the	boundary	element	thickness,	and	the	transverse	reinforcement	spacing	limit	of	Section	18.7.5.3(a)	must	be	one-third	of	the	least	dimension	of	the	boundary	element.	tion	18.10.6.4(d)	4(d)	does	doe	not	apply	because	this	is	not	Section	D	DQJH	RQ	DÀDQJHGVHFWLRQ	8.10.6.4(e
requires	that	the	geometry	and	Section	18.10.6.4(e)	ing	of	the	vvertical	and	crosstie	reinforcement	shall	spacing	meet	the	requirements	of	a	special	structural	column.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Walls	18.10.6.4(a),	18.10.6.4	(a)	through	(d)	impose	additional	geo(b),	(c),	(d)	metric	requirements	upon	the
special	boundary	elements.	Section	18.10.6.4	states	the	following:	416	18.10.6.4(e)	18.7.5.2	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Transverse	reinforcement	shall	be	in	accordance	with	(a)	through	(f):	(a)	Transverse	reinforcement	shall	comprise	either	single	or	overlapping	spirals,	circular	hoops,	or	rectilinear	hoops	with	or
without	crossties.	(b)	Bends	of	rectilinear	hoops	and	crossties	shall	engage	peripheral	longitudinal	reinforcing	bars.	(c)	Crossties	of	the	same	or	smaller	bar	size	as	the	KRRSVVKDOOEHSHUPLWWHGVXEMHFWWRWKHOLPLWDWLRQ	of	Section	25.7.2.2	of	ACI	318-14.	Consecutive	crossties	shall	be	alternated	end	for	end	along	the	longitudinal
reinforcement	and	around	the	perimeter	of	the	cross	section.	(d)	Where	rectilinear	hoops	or	crossties	are	used,	they	shall	provide	lateral	support	to	longitudinal	reinforcement	in	accordance	with	Sections	25.7.2.2	and	25.7.2.3	of	ACI	318-14.	d	such	that	the	(e)	Reinforcement	shall	be	arranged	spacing	hx	of	longitudinal	bars	laterally	supported	sstie	or
hhoop	leg	shall	not	by	the	corner	of	a	crosstie	nd	the	perimeter	of	the	column.	exceed	14	in.	around	18.10.6.4(e)	18.7.5.3	18.7.5.3	Spacing	reinforcement	g	oof	transverse	sverse	reinforc	ment	shall	not	exceed	the	sm	smallestt	of	(a)	through	((c):	):	D	2QHIRXUWKRIWKHPLQLPXPFROXPQGLPHQVLRQ	RI	PLQLPXPFROXPQ	GLPH	(b)	Six	times	thee
diameter	d	ter	of	the	smallest	smalle	longitulongitu	dinal	bar	(c)	so,	as	calculated	by:	⎛	14	−	hx	⎞	so	=	4	+	⎜	⎝	3	⎟⎠	(18.7.5.3)	Section	18.7.5.2	requires	that	the	transverse	boundary	element	reinforcement	satisfy	essentially	the	same	requirements	as	those	of	a	special	concrete	column.	+RZHYHUWRVDWLVI\WKH¿UVWSDUWRIH	WKH	limit	of
hxIURP6HFWLRQH	LVPRGL¿HG	The	permitted	hx	is	less	than	2/3	of	the	14	in.	width	of	the	boundary	element.	2/3	×	14	in.	=	9-1/3	in.	This	permitted	hx	is	for	both	across	the	width	of	the	element	and	along	the	length	of	the	element.	The	distance	between	the	two	curtains	of	No.	8	bars	in	a	14	in.	thick	wall	is	approximately:	14	in.	–	(2)(1.5	in.)	–	(2)(0.5
in.)	–	1	in.	=	9	in.	Therefore,	for	the	thickness	of	the	boundary	element,	there	is	no	need	to	add	vertical	reinforcement.	To	satisfy	this	requirement	for	hx	along	the	length	of	the	element,	reinforcement	is	spaced	at	7	in.	for	the	¿UVWLQWRUHGXFHWKHVSDFLQJWREHORZLQ	Note	that	for	this	example,	the	interaction	diagram	FDOFX
FDOFXODWLRQVZHUHPRGL¿HGWRPDWFKWKLVGHWDLOLQJ	However,	this	added	precision	may	not	be	neces\LQDGHVLJQRI	H7	VDU\LQDGHVLJQRI¿FH7KHGHVLJQHUVKRXOGXVHWKHLU	LQHH	QJ	MXGJPHQW	WWR	HQJLQHHULQJMXGJPHQWWRGHWHUPLQHLIWKLVSUHFLVLRQLV	QHFHVVDU\IRUWKHLUVSHFL¿FGHVLJQ	HVVD
UWKHLUVSHF	The	sec	second	part	18.10.6.4(e)	and	Section	18.7.5.3	T	rt	of	18.10	determines	a	maximum	spacing	of	the	transverse	reinde	ermi	i	forcement	eme	in	thee	special	boundary	element.	D	LVPRGL¿HGWRRQHWKLUGWKHPLQLPXP			PRGL¿HGW	column	umn	dimension	nsion	by	18.10.6.4(e):	14	in./3	=	4.67	in.	18.7.5.3(b):	.5.3(b):	(6)(1	in.)
=	6	in.	18.7.5.3	(c):	⎛	14	−	9	⎞	so	=	4	+	⎜	=	5.67	in.	⎝	3	⎟⎠	The	value	of	so	from	Eq.	(18.7.5.3)	shall	not	exceed	The	example	uses	a	spacing	of	4	in.	for	the	transverse	reinforcement	in	the	special	boundary	element	and	all	6	in.	and	need	not	be	taken	less	than	4	in.	longitudinal	bars	in	the	special	boundary	element	are	engaged	by	a	crosstie.	American
Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	10—STRUCTURAL	REINFORCED	CONCRETE	WALLS	18.10.6.4(f)	sets	requirements	for	the	area	of	reinforcement	for	the	ties	in	the	boundary	element.	(f)	The	amount	of	transverse	reinforcement	shall	be	in	accordance	with	Table	18.10.6.4(f).	Table	18.10.6.4(f)(a):	For	Table
18.10.6.4(f),	Eq.	(a):	⎛	Ag	⎞	f′	−	1⎟	c	0.3	⎜	⎝	Ach	⎠	f	yt	⎛	476	⎞	0.3	⎜	−	1	=	0.176	>	0.09	⎝	300	⎟⎠	Ag	=	(14	in.)(34	in.)	=	476	in.2	Ach	=	(14	in.	–	2	in.	–	2	in.)	(34	in.	–	2	in.	–	2	in.)	Ach	=	300	in.2	Since	this	is	greater	than	the	minimum	required	by	equation	(b),	use	Table	18.10.6.4(a):	Table	18.10.6.4(a):	⎞	f′	⎛	Ag	Ash	=	0.3	⎜	−	1⎟	c	sbc	⎝	Ach	⎠	f	yt	Ash	=	0.176
5000	psi	(	4	in.)(12	in.)	60,000	psi	Ash	=	0.7	in.2	No.	4	ties	at	4	in.	vertically	satisfy	18.10.6.4(f).	18.10.6.4(g)	Section	18.10.6.4(g)	requires	that	the	transverse	re-	7KLVVHFWLRQLVVDWLV¿HGE\H[WHQGLQJWKHWUDQVYHUVH	inforcement	extend	into	the	wall	support	base	when	reinforcement	a	minimum	of	12	in.	into	the	foundation	the	critical
section	occurs	at	the	wall	base.	element	below	the	base	of	the	wall.	18.10.6.4(h)	Section	18.10.6.4(h)	requires	res	that	the	horizontal	reinforcement	in	the	wall	be	developed	within	the	core	of	the	boundary	element.	ry	ele	18.10.6.5	Does	not	apply.	18.10.7,	8,	and	10	Do	not	apply.	18.10.9	Section	18.10.9.1	Construction	joints	in	structural
ZDOOVVKDOOEHVSHFL¿HGDFFRUGLQJWR6HFWLRQ	and	contact	surfaces	shall	be	roughened	consistent	with	condition	(b)	of	Table	22.9.4.2	of	ACI	318-14.	Final	sketch	of	structural	wall	using	the	special	boundary	elements	development	length	of	the	No.4	bars	being	used	The	developm	for	lateral	reinforcement	ateral	reinforc	men	en	is	much	less
than	the	34	in.	depth	boundary	th	of	the	he	bounda	y	eelement.	Extending	the	No.4	lateral	ral	bbars	through	hrough	the	boundary	element	to	within	6	the	end	of	the	wall	will	satisfy	this	requirement.	iin.	of	th	6HFWLRQLVVDWLV¿HGE\UHTXLULQJWKDWDOO	6HFWLRQ	construction	joints	in	the	wall	be	roughened	to	approximately	a	1/4	in.
amplitude	in	the	construction	documents.	)LJV(DQG(VKRZWKH¿QDOFRQ¿JXUDWLRQRIWKH	wall	if	special	boundary	elements	were	required.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Walls	18.10.6.4(f)	417	418	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Fig.	E	2.5––Final	layout	of	special
boundary	element	reinforcement.	Fig.	E2.6––Elevation	of	wall	with	special	boundary	elements.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	11—FOUNDATIONS	11.1—Introduction	The	foundation	is	an	essential	building	system	that	transfers	column	and	wall	forces	to	the	supporting	soil.	Depending	on	the	soil
properties	and	building	loads,	the	engineer	may	choose	to	support	the	structure	on	a	shallow	or	deep	foundation	system.	Because	ACI	318-14	provides	design	and	detailing	provisions	for	shallow	foundations	and	pile	caps	only,	deep	foundations	are	not	covered	in	this	Handbook.	Shallow	foundation	systems	include	isolated	footings	that	support
individual	columns	(Fig.	11.1(a)	and	(b),	combined	footings	that	support	two	or	more	columns	(Fig.	11.1(c)),	strip	footings	that	support	walls	(Fig.	11.1(d)),	ring	footings	(Fig.	11.1(e))	that	support	a	tank	wall,	and	mat	footings	(Fig.	11.1(f))	that	support	several	or	all	columns	or	walls.	In	this	chapter,	isolated,	combined,	and	continuous	footing	examples
are	presented.	A	pile	cap	design	is	presented	in	the	Strut-and-Tie	Chapter	of	this	Handbook.	Foundationss	11.2—Footing	design	Footing	design	typically	consists	of	four	steps	steps:	1.	Determine	the	necessary	soils	parameters.	This	step	is	often	completed	by	consulting	with	a	geotechnical	engineer	who	furnishes	information	in	a	geotechnical	report.
Important	information	that	a	geotechnical	report	should	include	are	the:	D		6XEVXUIDFH	SUR¿OH	ZKLFK	SURYLGHV	SK\VLFDO	FKDUacteristics	of	soil,	groundwater,	rock,	and	other	soil	elements	(b)	Shear	strength	parameters	to	determine	the	stability	of	sloped	soil	(c)	Frost	depth	to	determine	the	bearing	level	of	footing	below	frost	penetration
level	(d)	Unit	weights,	which	is	the	weight	of	soil	and	water	per	unit	volume,	used	to	determine	the	additional	load	RQDIRRWLQJVWUXFWXUHZKHQEDFN¿OOHG	(e)	Bearing	capacity,	which	is	the	maximum	allowable	pressure	that	a	footing	is	permitted	to	exert	on	the	supporting	soil;	the	size	of	the	footing	is	based	on	allowable	loads	Predicte
settlement,	which	is	the	anticipated	vertical	(f)	Predicted	f	g	over	time	movement	of	a	footing	Fig.	11.1—Shallow	foundation	types.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	420	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Fig.	11.3.1a—One-way	shear	critical	section	in	footings.	J
/LTXHIDFWLRQZKLFKLVDQLPSRUWDQWVRLOFKDUDFWHUWDQWVRLOFKDUDF	istic	if	the	building	is	located	in	an	activ	active	seismic	area.	cture	under	service	loads	2.	Analyze	the	building’s	structure	1)	and	a	factored	tored	loads	(ACI	(ACI	318-14,	Section	R13.2.6.1)	lat	moments	ments	and	forc	318-14,	Section	5.3.1)	to	calculate	forces	on	oo
evel;	the	service	load	oad	the	columns	and	walls	at	the	footing	level;	oo	earing	areas	an	analysis	is	used	to	calculate	footing	bearing	and	the	ting.	factored	load	analysis	to	design	the	footing.	3.	Select	the	footing	geometry	so	that	the	soil	param	parameters	are	not	exceeded.	The	following	are	typical	parameters:	(a)	Calculated	bearing	pressures	are
assumed	to	be	uniform	or	to	vary	linearly;	bearing	pressure	is	measured	in	units	of	force	per	unit	area,	such	as	pounds	per	square	foot	(b)	The	effect	of	anticipated	differential	vertical	settlePHQW	EHWZHHQ	DGMDFHQW	IRRWLQJV	RQ	WKH	VXSHUVWUXFWXUH	are	considered	(c)	Footings	need	to	be	able	to	resist	sliding	caused	by	any	horizontal
loads	(d)	Shallow	footings,	assumed	not	to	be	able	to	resist	tension,	should	be	able	to	resist	overturning	moments	from	compression	reactions	only;	overturning	moments	are	commonly	caused	by	horizontal	loads	H		/RFDO	FRQGLWLRQV	RU	VLWH	FRQVWUDLQWV	VXFK	DV	SUR[imity	to	property	lines	or	utilities,	are	adequate.	4.	Design	and	detail
the	footing	in	accordance	with	ACI	318-14,	Chapter	13.	During	this	step,	the	previously	selected	geometry	is	checked	against	strength	requirements	of	the	reinforced	concrete	sections.	The	step-by-step	structural	design	process	for	concentrically	loaded	isolated	footings	follows:	11.3—Design	steps	1.	Find	service	dead	and	live	column	loads:	ACI	318-
14,	Section	R13.2.6	The	footing	geom	geometry	is	selected	using	service	loads.	vice	dead	loa	ro	column	D	=	service	load	from	ervic	li	ve	load	l	d	fro	ffrom	column	L	=	service	live	P=D+L	Are	P	qall	P/	req	=	P/q	For	square	quar	footings,	g	,	Ɛ•	Ɛ	•	Areq	For	rectangular	ectan	footings,	ootings,	cchoose	one	of	the	sides	from	site	constr	nts	and	calculate
culate	the	other	such	that:	b	×	Ɛ•Areq	constraints	22.	Calculate	lcul	the	he	design	(factored)	column	load	U:	ACI	on	5.3.1	318-14,	Section	DLQWKHDOOR	2EWDLQWKHDOORZDEOHVRLOSUHVVXUHq	net.	Because	soil	and	concrete	unit	weights	are	close	(120	and	150	pcf,	respectively),	the	footing	self-weight	may	initially	be	ignored.	4.	Calculate	the
soil	pressure	based	on	initial	footing	base	dimensions:	Square	footing:	qu	=	U/Ɛ2	Rectangular	footing:	qu	=	U/ƐE	5.	Check	one-way	(beam)	shear:	The	critical	section	for	one-way	shear	extends	across	the	width	of	the	footing	and	is	located	at	a	distance	d	from	the	face	of	a	column	or	wall	(Fig.	11.3.1a	and	Fig.	11.3.1a(b)	left	side),	ACI	318-14,	Section
8.4.3.2.	The	shear	is	calculated	assuming	the	footing	is	cantilevered	away	from	the	column	or	wall	ACI	318-14,	Section	8.5.3.1.1.	For	masonry	walls	the	area	is	halfway	between	the	wall	center	and	the	face	of	the	masonry	wall	(Fig.	11.3.1a(b)	right	side).	127(,IWKHFDOFXODWHGRQHZD\IDFWRUHGVKHDUH[FHHGV	the	one-way	shear	design
strength,	then	increase	the	footing	thickness.	Footings	are	typically	not	designed	with	shear	reinforcement.	6.	Check	two-way	(slab)	shear:	(a)	Determine	the	dimensions	of	loaded	area	for:	i)	Rectangular	concrete	columns,	the	loaded	area	coincides	with	the	column	area	(Fig.	11.3.1b(a))	American	Concrete	Institute	–	Copyrighted	©	Material	–
www.concrete.org	CHAPTER	11—FOUNDATIONS	421	Fig.	11.3.1b—Two-way	o-way	shear	critical	section	in	footings.	s.	beff	=	b	f	+	Foundationss	ii)	Steel	columns,	the	effective	tive	loaded	d	area	is	assu	assumed	nd	to	be	halfway	between	the	fac	faces	of	the	steel	column	and	sed	(Fig.	11.3.1b	b)):	the	edges	of	the	steel	base	pla	plate	is	used
11.3.1b(b)):	bbpp	−	b	f	2	where	bfLVWKHZLGWKRIFROXPQÀDQJHDQGbbp	is	base	plate	side.	d	eff	=	d	f	+	dbp	−	d	f	2	where	dfLVWKHGHSWKRIFROXPQÀDQJHDQGdbp	is	base	plate	side.	(b)	Calculate	the	shear	critical	section,	located	at	a	distance	of	d/2	outside	the	loaded	area	(ACI	318-14,	Section	13.2.7.2)	(c)	Calculate	the	factored	shear	force
for	two-way	shear	stress,	vu	(d)	Compare	vuWRWZRZD\GHVLJQVWUHVV�vn	(ACI	318-14,	Section	22.6.5.2).	127(	,I	WKH	GHVLJQ	VKHDU	VWUHVV	LV	OHVV	WKDQ	IDFWRUHG	shear	stress,	then	increase	footing	thickness	and	repeat	steps	starting	at	(b).	7.	Design	and	detail	the	footing	reinforcement	(Fig.	11.3.1c):	Square	footings	are	designed
and	detailed	for	moment	in	one	direction	and	the	same	reinforcing	is	placed	in	the	other	direction.	For	rectangular	footings	the	reinforcing	must	be	designed	and	detailed	in	each	direction.	The	critical	section	Fig.	11.3.1c—Column	load	distribution	in	footing.	for	moment	extends	across	the	width	of	the	footing	at	the	face	of	the	column.	ACI	318-14,
Sections	13.2.6.4	and	13.2.7.1.	D	&DOFXODWHSURMHFWLRQx,	from	the	column	face	(Fig.	11.3.1d):	x	=	Ɛ/2	–	c/2,	where	c	is	the	smaller	dimension	of	the	column	for	a	square	footing.	For	a	rectangular	footing,	c	is	the	dimension	perpendicular	to	the	critical	section	in	each	direction	(b)	Calculate	total	factored	moment,	Mu,	at	the	critical	section	(c)
Calculate	required	As.	ACI	318-14,	Sections	13.3.2.1	and	7.6.1.1,	specify	a	PLQLPXPÀH[XUDOUHLQIRUFHPHQWAs	must	be	met,	and	7.7.2.3	VSHFL¿HVDPD[LPXPEDUVSDFLQJRILQ	8.	Check	the	load	transfer	from	the	column	to	the	footing	per	ACI	318-14,	Section	16.3	(Fig.	11.3.1e)	(a)	Check	the	bearing	strength	of	the	footing	concrete:	ACI	318-
14,	Section	22.8.3.2	(b)	Calculate	the	load	to	be	transferred	by	reinforcement	(usually	dowels):	�Bdowels	=	Pu±�Bn	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	422	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Fig.	11.3.1f—Bar	distribution	in	short	direction.	Fig.	11.3.1d—Moment	critical	section	in
footing	at	rein	reinforced	concrete	column	face.	be	uniformly	spaced	in	each	direction	(ACI	318-14,	Sections	13.3.2.2	and	13.3.3.2).	For	rectangular	footings,	As	must	be	furnished	in	each	direction.	Bars	in	long	direction	should	be	uniformly	spaced.	Bars	in	the	short	direction	should	be	distributed	as	follows	(ACI	318-14,	Section	13.3.3.3):	w	(i)	In	a
band	of	width	Bs	centered	on	column:	2	A	/b	+	1	((total	tal	#	of	bars))	(round	uup	to	an	interger)	#bars	ars	iin	Bs	=	(i	Re	(ii)	Remaining	g	bars	sshould	be	uniformly	spaced	in	er	pportionss	of	footi	outer	footing	(outside	the	center	band	width	ng).	The	remaining	bars	should	satisfy	the	of	footing).	imum	reinf	minimum	reinforcement	requirements	of	ACI
318-14,	Section	9.6.1	9	(refer	to	Fig.	11.3.1f).	(g)	Check	development	length:	Calculate	the	bar’s	development	length,	Ɛd,	in	tension	per	ACI	318-14,	Section	25.4.	The	development	length,	Ɛd,	must	be	less	than	(Lm	–	end	cover).	If	the	(Lm	–	end	cover)	is	shorter	than	Ɛd,	use	bars	of	a	smaller	diameter.	Fig.	11.3.1e–Column/wall	dowels	into	footing.
,I�Bn•Pu	only	a	minimum	area	of	reinforcement	is	required	ACI	318-14,	Section	16.3.4.1.	(c)	Calculate	the	required	reinforcement	area	and	choose	bar	size	and	number.	(d)	Check	dowel	embedment	into	footing	for	compression:	ACI	318-14,	Section	25.4.9	127(7KHIRRWLQJPXVWEHGHHSHQRXJKWRGHYHORSWKH	dowels	in	compression,	Ɛdc.
Hooks	are	not	considered	effective	in	compression	and	are	used	to	stabilize	the	dowels	during	construction.	(e)	Dowels	must	be	long	enough	to	lap	with	the	column	bars	in	compression,	Ɛsc:	ACI	318-14,	Section	25.5.5	(f)	Choose	bar	size	and	spacing:	For	square	footings,	As	must	be	furnished	in	each	direction.	The	same	size	and	number	of	bars	should
11.4—Footings	subject	to	eccentric	loading	In	addition	to	vertical	loads,	footings	often	resist	lateral	loads	or	overturning	moments.	These	loads	are	typically	from	seismic	or	wind	forces.	2YHUWXUQLQJPRPHQWVUHVXOWLQDQRQXQLIRUPVRLOEHDULQJ	pressure	under	the	footing,	where	soil-bearing	pressure	is	larger	on	one	side	of	the	footing
than	the	other.	Nonuniform	soil	bearing	can	also	be	caused	by	a	column	located	away	from	the	footing’s	center	of	gravity.	If	overturning	moments	are	small	in	proportion	to	vertical	loads,	that	is,	the	total	applied	load	is	located	within	the	kern	(e”Ɛ/6),	then	the	entire	footing	bottom	is	in	compression	and	a	P/A	±	M/S	analysis	is	appropriate	to	calculate
the	soil	SUHVVXUHVZKHUHWKHSDUDPHWHUVDUHGH¿QHGDVIROORZV	P	=	the	total	vertical	service	load,	including	any	applied	loads	along	with	the	weight	of	all	of	the	foundation	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	11—FOUNDATIONS	2.	Calculate	the	total	service	overturning	moment	M,
measured	at	the	footing	bottom	3.	Determine	whether	P/A	exceeds	M/S	4.	If	P/A	exceeds	M/S,	then	the	maximum	bearing	pressure	equals	P/A	+	M/S	and	the	minimum	bearing	pressure	equals	P/A	–	M/S	5.	If	P/A	is	less	than	M/S,	then	the	soil	bearing	pressure	is	as	shown	in	Fig.	11.4.	Such	a	soil-bearing	pressure	distriEXWLRQ	LV	VWUXFWXUDOO\
LQHI¿FLHQW	7KH	PD[LPXP	EHDULQJ	SUHVVXUH	VKRZQ	LQ	WKH	¿JXUH	LV	FDOFXODWHG	DV	IROORZV	maximum	bearing	pressure	=	2	P/[(B)(X)]	where	X	=	3(Ɛ/2	–	e)	and	e	=	M/P.	11.5—Combined	footing	If	a	column	is	near	a	property	line	or	near	a	pit	or	a	mechanical	equipment	in	an	industrial	building,	a	footing	may	not	be	able	to	support	a
column	concentrically	and	the	eccentricity	is	very	large.	In	such	a	case	the	column	footing	LVH[WHQGHGWRLQFOXGHDQDGMDFHQWFROXPQDQGVXSSRUWERWK	on	the	same	footing,	called	combined	footing	(Fig.	11.5).	The	combined	footing	is	sized	to	have	the	resultant	force	of	the	two	columns	within	the	kern,	or	preferably	to	coincide	with	the
center	of	the	footing	area.	The	combined	footing	can	be	rectangular,	tr	trapezoidal,	or	having	a	strap,	connecting	n	column	fo	tin	in	together	(Fig.	11.5(c)).	the	two	mai	main	footings	gn	st	Design	steps:	11.	Calculate	cula	the	total	servi	service	column	loads,	P1	and	P2	(ACI	318-1	Section	Sec	3.2.6)	318-14,	R13.2.6)	2	Calculate	C	lcula	service	ce	colum
2.	column	load	resultant	location	Cen	r	fo	gular	foo	Center	for	rectangular	footing:	xc	=	P1	x1	+	P2	x2	∑	Pi	If	P1	is	much	larger	than	P2,	then	trapezoidal	combined	footing	may	be	used.	Fig.	11.4—Footing	under	eccentric	loading.	Fig.	11.5—Common	types	of	combined	footing	geometries.	American	Concrete	Institute	–	Copyrighted	©	Material	–
www.concrete.org	Foundationss	components,	and	also	including	the	weight	of	the	soil	located	directly	above	the	footing.	A	=	the	area	of	the	footing	bottom.	M	=	the	total	overturning	service	moment	at	the	footing	bottom.	S	=	the	section	modulus	of	the	footing	bottom.	If	overturning	moments	are	larger,	that	is,	the	total	applied	load	falls	outside	the
kern,	e	>	Ɛ/6,	then	P/A	–	M/S	analysis	requires	the	soil	to	resist	tension	(upward	movement	of	the	footing),	which	is	not	possible.	This	soil	is	only	able	to	transmit	compression.	The	following	are	typical	steps	to	calculate	footing	bearing	pressures	if	nonuniform	bearing	pressures	are	present.	These	steps	are	based	on	a	footing	that	is	rectangular	in	plan
and	assumes	that	overturning	moments	are	parallel	to	one	of	the	footing’s	principal	axes.	These	steps	should	be	completed	for	as	many	load	combinations	as	required	by	the	applicable	design	criteria.	For	instance,	the	load	combination	with	the	maximum	P	usually	causes	the	maximum	bearing	pressure	while	the	load	combination	with	the	minimum	P
usually	is	critical	for	overturning.	1.	Determine	the	total	service	vertical	load	P	423	424	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Determine	combined	footing	length	from	construction	constraints.	Calculate	the	widths	B1	and	B2	such	that	the	center	of	the	footing	coincides	with	the	force	resultant	or	is	at	least	within	Ɛ/6	of	the
force	resultant.	A	B1	+	2	B2	c	x=	−	3	B1	+	B2	2	3.	Determine	combined	footing	dimensions	assuming	uniform	bearing	Combined	rectangular	footing	length:	Ɛ	=	2xc	Combined	rectangular	footing	width:	B=	P1	+	P2	Aqa	4.	Steps	to	design	a	combined	footing	to	resist	one-way	and	two-way	shear	and	moment	is	similar	to	the	isolated	footing	design	steps
presented	above.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	11—FOUNDATIONS	425	11.6—Examples	Foundation	Example	1:	Design	of	a	square	spread	footing	of	a	seven-story	building	'HVLJQDQGGHWDLODW\SLFDOVTXDUHIRRWLQJRIDVL[ED\E\
¿YHED\VHYHQVWRU\EXLOGLQJIRXQGHGRQVWLIIVRLOVXSSRUWLQJD	LQVTXDUHFROXPQ7KHEXLOGLQJKDVDIWKLJKEDVHPHQW7KHERWWRPRIWKHIRRWLQJLVIWEHORZ¿QLVKHGJUDGHUHIHUWR)LJ	E1.1).	The	building	is	assigned	to	Seismic	Design	Category	(SDC)	B.	Given:	Column	load—	Service	dead	load	D	=	541	kip	Service	live	load
L	=	194	kip	Seismic	load	E	=	±18	kip	Material	properties—	Concrete	compressive	strength	fcƍ	NVL	Steel	yield	strength	fy	=	60	ksi	1RUPDOZHLJKWFRQFUHWHȜ		Density	of	concrete	=	150	lb/ft3	Fig.	E1.1—Rectangular	foundation	plan.	ACI	318-14	Dis	Discussion	Step	1:	Foundation	type	13.1.1	The	bottom	of	the	footing	baseng	is	3	ft	below	the	he
base	ment	slab.	Therefore,	itt	is	considered	a	shallow	ref	hallo	foundation.	13.3.3.1	Calculation	C	Ca	The	footing	will	bee	ddesigned	detailed	with	ed	and	detail	th	the	DSSOLFDEOHSURYLVLRQVRI&KDSWHU2QHZD\VODEV	and	Chapter	8,	Two-way	slabs	of	ACI	318-14.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org
Foundationss	Allowable	soil-bearing	pressures—	D	only:	qall.D	=	4000	psf	D	+	L:	qall,D+L	=	5600	psf	D	+	L	+	E:	qall.Lat	=	6000	psf	426	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	2:	Material	requirements	Concrete	compressive	strength	19.2.1.1	The	value	of	concrete	compressive	strength	at	a	19.2.1.3
JLYHQDJHPXVWEHVSHFL¿HGLQWKHFRQWUDFWGRFXments.	Table	19.2.1.1	provides	a	lower	concrete	compressive	strength	limit	of	2500	psi.	19.3.1	19.3.2	Provided:	fcƍ	SVL!fƍc,min	=	2500	psi	OK	Exposure	categories	and	classes	The	engineer	must	either	assign	exposure	classes	to	the	footing	with	respect	to	Table	19.3.1.1	(ACI	318-14)	so	the
ready-mix	supplier	can	proportion	the	concrete	mixture,	or	use	the	classes	to	directly	specify	mixture	proportions	in	the	contract	documents.	Based	on	the	exposure	classes,	the	concrete	mixtures	must	satisfy	to	the	most	restrictive	requirements	of	Table	19.3.2.1.	Concrete	exposure	categories	There	are	four	categories:	F,	S,	W,	and	C.	19.3.1.1
Category	F	The	foundation	is	placed	below	the	frost	line,	there-	Class	F0	elements—freez	(w/	max	=	N/A	Maximum	(w/cm)	fore,	it	is	not	exposed	to	external	elements—freezes.	The	mum	fcƍ		SVL	SV	SVL	ing	and	thawing	cycles.	Therefore,	class	F0	applies.	Minimum	19.3.2.1	PHQ	PXVWEHVDWL	IRU)
0L[WXUHUHTXLUHPHQWVWKDWPXVWEHVDWLV¿HGIRU)	ble	19.3.2.1.	2.1.	are	listed	in	Table	19.3.3.1	pply.	Requirements	of	Table	19.3.3.1	do	not	apply.	19.3.1.1	19.3.2.1	Category	S	,QMXULRXVVXOIDWHDWWDFNLVQRWDFRQFHUQ0L[WXUH	requirements	for	S0	are	listed	in	Table	19.3.2.1.	cm)max	=	N	N/A	and	fcƍ	SVL	6ĺw/cm)	19.3.1.1
19.3.2.1	Category	W	The	footing	may	be	in	contact	with	water	and	low	permeability	is	not	required.	:ĺw/cm)max	=	none	and	fcƍ	SVL	19.3.1.1	19.3.2.1	Category	C	The	concrete	is	exposed	to	moisture	and	there	is	no	external	source	of	chlorides;	therefore	the	class	is	C1.	Mixture	requirements	for	C1	are	listed	in	Table	19.3.2.1.	Air	con	content	iss	not
requir	required	and	there	are	no	limits	on	ccementitious	menti	materials	&ĺw/cm)max	=	none	and	fcƍ	SVL	Therefore,	there	is	no	restriction	on	w/cm	and	fcƍ		4000	psi	Conclusion:	(a)	The	most	restrictive	minimum	concrete	compressive	strength	is	2500	psi,	and	no	limits	on	the	w/cm.	Therefore,	in	the
MXGJPHQWRIWKHOLFHQVHGGHVLJQSURIHVVLRQDOXVHSVLFRQFUHWHFRPSUHVVLYHVWUHQJWK	E	2WKHUSDUDPHWHUVVXFKDVPD[LPXPFKORULGHLRQFRQWHQWDQGDLUFRQWHQWDUHH[SRVXUHVSHFL¿FDQGWKXVQRWFRPSDUHG	with	other	exposure	limits.	(c)	The
fcƍXWLOL]HGLQWKHVWUHQJWKGHVLJQPXVWEHDWOHDVWZKDWLVUHTXLUHGIRUGXUDELOLW\	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	11—FOUNDATIONS	Step	3:	Determine	footing	dimensions	13.3.1.1	To	calculate	the	footing	base	area,	divide	the	service	load	by	the	allowable	soil	pressure.
area	of	footing	=	total	service	load	(∑	P)	allowable	soil	pressure	qa	427	The	unit	weights	of	concrete	and	soil	are	150	pcf	and	120	pcf;	close.	Therefore,	footing	self-weight	will	be	ignored	for	initial	sizing	of	footing:	D	541	kip	=	=	135	ft	2	qall	.,	D	4	ksf	(	D	+	L)	qall	.,	D	+	L	=	Controls	541	kip	+	194	kip	=	131	ft	2	5.6	ksf	D	+	L	+	E	541	kip	+	194	kip	+
(0.7)18	kip	=	=	125	ft	2	qall	.,	Lat	6	ksf	Assuming	a	square	footing.	A	=	The	footing	thickness	is	calculated	in	Step	5,	footing	design.	Therefore,	try	a	12	x	12	ft	square	footing.	Foundationss	135	ft	2	=	11.6	ft	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	428	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)
Step	4:	Soil	pressure	Footing	stability	Because	the	column	doesn’t	impart	a	moment	to	the	footing,	the	soil	pressure	under	the	footing	is	assumed	to	be	uniform	and	overall	footing	stability	is	assumed.	Calculate	factored	soil	pressure.	This	value	is	needed	to	calculate	the	footing’s	required	strength.	qu	=	∑	Pu	area	Calculate	the	soil	pressures	resulting
from	the	applied	factored	loads.	5.3.1(a)	/RDG&DVH,U	=	1.4D	U	=	1.4D	=	1.4(541	kip)	=	757	kip	qu	=	5.3.1(b)	/RDG&DVH,,U	=	1.2D	+	1.6L	U	=	1.2	1.2D	2D	+	1.6	1.6L	=	1.2(541	kip)	+	1.6(194	kip)	=	960	kip	qu	=	5.3.1(d)	U	=	1.2D	D+E+L	/RDG&DVH,9U	/RDG&DVH,9U	=	0.9D	+	E	13.3.2.1	144	ft	2	=	6.7	ksf	Controls	861	kip	86	ksf	=	66.0	0	ks	144
ft	2	U	=	0.9D	0.9D	+	1.0E	=	0.9(541	kip)+	18	kip	=	505	kip	qu	=	The	load	combinations	include	the	seismic	uplift	force.	In	this	example,	uplift	does	not	occur.	960	kip	U	=	1.2D	1.2	+	1.0E	E	+	11.0L	0L	=	1.2(541	kip)	+	18	kip	+	194	kip)	=	861	kip	1.0(194	qu	=	5.3.1(e)	757	kip	=	5.3	ksf	144	ft	2	505	kip	144	ft	2	=	3.5	ksf
1RWH7KHIXOOGH¿QLWLRQRIE	includes	not	only	earthquake	loads	dues	to	overturning,	but	also	earthquake	loads	due	to	vertical	acceleration	of	ground	as	per	ASCE	7-10,	Section	12.4.2.	Because	the	footing	is	square,	it	will	only	be	designed	in	one	direction.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	11—
FOUNDATIONS	429	6WHS2QHZD\VKHDUGHVLJQ	Fig.	E1.2—One-way	shear	in	longitudinal	direction.	21.2.1(b)	7.5.1.1	Shear	strength	reduction	factor:	�Vn•Vu	�shear	=	0.75	7.5.3.1	22.5.1.1	Vn	=	Vc	+	Vs	Assume	Vs	=	0	(no	shear	reinforcement)	Vn	=	Vc	Therefore:	22.5.5.1	7.4.3.2	Vc	=	2	f	c′bw	d	DQGVDWLVI\LQJ�Vc•V	Vu	The	Code	allowss	the
critical	al	section	fo	for	one-way	way	nce	d	from	m	the	face	of	th	shear	at	a	distance	the	column	1.2	(refer	to	Fig.	E1.2).	uld	either	er	assume	a	valu	The	engineer	could	value	for	d	that	WK		E\LW	RQRU	VDWLV¿HVWKHVWUHQJWK(T	E\LWHUDWLRQRU	equate	Eq.	(22.5.5.1)	to	Eq.	(7.5.1.1)	and	solve	for	d.	Foundationss	20.6.1.3.1
,QWKLVH[DPSOHWKH¿UVWDSSURDFKLVIROORZHG	Assume	that	the	footing	is	30	in.	thick.	The	cover	is	3	in.	to	bottom	of	reinforcement.	Assume	that	No.	8	bars	are	used	in	the	both	directions	and	design	for	the	more	critical	case	(upper	layer).	Therefore,	the	effective	depth	d:	d	=	30	in.	–	3	in.	–	1	in.	–	1	in./2	=	25.5	in.	⎛A	c	⎞	φVn	≥	Vu	=	⎜	−	−	d	⎟
bqu	⎝2	2	⎠	⎛	12	ft	24	in.	25.5	in.	⎞	(12	ft)(6.7	ksf)	Vu	=	⎜	−	−	2(12	in./ft)	12	in./ft	⎟⎠	⎝	2	=	231	kip	φVc	=	0.75(2)	4000	psi	(12	ft)(25.5	in.)(12	in./ft)	=	348	kip	�Vc	=	348	kip	>	Vu	=	231	kip	OK	Therefore,	assumed	depth	is	adequate:	h	=	30	in.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	430	THE	REINFORCED	CONCRETE
DESIGN	HANDBOOK—SP-17(14)	Step	6:	Two-way	shear	design	The	footing	will	not	have	shear	reinforcement.	Therefore,	the	nominal	shear	strength	for	this	twoway	footing	is	simply	the	concrete	shear	strength:	vn	=	vc	22.6.1.2	22.6.1.4	22.6.4.1	Under	punching	shear	theory,	inclined	cracks	are	assumed	to	originate	and	propagate	at	45	degrees	away
and	down	from	the	column	corners.	The	area	of	concrete	that	resists	shear	is	calculated	at	an	average	distance	of	d/2	from	column	face	on	all	sides	(refer	to	Fig.	E1.3).	Fig.	E1.3—Two-way	shear.	bo	=	4(c	+	d)	bo	=	4(24	+	25.5)	=	198	in.	where	bo	is	the	perimeter	of	the	area	of	shear	resistance.	22.6.2.1	ACI	318-14	permits	the	engineer	to	take	the	ve
dept	average	of	the	effective	depth	in	the	two	orthogonal	alcula	directions	when	calculating	the	shear	strength	ut	in	this	example	xample	the	ssmaller	of	the	footing,	but	effective	depth	is	uused.	8.4.2.3.4	22.6.5.1	22.6.5.2	he	strength	ength	equations	forr	The	two-way	shear	IRR	VPXVWEHVDWLV¿	DQGWKH
QRQSUHVWUHVVHGIRRWLQJVPXVWEHVDWLV¿HGDQGWKH	alu	of	(a),	a),	(b),	and	(c	ntrols:	least	calculated	value	(c)	controls:	(a)	vc	=	4λ	f	c′	vc	=	4(1.0)(	4000	psi)	=	253	psi	⎛	4⎞	(b)	vc	=	⎜	2	+	⎟	λ	f	c′	β⎠	⎝	4⎞	⎛	vc	=	⎜	2	+	⎟	(1.0)(	4000	psi)	=	379.5	psi	⎝	1⎠	Controls	ZKHUHȕLVUDWLRRIWKHORQJVLGHWRVKRUWVLGHRI	FROXPQȕ		22.6.5.3
21.2.1(b)	⎛α	d	⎞	(c)	vc	=	⎜	s	+	2⎟	λ	f	c′	b	⎝	o	⎠	⎛	(40)(25.5	in.)	⎞	vc	=	⎜	+	2⎟	(1.0)(	4000	psi)	=	452	psi	⎝	198	in.	⎠	Įs	=	40,	considered	interior	column	Equation	(a)	controls;	vc	=	253	psi	Vc	=	4λ	f	c'	bo	d	Vc	=	Use	a	shear	strength	reduction	factor	of	0.75:	'	c	o	8.5.1.1	4(1.0)(	4000	psi)(198	in.)(25.5	in.)	=	1277	kip	1000	lb/kip	�			φVc	=	(0.75)4λ	f	b	d	�Vc	=
0.75(1277	kip)	=	958	kip	Vu	=	qu	[(a)	2	−	(c	+	d	)	2	]	2	⎛	⎛	24	in.	+	25.5	in.	⎞	⎞	Vu	=	(6.7	ksf)	⎜	(12	ft)(12	ft)	−	⎜	⎟	=	851	kip	⎟	⎝	⎠	⎠	12	in./ft	⎝	Check	if	design	strength	exceeds	required	strength:	�Vc•Vu?	OK	�Vc	=	958	kip	>	Vu	=	851	kip	OK	Two-way	shear	strength	is	adequate.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org
CHAPTER	11—FOUNDATIONS	431	Step	7:	Flexure	design	13.2.7.1	The	code	permits	the	critical	section	to	be	at	the	face	of	the	column	(refer	to	Fig.	E1.4).	Fig.	E1.4—Flexure	in	the	longitudinal	direction.	2	⎛	A	−	c⎞	M	u	=	qu	⎜	(b)/2	⎝	2	⎟⎠	22.2.1.1	Set	concrete	compression	mpre	force	equal	tto	the	steel	mn	face:	C	=	T	tension	force	at	th	the	column
22.2.2.4.1	nd	T	=	Asfy	C	=	0.85fcƍba	and	a=	7.5.2.1	As	f	y	'	c	0.85	f	b	and	24	in.	⎞	⎛	12	ft	−	⎜	12	in./ft	⎟	(12	ft)/2	=	1005	ft-kip	(	ksf	)	⎜	M	u	=	(6.7	⎟	2	⎜	⎟	⎝	⎠	a=	As	(60	ksi)	s)	=	0.15	As	0.85(4	4	ksi)(12	ft)	f	a⎞	⎛	φM	n	=	φAs	f	y	⎜	d	−	⎟	⎝	2⎠	22.3.1.1	22.2.2.2	21.2.1(a)	Substitute	for	a	in	the	equation	above.	8.5.1.1(a)	6HWWLQJ�Mn•Mu	=	1005	ft-kip	and
solving	for	As:	Use	moment	strength	reduction	factor	from	Table	21.2.1.	0.15 �							) )As	⎞	⎛	φM	n	≥	(0.9)	As	(60	ksi)	⎜	25.5	in.	−	⎝	2	⎟⎠	As•LQ2	Use	13	No.	8	bars	(13	x	0.79	=	10.27	in2)	distributed	uniformly	across	the	entire	12	ft	width	of	footing.	13.3.3.3(a)	Distribute	bars	uniformly	across	the	entire	12	ft	width	of	footing:	8.6.1.1
&KHFNWKHPLQLPXPUHLQIRUFHPHQWUDWLRȡl	=	0.0018	As,min	=	0.0018(12	ft)(12	in./ft)(30	in.)	=	7.8	in.2	As,prov	=	10.27	in.2	>	As,min	=	7.8	in.2	Check	if	the	assumption	of	tension	controlled	beKDYLRUDQGWKHXVHRI�		LVFRUUHFW	21.2.1(a)	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Foundationss	2	432
21.2.2	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	To	answer	the	question,	the	calculated	tensile	strain	in	reinforcement	is	compared	to	the	values	in	Table	21.2.2.	The	strain	in	reinforcement	is	calculated	from	similar	triangles	(refer	to	Fig.	E1.5):	εt	=	22.2.2.4.1	22.2.2.4.3	εc	(d	−	c)	c	where:	c	=	aȕ1	and	a	=	0.28As	a	=	0.1(13)
(0.79	in.2)	=	1.03	in.	c=	1.03	in.	=	1.21	in.	0.85	0.003	(25.5	in.	−	1.21	in.)	=	0.06	1.21	in.	İt	=	0.06	>	0.005	εt	=	6HFWLRQLVWHQVLRQFRQWUROOHGDQGWKHDVVXPSWLRQRI0.9 �		=	 	is	correct	Fi	E1	Fig.	E1.5—Strain	ain	distribution	distrib	across	footing	cross	ion.	section.	9HULI\WKDWDOORZDEOHVRLOSUHVVXUHLVQRWH[FHHGHG	when
including	footing	self-weight	and	slab	selfweight	and	live	load	above	footing:	Footing	self-weight	less	soil	self-weight:	⎛	30	in.⎞	WF	=	(12	ft)(12	ft)	⎜	(0.15	kcf	−	0.12	kcf	)	=	10.8	kip	⎝	12	⎟⎠	Slab	self-weight	and	assume	40	psf	live	load:	Ws	=	(12	ft)(12	ft)(0.5	ft(0.15	kcf)	+	0.04	ksf)	=	16.6	kip	Total	weight	on	supporting	soil:	WT	=	541	kip	+	194	kip	+
10.8	kip	+	16.6	kip	=	762.4	kip	Calculate	actual	soil	pressure:	qa	=	762.4	kip	=	5.3	ksf	<	qall	=	5.6	ksf	(12	ft)(12	ft)	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	OK	CHAPTER	11—FOUNDATIONS	433	Step	8:	Transfer	of	column	forces	to	the	base	13.2.2.1	Factored	column	forces	are	transferred	to	the	footing	16.3.1.1	by
bearing	on	concrete	and	through	reinforcement.	22.8.3.2	The	foundation	is	wider	on	all	sides	than	the	loaded	area.	Therefore,	the	nominal	bearing	strength,	Bn,	is	the	smaller	of	the	two	equations.	22.8.3.2(a)	Bn	=	22.8.3.2(b)	and	Bn	=	2(0.85fcƍA1)	A1	(0.85	f	c′A1	)	A2	21.2.1(d)	uction	factor	is	0.65:	The	bearing	strength	reduction	16.3.4.1	d	fforces	are
transferred	to	the	founColumn	factored	ng	and	through	hrough	reinforcement,	reinforc	ment,	usudation	by	bearing	ov	dowel	owel	area	of	at	le	st	0.	ally	dowels.	Provide	least	0.005Ag	and	at	least	four	bbars.	16.3.5.4	25.4.9.2	A2	[(12	ft)(12	in./ft)]2	=	=6>2	A1	(24	in.)	2	Therefore,	Eq.	(22.8.3.2(b))	controls.	�bearingg	=	0.65	(0.65)(2)(0.85)(4000	)(40	(4
psi)(24	in.)2	�Bn	=	(0.65)(2)(0.8	�Bn	=	22546	6	kip	ki	>	960	96	kkip	(Step	4)	OK	(24	in.)2	=	2.88	in.2	As,dowel	owell	=	0.005(24	Use	eight	eig	No.	6	bars	Bars	are	in	compression	for	all	load	combinations.	Therefore,	the	dowels	must	extend	into	the	footing	a	compression	development	length,	Ɛdc,	the	larger	of	the	two	expressions	and	at	least	8	in.
(refer	to	Fig.	E1.6):	⎧	fyψr	db	⎪	⎪	50λ	f	c′	⎪	A	dc	=	⎨	⎪(0.0003	f	ψ	d	)	y	r	b	⎪	⎪⎩	where	ȥr	FRQ¿QLQJUHLQIRUFHPHQWIDFWRU	ȥr	EHFDXVHUHLQIRUFHPHQWLVQRWFRQ¿QHG	A	dc	=	(60,000	psi)(1.0)	50	4000	psi	(0.75	in.)	=	14.3	in.	Controls	Ɛdc	=	0.0003(60,000	psi)(1.0)(0.75	in.)	=	13.5	in.	The	footing	depth	must	satisfy	the	following	inequality
so	that	the	No.	6	dowels	can	be	developed	within	the	provided	depth:	25.3.1	h•Ɛdc	+	r	+	dEGZƐ	+	2db,bars	+	3	in.	where	r	=	radius	of	No.	6	bent	=	6db	hreq’d	=	14.3	in.	+	6(0.75	in.)	+	0.75	in.	+	2(0.75	in.)	+	3	in.	=	24.1	in.	hreq’d	=	24.1	in.	<	hprov.	=	30	in.	OK	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org
Foundationss	A2	≤	2.0	A1	where	A1	is	the	bearing	area	of	the	column	and	A2	is	the	area	of	the	part	of	the	supporting	footing	that	is	geometrically	similar	to	and	concentric	with	the	loaded	area.	Check	if	434	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Fig.	E1.6—Reinforcement	development	length.	Step	9:	Footing	details
Development	length	13.2.8.3	Flexural	reinforcement	bar	development	is	required	cb	+	K	tr	3.5	in.	+	0	=	=	3.5	13.2.7.1	at	the	critical	section.	This	is	the	point	of	maximum	No.	6:	db	1.0	in.	factored	moment,	which	occurs	at	the	column	face.	Bars	must	extend	at	least	a	tension	development	cb	+	K	tr	=	2.5	Use	maximum	maximu	length	beyond	the
critical	section.	db	25.4.2.2	25.4.2.4	⎛	⎞	⎜	3	f	y	ψt	ψeψ	s	⎟	Ad	=	⎜	⎟	db	⎜	40	λ	f	c′	cb	+	K	tr	⎟	⎜⎝	db	⎟⎠	⎛	3	60,,	000	psi	p	(1.0)(1.0)(1.0)	⎞	Ad	=	⎜	⎟	db	=	28.5db	2.5	⎝	440	(1.0)	4000	psii	⎠	ZKHUHȥt	=	casting	g	pposition;	on;	No.8	N	8	ba	bars:	Ɛd	=	28.5(1	in.)	–	28.5	in.	>	12	in.	2.	7KHUHIRUH2.	ȥt	=	1.0	because	not	more	than	12	in.	of	fresh	concrete	below
horizontal	reinforcement	ȥe	FRDWLQJIDFWRUȥe	=	1.0,	because	bars	are	uncoated	longitudinal	direction:	Ɛd	in	the	lon	Ɛd,prov.	=	((12	ft)(12	in./ft)	–	24	in.)/2	–	3	in.	Ɛd,prov.	=	57	in.	>	Ɛd,req’d	=	28.5	in.	OK	Use	straight	No.	8	bars	in	both	directions.	ȥs	EDUVL]HIDFWRUȥs	=	1.0	for	No.	7	and	larger	cb	=	spacing	or	cover	dimension	to	center	of	bar,
whichever	is	smaller	Ktr	=	transverse	reinforcement	index	It	is	permitted	to	use	Ktr	=	0.	However,	the	expression:	cb	+	K	tr	must	not	exceed	2.5.	db	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	11—FOUNDATIONS	435	Step	10:	Detailing	Foundationss	Fig.	E1.7—Footing	reinforcement	detailing.	American
Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	436	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Foundation	Example	2:	Design	of	a	continuous	footing	Design	and	detail	of	a	continuous	footing,	founded	on	stiff	soil,	supporting	a	12	in.	concrete	wall.	The	footing	is	located	in	Seismic	Category	D	and	is	3	ft-0	in.
EHORZ¿QLVKHGJUDGH([SRVXUHWRIUHH]LQJDQGWKDZLQJLVQRWDQLVVXHUHIHUWR)LJ(		Given:	Wall	load—	Service	dead	load	D	=	25	kip/ft	Service	live	load	L	=	12.5	kip/ft	:LQG27W	=	±6.4	kip/ft	(Wall	vertical	force	due	to	resisting	wind	loads)	6HLVPLF27E	=	±6	kip/ft	(Wall	vertical	force	due	to	resisting	seismic	forces)	Note:	the	wall	has	no
out-of-plane	moments	or	shears.	Material	properties—	Concrete	compressive	strength	fcƍ	SVL	Steel	yield	strength	fy	=	60,000	psi	1RUPDOZHLJKWFRQFUHWHȜ		Density	of	concrete	=	150	lb/ft3	Allowable	soil-bearing	pressures—	D	only:	qall.,D	=	3000	psf	D	+	L:	qall,D+L.	=	4000	psf	'/:Tall,W	=	5000	psf	'/(Tall,E	=	5000	psf	Fig.	E	E2.1—Plan	1—	and
d	elevatio	elevation	of	continuous	footing.	ACI	318-14	Discussion	scuss	Step	1:	Foundation	type	13.1.1	7KLVVWULSIRRWLQJLVIWEHORZ¿QLVKHGJUDGH	Therefore,	it	is	considered	a	shallow	foundation.	13.3.2.1	The	footing	will	be	designed	and	detailed	with	the	DSSOLFDEOHSURYLVLRQVRI&KDSWHU2QHZD\VODEV	and	Chapter	9,	Beams,	of
ACI	318-14.	13.2.3.1	Foundation	resisting	earthquake	forces	must	comply	with	Section	18.2.2.3	of	ACI	318-14.	Calculation	Ca	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	11—FOUNDATIONS	Step	2:	Material	requirements	13.2.1.1	The	mixture	proportion	must	satisfy	the	durability	requirements	of	Chapter	19
and	structural	strength	requirements	(ACI	318-14).	The	designer	determines	the	durability	classes.	Please	see	Chapter	4	of	this	Handbook	for	an	indepth	discussion	of	the	categories	and	classes.	437	By	specifying	that	the	concrete	mixture	shall	be	in	accordance	with	ACI	301	and	providing	the	exposure
FODVVHV&KDSWHUUHTXLUHPHQWVDUHVDWLV¿HG	Based	on	durability	and	strength	requirements,	and	experience	with	local	mixtures,	the	compressive	strength	RIFRQFUHWHLVVSHFL¿HGDWGD\VWREHDWOHDVWSVL	$&,LVDUHIHUHQFHVSHFL¿FDWLRQWKDWLV	coordinated	with	ACI	318-14.	ACI	encourages
UHIHUHQFLQJ$&,LQWRMREVSHFL¿FDWLRQV	There	are	several	mixture	options	within	ACI	301,	such	as	admixtures	and	pozzolans,	which	the	designer	can	require,	permit,	or	review	if	suggested	by	the	contractor.	area	of	footing	=	total	service	load	(	∑	P	kip/ft	)	allowable	wable	soil	pressure	pres	re	qa	The	footing	thickness	is	calculated	in	Step	4,
footing	design.	D	+	L	25	kip/ft	p/ft	+	12.5	kip/ft	=	=	9.4	ft	qall	,	D	+	L	4	ksf	Controls	D	+	0.75	L	+	(0.75)(0.6)	(0.75)(0	W	qall	,	Lat	=	k	25	kip/ft	+	(0.75)(12.5	kip/ft)+(0.75)(0.6)(6.4	kip/ft)	=	7.5	ft	5	ksf	D	+	0.75	L	+	(0.75)(0.7)	E	qall	,	Lat	=	25	kip/ft	+	(0.75)(12.5	kip/ft)+(0.75)(0.7)(6.0	kip/ft)	=	7.5	ft	5	ksf	Use	B	=	10	ft	American	Concrete	Institute	–
Copyrighted	©	Material	–	www.concrete.org	Foundationss	Example	1	of	this	chapter	provides	a	more	detailed	breakdown	on	determining	the	concrete	compressive	strength	and	exposure	categories	and	classes.	Step	3:	Determine	footing	dimensions	g	width,	ddivide	the	service	13.3.1.1	To	calculate	the	footing	gnoring	the	foot	Ignoring	footing	self-



weight:	DOORZ	ORDGSHUIRRWE\WKHDOORZDEOHVRLOSUHVVXUH/RDG	D	255	kip/ft	ki	/f	combinations	are	obta	obtained	from	ASCE7-10,	=	=	8.3	ft	q	3	ksf	sf	all	,	D	Section	2.4.	438	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	4:	Footing	design	Wall	stability	Because	there	is	no	out-of-plane	moment,	the	soil	pressure
under	the	footing	is	assumed	to	be	uniform	and	overall	wall	stability	is	assumed.	7.4.2.1	5.3.1	The	footing	cantilevers	on	both	sides	of	the	wall	are	designed	as	one-way	slabs.	Calculate	soil	pressure	Factored	loads—	Calculate	the	soil	pressures	resulting	from	the	applied	factored	loads.	/RDG&DVH,U	=	1.4D	U	=	1.4D	=	1.4(25	kip/ft)	=	35	kip/ft	or	3.89
ksf	/RDG&DVH,,U	=	1.2D	+	1.6L	U	=	1.2D	+	1.6L	=	1.2(25	kip/ft)	+	1.6(12.5	kip/ft)	=	50	kip/ft	or	5.26	ksf	Controls	/RDG&DVH,9U	=	1.2D	+	W	+	L	U	=	1.2D	+	1.0W	+	1.0L	=	1.2(25	kip/ft)	+	6.4	kip/ft	+	12.5	kip/ft	48.	kip/ft	or	5.15	ksf	=	48.9	9D	+	W	/RDG&DVH,9U	=	0.9D	9D	+	1.0W	W	=	0.9(25	.9(	9	U	=	0.9D	kip/ft)	+	6.4	kip/ft	28.	kip/ft	kip/ft	/ft	or
3.04	3	4	ksf	=	28.9	U	=	1.2D	+	E	+	L	/RDG&DVH9U	1.2	+	1.0E	E	+	1.0L	1.0L	U	=	1.2D	1.2	ft))	+	6	kip/ft	kip	+	12.5	kip/ft	=	1.2(25	kip/ft)	48.	kip/ft	or	5.11	ksf	k	=	48.5	0	/RDG&DVH9,U	=	0.9D	+E	0	9	+	1.0E	0E	E	=	0.9(25	09	U	=	0.9D	kip/ft)	+	(6	kip/ft)	3	ksf	=	28.5	kip/ft	or	3.0	American	Concrete	Institute	–	Copyrighted	©	Material	–
www.concrete.org	CHAPTER	11—FOUNDATIONS	439	One-way	shear	design—	Shear	strength	reduction	factor:	�Vn•Vu	�shear	=	0.75	7.5.3.1	22.5.1.1	22.5.5.1	Vn	=	Vc	+	Vs	Assume	Vs	=	0	(no	shear	reinforcement)	Therefore:	Vn	=	2	f	c′bw	d	Vn	=	Vc	22.5.1.2	And	satisfying:	Vu”�Vn	7.4.3.2	Vu	is	calculated	at	d	from	the	face	of	the	wall.	21.2.1(b)
7.5.1.1	13.2.7.1	13.2.7.2	y	wall,	the	critic	Note	that	for	a	m	masonry	critical	sec	section	ay	between	ween	center	and	face	ce	of	is	located	halfway	masonry	wall.	7.4.3.2	In	this	example	the	second	approach	is	followed:	Foundationss	The	engineer	can	either	assume	a	value	for	d	that	VDWLV¿HVWKHVWUHQJWK(T	E\LWHUDWLRQRU	equate	Eq.
(7.5.1.1)	to	Eq.	(22.5.5.1)	and	solve	for	d.	Fig.	E2.2—Shear	—Shear	cr	critical	section.	⎛B	t	⎞	Vu	=	⎜	−	wall	−	d	⎟	qall	.	≤	φVc	⎝2	⎠	2	⎛	10	ft	1ft	⎞	Vu	=	⎜	−	−	d	⎟	(5.26	ksf	)	⎝	2	⎠	2	d	in	ft	φVc	=	0.75(2)(	4000	psi)(d	)	,	where	d	is	in	inches	13.3.1.2	20.6.1.3.1	Bottom	reinforcement	must	have	an	effective	depth	of	more	than	6	in.	Concrete	cover	must	satisfy
Table	20.6.1.3.1.	Use	c	=	3	in.	Total	footing	depth:	h	=	d	+	db	+	c	Solving	these	two	equations	for	d	=	15.0	in.,	use	16.5	in.	>	6	in.	Assume	No.	8	bars	h	=	16.5	in.	+	0.5	in.	+	3	in.	=	20	in.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	440	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Flexure	design
Note:	Masonry	wall	is	shown	in	Fig.	E2.2	and	E2.3	to	indicate	that	for	masonry	walls,	the	critical	section	for	shear	or	moment	are	not	the	face	of	the	masonry	wall,	but	is	tw/4	from	the	face.	13.2.7.1	For	concrete	walls,	the	factored	moment	and	moment	strength	are	calculated	at	the	face	of	the	wall.	From	maximum	factored	load	Mu	is:	22.2.2.4.1	Set
the	concrete	compression	strength	equal	to	the	steel	tension	strength:	C	=	T;	0.85fcƍED	=	Asfy	7.5.1.1	Fig.	E2.3—Moment	critical	sections.	Mu	=	(5.26	ksf)(10	ft/2–1.0	ft/2)2/2	=	53.3	ft-kip/ft	�Mn•Mu	C	=	0.85(4000	psi)(12	in.)a	=	As(60,000	psi)	a	=	1.47As	in.	1.47	As	⎞	⎛	(0.9)(60	ksi)A	s	⎜16.5	in.	−	=	53.3	ft	−	kip/ft	⎝	2	⎟⎠	2	•		As•LQ	U	bottom	Use	bot
barss	No.	8	at	12	in.	on	center.	If	these	bars	QRW	SURYLGHF	DUHQRWKRRNHGSURYLGHFDOFXODWLRQVWRMXVWLI\WKHXVH	of	straight	traig	bars.	7.6.1.1	Check	if	As	exceeds	ds	the	minimum:	As,min	≥	0.0018Ag	21.2.1(a)	Check	if	the	section	is	tension	controlled	and	the	XVHRI�		LVFRUUHFW	21.2.2	To	answer	the	question,	the	tensile	strain
in	reinforcement	must	be	calculated	and	compared	to	the	values	in	Table	21.2.2.	The	strain	in	reinforcement	is	assumed	to	be	proportional	to	the	distance	from	neutral	axis	calculated	from	similar	triangles	(refer	to	Fig.	E2.4):	22.2.1.2	εt	=	εc	c	018(12	in	in.)(20	in.)	As,min	=	0.0018(12	/ft	<	0.74	in.2/ft	=	0.43	in.2/f	a	=	1.47As	=	(1.47)(0.79	in.2)	=	1.16
in.	c=	1.16	in.	0.85	=	1.37	in.	0.003	(16.5	in.	−	1.37	in.)	=	0.033	1.37	in.	İt	=	0.033	>	0.005	6HFWLRQLVWHQVLRQFRQWUROOHGDQG�			εt	=	(d	−	c)	where:	c	=	a/and	a	=	1.47As	OK	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	11—FOUNDATIONS	441	Fig.	E2.4—Strain	distribution	across	footing.
9HULI\WKDWWKHDOORZDEOHVRLOSUHVVXUHLVQRWH[ceeded	when	including	footing	self-weight	and	soil	self-weight	above	footing:	Footing	self-weight:	⎛	20	in.⎞	WF	=	(10	ft)	⎜	(0.15	kip/ft	3	−	0.12	kip/ft	3	)	=	0.5	kip	⎝	112	⎟⎠	ve	footing:	ng:	Soil	weight	above	6	in.	−	20	in.⎞	⎛	36	3	Ws	=	(10	(1	ft)	⎜	⎟⎠	0.12	kip/ft	=	1.6	kip	⎝	12	)	ting	so	Total	weight
on	su	supporting	soil:	WT	=	25	kip/ft	+	12.5	kip	kip/ft	+	0.5	kip/ft	+	1.6	kip/ft	=	39	39.6	ft	Calculate	actual	soil	pressure:	qa	=	39.6	kip/ft	kip	=	3.96	ksf	<	qall	=	4	ksf	10	ft	OK	Note:	This	is	a	conservative	approach.	The	footing	concrete	displaces	soil.	Therefore,	the	actual	load	on	soil	is	the	difference	between	the	concrete	and	soil	unit	weights
multiplied	by	the	footing	volume.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Foundationss	(	442	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	5:	Footing	details	Shrinkage	and	temperature	reinforcement	along	length	of	footing	7.6.4.1	7.6.1.1	The	area	of	shrinkage	and	temperature
reinforcement:	AS+T	=	(0.0018)(20	in.)(10.0	ft)(12	in./ft)	=	4.3	in.2	AS+T•Ag	Ten	No.	6	bottom	longitudinal	bars	will	satisfy	the	requirement	for	shrinkage	and	temperature	reinforcement	in	the	long	direction.	Development	length	Check	if	the	width	of	the	footing	provides	adequate	length	for	the	bottom	tension	reinforcement	beyond	the	critical
tension	section.	25.4.2.3	25.4.2.4	25.4.2.3	⎛	⎞	⎜	3	fy	ψ	ψ	ψ	⎟	t	e	s	⎟	db	Ad	=	⎜	⎜	40	λ	f	c′	cb	+	K	tr	⎟	⎜⎝	db	⎟⎠	⎛	3	60,	000	psi	(1.0)(1.0)(1.0)	⎞	Ad	=	⎜	⎟	db	2.5	⎝	40	(1.0)	4000	psi	⎠	=	28.5db	=	28.5	in.	>	12	in.	where	tion	ȥt	=	casting	position;	n	more	re	than	12	in.	of	o	fresh	resh	conȥt	=	1.0	becausee	not	orizontal	reinfor	emen	crete	is	placed	be	below
horizontal	reinforcement	cto	ȥe	=	coating	factor;	ȥe	=	1.0,	becausee	bbars	are	uncoated	or;	ȥs	=	bar	size	factor;	ȥs	=1.0	because	bars	are	larger	than	No.	7	cb	=	spacing	or	cover	dimension	to	center	of	bar,	whichever	is	smaller	Ktr	=	transverse	reinforcement	index	It	is	permitted	to	use	Ktr	=	0.	However,	the	expression:	cb	+	K	tr	db	must	not	exceed
2.5.	Provided	length:	B/2	–	twall/2	–	3	in.	cb	+	K	tr	3.5	in.	+	0	=	=	3.5	db	1.0	in.	Use	maximum	value	of	2.5	Ɛavail.	=	(10	ft)(12	in./ft)/2	–	12	in./2	–	3	in.	=	51	in.	Ɛavail.	=	51	in.	>	Ɛd	=	28.5	in.	OK	Therefore,	the	footing	is	wide	enough	to	use	straight	bars	for	development	and	does	not	require	hooks	at	both	ends.	American	Concrete	Institute	–
Copyrighted	©	Material	–	www.concrete.org	CHAPTER	11—FOUNDATIONS	443	Step	6:	Earthquake	requirements	Earthquake	load	effects	13.2.3.2	The	foundation	is	in	SDC	D	therefore,	ACI	318-14,	6HFWLRQPXVWEHVDWLV¿HG	18.13.2.1	18.13.2.3	18.13.2.4	The	requirements	listed	in	18.13.2	for	structural
ZDOOVPXVWEHVDWLV¿HGLIFDOFXODWLRQVVKRZWKDW	uplift	occurs:	D	9HUWLFDOUHLQIRUFHPHQWRIVWUXFWXUDOZDOOV	resisting	forces	induced	by	earthquake	effects	must	extend	into	the	footing	and	must	be	fully	developed	for	tension	at	the	interface.	(b)	Boundary	elements	of	special	structural	walls	that	have	an	edge	within	one-half
the	footing	depth	from	an	edge	of	the	footing	shall	have	transverse	reinforcement	in	accordance	with	18.7.5.2	through	18.7.5.4	provided	below	the	top	of	the	footing.	This	reinforcement	must	extend	into	the	footing	and	be	developed	a	length	equal	to	the	development	length,	calculated	for	fy	in	tension,	of	the	boundary	element	longitudinal
reinforcement.	This	condition	does	not	apply	for	this	problem.	(c)	Where	earthquake	effects	create	uplift	forces	in	boundary	elementss	of	spe	special	structural	walls,	ÀH[XUDOUHLQIRUFHPHQWPXVWEHSURYLGHGLQWKHWRS	PHQW	of	the	footing	to	res	resist	actions	ons	resulting	from	the	design	factored	lo	load	combinations,	mbinations,	and
must	be	less	than	required	This	cond	condition	ed	by	7.6.1	6.1	or	9.6.1.	Th	does	not	apply	fo	for	this	prob	problem.	Foundationss	18.13.2	Step	7:	Detailing	Fig.	E2.5—Continuous	footing	reinforcement.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	444	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)
Foundation	Example	3:	Design	of	a	continuous	footing	with	an	out-of-plane	moment	Design	and	detail	a	continuous	footing,	founded	on	stiff	soil,	supporting	a	12	in.	thick	bearing	wall,	founded	on	stiff	soil,	and
VXEMHFWWRORDGLQJWKDWLQFOXGHVDQRYHUWXUQLQJPRPHQW7KHERWWRPRIWKHIRRWLQJLVIWEHORZ¿QLVKHGJUDGHUHIHUWR)LJ(		Given:	Wall	load—	Service	dead	load	=	15	kip/ft	(including	CMU	wall	weight)	Horizontal	wind	shear	V	=	3.0	kip/ft	(strength	level	applied	at	1	ft	above	grade)	Material	properties—	Concrete	compressive
strength	fcƍ	SVL	Steel	yield	strength	fy	=	60,000	psi	1RUPDOZHLJKWFRQFUHWHȜ		Density	of	concrete	=	150	lb/ft3	Soil	data—	qall	=	4000	psf	qu,permitted	=	6000	psf	Density	of	soil	=	100	lb/ft3	Fig.	E	E3.1—Plan	1—	and	d	elevatio	elevation	of	continuous	footing.	ACI	318-14	Discussion	Step	1:	Foundation	type	13.1.1
7KLVVWULSIRRWLQJLVIWEHORZ¿QLVKHGJUDGH	Therefore,	it	is	considered	a	shallow	foundation.	13.3.2.1	C	Calculation	cula	The	footing	will	be	designed	and	detailed	with	the	DSSOLFDEOHSURYLVLRQVRI&KDSWHU2QHZD\VODEV	and	Chapter	9,	Beams,	of	ACI	318-14.	American	Concrete	Institute	–	Copyrighted	©	Material	–
www.concrete.org	CHAPTER	11—FOUNDATIONS	Step	2:	Material	requirements	13.2.1.1	The	mixture	proportion	must	satisfy	the	durability	requirements	of	Chapter	19	and	structural	strength	requirements	(ACI	318-14).	The	designer	determines	the	durability	classes.	Please	see	Chapter	4	of	this	Handbook	for	an	indepth	discussion	of	the	categories
and	classes.	445	By	specifying	that	the	concrete	mixture	shall	be	in	accordance	with	ACI	301	and	providing	the	exposure	FODVVHV&KDSWHUUHTXLUHPHQWVDUHVDWLV¿HG	Based	on	durability	and	strength	requirements,	and	experience	with	local	mixtures,	the	compressive	strength	RIFRQFUHWHLVVSHFL¿HGDWGD\VWREHDWOHDVWSVL
$&,LVDUHIHUHQFHVSHFL¿FDWLRQWKDWLV	coordinated	with	ACI	318-14.	ACI	encourages	UHIHUHQFLQJ$&,LQWRMREVSHFL¿FDWLRQV	There	are	several	mixture	options	within	ACI	301,	such	as	admixtures	and	pozzolans,	which	the	designer	can	require,	permit,	or	review	if	suggested	by	the	contractor.	ck	nd	then	th	The	footing	thickness	iss
also	assumed	aand	KF	DWLRQVLQ6WHS	RRWLQ	YHUL¿HGWKURXJKFDOFXODWLRQVLQ6WHS)RRWLQJ	design.	13.3.1.2	The	footing	thickness	must	be	such	that	the	bottom	reinforcement	has	an	effective	depth	of	at	least	6	in.	Try	15	in.	footing	foo	thickness.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Foundationss
Example	1	of	this	chapter	provides	a	more	detailed	breakdown	on	determining	the	concrete	compressive	strength	and	exposure	categories	and	classes.	Step	3:	Determine	footing	dimensions	PHGDQGWK	)RRWLQJZLGWKLVDVVXPHGDQGWKHQYHUL¿HGWKURXJK	13.3.1.1	ons	m	calculations.	Iterations	may	be	needed.	Try	B	=	7	ft	footing	wid	width.
a:	A	=	1(7)	(7)	=7	ft2/f	Area:	/ft	tion	modulus:	lus:	S	=	1(	Section	1(7	ft)(7	ft)/6	=	8.167	ft3/ft	446	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	4:	Footing	design	Wall	stability	Because	there	is	an	out-of-plane	(overturning)	lateral	force	on	the	stem	wall,	the	overall	wall	stability	must	be	checked.	To	calculate	the	stability	of	a
footing,	the	total	vertical	load	is	calculated	and	the	resisting	moment	(MR)	is	compared	to	the	resulting	overturning	moment	(MOTM).	Commonly,	engineers	require	MR•MOTM	to	consider	a	footing	stable.	Weights	on	bearing	soil	below	footing:	15	in.	Weight	of	footing:	W	ftg	=	(	Weight	of	soil	above	footing:	Wsoil	=	⎜	Weight	of	concrete	wall	pier	pier:
Wconc.	pier	=	⎜	ead	load:	Total	vertical	dead	™3	=	(0.19	™	(0	ksf)(7	)(7	ft)	+	(0.18	(	ksf)	(7	ft	–	1	ft)	+	(0.26	ksf)(1	f)(1	)(	ft))	+	15	kip/ft	=	22.67	kip/ft	ft	+	15	ki	kip/ft	=	17.7	kip/ft	12	in./ft	3	)(0.15	kip/ft	)	=	0.19	ksf	⎛	36	in.	−	15	in.	⎞	3	(0.10	kip/ft	)	=	0.18	ksf	⎝	12	in./ft	⎟⎠	in	−	15	in.	⎞	⎛	36	in.	3	⎟	(0.15	kip/ft	)	=	0.26	ksf	⎝	12	iin	in./ft	/t	⎠	IUR
WWRPRIIRRWLQ	ORFDWLRQ	9HUWLFDOGLVWDQFHIURPERWWRPRIIRRWLQJWRORFDWLRQ	H	=	3	ft	+	1	ft	=	4	fft	of	applied	lateral	wind	shear.	The	overturning	moment,	MOTM,	is	measured	at	base	of	footing.	The	lateral	wind	force	must	be	multiplied	by	0.6	(ASCE7-10	Section	2.4.1)	to	convert	to	service	load	level.	MOTM	=	(0.6)(W)(H)	=	(0.6)
(3.0	kip/ft)(4	ft)	=	7.2	ft-kip/ft	(wind	load)	The	resisting	moment,	MR,	is	calculated	as	the	product	of	vertical	load	by	distance	from	the	centerline	to	edge	of	footing:	MR	=	P(B/2)	MR	=	(17.7	kip/ft)(7	ft/2)	=	61.8	ft-kip/ft						IW�NLS	IW	!										IW	NLS	IW									IW	NLS	IW			OK	To	ensure	footing	stability,	the	following	inequality	PXVW	EH	VDWLV¿HG		MR	>	1.5MOTM
American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	11—FOUNDATIONS	447	Step	5:	Calculate	soil	pressure	13.3.1.1	Service	loads	The	maximum	soil	pressure	is	calculated	from	service	forces	and	moments	transmitted	by	foundation	to	the	soil.	To	calculate	soil	pressure,	the	location	of	the	vertical	service	resultant
force	is	determined.	The	distance	to	the	resultant	from	the	front	face	of	stem:	e=	M	otm	∑P	e=	Check	if	resultant	falls	within	the	middle	third	(kern)	of	the	footing.	8.4	ft	−	kip	=	0.47	ft	17.7	kip	B/6	=	7	ft/6	=	1.17	ft	>	e	=	0.47	ft	OK	Because	e”B/6,	the	footing	imposes	compression	to	the	soil	across	the	entire	width.	The	resulting	soil	pressure	must	be
less	than	the	allowable	bearing	pressure	provided	by	the	geotechnical	report.	q1,2	=	M	OTM	∑P	±	A	S	q11,2	=	17.7	kip	8.4	ft	f	−	kip(6)	±	(7	ft)(1	ft)	t)	(1	ft)(7	ft)	2	qmax	=	22.53	ksf	sf	+	11.03	03	ksf	=	3.56	ksf	<	qall	=	4	ksf	2	ksf	–	1.0	1.03	ksf	=	1.49	ksf	>	0	ksf	OK	qmin	=	2.52	American	Concrete	Institute	–	Copyrighted	©	Material	–
www.concrete.org	Foundationss	nimu	soil	pressures	are	Maximum	and	minimum	calculated	by:	448	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	6:	Factored	loads	13.3.2.1	The	footing	is	designed	as	one-way	slab.	Calculate	the	soil	pressures	resulting	from	the	applied	factored	loads.	5.3.1a	5.3.1d	/RDG&DVH,	U	=	1.4D	Use	D
=	P	=	17.7	kip	and	MOTM	=	W	=	12	ft-kip	/RDG&DVH,,	U	=	1.2D/A	+	1.0W/S	+	0.5L/A	where	S	is	the	section	modulus	(Step	2)	e	=	1.0(W)/(1.2(P))	U	=	1.4(17.7	kip/ft)	=	24.7	kip/ft	qu	=	(24.7	kip/ft)	/	(7	ft)	=	3.53	ksf	<	qu	=	6	ksf	OK	1.2D/A	=	1.2(17.7	kip/ft)/(7	ft)	=	3.03	ksf	1.0W/S	=	1.0(12	ft-kip)/	(8.167	ft3)=	1.47	ksf	0.5L	=	0	e	=	1.0(12	ft-
kip)/(1.2(17.7	kip))	=	0.56	ft	<	(7	ft)/6	=	1.67	ft	Because	e	<	B/6,	the	footing	bearing	pressure	varies	as	follows	(refer	to	Fig.	E3.2):	qu	=	1.2(D/A)	±	1.0(W/S)	5.3.1f	/RDG&DVH,,,	0W	U	=	0.9D/A+	1.0W/S	(	(P	e	=	1.0(W)/(1.2(P))	Because	e	<	B/6,	bearing	pressure	qu	=	0.9(D/A)	±	1.0(W/S)	qu,max	=	3.04	ksf	+	1.47	ksf	=	4.51	ksf	(maximum)	qu,min	=
3.04	ks	ksf	–	1.47	ksf	=	1.57	ksf	(minimum)	=	6	ksf	OK	qu,max	=	4.51	ksf	<	qu,permitted	perm	er	0	D/A	=	0.9(17.7	7.7	kip/ft)/(7	kip/ft)	ft)	=	2.28	ksf	0.9D/A	1	W/S	S	=1.0(12	ft	kip))/(8	(	1.0W/S	ft-kip)/(8.167	ft3)	=	1.47	ksf	1.0(	ft-kip)/(0.9(17.7	p)/(0.9(17	kip))	=	0.75	ft	e	=	1.0(12	q1,2	=	2.27	ksf	±	1.5	ksf	qu,maxx	=	3.75	ksf	(maximum)	<	qu,permitted	=
6	ksf	0	ksf	(minimum)	qu,min	=	0.81	OK	Fig.	E3.2—Soil	pressure	distribution	under	factored	loads,	critical	shear	section,	and	critical	moment	section.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	11—FOUNDATIONS	Step	7:	Shear	strength	2QHZD\VKHDUGHVLJQ	21.2.1(b)	Shear	strength	reduction	factor:
7.5.1.1	�Vn•Vu	7.5.3.1	Vn	=	Vc	+	Vs	22.5.1.1	22.5.5.1	Vc	=	2λ	f	c′bw	d	449	�shear	=	0.75	Assume	Vs	=	0	(no	shear	reinforcement)	Vn	=	Vc	Ȝ		20.6.1.3.1a	Effective	depth:	d	=	height	–	cover	–	db/2	Assume	db	=	1	in.	and	c	=	3	in.	Therefore:	φVc	=	φ2λ	f	c′bw	d	Calculate	factored	soil	pressure	at	distance	d	from	face	of	wall:	−	qu,min	⎞	⎛	B	twall	⎛q	⎞	qu	,
d	=	qu,min	+	⎜	u,max	⎟⎠	⎜⎝	2	+	2	+	d	⎟⎠	⎝	B	d	=	15	in.	–	3	in.	–	0.5	in.	=	11.5	in.	φVc	=	0.75(2)	(	)	4000	psi	(12	in.)(11.5	in.)	=	13.1	kip/ft	⎛	4.51	ksf	−	1.57	ksf	⎞	⎛	7	ft	1	ft	11.5	in.	⎞	qu	,	d	=	1.57	ksf	+	⎜	+	+	⎟⎠	⎜⎝	⎟	⎝	7	ft	2	2	12	in./ft	⎠	=	3.66	ksf	Note	that	qu,maxx	and	qu,min	m	DUHIURP6WHS/RDG&DVH,,	Vu	=	4.51	ksf	+	3.66	ksf	4.5	(3.5	(3	ft	−	0.5	ft	−
0.96	ft)	=	8.3	kip/ft	2	Note:	weight	off	ffooting	g	and	earth	abov	above	foot	footing	ly	not	deducted	from	sshear	ar	force	are	conservatively	created	by	qu.	7.4.3.2	22.5.1.2	&KHFNLI�Vc•Vu	�Vc	=	13.1	kip/f	kip/ft	>	Vu	=	8.3	kip/ft	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Foundationss	Calculate	factored	ed	sshear	force
ce	at	d	from	face	off	wall:	Vu	450	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	8:	Flexural	strength	Flexure	design	13.2.7.1	The	footing	factored	moment	is	calculated	at	the	face	of	the	wall	(refer	to	Fig.	E3.3).	Fig.	E3.3—Moment	critical	section.	5.3.1a	5.3.1d	Calculate	Mu	at	face	of	wall	from	U	=	1.4D/A.	(Step	6)	qu	=	3.53
ksf	Mu	=	3.53	ksf	(3.5	ft	−	0.5	ft	)2	=	15.9	ft	−	kip/ft	2	Calculate	Mu	at	face	of	wall:	U	=	1.2D/A	+	1.0W/S	+	0.5L/A	qu	,	wall	=	qu	,	min	+	qu,max	−	qu	,	min	⎛	B	twall	⎞	⎜⎝	2	+	2	⎟⎠	B	1.57	57	ksf	ksf	+	qu	=	1.57	4.51	ksf	−	1.57	ksf	(3.5	ft	+	0.5	ft)	7	ft	=	3.2	3.25	ksff	Factored	moment:	nt:	Mu	=	1	⎛B	t	⎞	qu	,	wall	⎜	−	walll	⎟	⎝2	2	2	⎠	2	1	⎛B	t	⎞	+	(qu	,	max	−
qu	,	wall	)	⎜	−	wall	⎟	⎝2	3	2	⎠	5.3.1f	Mu	=	2	33.25	ksf	(3.5	33.55	ft	−	0.5	ft)	2	2	sf	−	3.25	3	25	kksf	4.51	ksf	+	(3.5	ft	−	0.5	ft)	2	=	18.4	ft	−	kip/ft	3	Controls	By	inspection	load	condition	U	=	0.9D/A	+	1.0W/S	does	not	control.	Note:	Counteracting	moments	due	to	footing	weight	and	soil	weight	are	conservatively	neglected.	22.2
&DOFXODWHWKHUHTXLUHGDUHDRIÀH[XUDOUHLQIRUFHPHQW	Set	concrete	compression	strength	equal	to	steel	tension	strength	22.2.2.4.1	22.2.2.3	22.2.2.4.3	7.5.1.1	22.3.1.1	C=T	0.85fcƍED	=	Asfy	Mu”�Mn	=	0.9Asfy(d	–	a/2)	0.85(4000	psi)(12	in.)a	=	As(60,000	psi)	a	=	1.47As	�Mn	=	0.9As(60,000	psi)(12	in.	–	1.47As/2)	•IW±NLSIW
As•LQ2/ft	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	11—FOUNDATIONS	9.6.1.2	451	Check	As	against	the	minimum:	As	,	min	=	200	bd	fy	As	,	min	=	200	(12	in.)(12	in.)	=	0.475	in.2	/ft	60,000	psi	As,min	=	0.475	in.2/ft	>	As,req’d	=	0.37	in.2/ft	Use	No.	7	at	15	in.	on	center	bottom	bars.	As,prov.	=	0.48	in.2/ft
>	As,	req’d	=	0.475	in.2/ft	21.2.1(a)	Check	if	the	section	is	tension	controlled	and	the	XVHRI�		LVFRUUHFW	21.2.2	To	answer	the	question,	the	tensile	strain	in	reinforcement	is	calculated	and	compared	to	the	values	in	Table	21.2.2.	The	strain	in	reinforcement	is	calculated	from	similar	triangles	(refer	to	Fig.	E3.4):	22.2.1.2	εt	=	εc	(d	−	c)	c	1.47(0.48
in.2	)	=	0.83	in.	0.85	0.003	(12	in.	−	0.83	in.)	=	0.040	0.83	in.	İt	=	0.040	>	0.005	Section	is	tension	controlled	DQG�			εt	=	Foundationss	where:	c	=	aȕ1	and	a	=	1.47As	c=	OK	Fig.	E3.4—Strain	distribution	through	depth	of	footing.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	452	THE	REINFORCED	CONCRETE	DESIGN
HANDBOOK—SP-17(14)	Step	9:	Footing	details	7.6.4.1	Shrinkage	and	temperature	reinforcement:	24.4.3.2	13.2.8.3	The	area	of	shrinkage	and	temperature	reinforcement:	AS+T•Ag	AS+T	=	(0.0018)(15	in.)(7	ft)(12	in.)	=	2.27	in.2	Eight	No.	5	bottom	longitudinal	bars	(area	=	2.48	in.2)
VDWLV¿HVWKHUHTXLUHPHQWIRUVKULQNDJHDQGWHPSHUDWXUH	UHLQIRUFHPHQWSODFHGSHUSHQGLFXODUWRWKHÀH[XUDO	reinforcement.	13.2.7.1	25.4.2.3	25.4.2.4	Development	length	Reinforcement	development	is	calculated	at	the	maximum	factored	moment	and	the	code	permits	the	critical	section	to	be	located	at	the	wall	face.
Bars	must	extend	at	least	a	tension	development	length	beyond	the	critical	section.	⎛	⎞	⎜	3	f	y	ψt	ψeψ	s	⎟	Ad	=	⎜	⎟	db	⎜	40	λ	f	c′	c	+	K	tr	⎟	⎜⎝	db	⎟⎠	⎛	3	60,	000	psi	(1.0)(1.0)(1.0)	⎞	Ad	=	⎜	⎟	db	2.5	⎝	40	(1.0)	4000	psi	⎠	=	28.5	28	5db	=	28.5(0.875	in.)	=	25	in.	where	ation	ȥt	=	casting	location;	se	nnot	more	ore	than	12	in.	of	o	fresh	ȥt	=	1.0,	because	ced
below	w	horizontal	rei	forcem	concrete	is	placed	reinforcement	cto	ȥe	=	coating	factor;	ȥe	=	1.0,	becausee	bbars	are	uncoated	or;	ȥs	=	bar	size	factor;	ȥs	=	1.0,	because	bars	are	larger	than	No.	7	cb	=	spacing	or	cover	dimension	to	center	of	bar,	whichever	is	smaller	Ktr	=	transverse	reinforcement	index	It	is	permitted	to	use	Ktr	=	0.	cb	+	K	tr	For	a
No.	7	bar:	25.4.2.3	But	the	expression:	greater	than	2.5.	25.4.2.1	The	development	length	is	the	greater	of	the	calculated	value	of	Eq.	(25.4.2.3)	and	12	in.	db	must	not	be	taken	cb	+	K	tr	db	=	3.44	in.	+	0	=	3.93	0.875	in.	Use	maximum	value	of	2.5	Ɛd	=	25	in.	12	in.	OK	Check	if	No.	7	can	be	developed	using	straight	bars,	without	hooks.	Ɛd	provided
perpendicular	to	the	wall:	Ɛd,prov.	=	((7	ft)(12	in./ft)	–	12	in.)/2	–	3	in.	Ɛd,prov.	=	33	in.	>	Ɛd,req’d	=	25	in.	OK	use	straight	No.	7	bars	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	11—FOUNDATIONS	453	Step	10:	Final	design	Foundationss	Fig.	E3.5—Footing	reinforcement	detailing.	American	Concrete
Institute	–	Copyrighted	©	Material	–	www.concrete.org	454	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Foundation	Example	4—Design	of	a	rectangular	spread	footing	Design	and	detail	a	rectangular	spread	footing	founded	on	stiff	soil,	supporting	an	18	in.	square	column.	The	bottom	of	the
IRRWLQJLVIWEHORZ¿QLVKHGJUDGHUHIHUWR)LJ(		Given:	Column	load—	Service	dead	load	D	=	200	kip	Service	live	load	L	=	100	kip	Factored	wind	W	=	±175	kip	(Axial	column	force	due	to	the	building	frame	resisting	the	wind	load)	Material	properties—	Concrete	compressive	strength	fcƍ	SVL	Steel	yield	strength	fy	=	60,000	psi
1RUPDOZHLJKWFRQFUHWHȜ		Density	of	concrete	=	150	lb/ft3	Density	of	Soil	=	120	lb/	ft3	Allowable	service	level	soil	bearing	pressures—	D	only:	qall,D	=	4000	psf	D	+	L:	qall,D+L	=	5800	psf	D	+	L	+	W:	qall.Lat	=	8000	psf	Fig.	E4.1—Rectangular	footing	plan.	ACI	318-14	Procedure	Computation	mpu	on	Step	1:	Foundation	type	13.1.1
7KLVIRRWLQJLVIWEHORZ¿QLVKHGJUDGH7KHUHIRUH		RZ¿QLVKHGJUDG	7KH	it	is	considered	a	shallow	footing.	ow	fo	13.3.3.1	The	footing	will	bee	ddesigned	detailed	with	ned	and	detail	ith	the	DSSOLFDEOHSURYLVLRQVRI&KDSWHU2QHZD\VODEV	and	Chapter	8,	Two-way	slabs,	of	ACI	318-14.	American	Concrete	Institute	–	Copyrighted	©
Material	–	www.concrete.org	CHAPTER	11—FOUNDATIONS	Step	2:	Material	requirements	13.2.1.1	The	mixture	proportion	must	satisfy	the	durability	requirements	of	Chapter	19	and	structural	strength	requirements	(ACI	318-14).	The	designer	determines	the	durability	classes.	Please	see	Chapter	4	of	this	Handbook	for	an	indepth	discussion	of	the
categories	and	classes.	$&,LVDUHIHUHQFHVSHFL¿FDWLRQWKDWLV	coordinated	with	ACI	318-14.	ACI	encourages	UHIHUHQFLQJ$&,LQWRMREVSHFL¿FDWLRQV	455	By	specifying	that	the	concrete	mixture	shall	be	in	accordance	with	ACI	301-10	and	providing	the	exposure	classes,	Chapter	19	requirements	are	VDWLV¿HG	Based	on	durability
and	strength	requirements,	and	experience	with	local	mixtures,	the	compressive	VWUHQJWKRIFRQFUHWHLVVSHFL¿HGDWGD\VWREHDW	least	4000	psi.	There	are	several	mixture	options	within	ACI	301,	such	as	admixtures	and	pozzolans,	which	the	designer	can	require,	permit,	or	review	if	suggested	by	the	contractor.	area	of	footing	≥	5.3.4
totall	service	load	(∑	P)	allowable	all	le	soil	pressure	pressu	qa	Wservice	=	(0.6)W	=	(0.6)(175	kip)	=	105	kip	on	The	uni	unitt	weights	of	con	concrete	and	soil	are	150	pcf	and	se.	Therefo	120	pcf	pcf;	close.	Therefore,	footing	self-weight	will	gnor	for	initial	siz	be	ignored	sizing.	Actual	soil	pressure	is	ch	cked	end	of	Step	6:	checked	D	qall	,	D	=	(	D	+	L)
qall	,	D	+	L	200	kip	ip	=	5	50	ft	2	4	ksf	=	Foundationss	Example	1	of	this	chapter	provides	a	more	detailed	breakdown	on	determining	the	concrete	compressive	strength	and	exposure	categories	and	classes.	Step	3:	Determine	footing	dimensions	oting	aarea,	divide	the	service	13.3.1.1	To	calculate	the	footing	able	soil	pressure.	load	by	the	allowable
200	kip	+	100	kip	=	51.7	ft	2	5.8	ksf	D	+	L	+	W	200	kip	+	100	kip	+	105	kip	=	=	50.6	ft	2	8	ksf	qall	,	Lat	Controls	The	lateral	wind	force	must	be	multiplied	by	0.6	(ASCE	7-10,	Section	2.4.1)	to	convert	to	service	load	level.	Assume	that	there	is	a	constraint	on	the	width	of	the	footing	(B)	of	5.5	ft.	(50.6	ft2)/(5.5	ft)	=	9.2	ft	say	10	ft	Use	(Ɛ	x	B)	10	ft	x	5.5
ft	The	footing	thickness	is	calculated	in	Step	4,	footing	design.	Aprov.	=	55	ft2	>	Areq’d	=	50.6	ft2	%Ɛ	=	(55	ft)/(10	ft)	=	0.55	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	456	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	4:	Factored	soil	pressure	Footing	stability	13.3.3.2	Because	there	is	no
out-of-plane	moment,	the	soil	pressure	under	the	footing	is	assumed	to	be	uniform	and	overall	footing	stability	is	assumed.	7KHIRRWLQJLVGHVLJQHGIRUÀH[XUHDVRQHZD\VODE	(Step	5)	and	checked	for	two-way	punching	shear	(Step	6).	Calculate	soil	pressure	qu	=	∑	Pu	area	Factored	loads	Calculate	the	soil	pressures	resulting	from	the	column
factored	loads.	5.3.1(a)	/RDG&DVH,U	=	1.4D	U	=	1.4(200	kip)	=	280	kip	qu	=	5.3.1(b)	/RDG&DVH,,U	=	1.2D	+	1.6L	U	=	1.2(200	kip)	ki	+	1.6(100	kip)	=	400	kip	qu	=	5.3.1(d)	U	=	1.2D	D+W+L	/RDG&DVH,9U	/RDG&DVH,9U	=	0.9D	+	W	400	kip	400	=	7.3	kksf	55	5	ft	2	U	=	1.2(	1.2(200	kip)	+	((1	(1.0)(175	0)(1	)(	kip)	+	1.0(100	kip)	=	515	kip	qu	=
5.3.1(e)	280	kip	=	5.1	ksf	55	ft	2	51	kip	515	=	9.4	ksf	555	ft	2	Controls	kip	1.0(175	kip)	=	355	kip	U	=	0.9(200	kip)+	qu	=	355	kip	=	6.6	ksf	55	ft	2	The	load	combinations	include	the	possibility	of	wind	Assume	that	the	calculated	qu	=	9.4	ksf	is	acceptable	uplift	force.	In	this	example,	uplift	does	not	occur.	per	the	geotechnical	report.
7KHIRRWLQJLVUHFWDQJXODULQSODQ7KHUHIRUHLWQHHGVWREHGHVLJQHGLQERWKGLUHFWLRQV2IFRXUVHWKHORQJHUGLUHFWLRQZLOO	have	larger	moments	and	thus	is	the	more	critical	condition.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	11—FOUNDATIONS	457
6WHS2QHZD\VKHDUGHVLJQ	Fig.	E4.2—One-way	shear	in	longer	direction.	/RQJGLUHFWLRQ	Shear	strength	reduction	factor:	�shear	=	0.75	7.5.1.1	7.5.3.1	22.5.1.1	�Vn•Vu	Vn	=	Vc	+	Vs	Assume	Vs	=	0	(no	shear	reinforcement)	Vn	=	Vc	DQGVDWLVI\LQJ�Vc•Vc	13.2.7.2	7.4.3.2	The	critical	section	for	one-way	shear	is	permitted	at	a	distance	d	from
the	face	of	the	column	(refer	to	Fig.	E4.2).	21.2.1(b)	13.3.1.2	g	is	28	in.	thick.	Assume	that	thee	ffooting	20.6.1.3.1	n.	to	bottom	ttom	of	reinforc	ment.	As	The	cover	is	3	in.	reinforcement.	Asars	are	used	in	the	lon	rection.	sume	that	No.	6	bars	long	direction.	Therefore,	the	effective	depth	d	is:	22.5.5.1	d	=	h	–	cover	–	db/2	d	=	28	in.	–	3	in.	–	(0.75	in.)/2	=
24.625	in.	say,	d	=	24.5	in.	⎛A	c	⎞	Vu	=	⎜	−	−	d	⎟	bqu	⎝2	2	⎠	⎛	10	ft	18	in.	24.5	in.	⎞	(5.5	ft)(9.4	ksf)	Vu	=	⎜	−	−	⎝	2	2(12	in./ft)	12	in./ft	⎟⎠	and	φVc	=	2	f	c′bw	d	=	114.0	kip	φVc	=	0.75(2)	4000	psi	(5.5	ft)(24.5	in.)(12	in./ft)	/(1000	lb/kip)	=	153.4	kip	7.5.1.1	,V�Vn	>	Vu?	�Vc	=	153.4	kip	>	Vu	=	114	kip	American	Concrete	Institute	–	Copyrighted	©	Material
–	www.concrete.org	OK	Foundationss	The	engineer	assumess	a	valu	value	of	d	then	checks	2.5.5	strength	by	Eq.	(22.5.5.1).	If	Eq.	(7.5.1.1)	is	not	YDOX	VDWLV¿HGDQHZYDOXHRId	is	sele	selected.	458	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Short	direction	Check	one-way	shear.	The	effective	depth	for	the	short	direction	is:
20.6.1.3.1	13.2.7.2	7.5.1.1	d	=	h	–	cover	–	db	–	db/2	d	=	28	in.	–	3	in.	–	0.75	in.	–	0.375	in.	d	=	23.875	in.,	say,	d	=	23.5	in.	Therefore,	assumed	depth	is	adequate:	h	=	28	in.	⎛b	c	⎞	φVn	≥	Vu	=	⎜	−	−	d	⎟	Aqu	⎝2	2	⎠	Fig.	E4.3—One-way	shear	in	short	direction.	7.4.3.2	Distance	of	critical	shear	plane	from	center	of	footing	(refer	to	Fig.	E4.3):	c	18	in.	23.5
in.	+d	=	+	=	2.71	ft	2	2	(12	in./ft	)	12	in./ft	Half	of	footing	width:	b	5.5	ft	=	=	2.75	ft	2	2	7KHUHIRUHRQHZD\VKHDULQWKHVKRUWGLUHFWLRQLV2.	by	ins	inspection	because	the	critical	shear	plane	is	at	the	edge	of	the	fo	footing.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	11—FOUNDATIONS	459	Step
6:	Two-way	shear	design	13.3.3.1	The	footing	will	be	without	shear	reinforcement.	13.2.7.2	Therefore,	the	nominal	shear	strength	for	two-way	punching	shear	is	equal	to	the	concrete	strength:	8.5.1.1	Vn	=	Vc	+	Vs	Footings	are	usually	designed	with	Vs	=	0	22.6.1.2	22.5.1.1	22.6.2.1	vn	=	vc	13.2.7.1	22.6.1.4	22.6.4.1	Under	punching	shear	theory,
inclined	cracks	are	assumed	to	originate	and	propagate	at	45	degrees	away	and	down	from	the	column	corners.	The	critical	section	location,	bo,	is	calculated	at	an	average	distance	of	d/2	=	12	in.	from	face	of	the	column	on	all	sides	(refer	to	Fig.	E4.4).	ACI	318	permits	the	engineer	to	take	the	average	of	Fig.	E4.4—Two-way	shear.	the	effective	depth
in	the	two	orthogonal	directions	24.5	in.	+	23.5	in.	when	designing	the	footing.	d=	=	24	in.	2	bo	=	4(18	+	24)	=	1168	8	iin.	in	bo	=	4(c	+	d)	al	sshear	strength	rength	is	the	least	value	Two-way	nominal	of	(a),	(b),	and	(c)	(c):	(	(a)	vc	=	4λ	f	c′	vc	=	4(1	4(1.0)	⎛	4⎞	(b)	vc	=	⎜	2	+	⎟	λ	f	c′	β⎠	⎝	4⎞	⎛	vc	=	⎜	2	+	⎟	(1.0)	⎝	1⎠	)	4000	000	psi	=	253	psi	(	Controls	)
4000	psi	=	379.5	psi	ZKHUHȕLVUDWLRRIWKHORQJVLGHWRVKRUWVLGHRI	FROXPQȕ		(	)	⎛α	d	⎞	(c)	vc	=	⎜	s	+	2⎟	λ	f	c′	⎝	bo	⎠	⎛	(40)(24.5	in.)	⎞	vc	=	⎜	+	2⎟	(1.0)	⎝	166	in.	⎠	22.6.5.3	Įs	=	40,	considered	interior	column	Equation	(a)	controls;	(a)	<	(b)	<	(c);	vc	=	253	psi	22.6.5.2(a)	Vc	=	4λ	f	c′bo	d	Vc	=	21.2.1(b)	Use	a	shear	strength	reduction	factor	of
0.75:	�			φVc	=	(0.75)4λ	f	c′bo	d	�Vc	=	0.75(1008	kip)	=	756	kip	Vu	=	qu((Ɛ)(B)	–	(c	+	d)2)	8.5.1.1	Check	if	design	strength	exceeds	required	strength:	�Vc•Vu?	4000	psi	=	500	psi	(253	psi)(166	in.)(24	in.)	=	1008	kip	1000	lb/kip	2	⎡	⎛	18	in.	+	24	in.⎞	⎤	Vu	=	(9.4	ksf)	⎢(5.5	ft)(10	ft)	−	⎜	⎥	⎝	12	in./ft	⎟⎠	⎥⎦	⎢⎣	=	402	kip	�Vc	=	756	kip	>	Vu	=	402	kip	OK	Two-
way	shear	strength	is	adequate.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Foundationss	8.4.2.3.4	22.6.5.1	22.6.5.2	460	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Calculate	the	service-level	soil	pressure:	B	=	5.5	ft,	L	=	10	ft,	h	=	28	in.	Weight	of	displaced	soil	by	the	footing.	Weight	of	soil	above
footing:	The	footing	weight	is	added	to	the	dead	load:	Wftg	IW	IW	LQ	NFIíNFI	=	3.85	kip,	say,	4	kip	⎛	36	in.	−	15	in.⎞	(5.5	ft)(10	ft)(0.120	kip/ft	3	)	Wsoil	=	⎜	⎝	12	in./ft	⎟⎠	=	4.4	kip	D*	=	200	kip	+	4	kip	+	4.4	kip	=	208.4	kip	D	*	+	L	+	W	208.4	kip	+	100	kip	+	105	kip	=	=	7.5	ksf	Atotal	55	ft	2	Allowable	soil	pressure:	qall	=	8	ksf	American	Concrete
Institute	–	Copyrighted	©	Material	–	www.concrete.org	OK	CHAPTER	11—FOUNDATIONS	461	Step	7:	Flexure	design	/RQJGLUHFWLRQ	13.2.7.1	The	long	direction	in	the	rectangular	footing	will	generate	larger	moments	because	of	the	longer	moment	arm.	The	critical	section	is	permitted	to	be	at	the	face	of	the	column	(refer	to	Fig.	E4.5).	Fig.	E4.5—
Flexure	in	the	long	direction.	2	⎛	A	−	c⎞	M	u	=	qu	⎜	(	B)/2	⎝	2	⎟⎠	18	in.	⎞	⎛	10	ft	−	⎜	12	in./ft	⎟	(5.5	ft)/2	=	467	ft-kip	M	u	=	(9.4	ksf)	⎜	⎟	2	⎜	⎟	⎝	⎠	Set	the	concrete	compression	strength	equal	to	the	steel	tension	strength:	C	=	T	a=	22.2.2.4	22.2.2.4.3	C	=	0.85fcƍba	and	T	=	Asfy	and	fcƍ	SVL	ȕ1	=	0.85	7.5.2.1	22.3.1.1	a⎞	⎛	φM	n	=	φAs	f	y	⎜	d	−	⎟	⎝	2⎠
22.2.2.4.1	As	f	y	0.85	f	c′b	=	0.28	As	Substitute	0.28A	As	ffor	a	in	the	equation	above.	ove.	21.2.1(a)	8VHÀH[XUDOVWUHQJWKUHGXFWLRQIDFWRUIURP7DEOH	8.5.1.1 �							 (a)	6HWWLQJ�Mn•Mu	and	solving	for	As,	where	Mu	=	467	ft-kip	(0.28)As	⎞	⎛	0.9(467	ft-kip)	=	(0.9)	As	(60	ksi)	⎜	24	in.	−	⎝	2	⎟⎠	8.6.1.1	Check	the	minimum	area:	As,min	=
0.0018Ag	As•LQ2	As,min	=	0.0018(5.5	ft)(12	in./ft)(24.5	in.)	=	2.9	in.2	<	As,req’d	=	3.96	in.2	OK	Use	nine	No.	6	bars	distributed	uniformly	across	the	width	of	footing.	13.3.3.3(a)	21.2.1(a)	21.2.2	22.2.2.4.1	22.2.2.4.3	Reinforcement	in	the	longitudinal	direction	is	uniformly	distributed.	Check	if	the	section	is	tension	controlled	and	the	XVHRI�	
LVFRUUHFW	To	answer	the	question,	the	tensile	strain	in	reinforcement	is	calculated	and	compared	to	the	values	in	Table	21.2.2.	The	strain	in	reinforcement	is	calculated	from	similar	triangles	(refer	to	Fig.	E4.6):	ε	=	(d	−	c)	where	c	=	aȕ1	and	a	=	0.28As	c=	0.28(8)(0.6	in.2	)	=	1.58	in.	0.85	εt	=	0.003	(24.5	in.	−	1.58	in.)	=	0.044	1.58	in.	İt	=	0.044
>	0.005	$VDVVXPHGVHFWLRQLVWHQVLRQFRQWUROOHGDQG�			American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Foundationss	2	462	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Fig.	E4.6—Strain	distribution	across	footing	section.	American	Concrete	Institute	–	Copyrighted	©	Material	–
www.concrete.org	CHAPTER	11—FOUNDATIONS	463	Short	direction	Calculate	moment	in	the	short	direction,	at	the	column	face.	Note:	the	effective	depth	is	less	than	that	calculated	for	the	long	direction:	d	=	23.5	in.	Fig.	E4.7—Flexure	in	the	short	direction.	2	13.2.7.1	⎛	b	−	c⎞	M	u	=	qu	⎜	(A)/2	⎝	2	⎟⎠	18	in.	⎞	⎛	5.5	ft	−	⎜	12	in./ft	⎟	(10	ft)/2	=	188	ft-kip
M	u	=	(9.4	ksf)	⎜	⎟	2	⎜	⎟	⎝	⎠	22.2.2.4.1	Set	compression	force	equal	to	tension	force	at	the	column	face:	C=T	C	=	0.85fcƍba	and	T	=	Asfy	a=	22.2.2.4.3	fcƍ	SVL	ȕ1	=	0.85	7.5.2.1	a⎞	⎛	φM	n	=	φAs	f	y	⎜	d	−	⎟	⎝	2⎠	22.3.1.1	Substitute	0.147A	7	s	for	a	7A	21.2.1(a)	QJ	XFWLRQIDFWRUIURP	DEOH
8VHÀH[XUDOVWUHQJWKUHGXFWLRQIDFWRUIURP7DEOH		8.5.1.1 �							 (a)	and	solving	lving	for	As:	6HWWLQJ�Mn	=	Mu	an	0.147As	⎞	⎛	188	ft	−	kip	=	(0.9)	As	((60	ksi)	⎜	24.0	in.	−	⎝	2	⎟⎠	22.2.2.4	As	f	y	0.85	f	c'b	=	0.147	As	As	=	1.75	75	in.2	8.6.1.1	13.3.3.3(b)	Check	minimum	reinforcement	area:	As,min	=	0.0018Ag	As,min	=	0.0018(10	ft)(12	in./ft)
(28	in)	=	6.0	in.2	>	As,req’d	=	1.75	in.2	Use	minimum	required	reinforcement:	As	=	6.0	in.2	In	the	short	direction,	a	portion	of	the	reinforcePHQWȖsAs)	is	distributed	within	a	band	width	centered	on	the	column.	γs	=	2	β	+1	γs	=	The	band	width	is	equal	to	the	length	of	the	short	side	(5.5	ft).	7KHUHPDLQLQJUHLQIRUFHPHQW±Ȗs)As	is	distributed
equally	on	both	sides	outside	the	band	width.	The	remaining	area	of	reinforcement	must	be	at	least	the	minimum	reinforcement	with	the	bars	spacing	not	exceeding	the	smaller	of	3h	or	18	in.	2	=	0.71	10	ft	+1	5.5	ft	Reinforcement	area	in	5.5	ft	band	width	=	(6.0	in.2)(0.71)	=	4.26	in.2	Use	ten	No.	6	bars	distributed	uniformly	across	the	5.5	ft	band
width	Reinforcement	area	outside	the	central	band	=	(6.0	in.2)	–	10(0.44	in.2)	=	1.6	in.2	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Foundationss	2	464	7.6.1.1	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	The	area	of	reinforcement	outside	the	band	width
PXVWKRZHYHUVDWLVI\DWOHDVWWKHPLQLPXPÀH[ural	reinforcement:	As,min	=	0.0018Ag	As,min	IWíIW	LQIW	LQ	=	1.36	in.2	>	As,req’d	=	1.6	in.2/2	=	0.8	in.2	Use	three	No.	6	bars	each	side	distributed	uniformly	outside	the	band	width.	As,min	=	1.32	in.2§As,min	=	1.36	in.2	OK	Step	8:	Column-to-footing	connection	16.3.1.1
9HUWLFDOIDFWRUHGFROXPQIRUFHVDUHWUDQVIHUUHGWR	the	footing	by	bearing	on	concrete	and	the	reinforcement,	usually	dowels.	22.8.3.2	The	footing	is	wider	on	all	sides	than	the	loaded	area.	Therefore,	the	nominal	bearing	strength,	Bn,	is	the	lesser	of	the	two	equations.	22.8.3.2(a)	Bn	=	(0.85	f	c′A1	)	22.8.3.2(b)	and	Bn	=	2(0.85fcƍ$1)
Check	if	A2	A1	A2	A1	≤	2.00	w	where	A2	[(5.5	ft)(12	in.	in	in./ft)]2	=	3.6	>	2	=	A1	(18	in.)	2	Therefore,	T	refo	Eq.	(22.8.3.2(	(22.8.3.2(b))	controls.	umn	and	A2	is	th	the	area	of	the	A1	is	the	area	off	tthe	column	geo	ically	similar	to	and	nd	concenco	footing	that	is	geometrically	um	tric	with	the	column.	21.2.1(d)	The	reduction	factor	for	bearing	is	0.65:
16.3.4.1	Provide	minimum	dowel	area	of	0.005Ag	and	at	least	four	bars.	This	requirement	is	to	ensure	ductile	behavior	between	the	column	and	footing.	As,dowel	=	0.005(18	in.)2	=	1.62	in.2	Use	four	No.	6	bars	in	each	corner	of	column.	Bars	are	in	compression	for	all	load	combinations.	Therefore,	the	bars	must	extend	into	the	footing	a	compression
development	length,	Ɛdc,	the	larger	of	the	two	and	at	least	8	in.:	16.3.5.4	25.4.9.2	25.3.1	A	dc	⎧	fyψr	db	⎪	=	⎨	50λ	f	c′	⎪(0.0003	f	ψ	d	)	y	r	b	⎩	�bearing	=	0.65	(0.65)(2)(0.85)(4000	psi)(18	in.)2	�Bn	=	(0.65)(2	�Bn	=	1432	1	kip	>	515	kip	(Step	4)	OK	A	dc	=	(60,000	psi)	50	4000	psi	(0.75	in.)	=	14.2	in.	Controls	Ɛdc	=	(0.0003	in.2/lb)(60,000	psi)(0.75	in.)
=	13.5	in.	Ɛdc	=	14.2	in.	(controls)	>	8	in.	OK	The	footing	depth	h	must	satisfy	the	following	inequality	so	that	the	vertical	reinforcement	can	be	developed:	h•Ɛdc	+	r	+	db,dwl	+	2db,bars	+	3	in.	where	r	=	radius	of	No.	6	bent	=	6db	hreq’d	=	14.2	in.	+	6(0.75	in.)	+	0.75	in.	+	2(0.75	in.)	+	3	in.	=	23.95	in.	hreq’d	=	23.95	in.	<	hprov.	=	28	in.	OK
American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	11—FOUNDATIONS	Assume	that	the	column	is	reinforced	with	four	No.8	bars.	25.5.5.4	25.4.9.1	25.4.9.2	As	mentioned	above,	bars	are	in	compression	for	all	load	cases.	Therefore,	the	compression	lap	splices	is	the	larger	of	the	two	conditions:	1.	The	development
length,	Ɛdc,	of	the	larger	bar	and	465	Compression	development	length	for	No.8	bars	is:	A	dc	=	60,000	psi	50	4000	psi	(1.0	in.)	=	19.0	in.	Controls	Ɛdc	=	(0.0003	in.2/lb)(60,000	psi)(1.0	in.)	=	18	in.	25.5.5.1	2.	The	compression	lap	splice	of	the	smaller	bar	Ɛsc	=	0.0005(60,000	psi)(0.75	in.)	=	22.5	in.	Use	Ɛsc	=	24	in.	>	12	in.	OK	Therefore	extend	No.6
bars	24	in.	into	the	column.	Step	9:	Footing	details	Development	length	13.2.8.3	Reinforcement	development	is	calculated	at	the	13.2.7.1	maximum	factored	moment	and	the	code	permits	13.2.8.1	the	critical	section	to	be	located	at	the	column	face.	Bars	must	extend	a	tension	development	length	beyond	the	critical	section.	25.4.2.4	25.4.2.1	⎛	3	60
60,000	60,,	psi	(1.0)(1.0)(1.0)	⎞	Ad	=	⎜	⎟	db	=	28.5db	2.5	0	(1	4000	(1.0)	0)	40	400	0	ps	ppsi	⎝	40	⎠	where	VLW	ȥt	=	1.0,	because	not	ot	m	more	ȥt	FDVWLQJSRVLWLRQȥ	sh	concrete	crete	below	hor	ontal	than	12	in.	of	fresh	horizontal	reinforcement	ȥe	FRDWLQJIDFWRUȥe	=	1.0,	because	bars	are	uncoated	ger	ȥs	EDUVL]HIDFWRUȥs	=	for	No.	6	and
larger	cb	=	spacing	or	cover	dimension	to	center	of	bar,	whichever	is	smaller	Ktr	=	transverse	reinforcement	index	Foundationss	25.4.2.3	⎛	⎞	⎜	3	f	y	ψt	ψeψ	s	⎟	Ad	=	⎜	⎟	db	⎜	40	λ	f	c′	c	+	K	tr	⎟	⎜⎝	db	⎟⎠	It	is	permitted	to	use	Ktr	=	0.	But	the	expression:	cb	+	K	tr	must	not	exceed	2.5.	db	No.	6:	cb	+	K	tr	3.44	in.	+	0	=	=	4.59	0.75	in.	db	use	maximum
value	of	2.5	The	development	length	must	be	the	greater	of	the	calculated	value	of	Eq.	(25.4.2.2)	and	12	in.	No.	6	bars:	28.5(0.75	in.)	=	22	in.	>	12	in.	7KHUHIRUH2.	Ɛd	in	the	long	direction:	Ɛd,prov.	=	((10	ft)(12	in./ft)	–	18	in.)/2	–	3	in.	Ɛd,prov.	=	48	in.	>	ld,req’d	=	22	in.	OK	use	straight	No.	6	bars	in	long	direction	Ɛd	in	the	short	direction:	No.	6:
Ɛd,prov.	=	((5.5	ft)(12	in./ft)	–	18	in.)/2	–	2	in.	Ɛd,prov.	LQ•ld,req’d	=	22	in.	OK	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	466	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	10:	Detailing	Fig.	E4.8—Footing	reinforcement	ent	ddetailing.	Square	footing	If	the	problem	was	solved	as	sq	square
footing,	then	in	Step	dimensions	would	have	been	selected:	tep	3,	the	following	follow	ng	ffooting	di	imension	i	7	ft	3	in.	x	7	ft	3	in.	)ROORZLQJWKHVDPHFDOFXODWLRQSURFHGXUHVKHDUVWUHQJWKLVVDWLV¿HGDQGPLQLPXPUHLQIRUFHPHQWUDWLRFRQWUROVWKHÀH[XUH	UR	H	VKHDU	VWUHQ	V	VDWLV¿HG	PLQ	P	UHLQIRUF
design	(10	No.6	each	direction).	Distribution	of	reinforcement	within	a	centrall	band	doe	does	not	apply	to	square	footings.	Development	lengths	and	dowel	calculations	are	not	affected.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	11—FOUNDATIONS	467	Foundation	Example	5:	Design	of	a	combined	footing
Design	and	detail	a	rectangular	combined	footing,	founded	on	stiff	soil,	supporting	two	building	columns,	oriented	as	shown	LQ)LJ(7KHERWWRPRIWKHIRRWLQJLVIWEHORZ¿QLVKHGJUDGH	The	columns	only	transmit	axial	force	and	neither	shear	nor	moment	is	transmitted	from	the	frame	above	into	the	footing.	The	soil	reaction	to	column	loads	is
assumed	to	be	uniform	across	the	footing	bearing	area.	Given:	Exterior	column	load—	Service	dead	load	D1	=	150	kip	Service	live	load	L1	=	100	kip	c1	x	c1	=	18	in.	x	18	in.	Material	properties—	Concrete	compressive	strength	fcƍ	=	4000	psi	Steel	yield	strength	fy	=	60,000	psi	1RUPDOZHLJKWFRQFUHWHȜ		Fig.	E5.1—Foundation	E5.1—Fo	plan.
Density	of	concrete	=	150	lb/ft3	Allowable	soil	bearing	pressure	qa	=	5000	psf	under	all	loads	ACI	318-14	Procedure	Calculation	cula	Step	1:	Foundation	type	13.1.1	7KLVIRRWLQJLVIWEHORZ¿QLVKHGJUDGH7KHUHIRUH		RZ¿QLVKHGJUDG	7KH	it	is	considered	a	shallow	footing.	ow	fo	Step	2:	Material	requirements	13.2.1.1	The	mixture	proportion
must	satisfy	the	durability	By	specifying	ying	that	tthe	concrete	mixture	shall	be	in	requirements	of	Chapter	19	and	structural	accordance	dance	with	ACI	301	and	providing	the	exposure	strength	requirements	(ACI	318-14).	The	designer	FODVVHV&KDSWHUUHTXLUHPHQWVDUHVDWLV¿HG	FODVVHV&K	determines	the	durability	classes.	Please
refer	Based	on	durability	and	strength	requirements,	and	to	Chapter	4	of	this	Handbook	for	an	in-depth	experience	with	local	mixtures,	the	compressive	discussion	of	the	categories	and	classes.	VWUHQJWKRIFRQFUHWHLVVSHFL¿HGDWGD\VWREHDW	least	4000	psi.	$&,LVDUHIHUHQFHVSHFL¿FDWLRQWKDWLVFRRUGLnated	with	ACI	318.	ACI
encourages	referencing	$&,LQWRMREVSHFL¿FDWLRQV	There	are	several	mixture	options	within	ACI	301,	such	as	admixtures	and	pozzolans,	which	the	designer	can	require,	permit,	or	review	if	suggested	by	the	contractor.	Example	1	of	this	chapter	provides	a	more	detailed	breakdown	on	determining	the	concrete	compressive	strength	and
exposure	categories	and	classes.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Foundationss	Interior	column	load—	Service	dead	load	D2	=	260	kip	Service	live	load	L2	=	160	kip	c2	x	c2	=	20	in.	x	20	in.	468	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	3:	Determine	footing	dimensions	Service
loads	13.1.1	To	calculate	the	footing	area,	assume	the	columns	13.3.1.1	are	supported	on	isolated	square	footings.	Divide	the	column	service	loads	by	the	allowable	soil	pressure.	Exterior	column:	Areq’d	=	(D1	+	L1)/qa	Interior	column:	Areq’d	=	(D2	+	L2)/qa	The	unit	weights	of	concrete	and	soil	are	150	pcf	and
				SFI		FORVH		7KHUHIRUH		IRRWLQJ	VHOI�ZHLJKW	ZLOO	EH		checked	later:	Areq’d	=	(100	kip	+	150	kip)/5	ksf	=	50	ft2	Use	7	ft	3	in.	x	7	ft	3in.	Areq’d	=	(260	kip	+	160	kip)/5	ksf	=	84	ft2	Use	9	ft	3	in.	x	9	ft	3in.	Because	the	column	is	in	close	proximity	to	the	property	line,	the	exterior	column	footing	cannot	be	concentric	with	the	column,	and	the	footing
needs	external	bracing	to	remain	stable.	This	can	be	supplied	by	a	moment	connection	between	the	exterior	and	the	interior	footing,	but	in	this	case,	the	two	footings	are	simply	combined.	13.2.6.2	ted	in	Step	5,	TwoThe	footing	thickness	is	calculated	way	shear	design.	on	of	tthe	resultant	of	the	two	Determine	the	location	ads	bby	taking	the	moments
about	service	column	loads	olumn.	the	center	of	the	ext	exterior	column.	xc	=	13.3.1.1	13.3.4.3	P1	x1	+	P2	x2	∑	Pi	xc	=	(2600	kip	+	160	1	kip)(10	ft)	=	6.3	ft	(150	kip	+	100	ki	kip)	(15	kip)	+	(260	kip	+	160	kip)	The	distance	of	the	resultant	from	the	property	line	is:	x	=	6.3	ft	+	1	ft	=	77.3	ft	The	footing	length,	L,	is	taken	equal	to	2x	so	the	soil	pressure
can	be	assumed	as	uniform	under	the	two	column	loads:	2	(7.3	ft)	=	14.6	ft,	Distribution	of	bearing	pressure	under	combined	footing	must	be	consistent	with	the	soils	properties	and	structure.	The	footing	width	is	calculated	(refer	to	Fig.	E5.2):	B=	P	qa	L	B=	(150	kip	+	100	kip)	+	(260	kip	+	160	kip)	=	9.2	ft	(5	ksf	)(14.6	ft)	Use	9	ft	6	in.	x	15	ft	0	in.
American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Fig.	E5.2—Combined	footing	dimensions.	Step	4:	Design	forces	Calculate	soil	pressure	Factored	loads	13.3.4.3	Calculate	the	soil	press	pressures	resulting	from	the	13.2.6.1	uding	footin	applied	factored	loa	loads	including	footing	selfn.	thick	footing.	footing	weight.	Assumee	2
ft	6	in.	eig	Footing	self-weight:	469	(0.	kip/ft3)(15	)(1	fft)(	ft)(9.5	)(	ft)(2.5	ft)	=	53.5	kip	W	=	(0.15	Se	Not	ollows.	See	Note	that	follows.	bo	combined	mbined	footin	Soil	self-weight	above	footing:	(0	kip/ft	p/ft3)(15	ft)(9.5	ft)(2.5	ft)	=	42.8	kip	W	=	(0.12	Total	dead	load:	15	kip	+	260	kip	+	53.5	kip	+	42.8	kip	deadd	load	=	150	=	506.3	kip	Total	live	load:
live	load	=	100	kip	+	160	kip	=	260	kip	5.3.1a	/RDG&DVHU	=	1.4D	qu	=	1.4(506.3	kip)	=	47.3	kip/ft	(15	ft)	5.3.1b	/RDG&DVHU	=	1.2D	+	1.6L	qu	=	1.2(506.3	kip)	+	1.6(260	kip)	=	68.2	kip/ft	(15	ft)	13.2.6.1	13.3.4.3	Controls	Distributed	soil	pressure	per	square	area	below	combined	footing	(refer	to	Fig.	E5.3):	qu	=	1024	kip	=	7.2	kip/ft	2	(15	ft)(9.5
ft)	Note:	This	is	a	conservative	approach.	The	footing	concrete	displaces	soil.	Therefore,	the	actual	load	on	soil	is	the	difference	between	the	concrete	and	soil	unit	weights	multiplied	by	the	footing	volume.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Foundationss	CHAPTER	11—FOUNDATIONS	470	THE	REINFORCED
CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Fig.	E5.3—Shear	and	moment	di	diagrams.	ms.	nd	in	rior	column	faces,	re	Note:	–231	kip	and	295	kip	aree	sshear	forces	taken	at	th	thee	exte	exterior	and	interior	respectively.	159	ft-kip	and	111	P	QWWDNHQDWWKHH	HULRUFROXPQI	HDQ	LQWHULRUF
IWNLSDQGIWNLSDUHÀH[XUHPRPHQWWDNHQDWWKHH[WHULRUFROXPQIDFHDQGERWKLQWHULRUFROXPQIDFHV	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	11—FOUNDATIONS	471	Step	5:	Two-way	shear	design	13.3.4.1	Design	of	combined	footing	must	satisfy	the	requirements	of	Chapter	8	for
two-way	slab	of	ACI	318-14.	Check	footing	two-way	shear	strength	at	both	columns.	22.6.1.4	22.6.4.1	Shear	strength	reduction	factor:	Exterior	column	The	footing	critical	shear	perimeter,	bo,	at	the	y	exterior	column	is	three	sided.	From	the	free	body	diagram,	the	direct	shear	force,	Vug,	is	the	result	of	the	factored	column	force	less	the	factored	soil
pressure	force	within	the	critical	shear	perimeter	(refer	to	Fig.	E5.4	and	Fig.	E5.5).	Therefore,	Vug	=	Pu1	–	quA1	where	A1	=	(c2	+	d)((c1	+	d)/2	+	e)	d	LQíLQíLQ	LQ	�shear	=	0.75	Foundationss	21.2.1b	Fig.	E5.4—Determining	centroidal	axis	of	shear	perimeter.	⎛	18	in.	+	26.4	in.	⎞	A1	=	(18	in.	+	26.4	in.)	⎜	+	12	in.⎟	=	1518.5	in.2	⎝	⎠	2	Assume	No.	9
bars	and	e	=	1	ft	edge	distance	from	the	column	centerline	(refer	to	Fig.	E5.4)	5.3.1	Solving	for	Vug,	where	Pu1	=	1.2D1	+	1.6L1	Pu1	=	(1.2)(150	kip)	+	(1.6)(100	kip)	=	340	kip	Fu	=	quA1	Fu	=	Substituting	into:	Vug	=	Pu1	–	quA1	Vug	=	340	kip	–	76	kip	=	264	kip	(7.2	ksf)	(1518.5	in.2	)	=	76	kip	144	in.2	/ft	2	American	Concrete	Institute	–
Copyrighted	©	Material	–	www.concrete.org	472	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	The	Code	requires	the	footing	moment	at	the	critical	shear	centroid	is	transferred	into	the	column	by	GLUHFWÀH[XUHDQGE\HFFHQWULFLW\RIVKHDU	Calculate	the	centroid	axis	of	shear	perimeter	(refer	to	Fig.	E5.4	and	Fig.	E5.5):
where	x=	2(b1	)	2	/2	where	2b1	+	b2	c	d	and	+	2	2	b2	=	c	+	d	b1	=	e	+	x=	2(34.2	in.)	2	/	2	=	10.4	in.	2(34.2	in.)	+	44.4	in.	18	in.	26.4	in.	+	=	34.2	in.	2	2	b2	=	18	in.	+	26.4	in.	=	44.4	in.	=	12	in.	+	From	the	free	body	diagram	(refer	to	Fig.	E5.4	and	Fig.	E5.5),	summing	the	factored	column	load	and	soil	pressure	force	about	the	critical	section
centroid:	8.4.4.2.1	8.4.4.2.3	⎛b	⎞	M	u*	=	Pu1	(b1	−	e	−	x)	−	Fu	⎜	1	−	x⎟	⎝2	⎠	The	maximum	shear	stress	tress	du	due	to	direct	shear	and	nt	tra	shear	due	to	moment	transfer	is:	vu	=	Vug	Ac	+	⎛	34.2	in.	⎞	−	76	kip	⎜	−	10.4	in.⎟	⎝	2	⎠	Mu*	=	3503	3	03	in.-kip	in	kip	γ	v	M	u*c	(Eq.	q.	(R8.4.4.2.3))	Jc	Ac	=	bod;	is	the	area	ea	of	concrete	oncrete	within	the
critical	section	bo;	(refer	to	Fig.	E5.4	and	Fig.	E5.5).	8.4.4.2.3	M	u*	=	(340	kip)(34.2	in.	−	12	in.	−	10.4	in.)	2(34.2	in.))(26.4	in.)	=	2978	in.2	Ac	=	(44.4	in.	+	2(34	The	shear	perimeter	moment	of	inertia	Jc	is:	2	⎡	d3	2	b3	⎛b	⎞	⎤	J	c	=	2	⎢b1	+	d	1	+	(b1d	)	⎜	1	−	x⎟	⎥	+	b2	d	x	⎝	⎠	12	2	⎥⎦	⎣	12	⎡	(26.4	in.)3	(34.2	in.)3	J	c	=	2	⎢(34.2	in.)	+	26.4	in.	12	12	⎣	2	⎛	34.2
in.	⎞	⎤	+	(34.2	in.)(26.4	in.)	⎜	−	10.4	in.⎟	⎥	⎝	2	⎠	⎥⎦	+	(44.4	in.)(26.4	in.)(10.4	in.)	2	=	488,727	in.4	8.4.2.3.2	7KHSRUWLRQRIWKHPRPHQWLVWUDQVIHUUHGE\ÀH[XUH	LVȖfMu*ZKHUHȖf	is:	γf	=	8.4.4.2.2	1	2	b1	1+	3	b2	7KHPRPHQWIUDFWLRQWUDQVIHUUHGE\VKHDUȖvMu*,	ZKHUHȖv	is:	Ȗv	±Ȗf	γf	=	1	2	34.2	in.	1+	3	44.4	in.	=	0.63	Ȗv	=	1	–
0.63	=	0.37	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	11—FOUNDATIONS	8.4.4.2.1	Solving	for	vu	from	Eq.	(R8.4.4.2.3)	above:	where	c	=	b1	−	x	c	=	34.2	in.	–	10.4	in.	=	23.8	in.	22.6.5.1	22.6.5.2	473	264	kip	(0.37)(3503	in.	−	kip)(23.8	in.)	+	2978	in.2	488,	727	in.4	=	0.089	ksi	+	0.063	ksi	=	0.152	ksi	vu	=
7ZRZD\VKHDUVWUHQJWKHTXDWLRQVPXVWEHVDWLV¿HG	and	the	least	value	controls:	⎧⎛	α	s	d	⎞⎫	+	2⎟	⎪	⎪⎜	⎠⎪	⎪⎝	bo	⎪⎛	4	⎞	⎪⎪	⎪	vu	≤	φvc	=	φ	⎨⎜	2	+	⎟	⎬	λ	f	c′	β⎠	⎪	⎪⎝	⎪4	⎪	⎪	⎪	⎪⎩	⎪⎭	Įs	=	30,	edge	column	22.6.5.2	φvc	=	φ4λ	f	c′	21.2.1	Shear	strength	reduction	factor:	0.75	2+	4	4	=	2+	=	6	>	4	β	1	Therefore,	4	NG	NG	Controls	φvc	=	(0.75)(4)
(1)	4000	psi	=	190	psi	�vc	=	190	psi	>	vu	=	156	psi	OK	factore	stress	exceeds	the	footing	design	shear	The	factored	ress.	stress.	Foundationss	22.6.5.3	αsd	(30)(26.4	in.)	+2=	+2=9>4	bo	(2)(34.2	in.)	+	44.4	in.	Fig.	E5.5—Two-way	shear	at	the	exterior	column.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	474	8.4.4.1.1
THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Interior	column:	The	maximum	factored	shear	force	at	the	critical	section	is	equal	to	the	factored	column	load	less	the	factored	soil	pressure	within	the	critical	section	(refer	to	Fig.	E5.6):	22.6.1.4	Vu	=	Pu2	–	qu(c2	+	d)(c2	+	d)	5.3.1	where	Pu2	=	1.2D2	+	1.6L2	Vu	=	(1.2)(260	kip)	+
(1.6)(160	kip)	−	(7.2	ksf)(20	in.	+	26.4	in.)(20	in.	+	26.4	in.)	(12	in./ft)	2	Vu	=	568	kip	–	107.6	kip	=	459.4	kip,	say,	460	kip	22.6.4.1	22.6.5.1	22.6.5.2	22.6.5.3	Critical	section,	bo:	Two-way	shear	is	the	least	of:	⎛	⎞	⎜	⎟	⎜4	⎟	⎜⎛	4⎞	⎟	vu	≤	φvc	=	φ	⎜	⎜	2	+	⎟	⎟	λ	f	c′	β⎠	⎟	⎜⎝	⎜	⎟	⎜	⎛	α	s	d	+	2⎞	⎟	⎟⎠	⎟⎠	⎜⎝	⎜⎝	b	o	8VHĮs	=	40	(interior	column)	.5.2(a))	contro	Shear
strength	Eq.	(22.6.5.2(a))	controls:	bo	=	(4)(20	in.	+	26.4	in.)	=	185.6	in.	Check	if	the	f	c′	factors	are	less	than	4.	4	is	used	if	the	other	factors	are	larger	than	4.	ȕ		!ZLWKȕ		Eq.	(22.6.5.2(b)	does	not	control.	Įsd/bo	+	2)	=	(40)(26.4	in.)/185.6	in.	=	5.7	>	4.	(22.6.5.	Eq.	(22.6.5.2(c))	does	not	control.	refore,	use	the	fa	cto	to	4.	Therefore,	factor	φvc	=	(0
(0.75)(4)(1.0)	)(1.0)	(	)	44000	psi	=	189.7	psi	φVc	=	((189.7	psi)(4)(20	i)(4)(20	iin.	+	26.4	in.)(26.4	in.)	=9	929.5	kip,	930	kip	ip,	say,	93	8.5.1.1	&KHFNLI�Vc	>	Vu	�V	Vc	=	930	k	kip	>>	Vu	=	460	kip	Fig.	E5.6—Two-way	shear	at	interior	column.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	OK	CHAPTER	11—
FOUNDATIONS	475	6WHS2QHZD\VKHDUGHVLJQ	2QHZD\VKHDUGHVLJQ	13.3.2.1	2QHZD\VKHDUVWUHQJWKLVFDOFXODWHGDWDGLVWDQFH	13.2.7.2	d	from	the	interior	column	face	(refer	to	Fig.	E5.7)	7.4.3.2	where	the	maximum	shear	force	is	permitted	to	be	calculated.	&KHFNLI�Vc	with	d	=	26.4	in.	exceeds	Vu	=	295	kip	(refer	to	Fig.
E5.3(a)).	7.4.1.1	7.4.3.2	Calculate	required	strength	from	column	factored	loads	less	soil	pressure	Vu”[email	protected]	–	qu(c2/2	+	d)	⎛	26.4	in.	⎞	Vu	=	295	kip	−	68.2	kip/ft	⎜	=	145	kip	⎝	12	in./ft	⎟⎠	Calculate	shear	strength	and	verify	that	it	exceeds	the	calculated	required	strength:	7.5.1.1	7.5.3.1	22.5.1.1	�Vn•Vu	Vn	=	Vc	+	Vs	7.5.3.1	22.5.5.1	21.2.1
Shear	strength	is	calculated	ed	from:	QG�			φVc	=	φ2	f	c′bw	d	DQG7.5.1.1 �			Vc	Check	if	Vu�V	Vs	=	0	(foundations	are	usually	sized	such	that	shear	reinforced	is	not	required).	Therefore,	Vn	=	Vc	φVc	=	(0.75)(2)	(	)	40	4000	0	pps	psi	(9.5	ft)(12	in./ft)(26.4	in.)	=	2285.5	5	kip	Vu		NLSa�V	�V	Vc	=	285.5	kip/2	=	143	kip	Foundationss	refo	shearr	reinforc
Therefore,	reinforcement	is	not	required.	Fig.	E5.7—One-way	shear.	6XPPDU\7KHFRPELQHGIRRWLQJWKLFNQHVVRILQVDWLV¿HVERWKRQHZD\DQGWZRZD\VKHDUUHLQIRUFHPHQW	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	476	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	7:
Flexure	design	&DOFXODWHWKHÀH[XUDOUHLQIRUFHPHQWLQWKH	FRPELQHGIRRWLQJ	/RQJLWXGLQDOGLUHFWLRQ	1RWHWKDWÀH[XUDOWHQVLRQRFFXUVDWWKHWRSRIWKH	IRRWLQJEHWZHHQWKHWZRFROXPQVDQGDWWKHERWWRP	RIWKHIRRWLQJDWERWKLQWHULRUDQGH[WHULRUFROXPQV	)LJ(E	
7RSUHLQIRUFHPHQWEHWZHHQFROXPQV	$WWKHVHFWLRQRIPD[LPXPPRPHQWVHWWKHLQWHUQDO	FRPSUHVVLRQIRUFHHTXDOWRLQWHUQDOWHQVLRQIRUFHWR	FDOFXODWHWKHUHLQIRUFHPHQWDUHD	22.2.2.4	C=T	22.2.2.4.1	22.2.3.1	0.85fcƍ	ba	=	Asfy	22.3.1.1	SVL	IW	LQIW	a	=	AsSVL	a	=	0.155As
)URPPRPHQWGLDJUDP)LJ(E	Mu”�Mn	�Asfy(d	–	a	Mu	IWNLS	21.2.1a	XFWLRQIDFWRUIURP7DEOH	8VHÀH[XUDOVWUHQJWKUHGXFWLRQIDFWRUIURP7DEOH	21.2.1	9.5.1.1a	MuDQ	DQGVXEVWLWXWHIRUaLQWKHHTXDWXWH	HTXD	6HWWLQJ�Mn•M	WLRQDERYH	⎛	in.-kip	0.155	As	⎞	in.	kip	p⎞	⎛	IWNLS	IWN	⎜		≥		As	NVL	⎜	LQ	−	⎝	IW	NLS	⎟⎠	
⎟⎠	⎝	IWNLS	As•LQ	•	2	6ROYHIRUAs	9.6.1.2	�			&KHFNLIWKHPLQLPXPUHLQIRUFHPHQWDUHDFRQWUROV	PX	LQIRUFHPHQWD	FRQWUROV	As		min	=	As		min	=	3	f	c′	D	As		mi	min	=	3	40	4000	psi	(IW	)(LQIW	)	(LQ	=	LQ2	SVL	200	bd	E	fy	As		min	=	200	(IW	)(LQIW	)	(LQ		LQ2	SVL	fy	bd	As,min	=	10.0	in.2	>	As,req’d	=	4.9	in.2	(TE
FRQWUROVEHFDXVHFRQFUHWHFRPSUHVVLYHVWUHQJWKfcƍLVOHVVWKDQSVL	7KHUHIRUHPLQLPXPUHLQIRUFHPHQWFRQWUROV	8VH1RWRSFRQWLQXRXVDQGHYHQO\GLVWULEXWHG	RYHUWKHZLGWKRIWKHIRRWLQJ	As,prov.		LQ2		LQ2	22.2.2.4.1	22.2.2.4.3	1⎞	⎛	&KHFNLIVHFWLRQLVWHQVLRQFRQWUROOHGDQGWKHXVHRI
a	=	⎜		⎟	LQ2	=	LQ2	⎝	⎠	in.	�		LVFRUUHFW	21.2.2	c=	a	β1	c=	1.55	in.	=	1.82	in.	0.85	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	11—FOUNDATIONS	477	Calculate	the	strain	in	the	tension	reinforcement	and	compare	to	the	minimum	strain	required	for	tension-controlled	section:	⎛	d	−	c⎞	ε	t	=	0.003	⎜	⎝	c	⎟⎠	⎛
26.4	in.	−	1.82	in.⎞	ε	t	=	0.003	⎜	⎟⎠	=	0.0405	>	0.005	⎝	1.82	in.	Place	bars	such	that	the	spacing	between	them	does	Therefore,	section	is	tension	controlled.	not	exceed	3h	or	18	in.	Use	No.9	at	12	in.	on	center	<	3h	=	90	in.	and	18	in.	3ODFH¿UVWEDUSODFHGDWLQIURPWKHHGJH	Foundationss	7.7.2.3	American	Concrete	Institute	–	Copyrighted	©
Material	–	www.concrete.org	478	13.2.7.1	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Reinforcement	at	interior	column	The	moment	is	taken	at	the	interior	face	of	the	interior	column:	Mu	=	216	ft-kip	(Fig.	E5.3(b))	22.2.2.4	At	the	section	of	maximum	moment,	set	the	internal	compression	force	equal	to	internal	tension	force	to
calculate	the	reinforcement	area:	22.2.2.4.1	C=T	22.2.3.1	0.85fcƍ	ba	=	Asfy	22.3.1.1	22.2.2.1	22.2.2.2	21.2.1a	�Mn	�fyAs	(d	–	a/2)	Substitute	for	a	in	the	equation	above.	8VHÀH[XUDOVWUHQJWKUHGXFWLRQIDFWRUIURP7DEOH	21.2.1:	9.5.1.1 �							 a	6HWWLQJ�Mn•Mu	and	solving	0.155	As	⎞	⎛	(216	ft-kip)(12	in./ft)	≥	0.9(60	ksi)	As	⎜	26.4	in.	−	⎝	2	⎟⎠
Solve	for	As	As•LQ	•	LQ	2	This	is	less	than	n	th	the	minimum	mum	reinforc	reinforcement	ent	area	ve.	calculated	above.	Therefore,	refo	use	As,min	=	110.0	in.2	>	As,req,d	=	1.83	in.2	9.6.1.2	0.85(4000	psi)(9.5	ft)(12	in./ft)a	=	As60,000	psi	a	=	0.155As	Use	ten	No.	9	continuous	ontinuou	bottom	bars	evenly	di	ribu	overr	the	widt	distributed	width	of	the
footing.	1.0	in.2)	=	10	in.2	As	=	(10)(1.0	1⎞	⎛	a	=	⎜	0.	00.155	155	⎟	(10	in.2	)	=	1.55	in.2	115	⎝	in.⎠	Check	if	section	is	tension	controlled	and	the	use	of	�		LVFRUUHFW	22.2.2.4.1	22.2.2.4.3	c=	a	β1	c=	1.55	in.	=	1.82	in.	0.85	Calculate	the	strain	in	the	tension	reinforcement	and	compare	to	the	minimum	strain	required	for	tension-controlled	section:
21.2.2	⎛	d	−	c⎞	ε	t	=	0.003	⎜	⎝	c	⎟⎠	⎛	26.4	in.	−	1.82	in.⎞	ε	t	=	0.003	⎜	⎟⎠	=	0.0405	>	0.005	⎝	1.82	in.	Therefore,	section	is	tension	controlled.	Note:	The	calculated	factored	moment	at	the	exterior	column	face	(159	ft-kip)	and	the	exterior	moment	at	the	interior	column	(111	ft-kip)	is	smaller	than	the	calculated	factored	interior	moment	of	the	interior
column	face	(216	ft-kip).	Therefore,	minimum	reinforcement	area	controls.	Provide	10	No.	9	bottom	bars	over	full	length	of	combined	footing	and	spaced	at	12	in.	on	center	<	3h	=	90	in.	and	18	in.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	11—FOUNDATIONS	479	Transverse	reinforcement	In	a	combined
footing,	transverse	moment	distribution	may	be	addressed	similar	to	an	isolated	spread	footing.	A	strip	over	the	width	of	the	footing	is	considered	to	resist	the	column	load.	This	strip	is,	however,	not	independent	of	the	footing	itself.	Darwin	et	al.	(2015)	and	Fanella	(2011)	recommend	the	width	of	the	strip	to	be	half	the	effective	depth	(d/2)	on	either
side	of	the	footing	from	the	face	of	columns.	Calculate	d	to	the	center	of	the	second	layer.	d	=	30	in.	–	3	in.	–	1.128	in.	–	1.0	in.	=	25.37	in.,	say,	d	=	25.3	in.	w	=	20	in.	+	2(25.3	in./2)	=	45.3	in.	Interior	column	The	factored	column	load	distributed	over	the	width	of	the	footing	is	used	to	determine	the	transverse	bending	moment.	5.3.1	Factored
distributed	soil	reaction	is:	qu*,TI	=	13.2.7.1	1.2(260	kip)	+	1.6(160	kip)	=	59.8	kip/ft	9.5	ft	say,	6	60	kip/ft	Pu	,int	qu*,TI	=	B	The	factored	moment	at	the	column	face	is:	2	Mu	=	1	*	⎛	b	c⎞	qu	⎜	−	⎟	2	⎝	2	2⎠	;	Mu	=	1	(60	kip/ft)(3.92	60	ki	p/ft)(3	)(	92	ft)	2	=	460	ft-kip	2	where	Foundationss	b	c	9.5	ft	20	in.	−	=	−	=	3.92	ft	2	2	2	2(12	in./ft)	2	n./ft)	Refer	to
Fig.	E5.8.	8.5.1.1	Calculate	required	reinforcement:	�Mn	�fyAsjd•Mu	460	ft-kip	=	0.9As(60,000	psi)(0.9)(25.3	in.)	As	=	4.5	in.2	&RHI¿FLHQWRQd:	j	=	0.9	21.2.1	Flexural	strength	reduction	factor:	9.6.1.2	Check	if	the	minimum	reinforcement	area	controls:	As	,	min	=	200	bd	fy	�			As	,	min	=	200	(	45.3	in.)	(25.3	in.)	=	3.8	in.2	/ft	60,000	psi	Eq.	(9.6.1.2b)
controls	because	concrete	compressive	strength	fcƍis	less	than	4444	psi.	Required	reinforcement	is	greater	than	the	minimum	required.	Therefore	use	eight	No.	7	spaced	at	6	in.	on	center	and	placed	within	the	calculated	width	46.4	in.	Check	if	section	is	tension	controlled	and	the	use	of	As,prov	=	(8)(0.6	in.2)	=	4.8	in.2	>	As,req’d	=	4.5	in.2	�	
LVFRUUHFW	22.2.2.4.1	22.2.2.4.3	c=	a	β1	a=	(0.9)(60,000	psi)(4.8	in.2	)	=	1.68	in.	0.85(4000	psi)(45.3	in.)	c=	1.68	in.	=	1.98	in.	0.85	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	480	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Calculate	the	strain	in	the	tension	reinforcement	and	compare	to	the
minimum	strain	required	for	tension-controlled	section:	21.2.2	⎛	d	−	c⎞	ε	t	=	0.003	⎜	⎝	c	⎟⎠	⎛	26.4	in.	1.98	in.⎞	ε	=	0.003	⎜	⎟⎠	=	0.035	>	0.005	⎝	1.98	in.	Therefore,	section	is	tension	controlled.	Exterior	column	The	factored	column	load	distributed	over	the	width	of	the	footing	is	used	to	determine	the	transverse	bending	moment.	5.3.1	Factored
distributed	soil	reaction	is:	qu*,TI	=	13.2.7.1	d	=	25.3	in.	w	=	12	in.	+	18	in./2	+	25.3	in./2	=	33.7	in.	Pu	,int	B	qu*,TI	=	1.2(150	kip)	+	1.6(100	kip)	=	35.8	kip/ft	9.5	ft	Mu	=	1	(35.8	kip/ft)(4	ft)2	=	286	ft-kip	2	The	factored	moment	at	the	column	face	is:	Mu	=	1	*	⎛	b	c⎞	qu	⎜	−	⎟	2	⎝	2	2⎠	2	b	c	9.5	ft	18	in.	−	=	−	=	4	ft	2	2	2	2(12	in./ft)	Refer	to	Fig.	E5.8.
8.5.1.1	red	reinforcement:	orcement:	Calculate	required	�Mn•Mu	�fyAsjjd	d:	j	=	0.99	&RHI¿FLHQWRQd:	21.2.1	on	factor:	Flexural	strength	red	reduction	9.6.1.2	Check	if	the	minimum	reinforcement	area	controls:	286	ft-k	ft-kip	=	0.9A	As(60,00	(60,000	psi)(0.9)(25.3	in.)	As	=	2.8	in.2	�			As	,	min	=	200	bd	fy	As	,	min	=	200	(33.7	in.)	(25.3	in.)	=	2.8
in.2	/ft	60,000	psi	Minimum	reinforcement	is	equal	to	the	calculated	reTXLUHGUHLQIRUFHPHQW7KHUHIRUHXVH¿YH1RVSDFHG	at	10	in.	on	center.	As,prov	=	(5)(0.6	in.2)	=	3.0	in.2	>	As,req’d	=	2.8	in.2	Check	if	section	is	tension	controlled	and	the	use	of	�		LVFRUUHFW	a	β1	22.2.2.4.1	c=	22.2.2.4.3	Calculate	the	strain	in	the	tension
reinforcement	and	compare	to	the	minimum	strain	required	for	tension-controlled	section:	21.2.2	⎛	d	−	c⎞	ε	t	=	0.003	⎜	⎝	c	⎟⎠	a=	(0.9)(60,000	psi)(3.0	in.2	)	=	1.41	in.	0.85(4000	psi)(33.7	in.)	c=	1.41	in.	=	1.66	in.	0.85	⎛	25.3	in.	−	1.66	in.⎞	ε	t	=	0.003	⎜	⎟⎠	=	0.043	>	0.005	⎝	1.66	in.	Therefore,	section	is	tension	controlled.	American	Concrete	Institute	–
Copyrighted	©	Material	–	www.concrete.org	CHAPTER	11—FOUNDATIONS	For	sections	outside	the	effective	width	at	the	exterior	and	interior	columns,	provide	minimum	reinforcement	area.	As	,	min	=	481	200	(12	in.)	(25.3	in.)	=	1	in.2	/ft	60,000	psi	Use	No.	7	at	7	in.	on	center	<	3h	=	90	in.	or	18	in.	OK	Foundationss	Fig.	E5.8—Footing	width	at
columns	for	transverse	reinforcement	calculations.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	482	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	8:	Footing	details	Development	length	of	No.	9	top	bars	From	the	moment	diagram	in	Fig.	E5.3(b),	the
SRVLWLYHPRPHQWLQÀHFWLRQSRLQWVDWWKHH[WHULRUDQG	interior	columns	occur	at	0.12	ft	and	0.45	ft	from	the	respective	column	centerlines	(Fig.	E5.9).	Therefore,	extend	top	bars	to	the	edge	of	the	footing.	&KHFNLIWKHDYDLODEOHGLVWDQFHLVVXI¿FLHQWWR	develop	the	top	bars	at	midspan	in	tension.	The	development	length	for
No.	9	bar	is	calculated	XVLQJDVLPSOL¿HGHTXDWLRQDVDOORZHGE\$&,	code	rather	than	the	more	detailed	Eq.	(25.4.2.3a):	Fig.	E5.9—Longitudinal	reinforcement	of	combined	footing.	25.4.2.2	25.4.2.4	⎛	f	yψt	ψe	⎞	Ad	=	⎜	⎟	db	⎝	20λ	f	c′	⎠	where	on)	=	1.3	for	top	bars	because	ȥt	(casting	position)	d	below	more	than	12	in..	of	fresh	concrete	is	pla
placed	horizontal	bars	an	and	or	=	1.0	0	because	bars	aaree	unc	uncoated	ȥe	(coating	factor)	25.4.1.4	Check	if	25.4.2.1	Check	if	development	is	less	than	12	in.	les	than	an	100	psi	f	c′	is	less	⎛	(60,	000	psi)(1.3)(1.0)	⎞	Ad	=	⎜	⎟	db	=	61.7db	=	69.6	in.	(20)(1.0)	4000	psi	⎠	(20)(1	⎝	(2	Use	70	in.	i	=	5	ft	10	in.	4000	000	psi	=	63.2	psi	<	100	psi	Ɛd	=	69.6	in.	=
5.8	ft	>	12	in.	15	ft	–	5.35	ft	=	9.65	ft	>	5.8	ft	OK	OK	OK	Enough	distance	is	available	to	develop	No.	9	bars.	The	available	length	from	maximum	moment	at	midspan	to	the	interior	column	is	greater	than	the	calculated	development	length	(Refer	to	Fig.	E5.9):	The	available	length	from	maximum	moment	at	midspan	to	the	exterior	column	is	less	than
the	calculated	development	length,	Ɛd	=	5.8	ft.	25.4.3.1	Therefore,	a	hook	is	required	at	the	exterior	support	and	must	be	the	greater	of:	⎛	f	yψeψcψr	⎞	a.	A	dh	=	⎜	⎟	db	⎝	50λ	f	c′	⎠	b.	8db	c.	6	in.	where:	ȥe	(coating	factor)	=	1.0	because	bars	are	uncoated	ȥc	(cover)	=	0.7	for	No.9	bars	with	3	in.	side	cover	and	3	in.	cover	for	the	90-degree	hook
ȥrFRQ¿QHPHQW		EDUVDUHQRWFRQ¿QHG	⎛	(60,000	psi)(1.0)(0.7)(1.0)	⎞	A	dh	=	⎜	⎟	(1.128	in.)	50λ	4000	psi	⎝	⎠	Ɛdh	=	14.98	in.,	say,	15	in.	Controls	8(1.128	in.)	=	9	in.	6	in.	Therefore,	No.	9	top	straight	bars	can	be	placed	full	length	and	will	be	developed	at	the	point	of	maximum	moment	at	the	interior	column	and	90-degree	hook	at	the	exterior
column.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	11—FOUNDATIONS	483	Development	of	bottom	bars	/RQJLWXGLQDOEDUV1R	The	factored	moment	at	the	exterior	column	is	negligible,	2	ft-kip	at	face	of	column,	32	ft-kip	at	column	centerline	(refer	to	Fig.	E5.3(b)).	Calculate	the	development	length	at
the	interior	column	Mu	=	279	ft-kip	at	exterior	face	(Fig.	E5.3(b)):	25.4.2.4	25.4.2.1	⎛	f	yψt	ψe	⎞	Ad	=	⎜	⎟	db	⎝	20λ	f	c′	⎠	where	ȥt	FDVWLQJORFDWLRQȥt	=	1.0,	because	not	more	than	12	in.	of	fresh	concrete	is	placed	below	horizontal	reinforcement	ȥe	FRDWLQJIDFWRUȥe	=	1.0,	because	bars	are	uncoated	Check	if	development	is	less	than	12	in.	⎛
(60,	000	psi)(1.0)(1.0)	⎞	Ad	=	⎜	⎟	db	=	47.4db	⎝	(20)(1.0)	4000	psi	⎠	Bar	size	No.	9	No.	7	Ɛd,	in.	53.5	41.5	Use,	in.	54	42	Both	required	development	length	exceeds	12	in.	Therefore,	OK	Interior	column:	m	footing	edge,	which	Column	is	located	4	ft	from	ed	calcu	is	less	than	the	required	calculated	development	length	of	54	in.	=	4	ft	6	in.	Therefore,
provide	a	om	No.	9	bars	at	the	interior	colhook	for	the	bottom	5	ft	–	11.	11.83	ft	=	3.17	ft	OK	Ɛdh	=	15	in.	<	15	rio	calculations	ulations	for	top	bars.	rs.	umn.	Refer	to	prior	ment	length	Eq.	(25.4.2.3a)	5.4.	d,	th	Note:	That	if	thee	more	detailed	develop	development	is	used,	then	adequate	distance	is	availng	to	bend	them	able	to	place	thee	N	No.	9	bars
without	hav	having	them.	Transverse	reinforcement:	or	nt:	ang	at	the	interior	int	col	From	Fig.	E5.8,	thee	overhang	column	is	3.92	ft	=	47	in.,	which	is	greater	than	the	required	calculated	development	length	=	42	in.	Therefore,	No.7	bars	are	placed	straight.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Foundationss
25.4.2.2	484	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Step	9:	Column-to-footing	connection	Interior	column	16.3.1.1	Factored	column	forces	are	transferred	to	the	footing	by	bearing	and	through	reinforcement,	usually	dowels.	22.8.3.2	The	footing	is	wider	on	all	sides	than	the	loaded	area.	Therefore,	the	nominal	bearing
strength,	Bn,	is	the	smaller	of	the	two	equations.	(a)	Bn	=	(0.85	f	c′A1	)	A2	A1	and	(b)	Bn	=	2(0.85fcƍA1)	A1	is	the	bearing	area	of	the	column	and	A2	is	the	area	of	the	part	of	the	supporting	footing	that	is	geometrically	similar	to	and	concentric	with	the	loaded	area.	Center	of	column	is	located	3	ft	2	in.	from	the	end	of	footing	and	3	ft	11	in.	of	the
combined	footing	long	sides.	3.16	ft	//2	=	1.58	ft	=	19	in.	<	30	in.	footing	thickness	The	sides	of	the	pyramid	tapered	wedges	are	sloped	A2	=	[2(10	in.	+	(3.16	ft)(12	in./ft))]2	=	9063	in.2	ntal.	1	vertical	to	2	horizontal.	Check	if	A2	≤	22.0	where	ere	A1	A2	90633	in.2	4.7	>	2	=	=	4.76	A1	(20	in.)	n.)	2	T	refo	Eq.	(22.8.3.2	Therefore,	(22.8.3.2(b))	controls.
2(0.85fcƍ	A1)	Bn	=	2(0	21.2.1	The	bearing	strength	reduction	factor	is	0.65:	�bearing	ringg	=	0.65	�Bn	=	(0.65)(2)(0.85)(4000	psi)(20	in.)2	�Bn	=	1768	kip	>	1.2D	+	1.6L	=	600	kip	16.3.4.1	16.3.5.4	Column	factored	forces	are	transferred	to	the	footing	by	bearing	and	through	dowels.	The	minimum	dowel	area	is	0.005Ag	and	at	least	four	bars	across
the	interface	between	interior	column	and	combined	footing.	The	four	No.	7	dowels	must	be	developed	in	the	footing	depth.	As,dowel	=	0.005(20	in.)2	=	2.0	in.2	Use	one	No.	7	bar	in	each	corner	of	column.	As	=	(4)(0.6	in.2)	=	2.4	in.2	>	As,dowel	=	2.0	in.2	Bars	are	in	compression	for	all	load	combinations.	Therefore,	the	bars	must	extend	into	the
footing	at	least	a	compression	development	length	Ɛdc,	which	is	the	larger	of	the	following	two	expressions:	25.4.9.2	A	dc	⎧	fyψr	db	⎪	=	⎨	50λ	f	c′	⎪	⎩(0.0003	f	y	ψ	r	db	)	A	dc	=	(60,000	psi)(1.0)	(50)	4000	psi	(0.875	in.)	=	16.6	in.	Controls	Ɛdc	=	(0.0003)(60,000	psi)(0.875	in.)	=	15.75	in.	American	Concrete	Institute	–	Copyrighted	©	Material	–
www.concrete.org	CHAPTER	11—FOUNDATIONS	25.4.9.3	20.6.1.3.2	ȥr	FRQ¿QLQJUHLQIRUFHPHQWIDFWRU	ȥr	EHFDXVHUHLQIRUFHPHQWLVQRWFRQ¿QHG	The	footing	depth	must	satisfy	the	following	inequality:	h•Ɛdc	+	r	+	db,dwl	+	db,#7	+	db,#9	+	3	in.	485	hreq’d	=	16.6	in.	+	6(0.875	in.)	+	0.875	in.	+	0.875	in.	+	1.128	in.	+	3	in.	=
27.728	in.,	say,	28	in.	hreq’d	=	28.0	in.	<	hprov.	LQ2.	3	in.	cover	(refer	to	Fig.	E5.10)	Check	development	length	of	dowel	reinforcement	into	the	column.	The	length	of	dowels	in	the	column	is	the	greater	of	the	development	length	and	lap	splice	length.	Assume	that	the	column	is	reinforced	with	six	No.	8	bars.	db,dowel	<	db,column	Therefore,	the	lap
splicee	length	must	bbe	the	greater	of	a)	and	b):	er	of:	a.	No.	8	bars	is	the	larger	⎧	fyψr	db	⎪	Ɛsc	=	larger	of	⎨	50λ	f	c′	⎪0.0003	f	d	y	b	⎩	25.5.5.1	Fig.	E5	F	E5.10—Reinforcement	Reinforce	development	length.	(60,	000	psi)(1.0	psi)(1.0)	(50)(1.0)	4000	psi	(1.0	in.)	=	19.0	in.	0.0003(60,000	psi)(1.0	in.)	=	18.0	in.	where	ȥr
FRQ¿QLQJUHLQIRUFHPHQWIDFWRU	ȥr	=	1.0,	because	stirrup	spacing	is	greater	than	4	in.	(condition	3)	b.	The	compression	lap	splice	length	of	No.	7	is	the	larger	of:	⎧⎪0.0005	f	y	db	Ɛsc	=	larger	of	⎨	⎪⎩12	in.	0.0005(60,000	psi)(0.875	in.)	=	26.25	in.	12	in.	Use	27	in.	=	2	ft	3	in.	long	lap	splice.	American	Concrete	Institute	–	Copyrighted	©	Material
–	www.concrete.org	Foundationss	25.4.9.2	486	16.3.1.1	22.8.3.2	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK—SP-17(14)	Exterior	column	The	column	factored	forces	are	transferred	to	the	footing	by	bearing	and	through	dowels.	The	footing	is	wider	on	all	sides	than	the	loaded	area.	Therefore,	the	nominal	bearing	strength,	Bn,	is	the	smaller
of	the	following	two	equations.	(a)	Bn	=	(0.85	f	c′A1	)	A2	A1	and	(b)	Bn	=	2(0.85fcƍA1)	A1	is	the	bearing	area	of	the	column	and	A2	is	the	area	of	the	part	of	the	supporting	footing	that	is	geometrically	similar	to	and	concentric	with	the	loaded	area.	Center	of	column	is	located	1	ft-0	in.	from	the	end	of	footing	and	3	ft-11	in.	of	the	combined	footing	long
sides.	1	ft	/2	=	0.5	ft	=	6	in.	<	30	in.	footing	thickness	The	sides	of	the	pyramid	tapered	wedges	are	sloped	A2	=	[2(9	in.	+	3	in.)]2	=	576	in.2	1	vertical	to	2	horizontal.	Check	if	A2	≤	2.00	,	wh	where	A1	A2	=	A1	576	in.2	=	1.33	13	340	kip	�	The	four	No.6	dowels	must	be	developed	in	the	footing.	As,dowel	=	0.005(18	in.)2	=	1.62	in.2	The	bars	are	in
compression	for	all	load	combinations.	Therefore,	the	bars	must	extend	into	the	footing	a	compression	development	length	Ɛdc,	which	is	the	larger	of	the	two	following	expressions:	A	dc	⎧	fyψr	db	⎪	=	⎨	50λ	f	c′	⎪(0.0003	f	ψ	d	)	y	r	b	⎩	(0.65)(0.8	psi)(18	in.)	2	φBn	=	(0.65)(0.85)(4000	576	in.2	(18	in.)	2	OK	Use	one	No.	6	bars	in	each	corner	of	the
column.	As	=	(4)(0.44	in.2)	=	1.76	in.2	>	As,dowel	=	1.62	in.2	OK	A	dc	=	(60,000	psi)(1.0)	(50)	4000	psi	(0.75	in.)	=	14.2	in.	Controls	Ɛdc	=	0.0003(60,000	psi)(1.0)(0.75	in.)	=	13.5	in.	where	ȥr	FRQ¿QLQJUHLQIRUFHPHQWIDFWRU	ȥr	EHFDXVHUHLQIRUFHPHQWLVQRWFRQ¿QHG	The	footing	depth	h	must	satisfy	the	following	inequality:	h•Ɛdc	+	r
+	db,dwl	+	db,#7	+	db,#9	+	3	in.	20.6.1.3	hreq’d	=	14.2	in.	+	6(0.75	in.)	+	0.75	in.	+	0.875	in.	+	1.128	in.	+	3	in.	=	24.5	in.,	say,	25	in.	hreq’d	=	25	in.	<	hftg,prov.	=	30	in.	OK	3	in.	cover	(refer	to	Fig.	E5.10)	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	CHAPTER	11—FOUNDATIONS	487	Check	development	length	of
dowel	reinforcement	into	the	column.	The	length	of	dowels	in	the	column	is	the	greater	of	the	development	length	and	lap	splice	length.	Assume	that	the	column	is	reinforced	with	six	No.	8	bars.	db,dowel	<	db,column	25.4.9.2	Therefore,	the	lap	splice	length	must	be	at	least	equal	to	the	larger	of	(a)	and	(b):	(a)	For	column	bars,	at	least	the	larger	of:	A
dc	25.5.5.1	⎧	fyψr	db	⎪	=	⎨	50λ	f	c′	⎪(0.0003	f	ψ	d	)	y	r	b	⎩	(60,	000	psi)(1.0)	(50)(1.0)	4000	psi	(0.75	in.)	=	14.3	in.	Controls	0.0003(60,000	psi)(0.75	in.)	=	13.5	in.	where	ȥr	FRQ¿QLQJUHLQIRUFHPHQWIDFWRU	ȥr	EHFDXVHUHLQIRUFHPHQWLVQRWFRQ¿QHG	plice	length	of	dowel	(b)	The	compression	lap	splice	rger	of:	must	be	at	least	the	larger
0.0005(60,000	005(	00	psi)(0.75	in.)	=	22.5	in.	Controls	12	1	in.	n.	U	24	in.	long	lap	splic	Use	splice.	Step	10:	Details	Fig.	E5.11—Combined	footing	dimensions	and	reinforcement.	References	Darwin,	D.;	Dolan,	C.,	Nilson,	A.,	eds.,	2015,	Design	of	Concrete	Structures,	McGraw-Hill	Professional	Publishing,	15th	edition,	New	York,	786	pp.	Fanella,	D.,
ed.,	2011,	5HLQIRUFHG&RQFUHWH6WUXFWXUHV$QDO\VLVDQG'HVLJQ0F*UDZ+LOO3URIHVVLRQDO3XEOLVKLQJ¿UVW	edition,	New	York,	615	pp.	American	Concrete	Institute	–	Copyrighted	©	Material	–	www.concrete.org	Foundationss	⎧⎪0.00	0.0005	f	y	db	Ɛsc	=	larger	of	⎨	⎩⎪12	in.	488	THE	REINFORCED	CONCRETE	DESIGN	HANDBOOK
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