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Reference Codes for Concrete

* [BC 2012: Section 1613 and Chapter 19

* ASCE 7-2010: Excluding Chapter 14 and
Appendix 11A (IBC 1613.1)

 ACI 318-11 (with appropriate amendments
per IBC Section 1905)
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Applicable Load Combinations

* |IBC 2012, Section 1605.2
1.2D + 1.0W + f,L + 0.5(L, or Sor R) + 1.6H

1.2D + 1.0E + f,L + f,S + 1.6H

Moo=

3. 009D+1.0W + 1.6H f, = 0.5 or 1.0 for live loads
f, =0.20r0.7 f load
4. 0.9D + 1.0F + 1.6H B 1605 oA

* ASCE 7-10, 12.4.2:
— E=E,+0.25,;D UseinlC2
— E=E,-0.25,;D UseinlC4

— E,=pQ; (Qc=>Vor Fp)
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Lateral Forces on Walls

Seismic loads Wind loads

* Inertial and generated due to ground » Design demands based on
shaking and structure mass external load.

« Nonlinear behavior expected for most * Concrete design based on linear
moderate to high seismic events behavior—Chapters 1 through 18

+ Design load reduced by R of ACI 318

 Load path critical and defines design * No considerations of ductility
demands * Load path similar to seismic

« Concrete design based on ductility—

Chapters 1 through 18 and 21 of ACI coreemp.
o1 ﬁlﬁﬁ%ﬂ%/ ] e one

Per IBC 1604.10, Lateral systems shall meet (== ‘
seismic detailing requirements even when wind ez
load effects exceed seismic load effects. Hydrostatic loads—similar to wind

SE EXAM REVIEW COURSE — August 2017



Prerequisite Information

e Calculation wind design forces
e Seismic design category (SDC)

—SDC determined seismic risk level and sets
design and detailing requirements

e Seismic design forces

— Base shear (Equivalent Lateral Force
Procedure, ASCE 7, 12.8 or Simplified
Procedure ASCE 7, 12.14)

—Vertical distribution of base shear
—Redundancy factor, p (ASCE 7, 12.3.4.2)
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Reinforcement Development
and Splices
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Development Length in Tension

Development length is based on bar clear spacing, clear cover,
stirrup spacing et cetera. See Chapter 12.2.

Wy
/= xj;'/—"’ d &1, 212" (f,&[.inpsi) §12.2.2
"\ f c
& Viye need not exceed 1.7 & VS <100 psi §12.1.2
TOPBAR |
IF d.> 12" hOSPOI
where, yi = 1.0 for dc < 121n; 1.3 for d. >121n (1.e. top reinforcement)
Ve = 1.0 for uncoated reinforcement (§12.2.4 for coated reinforcement) de
A = 1.0 for normal weight concrete; 0.75 for all light weight concrete b o
Kk = based on clear spacing, cover, stirrup or tie extent over lapped bars (s) S C‘ A
etc.: ’

Case I - s¢ > dp; ¢ > dy; stirrups or ties over lap comply with code
minimum OR s, > 2dy, & ¢ > dp-
Kk = 1/25 for #6 and smaller bars; 1/20 for larger bars

Case II — Other conditions
K = 3/50 for #6 and smaller bars; 3/40 for larger bars See handout for hooked
bar development etc.
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Development Length for Joints of SMF

* Development length for standard hooked bar (ACI 318, 21.7.5.1)
_ f,d,

65 ./f.'
l,, =2 8db or 6in

(f, & ./ in psi)

Idh
(Note: For LW concrete use 25% longer)
* Development length for straight bars (ACI 318, 21.7.5.2)

Top bars: |, = 3.251,,
Other bars: |, = 2.51,,
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Lap Splices in Tension

e Tension lap splices (ACI 318, 12.15):
Class A lap length = 1.0(,
Class B lap length = 1.3, }
(; = development length (= 12in)

Use Class B lap splices
for seismic detailing

e Compression lap splices (ACI 318, 12.16):
For fy < 60Ksi laplength=0.0005f d, (f,In psi)
For fy, > 60ksi laplength = (0.0009f, —24)d, (fyIn psi)

But not less than 12in
Note: Column lap splices (ACl 12.17) => Use Class B splice in exam

Note: No splices in regions of plastic hinging
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Typical Hooks and Bends

Fdn Edn
2 B, & Bin > 2 By & Bin

ddy

4 . -
90" ni e ﬂzm'mm
g5 _@\ 180"
Ll [ - o U

TYPICAL HOOKS AND BENDS MIND = 60 FOR 83 TO 88

MIN D = Bd FOR #3 TO #11

oo .
135" 'MIND = 10d FOR #14 TO #18
- 9 PRINCIPAL REINFORCING
D
° [MIN D - 4d FOR #6 OR SMALLER |
8 ‘MIND=SAMEAEFHINGIF'ALREINF
te FOR LARGER BARS

TIE OR STIRRUPS

3]
:/J/‘:_/ff NOTES:
1. ALL BEMDS SHALL BE

MaAX. OFFSET BEND MADE COLD.
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Shear Walls
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Selection of Wall Type

WALL TYPE DESIGN REQUIREMENTS SDC
Ordinary RC shear walls ACl 318, Chapters 1-18 A B, C
Special RC shear walls ACl 318, Chapters 1-8 & All

Sections 21.1.3t0 21.1.7, 21.9
Ordinary precast shear ACl 318, Chapters 1-18 A, B
walls
Intermediate precast ACI 318, Chapters 1-18 & A, B, C
shear walls Section 21.4
Special precast shear All requirements for Special RC Walls & All
walls Section 21.10

Refer to ASCE 7, Table 12.2-1 for walls types, R and Q_, height
limitations, and so on

Also see IBC Section 1905 for all Modifications to ACI 318
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Reinforced Concrete Shear Walls

. Flexural reinforcement
N

N
\

T
|

AN

concrete and

reinforcement Boundary element

requirement

T/

2

Wall Type SDC Reinf Limits She.ar Axial and. Other
Design Flexure Design
Ordinary 14.3 14.2,14.3
shear wall A B, C 11.9.8,11.9.9 11.9 10.2, 10.3
. Boundary
Special ALL 21.9.2 21.9.4 21.9.5 elements
shear wall 10.2, 10.3 1.9.6
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Reinforcement Limits for Walls

ptmin = 0.0025 St pemin = 0.0025 (21.9.2.1 & 11.9.9.2)
(21.921&11.992)\ ~T TN L*"""“"”SV ptmin = MAX (0.0025 + 0.5(2.5-hu/Lu)(pt- 0.0025)
|
|

1(11.9.9.5) & 0.0025) (11.9.9.4)
T IF hwlLw < 2.0, pe> pt (21.9.4.3)
T TN
R R \/ IF BOUNDARY ELEMENTS NOT
Sz : REQD FOR SPECIAL WALLS
'(‘1' '1N§L5’§;3t”’ 18°) h IF BOUNDARY VERT COMP REINF > 400/fy
D \ 7 W (21.9.6.5):
AN P4 > = =
~— N4 o lo o }‘"
245 MIN——__| ]
TYP \ —_— N Z_ TRANS REINF PER
’ ‘ 21.6.4.2 &21.9.6.4(a)
N 8" MAX SPACING
NA 1 54
| 24 IF Vu> Axv Af (21.9.6.5):
—TMIN 'U' STIRRUPS OR
| 1 STD HOOKS

| Lw —e —o ¢
| e o ﬂ I"‘
IF tw > 10" => 2 CURTAINS OF REBAR (14.3.4)

IF Vu > 2Aw AJTc => 2 CURTAINS OF REBAR (21.9.2.2) 245 MIN (14.3.7)
IF Vu € Acv AfFe, pemin& ptmin CAN BE REDUCED PER 14.3 (21.9.2.1)
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Shear Design of Wall

10-0"

Two-story 12-in. thick special shear wall 66k

p=1.0,5,=1.0g,1=1.0,0,=6in. ]
f’. = 4000psi, f, = 60ksi &~
44k B
Gravity loads (includes wall weight): 5
D, = 20k, D, 4 = 20k; L, = 10k, L, 4 = 30k =

Seismic loads shown
For first floor wall:

Load combinations: Pu Vu Mu
1. (1.2+0.25,)D +1.0pQ; + 0.5L=> | 76k | 110k | 2,112k-ft
2. (0.9-0.25,)D + 1.0pQ; => | 28k | 110k | 2,112k-ft

@ N CS EA SE EXAM REVIEW COURSE — August 2017

National Council of Structural Engineers Associations



Shear Design of Wall

Reinforcement (ACI| 21.9.2):

Ao [ = (127x120"X/4000) = 91.0k A=1.0 for Normal

1000 Weight Concrete

Since V, > Agp/f. Provide Minimum Reinforcement => p. &
o= 0.0025

pt = 0.0025 => 0.0025 x 12" x 12" = 0.36in?/ft

Use #4 @ 12" o/c EF = 0.2in? x 2 = 0.4in%/ft  (pt = 0.00277)

Note: Check bar spacing versus max spacing requirements => OK
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Shear Design of Wall

Shear strength (§11.9.5, 11.9.9, and 21.9.4)

Ordinarv shear walls (§11.9.4, 11.9.5, 11.9.9)
N, = ¢Lzzf )(0.8L, )+ A”fy(o'&“”)] (§11.9.5 & 11-29)

Sy

where, 0.8L,, represents effective depth d and A, is horizontal reinforcement.

Special shear walls (§21.9.4)
N, = oA, (2 1]+ pf, ) = pA, @ A + 9AS, (21-7)
Where, A, = Concrete shear area, L, xt,.
¢ = 0.6 (if certain that flexure governs, ¢ =0.75). §9.3.2.3&9.34
= Horizontal shear reinforcement ratio
a, = Factor that varies linearly between h, /L, of 1.5and 2. §21.9.4.1
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Shear Design of Wall

O A

3.0
20 | N

Maximum permissible strength: 1.5 2.0

> by /L,

V. <10,/ f". A, Horizontal wall, individual piers §21.9.4.5
& coupling beams.

V, <8.f'. A, All piers shiaring common lateral load. §21.9.4.4
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Shear Design of Wall

Shear Capacity (ACI

21.9.4):

Wall h,/¢, = 24/10 = 2.

Ol — 20

OVa = 0.6(12” x 120”)

4>20

W, = b4 a2 JT. +pr.)

2(4000)°5 + 0.00277 x 60,000]/1000

¢Vh = 253.3k > 110k => OK

Use #4 @ 12"o/c Each Face of Wall
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’/\‘

* Also check: (1.2 + 0.25,)D + 1.0pQ; + 0.5L o

Flexural Design of Wall

* Axial load contributes towards flexural capacity
* Controlling load combo (typ): (0.9 —0.25,)D + 1.0pQ;

;— CG OF WEB BARS

PQE

ASSUMED TO YIELD h.

WALL (WEB) REINFORCEMENT
ASSUMED TO YIELD IN FLEXURE ¥

COMPRESS
EDGE

A

Y
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Flexural Design of Wall

* Assume all vertical wall (A,,) steel yields (the two final bars at
the compression edge could be neglected)

 Compute depth of compression block
A, f, +P,

SW 'y

0.85f1,

* Generally walls are tension controlled elements, (i.e., g, 2

0.005 at ¢, = 0.003 and per ACI 9.3.21 & 10.3.4) ¢ = 0.9 can
be assumed
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Flexural Design of Wall

M, \epin,= ¢[(A5‘*'f" )+ & ](x - %j

Where x = 1,/2 1f all the web steel 1s assumed to yield.

OM.,, vvep+py = M,, = Wall flexural capacity does not require boundary
reinforcement.

PM, \veb+pu < M,, => Boundary remforcement required.

Q‘iﬂfn bnd — -ﬂf{:{ - gﬁﬂffn web+Pu BOUNDARYﬁ (2 -#5 |\/||n)

REINF
Assume d’. oy
_ﬂi{ Bnd I:b ® é;l e
) _ non ® © o &
L':Ijbj}ﬂ? _ (L ’)dl) | d'_T_/
filL, =2 _d]

Note: Boundary element (i.e., edge confinement requirement is checked later)
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P,
l —
Tension o o o ® e o o ® o o0 Compression
Edge ®e® ©® o o o o o ® ® ®®  [Ldge
TI; bnd l '1"5 web C‘c T T C,S bad L— fziw —]
¥ (Ref 4)
Force A CorT X C*xor T*x
Component (C —ve, T +ve)
C13 bnd ‘4.5 bnd - ‘43 bnd,ﬁ' d’ (- ‘43 bndﬂ'j n? J
T, s web 44511' fisu-‘f;r -']:w’::r fAm,ﬂ} fLw} )
T.S‘ bnd fi.s bnd 443 b‘.ifﬂ?ﬁ' J{w —d’ (As Ema"ﬁ'j ﬁ—rf‘u' —d )
P i - P i) ; Lu’f} fP u} !( Lw:}j
'l(__.i.r - - (__.‘r regd See Note a’2 (- Cr rezq.:z’) (a/2)
T =M,

Note: 1. (_Tr regd f"'(—-IS bnd + T.s web + I-s bnd + PWJ
2. Check a = C./0.85f.t,,—> Depth of compression block.
3. ¢ = a/0.85 —= Depth to neutral axis.
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Flexural Design of Wall

Minimum Distributed Vertical Reinforcement in wall:

p,=0.0025 => 0.0025 x 12" x 12" = 0.36in°/ft

Use #4 Bars @ 12” o/c EF = 0.20in* x 2 = 0.4in?/ft

Also use 2-#5 trim bars at tension edge of wall

@ [ ] ® ® @ @ ® @ ® [ ] @
N v
———
18-#4

Aoy =2 x 0.31in% + 18 x 0.20in° = 4.22in?

a = {4.22in? x 60ksi + 28k} / 0.85(4ksi)(12") = 6.89
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Flexural Design of Wall

Quick check of capacity: ¢M, = 0.9 X A, X f, X (d — a/2)

Assumed =L,/ 2 = 60"
oM, = 0.9 x 4.22in? X 60ksi x (60" — 6.897/2)/12 = 1,074k-ft
This is less than M, = 2,112k-ft => Add boundary reinforcing

In lieu of 2-#5, Use 4-#8 at each boundary

oo @ o o ® © o © o | %o
(- -) e o ® o e © o ©® o |00
Nl v
YT Bars in
Bars in tension Comp

Ay, =4 x0.79in? + 18 x 0.20in? = 6.76in? (Tension bars only)

a = {6.76in2 x 60ksi + 28k} / 0.85(4ksi)(12”) = 10.6”

Depth to neutral axis, ¢ = a/0.85 = 12.5”
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Flexural Design of Wall

Check assumption of web reinforcement yield:

B 10'-Q" |
~ -
212-4\_ Ll +11"
Dl
L ITYP
‘-. F— e e M) e [ ® ee
ee e e = @ & = ® *9
| | 3.5
£s=0.00084 -~ || . =0003
gs = 0.0035 :,_.Hi*f-*‘-'"'. e es = 0.0024
) _fy 60 — 0.00206 . _112.5" + £e = 0.0018
SY T E T 29,000 | |

Where, & = maximum comp stress in concrete = 0.003

e, = strain in first vertical bars in tension zone
= (3.5/12.5) x 0.003 = 0.00084

First bars in tension are below yield. Similarly, for first bars in
compression.
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Flexural Design of Wall

Stressin 1%t Tension Bars = 0.00084 x 29,000ksi = 24 .4ksi
Stressin 1%t Comp. Bars = 0.0018 x 29,000ksi = 52.2ksi

Wall Flexural capacity:

Force As CorT X C*x or T*x
Component In? kips in Kip-ft
Csbnd 1.58 -82.5 5.0 -34.4
1.58 -94.8 2.5 -19.8
T's web 3.2 192.0 65.5 1048.0
0.4 9.76 16.0 13.01
Ts bnd 1.58 948 117.5 928.3
1.58 948 115.0 908.5
Py - 28 60.0 140.0
Ce - -242 1 53 -106.9
2,876.7

Net tensile strain in tension steel > 0.005, $=0.9 OK

oMn = 2,589k-ft > My Reinforcement Provided is OK

SE EXAM REVIEW COURSE — August 2017

r
nal Council of Structural Engineers Associa



Flexural Design of Wall

Boundary Element for Special Walls
Confinement of compressed edges of walls—two approaches in ACI 318

+ %L :
P
R 7 E J
— - RO
| }ﬁ M T
— —-'I — | |
Possible zone for critical } '
T T T T compressive strain |
T M C
—TT t vy
FlexurAL
YIELDING
| 5
Displacement-based design (Section Force-based design (Section 21.9.6.3)
21.9.6.2 - Apply all axial and lateral loads
* Maximum expected displacement, 3, « Compute maximum compressive stress
* Critical Section with axial loads & (axial + flexure)
flexural yielding « Applicable to all walls

* Typically applies to cantilevered walls
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Flexural Design of Wall

Displacement-Based Design (21.9.6.2)

Boundary elements shall be provided where
c 2¢(,/600(5,/h,) Egn 21-8, &
o,/h,, = 0.007

For §,/h,, = 0.007, the limit become c =2 0.24 (,.
Higher the §,, lower the threshold for a boundary element.

Neutral axis depth shall be calculated using the design
Load combination (especially factored axial load) that

produces the design displacement, o; Not less than |
Most likely: (1.2 + 0.2Sps)D + pQE + /1L larger of G, or |\ $ L b criti
e v, S| B

e"" l: Horz extent of

boundary element
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Flexural Design of Wall

Boundary Elements (ACI 21.9.6): Using Displacement-Based
Design:

Boundary element requirement dictated by largest depth of
neutral axis.

Use Load Combo: 1.2D + 1.0(pQe + 0.25psD) + fiL + 2S5

Using Py = 76K in the earlier table,
(-‘c" reqd — (-(-'.‘, bnd T ¥ web T ¥ bnd T Pu)

Then calculate, depth of compression block and depth to NA

a=CJ/0.85f tw ¢ =a/0.85

Forthe example: C.=290.1k a=7.11" ¢=8.37"
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Flexural Design of Wall

Special boundary elements are required where:

C = 4y / 600(3u/hu)

du/hw = 67/288” = 0.0208 = 0.007 OK (ACI 21.9.6.2)
¢w / 600(du/hw) = 1207/600(67/288") = 9.6"

c=8.37" <9.67 == Special Boundary Elems not reqd.

Check other requirements of ACI|l 21.9.6.5:

Reinforcement ratio at boundary,
p=Asd(axty) =4x0.79in?/ (7.5 x 12") = 0.035

400/fy = 400/60,000 = 0.007
Since p > 400/fy, provide confinement to the boundary reinf.

(21.6.4.2 & 21.9.6.4(a))
Provide #3 or #4 closed ties around the 4 end bars.
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Flexural Design of Wall

Since 1, > Acvﬂ\/f provide one of the following:

e Standard hooks at the ends of the horizontal bars, OR

e U-stirrups of the same size & spacing and spliced to the
horizontal bars.

#4 U-STIRRUPS —#3 OR #4
@ 12"olc TIES @ 8"olc
FOR 4-#6 END
‘ ’ BARS
® S ﬁ"H
& = ® e |
R 1 —
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Flexural Design of Wall

- &
ties not required < Aspe/Agpe = 400/f,
ordinary c
boundary element < b Aspe/Agpe > 400/f,
i
special i S I
boundary element T v
. \\\'\d - = max Mu cs
=12in. :
! il Hucs
2 lq for 1.25f, =
—
(or hook as req'd \I 1
_/ N boundary element
boundary element not near edge of footing
near edge of footing or other support

(Ref 4)
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Flexural Design of Wall
Force/Demand-Based Design (21.9.6.3):

More conservative approach.

Boundary elements shall be provided where the
compressive stress due to axial and flexural demands

exceeds 0.2f . L N
P
o Lj___ N2
Discontinue boundary element where compressive : Tu
stress LB AT
is less than 0.15f"_. } ) AP
d ;‘ﬁ c : ’ c
| TTm\L c.>0.2f
Stress calculated for factored loads from linear ‘—‘1
elastic analysis and gross section properties of wall | L
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Flexural Design of Wall

Does not apply to
example wall. Shown
for illustration
purposes only.

Using Force/Demand Based Design:

Area = 1,440in?, | =1,728,000in%, c = 60in

PJ/A + Myc/l => 933psi
933psi = 0.2f¢ (800psi) => Special Boundary Elems reqd.

Boundary element shall extend horizontally (ACI| 21.9.6.4):

c—0.14,=8.37"-0.1 x 120" => N.A.
Max {

c/2 =8.37"/12=4.18"

Boundary element extends to the 4-#8 each end of wall.

For detailing of Boundary elements see handouit.
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Flexural Design of Wall

F A

g < 0.15f;,
ties not required.
a < 0.15f/,

ﬂ‘lb,fﬂﬂ be = -iﬂﬂff},:
ardinary boundary

a = 0.2f"
— special boundary
element req'd.

develop for f, past opening,
||\ top and bottom

g = 0.2f element required.
[ Aspe/Agpe = 200/ f,: @ «F— See Note B Hw.
1 ordinary boundary a = 0.2

special boundary
element required.

element req’d.

Note: Requirement for special boundary elementis triggered if ¢ = 0.2f/.
Once triggered, the special boundary element extendsuntila < 0,15(/.

Slfa) N CS E A SE EXAM REVIEW COURSE — August 2017
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Other detailing considerations:

Shear Friction for
shear transfer. Use
all vertical web steel.
Add dowels if
required & develop
for fy

Design of Wall

§21.9.2.3 refers to Chapter 12
for bar development & splices

§21.9.2.3(c) Where
reinforcement will yield

— provide laps and development
A
o Lap Splice (12.15) based on 1.25f,

Class B Splice
. 1.3x48db = 62" For #8
1.3x38db = 25" For #4

fan = 19db (12.5)

—_——_—— e —
|
=

Scaled by 1.25 per 21.9.2.3
19" For #8
ST 10" For #4

INCSEA

National Council of Structural Engineers Associations

= \ )
\ Note: If footing is deep
12" for #8 enough, use straight bar
6" for #4 development
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Shear Friction

Shear Friction (11.6)

Applies where force is transferred across any shear plane (potential crack, concrete placed at

different times, and concrete-to-steel interface).

See ACI 318 11.6.5
forV

n max*

Assumed crack

V, = Ayf, 1 (11-25)

Vo= Ayt fy(usina+ cos a) (11-26)
Coefficient of
Contact surface condition friction uﬂ]

Concrete placed monolithically 145

Concrete placed against hardened concrete that

is clean, free of laitance, and intentionally rough- 1.0A

ened to a full amplitude of approximately 1/4 1n.

Concrete placed against hardened concrete that

1s clean, free of laitance, and not intentionally 0.6A

roughened

Concrete placed against as-rolled structural steel

that 1s clean, free of paint, and with shear trans- 0.7

ferred across the contact surface by headed studs
or by welded deformed bars or wires.

NCSEA

National Council of Structural Engineers Associations

and shear plane

kApplied shear
&

. Shear friction
reinforcement, A, ¢

Typical applications:

* Wall-to-foundation (Also see ACI 318 11.6.7)
* Slab-to-wall

* Collector-slab or collector-to-wall/frame
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Moment-Resisting Frames

N CS EA SE EXAM REVIEW COURSE — August 2017

National Council of Structural Engineers Associations



Selection of Frame Type

FRAME TYPE DESIGN REQUIREMENTS SDC
Ordinary MF ACI 318, Chapters 1-18 & A, B
Section 21.2
Intermediate MF ACI 318, Chapters 1-18 & A, B, C
Section 21.3
Special MF ACIl 318, Chapters 1-18 & ALL

Section 21-5to 21-8

Refer to ASCE 7, Table 12.2-1 for frame types, R and Q) ,

height limitations, and so on.

uncil of Structural Engineers Associations

National Col
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Moment Frames

Moment frames resist lateral forces by virtue of rigid joints

- [ ]

Beams and columns at the joint = A
are subjected to moments and

— ] ]
-

shears

Goal: Limit damage to frame by appropriate detailing of members
and joints
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Moment Frames

Demands on frames:

GRAVITY LOADS LATERAL LOADS

Combine with applicable load combinations for design

é@ N CS EA SE EXAM REVIEW COURSE — August 2017
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Ordinary Moment Frames

* Design for factored loads using provisions of Chapters 1
through 18

* No special detailing requirements, except for SDC B

* §21.2.2: Provide at least two main continuous flexural bars
top and bottom. Continue through columns or develop
these bars at face of support.

* §21.2.3: Columns of OMFs with clear height-to-maximum-
plan-dimension ratio £ 5 shall be designed for shear per
21.3.3.2.

\

Part of the IMF provisions
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Intermediate Moment Frames

* Design for factored loads using provisions of Chapters 1 through 18
and Section 21.3
e Shear design of beams and columns (21.3.3.1)
* ¢V, shall not be less than smaller of
e shear at nominal moment capacity and shear due to factored
gravity loads, or
* shear from load combinations using two times the code
prescribed seismic loads.

e Beams (21.3.4)
* Lower limits on beam flexural strength

@ N CS E A SE EXAM REVIEW COURSE — August 2017
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Intermediate Moment Frames

* Hoops provided over 2 times beam depth from face of
support with spacing being the smallest of d/4, 8 times the
smallest longitudinal bar diameter, 24 times diameter of
hoops, or 12 inches

 Stirrup spacing along beam length < d/2
e Columns (21.3.5)
e Columns spirally reinforced per 7.10.4, OR

* Hoops provided over length | from joint face where { shall
be the largest of one-sixth column clear span, maximum
dimension of column or 18 inches

@ N CS E A SE EXAM REVIEW COURSE — August 2017
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Intermediate Moment Frames

* Spacing of hoops, s, shall not exceed smallest of 8 times the
smallest longitudinal bar diameter, 24 times diameter of
hoops, half the smallest column dimension, or 12 inches

* First hoop shall be at s_/2 from joint face

e Other joint reinforcement and slab force transfer
requirements

Intermediate moment frame detailing is intended to reduce the risk
of shear failure in an earthquake.
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Special Moment Frames

Intended for enhanced ductile behavior under lateral load
reversals (i.e., strong-column/weak-beam, confinement of plastic
hinges, and prevention of shear failure)

Beams

2008,d " ¢105821.5.2.1

3f!
A and A > ]:/tbwd and >
y

y

A
=0.025, where p=
pmax p b d

W

Lap splices permitted only if confined over full length by hoop or
spiral reinforcement (see figure below). No lap splices within
joints, within 2x depth from face of support or locations of

flexural yielding (§21.5.2.3)
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Special Moment Frames

Beam Detailing
=

2“
[ r-_
(21 2"‘3’5, | S_, . WITHIN2H S OVERLAP SPLICE
e ~"MIN(d/4,6b,6") T T MIN@AA
| | (21532 ' (21.5.2.3)
e L i
]
H
|
I
. | 1 STIRRUPS ALLOWED
|_ 2H LAPSPLICE =~ — @S=d2
| MIN FROM FACE T (21534 "
OF COLUMN
FOR LAP SPLICE

INCSEA
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ONE SIDE, ALL 90°

IF SLAB ONLY ON_— L
HOOKS THAT N /

SIDE
(21.5.3.6)

IF SLAB BOTH SIDES
ALTERNATE
TIE DIRECTION
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Special Moment Frames

Beams

(Mpm —I_Mprﬂ)_l_ 1""}ch3?-

§21.5.4.1
L 2

e Beamshear demand, V, =

clr

Where, Mp;a & M,z = Moment capacities @ beam ends using 1.25f; & ¢=1.0
W, = Factored gravity load

M, = Probable moment

L = Clear span strength of section, §21.6.5
VE{ 1
o If V,= ? & P < 0.05;43}" . §21.54.2

V. = seismic shear demand
Assume V. = 0 & design stirrups to carry entire shear demand, V. within a
distance of 2H (see 21.5.4.2(b) & 21.5.3.1).
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Special Moment Frames

e Columns
* Flexural strength of columns shall satisfy (21.6.2.2) (Egn 21-1)

sM._ > Ssm
5

Where, XM . = Sum of nominal flexural strengths of the columns

M, = Sum of nominal flexural strengths of the girders
* Longitudinal reinforcement (21.6.3)

0.01< p, <0.06 (Applies to splice as well)
Lap splices only within center half of column
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Special Moment Frames

.. —Column
Girder —,
. OMn = 240k-ft
— —
I | ,I I
OMn = 240k-ft '

M., = 240k-ft/0.9 12
M, = 267k-ft

Minimum column flexural strength to comply with Eqn 21-1

M. > %zm »=>M__=1.2(267 +267) / 2 = 320k-ft

Assume nominal moment capacity of column, M_ = 400k-ft
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Special Moment Frames

If flexural strength of column is less than 320k-ft, provide
confinement transverse reinforcement over full height of

column. M

7top

Compute column design shear, Ve (ACI 21.5.4):

|\/Iprbot —
V. based on column M

M +M
V _ ! p”°pH p”"“):(400x1.25)x2/12'=83.3k

e

(Use of 1.25f, to compute M, is per R21.5.4.1)
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Special Moment Frames

V. need not exceed shear based on girder M,

The beam nominal moment can be distributed equally to the
column above and below the joint.

Col moment below joint => M, = 2 X 267k-ft x 1.25 / 2 = 334k-ft

Assume same moment transferred to column base (M_, ).

(a1, +M_,,,) 267k-ft, 4T\_ 267k-ft
V, = 1% =334 x2 /12 ft C\}
= 55.7k => Controls 334k-ft
334k-fteT\
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Special Moment Frames

Shear capacity of concrete is to be neglected (i.e., V_ = 0) when:

1. Ve>0.5V,
2. Pu< A /20

If V. can be used, it can be computed as

. =g(2JF b.d) where, ¢ =0.75 (ACI 9.3.4)

Shear reinforcement can be designed per ACl 11.4.7.2.
Spacing of ties shall be minimum of 6d, or 6 inches (ACI 21.6.4.5).

For confinement of plastic hinges other transverse reinforcement
requirements apply.
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Special Moment Frames

Column hinge confinement and main rebar support
* Transverse reinforcement (21.6.4.4)

Spirals: Volumetric ratio shall be maximum of:

.
A 1
p. =045 = 1] - (10-5)
kAch f:vr
( )
ps =012 S (21-3)
\__‘f:vr
Hoops: Total area shall be maximum of:
ALT. SEISMIC o
[ S A4 HOOKS ————
Ay, = 03sb, = | —=-1| (14 T bo 2
'\‘- ‘f;’lr Ch A$h1 — — 1
- P
A, =|0.09sh, Cj (21-5) Ach = Dbc1 X be2 o
. b3

(21.6.4.2)
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Special Moment Frames

§21.6.4.1 The ties/spirals computed above are
required within L, as shown in the Figure:

h
L, is the greater of { H/6
18"

Two zones are defined for column
lateral reinforcement:

* L for confinement reinforcement
§21.6.4.3 Spacing of transverse reinforcement

within L_ shall be the minimum of: ’ eror ties based on shear demand

* h/4
* 6d, ,
! : )
14 — h, Lo ,
° So =4 + | ————X | L COLUMN
3 -
Lr H
s, < 6in. and need not be less than 4 in. | h
where, h, = horizontal spacing of crossties or Lo T | .

legs of overlapping hoops (14 in. max).
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Special Moment Frames

fdrl —

-

COLUMN ——
CONFINEMENT

o

COLUMN ——

—
—

TIES -

CONFINEMENT ———___

@ LAP SPLICE -

(21.6.4.2 & 21.6.4.3)

Ry
>, W
7 o)
oKL COMS
National Council of S

tructural Engineers Associations

i

Cah BEAM CONFINEMENT
| | HOOPS
(21.7.5) 2hs .,
=~ / III| o o
1
/ \ I|I ht:-
| -—____" \ IIII
l \"\'I. Ill —_— —_—
- Lo \ BEAM
<~ SHEAR TIES

— LOCATE LAPS

@ CENTER HALF
OF COLUMN

(21.6.3.2)
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P
(Tension) (2)

Column P-M Interaction

Pn. M,

Design Points
Balanced Failure. &Py, &My,

Ecu = 0.003
g = L/E.. 0.002 for £, = 60ks1
(4)

Maximuumn axial
load. ¢P, (1)

Compression-Controlled Section
OPn. M,

(et = &y). p =0.65

Transition Region or Tension-
I, e o Controlled Section
g = 0.004 (§10.3.5 (& = 8}[}‘ 0.65 < ¢' <0.9

— oM, (@ P, = 0)
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Tilt-Up Walls
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Tilt-Up Walls

* Tilt-up and precast walls are designed similar to cast-in-place
concrete walls for in-plane seismic forces

* Forintermediate and special walls, yielding at the connections
between walls or between walls and foundations shall be

restricted to steel elements (plates, etc.) or reinforcement
(ACl 21.4.2)

* Elements of the connection not designed to yield shall

develop at least 1% times the yield strength of the connection
(ACl 21.4.3)
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Tilt-Up Walls

Tilt-up walls tend to be slender and need to be designed for out-
of-plane forces

Wall thickness limits
— Bearing walls: t, 2 max (supported length/25, 4 inches)
— Non-bearing walls: t,, > max (supported length/30, 4 inches)

A typical slender wall has to resist combined axial and out-of-
plane flexural demands

ACI Section 14.8 (Alternative Design of Slender Walls) provisions
can be used
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WIND OR
SEISMIC

INCSEA
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Tilt-Up Walls

P=Psw+PRrF Prr

\ ASSUME PINNED
Pree | P An | SUPPORTS

ECCENTRICITY P-A
OF Prr

WALL FLEXURAL DEMANDS
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Tilt-Up Walls

Wall seismic load
For Structural Walls (ASCE 7 §12.11.1):

F, =048,k W, (12.11-1)
Fyp > 0.2kal.W,
Lf
where, k,=1.0+—L (12.11-2)
100

ka = amplification factor for diaphragm flexibility
Ls= Span of flexible diaphragm providing support to the wall between lateral
system elements; Use zero for rigid diaphragms.

N CS E A SE EXAM REVIEW COURSE — August 2017
uncil of Structural Engineers Associations

National Col



Tilt-Up Walls

Wall seismic load

For Non-Structural Walls (ASCE 7 §13.3):

0.4a.S,.1
F o= #0572, 22 (13.3-1)
g R, ho| ?
F,<16S,I,W, &  F,>03S,1W, (13.3-2 & 13.3-3)

Per Table 13.5-1, ap=1.0 & Rp = 2.5.

Compute F atz=0and z = h and use average or use z = h,./2
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Tilt-Up Walls

Consider the 6.25-inch thick bearing wall shown
Po = 200PLF

Sps=0.9g,1=1.0,p=1.0 PL = 120PLF
f’.=3,000psi, f, = 60ksi +%= 4875
ES = 29,000k5|, EC - 3,100k$| B vl [ S—
Load combination P _||[_h=6.25"
(1.2+0.28ps)D + 1.0E,, + f,L

I o

Axial load at mid-height, P ...
(1.2 + 0.18)(200 + 78psf x 7.5 ft) + 0.5(120) = 1,144plf

u total
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Tilt-Up Walls

Seismic out-of-plane force
F, = 0.4(0.9)(1.0)(78psf) = 28psf (>0.1W,)

Moment at wall mid-height (per foot width)
Factored roof load = (1.2 + 0.18)(200) + 0.5(120) = 336plf
My, = FL%/8 + P Re./2

M, =28 x 152/8 + 336x4.875 in./12in / 2 = 858.8Ib-ft = 10.3k-in

Per ACl 14.8.3, M{ — Mfa + Pu fotal AH
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Tilt-Up Walls

M, can be obtained from iteration of deflections or from the direct
calculation (Egn 14-5)
M
M = 5P, |
1

|2
u total c

(0.75)48E I,

To calculate |_, the section reinforcement has to be known. This can be
done by assuming M, = 1.2M ,

P h
Knowing A_, and depth to the neutral axis, ¢ 4,.= [As + f ﬂ}
E. A . . —
., = A..(d-c) + For single reinforcement curtain: d = h/2
E. For uniform wall load: |, = 12 inches

Or assume | = 25%l, (Clearly state all assumptions!)
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Tilt-Up Walls

If the wall has #4 at 10 inches o/c vertical reinforcement at center
A, =As+Pu total/fy = 0.24in% + 1.144k/60ksi
A, =0.259in? (per foot of wall)

a=051in,c=0.6Iin., |

1. =16.31in*=>M, = M __/0.898 = 11.5k-
in/foot of wall

Assuming |, = 25% of I, =0.25 x 12 x 6.25%/12 = 61.03in* => M =
M, ,/0.97 = 10.6k- in/foot of wall

The P-A effect adds 10-20% to M,
Other checks like service deflection <7 /150 ensure limit to P-A

Check maximum axial stress in wall

P/A,=1,1441b/(6.25in. x 12in.) = 15.2psi (< 0.06f', satisfies ACI
14 3.2.6)
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Diaphragms
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Diaphragms
* Diaphragms transfer floor inertial loads and other demands to

the lateral resisting system

* ForSDCA, B, and C, diaphragms are designed to ACI Chapters
1 through 18

e ForSDCD, E, F also use sections 21.11
e Diaphragm design demands shall be per ASCE 7, 12.10

* InSDCC, D, E, and F, collectors, splices, and connections shall
use special load combinations

1.(1.2+0.2S_,,)D +Q,Q, +fL
2.(0.9-0.2S,.)D+Q,Q,
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Diaphragms

______ | - [ — - - - - - - - - -1
DIR OF 2 'II \‘
J .
I'CIIII:III\IGI—I ;x \— FULL LENGTH
A CHORDS . SHEAR WALL
! _— (NO COLLECTOR
h‘ o - NEEDED)
et o
[ .-E‘": —————————— - |
"".
N COLLECTOR
L
I et -""'I
I I
I e S——— |
I - Fc T — I
- T ~LATERAL-RESISTING
N W - - - - - - - -—-——--< - FRAME OR WALL

A— —_ - = = = =

I

!
Bt N,

EEIEREERENERIREENN

INCSEA
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LR
S

W = prfL
Mbp = wlL?/8
Fc=MbD/d

Chord Force
Calculation

DIAPHRAGM
DESIGN FORCE
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Diaphragms

|

CONN. ALONG
| COLLECTOR
LENGTH

| L. Le | FORCE (SLOPE = Fpx / Lc)

!—- ——— --—I

I Lo | [ Lr1 |

l—- —-—-—I 1 I—- 4—-—}
o > DIR OF LOADING
s P Collector force
A :

| P | | calculation

| .
' COLLECTOR | DIRECT ! COLLECTOR I ) .
IN TENSION DIAPH-TO-VWALL IN COMPRESSION comblnatlons

SHEAR TRANSFER
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Diaphragms

* Other requirements
— Shear capacity of diaphragm (ACl 21.11.9)

V, = A, (24 + pf, ) < 8A, F!
Where, A_, = Gross area of diaphragm section

— In chords, collectors, and so on where compressive stress
exceeds 0.2f’, provide confinement reinforcement per
21.9.6.4(c). Discontinue where stress < 0.15f’_ (ACI
21.11.7.5).

— Shear transfer between diaphragm and lateral force-resisting
elements is typically via shear friction (ACl 11.6.4).
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Final Remarks

 The review course intends to give a quick oversight of the
material. Further in-depth study is essential.

 The S.E. Exam is not necessarily an exam to test specific code
knowledge. However, code references are important.

* In the essay questions, assumptions are okay so long as the
basis is clearly explained.

 Time-management is critical. Solve problems in a systematic
manner: easiest first, most-difficult last.
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Structural Design Standards Relevant for Concrete Design

* |International Building Code (IBC 2012 Edition)

 Minimum Design Loads for Buildings and Other Structures
(ASCE 7-10) (forces only)

e ACI 318-11 Building Code Requirements for Structural
Concrete
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1.

Recommended References/Additional Study Materials

Alan Williams, Structural Engineering PE License Review
Problems & Solutions, 61" Ed.

Handout accompanying this review course
S.E. Exam Manual, Ravi Kanitkar

Seismic Design of CIP Concrete Special Structural Walls &
Coupling Beams, NEHRP Seismic Design Tec Brief No. 6 (NIST
GCR 11-9-17-11REV-1)

Seismic Design of CIP Concrete Diaphragms, Chords,
Collectors, NEHRP Seismic Design Tech Brief No. 3 (NIST GCR
10-917-4)
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Final Remarks

 Create your own a reference that you can get to know
well.

* Practice solving examples; time yourself.
* Be rested.

GOOD LUCK!
GO PASS THE EXAM
ravi@klstructures.com
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