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Recap of Previous Presentations
= Project Kickoff April 2017
= Advisory Meetings

= Archetype Designs Nov. 10, 2017

= Preliminary Analysis April 12, 2018
= LA Tall Buildings Conference May 4, 2018
= 11NCEE, Los Angeles June 28, 2018
= 90% Report Submittal September 2018
= BSSC PUC Meetings

= San Francisco August, 16, 2018

= IT 4 Meeting, Seattle Sept. 5, 2018

= Today...
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Project Overview

= Design of Coupled Walls
= Currently: R=50r6,Cy =5, Qy= 2.5
= More sophisticated design provisions

= ACI 318 + ASCE 7 Coordination

= FEMA P695 Process _
= Archetype Desighs R=8,C4= 8, (Q, = 2.5) ~
= Nonlinear Modeling
= Failure Modes (collapse assessment)
= Analysis Results (collapse margin ratio)

= Additional considerations

ACI 318 Definition

= Ductile Coupled Wall:

= A seismic force resisting system consisting of

special structural walls linked by coupling beams

= Wall pier aspect ratios, h,./ 4, = 2.0

= Coupling beam aspect ratio: W
= 4/h =2 satisfied at all levels
= 4/h <5 satisfied at > 90% of levels
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FEMA P695 Study

Archetype Design
Overview

Building Configurations

Planar Walls Flanged Walls
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Building Heights & Wall Configurations

Planar Walls Core Walls
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Coupling Beam Configurations

= Diagonally Reinforced:
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Archetype Design Parameters

= Design Codes S
= ASCE 7-16 7-16
= ACI 318-14 + ACI 318-19 (change proposals) aciis
American Concrete Institute
= Seismic Parameters it i

= R=C;=8;,1I.,=1.0, p=1.0
= Site Parameters (ATC-63)
| Dmax: SDS = 1.09, SDl = 0.69

= ASCE 7 RSA (§12.9) : SR el
= Scaled to 100% of ELF V, (§12.8) (FEMA P695/ATC-63)
= Accidental torsion (5% offset of CM) @ FEMA P
= ASCE 7-16 §12.8.4.2 (Dpay/Dayg ~ 1.23)
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Member Properties for Elastic Design

Effective Stiffness for Elastic Analysis

= Wall Piers:
= Flexural Stiffness: 0.75 EJ,
= Axial Stiffness: 1.00 EA,
= Shear Stiffness: 0.40 EA,
= Out-of-plane stiffness: 0.10 EI,

= Coupling Beams:
= Flexural Stiffness: (0.071,/h) E,

= Gravity Columns: pinned, P-A effect only
= Rigid Diaphragm: 2-way slab
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Wall Design Approach

Forces at wall centroid
= 100% + 30% load combination for core walls
Detailing requirements - §18.10.6.4
= ACI 318-19: CH-011 Overlapping Hoops
Termination of wall longitudinal
reinforcement
= ACI 318-19: CH-10 ¢£4 above floor level
Shear design - §18.10.3
= ACI 318-19: CH-09 Wall Shear Amplification

Drift capacity check - §18.10.6.2

= ACI 318-19:

CH-011

12 ft

+

ENE

11

Wall Shear Amplification

= Amplified shear demand: V. /V, = 2.35 - 2.70

2

Shear Amplification 8-Story 12-Story 18-Story 24-Story 30-Story
V. =@o*w, *V, Ve=2.35%V, | Vo=2.55%V, | V,=2.7*%V, | V,=2.7*V, | V,=2.7*%V,
Single pier Core
18—« . 18 —= = T
.-V, o sum(V ) :I____]
167V 16 H{>-SimiY)) i |
phiv, g it ' L
14+ ; 14 !
(] ]
12 ! 12 {
o 1 o 1
2 h 2 H
B0 ' 20 !
8 | 8 :
IC 8 : o8 :
' :
B ] 6 4 1
)

4 8 8
VWA )

L Ly L 4
o 2 4 6

1
8

10

W(\fﬂc}*AWJ (sum of walls)

12
12




Drift Capacity Check

Ho ® v,/ /f. psi <5(<0.42inMPa)
1 . % @ 4 _t'i ® v,/ If. psi >5(>0.42 in MPa)
EPe .
2 ZW § 27 .\\:\’
= | °
1 O
0 _ T lwl ‘ T
ﬂ/ - ZWC 0 40 8I0 120
b — b 2 Ay = 1,,c/b?
1 (a) Entire dataset (M/V1,, > 1.0)
o Lo L(L)(). K ]
h,. 100 50\bJ\b) 8, fA,

Design Summary

e ]
New ACI 318-19 Provisions

!

improved & more stringent design
requirements for structural walls




Nonlinear Modeling

Nonlinear Modeling Approach

Coupled  P-A
Walls  Column
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Model Validation

Diift Ratio (%)
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Failure Assessment




Considered Failure Modes

= Statistical models

= Conservative approach
= e.g., Initiation of strength loss

1. Flexural Failure
= Drift/curvature capacity model (Abdullah & Wallace, 2018)

2. Wall Shear Failure
= Shear demand versus wall tensile strain (LATBSDC, 2017)

3. Axial Failure
= Shear friction model (Wallace, Elwood and Massone, 2008)
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Flexural Failure Model
= Drift capacity model by Abdullah & Wallace (2018):

= Flexural failure (Crushing, buckling, lateral instability, tension fracture)

4 T

= UCLA Wall Database: 164 walls w/ SBEs © v L& [—RoofDrift
. Lo ¥ )
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Shear Failure Model

= LATBSDC (2017), Appendix A:

= UCLA Walls Database (51 tests: shear failure)
12

= Shear demand vs wall tensile strain

shear stress (#sqgri(fc) Acv)

05 — - Wall Test Resutls: h /I, > 2.0 Y 3 —
1 Approxiamte meanvalue | | |
A I R [
0.0 t t f T t
| | | | 4
0 0.01 0.02 0.03 0.04 0.05 1]

Mean Reinforcement Tensile Strain

0005 001 0015 0.02 0025 003 0.035

strain
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Nonlinear Analysis
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Nonlinear Analysis

= Nonlinear Pushover

= System Overstrength factor: Q, = V,.,/Vp
= Period-based ductility:

= Nonlinear RHA - Incremental Dynamic Analysis

Mt = 6u/6y,eff

= 44 Normalized Records incrementally scaled until 50% fail

CW-12H-3 Pushover Plot
T

—— Nonlinear Pushover
181 o Yield Drift ()

- - Drift Capacity Limit (d )
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FEMA P695 IDA Acceptability Criteria

= Total System Uncertainty, Bror:

= Brre: 0.4

tor = V(B%r + B?pr + B?rp + B2wpL ) = 0.525
= Acceptable ACMR per FEMA P695 Table 7-3

Collapse Probability

Total System
Collapse
Uncertainty

(ATC 76-4 project advisory committee)
(completeness & robustness of design regs.)
(completeness & robustness of test data)
(modeling)

| 0.500 2.28

0.525 2.37

1.90
1.96

1.72

1.68

1.52 1.40
1.56 1.42

= Individual Archetype ACMR
= Performance Group Mean ACMR > 1.96 (10% PC)

> 1.56 (20% PC)

24
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Collapse Assessment Results

= ACMR of all archetypes > ACMR,4,,=1.96

Archetype | Pushover Resulls o e Pushover Results IDA Results Acceptability
D StaicO | Se (T[S M CMR| ssFacwr| S e - Ar ¥ Acapl Paze
I 8HDRZ0 | 2.2 6.27 185 154 | 132 203 Pass o Static 0 B Sur[T] | Ser[T] CMR | S5SF ACMR ACHIE e
BHDR-2.4 207 6.00 185 1.54 13 202 % Pass
sHoR30 | 221 528 | 0| qm0 1ss| 129 203 | M| pass I BH-DR-20 212 6.27 185 154 | 132 203 Pasgs.
R R e BHDR24 | 207 6.00 qog | 185 | 1@ 202 | | Pass
BHCR3S | 188 788 T 15| 1® 212 Foss SHODR30 | 2 5.28 ! 180 158 | 138 203 ; Pass
M iR p @ | W o e 2l 39 e |—> BHDR33 | 242 5.46 185 1 129 189 Pass
I Mean: | 1.62 7.40 Wean: 210 | 195 | Pass Mean: 213 5.75 Mean: 2.02 1.96 FPass
e M 2| B = BHCA33 | 168 7.8 185 154 | 148 212 Pass
12HOR30 | 161 5.46 089 | 133 1so| 136 203 | ' | pass BH-CRH4.0 1.66 743 120 1.85 1.54 137 210 1.56 Pass
I i2tDRS | 167 550 136 183 | dse 241 Pass BHCR-50 | 152 7.08 185 1 135 208 Pass
—_— —_— T Mean: | 1.62 7.40 Mean: 210 | 186 | Pass
IMCR40 | 131 7e8 | 080 | 122 138 e 207 156 | Pas 1ZH-DR-20 | 184 662 129 146 | 141 205 Pass
Mean: | 1.34 776 Woan: 185 | 198 | Fass 12H-DR-2.4 1.48 B.02 0Re 128 146 | 138 201 156 Pass
misk2ol it Tz aer wmTLm | e 12ZH-DR-30 | 181 5.46 ; 133 150 | 136 203 ; Pass
eoR30 | 184 535 | °®5 | os1 138 | 1aa 200 [ M| pass 12H-DR-33 | 167 5.90 196 153 | 138 211 Pass
1BHDR-33 | 183 546 081 133 | 145 201 Pass Mean: 1.55 6.00 Mean: 2.05 1.96 Pass
Mean: 1.83 5.00 Mean: 205 1.96 Pass
18H-CR-33 153 6.38 081 138 [ 150 208 Pass
1BH-CR-4.0 151 6.18 085 o8t 138 149 207 156 Pass
18H-CR-5.0 1.85 5.88 ce1 139 147 204 Pasgs
Mean: 1.53 6.15 Mean: 207 1.96 S
24H-DR-2.0 1.44 1363 075 1.42 161 229 Pass
24H-DR2.4 133 1013 075 142 161 229 Pass.
24HDR30 | 189 8as | %%% | g75 142 | 181 220 | 1| pass
24H-DR-3.3 1.64 8.19 075 142 1.61 229 Pass
: | 154 054 Mean. _ 2.29 196 Pass.
24H-CR-3.3 1.36 1028 074 140 1.61 226 Pass
24H-CR-4.0 136 o 053 074 140 161 226 156 Pass
24H-CR-5.0 149 8.30 075 1.42 1.61 229 Pass
Maan: | 1.40 9.40 Wean: 227 196 | Pass
30H-DR-2.0 120 1486 oBo 181 161 291 Pass
30H-DR-2.4 1.24 1371 080 1.81 161 291 Pass
3oHDR30 | 131 1143 | %% | gpo 181 | 181 281 | 796 | pass
30H-DR-3.3 1.49 9.27 080 1.81 1.61 2.91 Pass
HEEE Gr 2 Wean: 251 756 Pass
30H-CR-3.3 124 1438 075 168 161 2n Pass
30H-CR-4.0 1271 1029 045 075 1.68 1.61 2mn 1.56 Pass
30H-CR-5.0 1.42 1015 073 184 161 284 Pass
Wioan: | 1.31 RAK:] Wean. 269 156 Fass. 25
.
= Results for a subset of archetypes:
REVISED o St Scr ACMR Arch. Pass? P.G. Pass?
Archetypes © [T] [T] (ACMR>1.56?) (ACMR>1.967)
CW-8H-3
2.21 | 1.20 1.90 | 2.03 Pass Pass
(planar walls)
CW-12H-3
1.61 (| 0.89 1.33 | 2.03 Pass Pass
(planar walls)
CW-18H-3
1.84 | 0.65 0.91 | 2.00 Pass Pass
(flanged walls)
CW-24H-3
1.69 | 0.53 0.75 | 2.29 Pass Pass
(flanged walls)
CW-30H-3
1.31 | 0.45 0.80 | 2.91 Pass Pass
(flanged walls)
26
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Analysis Results - Pushover

= Example for CW-8H-3.0

= At 2.73% drift (“failure”): Wall v,<6Vf’. and CB 6,,,< 0.06
8 T T T T 8 T T T T T T T
-—-2.00% Drift A -—-2.00% Drift
—2.25% Drift —2.25% Drift
7r - - 2.73% Drift |1 7t - - 2.73% Drift |1
—Vhaci :
6k - -ACI Limit | sl !
] |
| |
5r ! _5r |
| 5] |
o) | 3 |
> - |
g 4 I >4 I
I % I
3t ! 3t |
| |
| |
2t ' 2t '
| |
| |
1+ | 1+ |
| |
| |
0 I I - 1 L L I I I 1 L
0 2 4 6 8 10 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Shear Stress V/(Atww/fc) (Sum of Walls) Coupling Beam Total Rotation 27
= Sample CMR Plot
2 CW-8H-3 IDA Response Plot
—o— EQs-Dir1 P o y
4.5 |-|—= EQs-Dir2 t"/, o L
- — sMT A
4 f——58CT #E o
235
c
ie]
® 3
g
)]
Q25
<
£°2 = 1.90
3
(% 1.5
1 = 1.20
0.5
0
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
28

Maximum Interstory Drift Ratio
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IDA Analysis Results — Drift

= Mean of maximum story drifts: DBE < 2%

CW-8H-3.0 RHA Results at DBE
T T [T r

CW-8H-3.0 RHA Results at MCE
T

Roof T Roof T
|||~ 44 Records ——44 Records
i||— Mean = Mean

— Design Drift —— Design Drift
8F g 8F g
7r 7r
! I
_ ' _ l
¢ 6y r g 6f |
5] 5]
- ] - 1
> >
S I 5 [
PR : » o Sf
|
|
4t it : 4t 5
m | Wﬂ 1 [ 1
| | |
3t | | 3t !
| |
| |
) T B ) . ! .
0 0.005 0.01 0.015 0.02 0.025 0.03 0.01 0.02 0.03 0.04
Story Drift Ratio Story Drift Ratio 29
= Mean of maximum story drifts: DBE < 2%
CW-30H-3.0 RHA Results at DBE CW-30H-3.0 RHA Results at MCE
Roof T Roof T T
30F — 44 Record 301
291 = Mean %g i
281 — vea L
o7k Design Drift 7t
26 26 F
25F 25F
241 24+
23F 23t
221 2+
211 21F
20 I 20
% 19© < 19f
s 18f ¢ 18t
4 17F il a4 17r
> 16 > 16F
o 15} | o 15
@t iy @
131 131
I ,HHI‘”_H\ 30
il (i 121
1o b WAL 10f
ol \H,I\I,\I\ [T ok
Py M0 . sl
7 it 7k
s [HLHI 6k
P 11 5[
2L JIAIT ] al
3 il
I 1 3
2 : : . 5 : . .
0 0.02 0.04 0.06 0.08 0 0.02 0.04 0.06 0.08
Story Drift Ratio Story Drift Ratio 30
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IDA Analysis Results — Wall Shear

= Sample Results for CW-12H-2.0 at “collapse”:

Wall 1 RHA Results at SF=3.9 "collapse” Wall 2 RHA Results at SF=3.9 ("collapse™)

12 12
== Mean == Mean
1 —Limit || 1l —Limit |
10 1 10} ]
9f 9f i
8 8r
° ©
3 7 3 7t
3 Il 3. LI
8 6} 8 6l
g I g
L LI |
| I | |
| HlIL I H 113 R
il s o |
1 IR LI L T T LT
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
Shear stress, V/(A_ Vf.) Shear stress, V/(A_ Vf.) 31
A\ ”,
= Sample Results for CW-12H-2.0 at “collapse”:
RHA Results at SF=3.9 Coupling Beam RHA Results at SF=3.9
Roof T T i Roof T ‘ 1T T T
12} ﬁ NH ! 12} )
1M H ‘l 1
10+ ! 10k
of ol
© 1]! ©
G 8f & 8
: 1] :
gt g1t
7] 7]
6f 6l
5f H sl
4 | ‘ 4r
20 0.61 0.62 0.63 0.64 0.65 0.66 0.67 0.08 20 0,61 0,62 0,63 0,64 0,65 0,66 0.07
Story Drift Ratio CB Total Rotation 32
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Summary & Conclusions

P695 Study (Completed; Documentation)

= More sophisticated design provisions: ACI 318-19

= Shear amplification (CH-09), drift capacity check (CH-22),
detailing (CH-11), boundary longitudinal bar termination (CH-10)

= Conservative failure assessment
= Statistical models (strength loss) vs. 5% drift for axial collapse

= Ductile Coupled Walls

= ACI 318 Definition approved (CH-20)
= ACMRs: 1.96-2.91 > ACMR;,,,=1.96 > R=8, C4=8
= Mean Q, of PGs: 1.31-2.13 2> Qy=2.5

33

Additional Studies

Uncoupled vs. Coupled Walls
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Uncoupled Cantilever Wall

= Recap of Collapse Assessment:

This FEMA P695 study 2010 NIST study
Ductile Coupled walls Special reinforced RC Walls (4,8,12H)
« “Collapse” defined + “Collapse” associated with axial
at strength loss failure at a drift of 5%
» Drift capacity model » lack of test data to support other
« Shear failure model failure criteria

= e.g., 12-story coupled wall archetypes had drift
capacity failures at ~3% drift (vs. 5% drift)

= Additional study:
= Compare ACMR results of uncoupled vs. coupled walls with

the same failure criteria used in this study s

Uncoupled Cantilever Wall

= SW-12H Archetype:
= Same design & analysis

approach as CWs ] E— PO P "
= R=6,C;=5 ‘ : | :
- " i [ (]
Design ELF RSA | |
Parameter ) L
L, 23’ 20’ ’
A ” ;I |
Ll 4: 18” L1'4- 16" ‘ i
t L56: 147 1 1 5.12: 127 | ) |
L7-12: 12" ' () --
I | ——>
c 0.29L,, 0.32L,, ! P Ly
] . | |
Vi max 2.5Vf A, | 3.1VFAL 5 5 5 5
5./hy, 2.15% 2.04% R L o
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Uncoupled Cantilever Wall

= Nonlinear Analysis

12H-SW Pushover Plot

T T
—Nonlinear Pushover

..............................................

0 0.5

1 15 2 25
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Detail A

: Horizontal

* Poier] rigid link_Y "~ P4

P-D Col.

: Elastic

! AEcol

E EIcol

= Horizontal

¥ Poier | rigid iink_Y FP-s
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Uncoupled Cantilever Wall

= Performance of Uncoupled vs. Coupled Walls

= IDA Results:

Archetype Scr ACMR ACMR;; (1.56y ACMRy (1.06)
CW-12H-RSA ~1.3 ~2.0 Pass Pass
SW-12H-RSA 1.02 1.56 Pass Fail
SW-12H-ELF 1.22 1.82 Pass Fail

= Using consistent design & collapse assessment
Coupled Wall ACMR > Uncoupled Wall ACMR
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Additional Studies

e
SDC D,,,;, Archetypes

SDC D, vS. D, Archetypes

= Same codes & provisions (ASCE 7-16, ACI 318-19)
= Same seismic response parameters (R = C, = 8)

= Same plan configuration, heights, gravity loads

= Dt Shorter & thinner wall piers due to reduced demands
= Site Parameters (ATC-63)

= D,int Sps = 0.59, Sp; = 0.2g

» D Sps = 1.0g, Sp; = 0.6g
= Wind load considerations

= Important to check for taller D,,,, Archetypes

= 700-year MRI 90mph for strength check

= 10 - year MRI 72mph for drift check (A < h/400=0.25%)

40
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SDC D,,,;, Archetypes - Results

= Nonlinear Pushover & IDA results:

' 12I-!-DR-3:0-Dmip Pusllwver [’Iot ' CW-12H-3-Dmin IDA Response Plot
—MVLEM : ! - EQs
1.8 |- - Elastic Base Shear i - - S
- - Design Drift Capacity ' 3.5H SMT
16} =
—~ 3f
k=)
o
_ S25¢
2 o
= 2
o 8 2 B
> <
> ®
S151
=1
(9]
)
1+
0.5f
0 0

0 0.5 1 1.5 2 25 3 3.5 4
Roof Drift Ratio(%) Maximum Interstory Drift Ratio

SDC D,,,;, Archetypes - Results

= Nonlinear Pushover & IDA results:

Archetype Q, ACMR,, ACMR,,

(if > 1.56) (if > 1.96)
12H-3.0-Dpyn | 1.32 | 9.36 | 0.28 | 0.76 | 4.02 Pass Pass
12H-3.0-D | 1.61 | 5.46 | 0.89 | 1.33 | 2.03 Pass Pass

ACMR,, ACMR,,

Archetype

(if > 1.56) (if > 1.96)
24H-3.0-D, | 1.37 | 9.14 | 0.16 | 0.53 5.20 Pass Pass
24H-3.0-D,,,, | 1.69 | 8.35 | 0.53 | 0.75 2.29 Pass Pass

= ACMRs of D, Archetypes > ACMRs of D, Archetypes

= Din Archetypes do not control this study’s collapse assessment v




Additional Studies

e ]
Model with Shear-Flexure Interaction

MVLEM vs. Model with SFI effects

= CW-8H-3.0 MVLEM vs. SFI Model

1 2 3 4 0 1 2 3 4 N
Roof Drift Ratio(%) Roof Drift Ratio(%) Time Step Time Step

= SFI: Higher V in compression wall, lower V in tension wall

= SFI: Lower strains

44
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MVLEM vs. SFI Model

= MVLEM vs. SFI Model
= e.g., 8-story & 12-story archetypes with CB In/h=3.0

ACMR ACMR,,  ACMRy,

Archetype Q, Hr  Smur  Scr

(if > 1.56) (if > 1.96)
8H-3.0-MVLEM | 2.21 | 5.28 1.90| 2.03 Pass Pass
8H-3.0-SFI 2.89 | 3.89 120 1.95| 2.04 Pass Pass
12H-3.0-MVLEM | 1.61 | 5.46 1.33| 2.03 Pass Pass
12H-3.0SF1 | 2.0 | 5.0 | "% [136| 2.05 Pass Pass

= Slightly higher S
= Lower strains with SFI model - higher drift capacity
= Fewer shear failures predicted with SFI model
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Thank you

[
Questions?
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