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Introduction

Project focus:

Seismic performance assessment of a mission-critical reinforced concrete
shear wall building

Essential to capture the seismic response of the site, structure and their
interaction over a wide range of ground motion intensities

A single nonlinear SSI model desired for the whole hazard range of interest
with potentially significant nonlinearity in the response of the site,
structure, and their interface

Desired a fully tested and verified/validated FE model through
comprehensive system components and global response history testing

Proposed an integrated nonlinear SSI analysis
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Integrated Nonlinear SSI Analysis

Detailed representation of the site, structure, and their interaction in a
single nonlinear model analyzed in time domain

Precedence of the integrated nonlinear approach in the transportation, oil &
gas, nuclear, water, and building industries:

European Nuclear Plant: Offshore Platform:

Ref.: Tehrani et. al., 2018 Ref.: Téhrani et. al., '2018
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Shear Wall Building Integrated Nonlinear SSI
Model
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Site Model — Key Inputs

Shear and compression wave velocity profiles:

MNear Surface/Qbt4 Near Surface/Qbt4

Qbt3Lt Qbt3Lt
e e

~ abt2t ~ Qbt2+t

Guaje Pumice/Sediments I—ﬁ Guaje Pumice/Sediments

Dacite Dacite

1,000 2000 3000 4000 5000 6,000 2,000 4,000 6,000 8,000 10,000
Shear Wave Velocity, Vs (ft/s) Compression Wave Velocity, Vp (ft/s)

Geomaterial response — site-specific Stiffness reduction and damping curves
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Site Material Model

Plasticity model with shear stress and hysteretic damping vs strain as main inputs:

Qbt3L-3

—5u Correction

——No 5u Correction

.0001 0.001 0.01 0.1

Shear Strain (%)

Qbt3U-1

£
s 0.5
5 0.4
0.3 ——Su Correction

0.2
0.1 —— No 5u Correction

0.0
0.0001 0.001 0.01 0.1
ShearStrain (%)

Qbt3L-3
60

_ﬂf_ﬂ_ﬂ-————#“"_ 50
F 40

3

— 5u Correction

——No 5u Correction

1.0 L5 2.0 2.5
Shear Strain (%)

Qbt3U-1

—5u Correction

—No Su Correction

0.6 0.8 1.0 1.2 1.4 16
Shear Strain (%)

Material law producing hysteretic damping consistent
with site material damping curves:

Shear Stress (ksf)
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0.01 0.1
Shear Strain (%)

Qbt3U-1

—— Masing

— NonMasing

0.001 0.01 0.1

Shear Strain (%)

Hysteretic Loop - LS-DYNA
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Structure FE Model

structural components :
- Primary: modeled as nonlinear
- Secondary: modeled as linear elastic with cracked or uncracked section properties

Structural components modeled as nonlinear

Component Nonlinear Modeling Approach
Major Shear Nonlinear layered shell elements Geometry and
Walls Elastic properties
Columns Nonlinear fiber section beam from [1] — (Efrr‘;'rff‘[;‘;)‘"°tec“°"s
elements o \
Laboratory Slab | Nonlinear composite layered shell %

elements
Roof Slab Nonlinear composite layered shell
elements _ Elevation
Entrance Nonlinear translational springs | of lab slab
Connections
Service Chase Nonlinear translational springs
Roof connection \

Entrance protection
(from [2])

—_—

Entrance protections\
(from [2]) Plenum Room added in current

project (similar plenum room on
south side of structure)
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Structure FE Model
Layered shell and fiber beam elements used to model NL walls/slabs and columns

Fiber Centroids shown with dots

Cover Concrete (unconfined)

|

e Reinforcing Steel
- Core Concrete Confined Concrete Core
\ (unconfined) Ce°

Unreinforced Concrete Cover

Unconf;ned
concrete
Assumed for
> cover concrete

Compressive Stress, f-

Eri_f, €co?Eco Esp Ecc
t

Compressive Strain, E¢

Note: Fiber beam/layered shell elements model the in-plane and bending nonlinearities.
Out of plane shear response is linear.
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Structure FE Model

Major shear walls and slabs molded with nonlinear shell elements

Chase walls

Roof slab

Lab floor slab

Columns modeled with nonlinear beam elements L e

|
o

Type II/

©
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Structure FE Model

Joints modeled with nonlinear springs
- Roof joints

Entrance building to main building

Tension

en | of Joint
Construction

Each W. Ent. Protection at Walls
Joint 1" Clear Cover 10" Thick Roof Slab 0
#5 Rebar ‘1|2 Plane B

=

East E. Ent. Protection
Plane C ¢ )
| |

. #5 Rebar

1'-8" or 3'-4” Stagger alternate bars
11.4"ACI Ld

.:b) 74 Rebar
L

——

I

#5 Rebar

&

1.5" Clear CouerT
Service Chase

Wall Beam Service Chase
12" wide

Iya"

Each Chase Roof Joint
—— Each W. Ent. Protection at Walls
- East E. Ent. Protection

-0.2 -0.1

Al [in]
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SSI| FE Model Assembly

SSI model development
Structure is partially embedded
The base of the structure is tied to the soil domain (to account for keyed-in base)
Contact surfaces are defined between the exterior walls of the structure and the soil domain
Soil domain size sufficiency confirmed by comparing the free-filed response and Isolated 1D
SRA results

Soil domain size: E-W: 1,500ft Square about 700ft deep comprising 1.3M solid elements
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SSI Analysis Verification and Validation Results
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Integrated SSI Model Testing

Sample Test Matrix:

Test # Test Type Test Description

1 . . NL RC beam and shell element test
Finite element testing - -

Soil continuum element

NL RC column benchmark against experiment
Component testing (local model) NL RC shear wall benchmark against experiment
Site response analysis (soil column)
PF4 structure columns response evaluation (shear)
PF4 structure walls response evaluation (in-plane shear)
PF4 structure walls response evaluation (out-of-plane shear)
Component testing (global model) PF4 structure roof response evaluation (in-plane shear)
PF4 structure roof response evaluation (out-of-plane shear)
PF4 structure roof girder response evaluation (shear)
PF4 structure roof joint response evaluation

O[N]tk |W]IN

[EY
o

[EEY
[y

[
N

=
w

Structure frequencies

[EEN
IS

Site frequencies
Roof acceleration
Roof shear force

Soil-Structure system testing

[EEN
(%2

[
[e)]

Select test results are presented herein
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Geomaterial Model Testing

Monotonic Loading - LS-DYNA

=
=

Monotonic - Pressure dependent:

ShearStress(ksf)

Response at Pref
Response at Pref x2
= == Backbone

L= T T L. I = i I B = < B =]

3.0 4.0
Shear Strain (%)

Hysteretic Loop - LS-DYNA

Backbone
NonMasing

= = =Masing

Shear Stress (ksf)

Shear Strain (%)
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Site Soil Column Response Verification

Surface Response:

GER, Motion 01, 1,000-year RP

1,000-Yr

—DeepSoil NM, H2
—LS-DYNA NM, H2
—Qutcrop
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i i o
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1 10
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Base of Foundation Response:

GER, Motion 01, 1,000-year RP

—DeepSoil NM, H2
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—Qutcrop
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1 10
Frequency (Hz)
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[
(5]

™~
[=)

=
n

=
[=)

e
tn

o
=
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GER, Motion 01, 10,000-year RP

—DeepSoil NM, H2
10,000-YI" —L5-DYNA NM, H2

—Qutcrop

Frequency (Hz)

GER, Motion 01, 10,000-year RP

—DeepSoil NM, H2
—LS-DYNA NM, H2
—OQutcrop

10,000-Yr

1 10
Frequency (Hz)
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Spectral Acceleration (g)

Spectral Acceleration (g)
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GER, Motion 01, 25,000-year RP

25’000_Yr —DeepSoil NM, H2

—LS-DYNA NM, H2
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Frequency (Hz)
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NL RC Material Testing w/ Beam and Shell Finite Elements

Monotonic tension-compression test of a single beam (top) and shell (bottom) element

- Close agreement between the concrete and steel stress-strain responses with input
constitutive relations

Direction

of Loading Type V, Concrete under Compression Type V, Rebar under Tension
120000

ﬁﬁ
100000

Single Beam
80000

Element \
R 0

m 7 ;
0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.00 X 0.02 0.03
Strain (infin)

Strain (in/in)

60000
Rebar

Stress (psi)

Confined 40000 = = = Rebar-input

Unconfined
= = = Confined-input 20000
Unconfined-input h

Wall 8 (A to H.5), Concrete under Compression Wall 8 (A to H.5), Steel under Tension

. . . 6000 120000
Direction of Loading nconined
nconmnne 100000

5000
. "N Unconfined-input
Slngle She" — 4000 S 80000

Element = 3000 60000

Stress (psi)

Rebar

2000 40000 — = = Rebar-input

1000 20000

0
0.00 0.01 0.02 0.03 0.04 0.05 0.06

0.005 0.010
Strain (in/in)

Strain (in/in)
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Component Testing - Local Model: NL RC Column Benchmark

Cyclic analysis of a reinforced concrete column
- Circular cantilever column subjected to symmetrical cyclic loading
- FE model of the column is developed using NL RC beam element
- Reasonable agreement between the experimental (black) and numerical (green) lateral force-
drift ratio

= N ]
g %

£

8
ot
=
<
&
£
@
<
=
=
]

Spiral Yield North
J ©OBar Buckling North
X Bar Fracture North

' '
®x &
1

5 10 15 20 25 30 35 40 45 50 55

Half Cycle

Bho

Test9-(#3 @ 2")

60 A Experimental Disp.

40 4
20 1
obho +
=20 A
-40 A
-60 1

. '80’0 T T T T Il/‘I T T ; T T 1 T T T T T
Ref.: Goodnight et. al., 2015 876543208 23456789

| — Disoy-Nock 7 (Comitr 2] #1.#2 Displacement (in)
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Component Testing - Local Model: NL RC Wall Benchmark

Cyclic analysis of a low aspect ratio reinforced concrete wall
Height to length aspect ratio: 0.33, horizontal and vertical reinforcement ratio: 0.67%
FE model of the wall is developed using NL RC shell element
Reasonable agreement between experimental and numerical hysteresis
Reasonable agreement between the code based (yellow, NIST backbone w/ ACI 318
capacity) and numerical (green) in-plane shear force- drift ratio (for drifts less than 1%).

#4 Hor. barsl

\ j}'\90° hooks

l#4 Vert. bars

Force (kip)

Drift ratio (%)
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Building Component and SSI Testing - Global Model in Action

NL response history analysis of the integrated SSI model
- Three components of the acceleration time histories are simultaneously applied to the base of
the soil domain

.=

=
s s
=

Push over and response history analysis of the fixed-based structure performed to
test the structure response closer to its capacity
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Building Shear Wall Response

Shear walls response in SSI analysis under a relatively large GM remains elastic (orange).
Fixed-base Structure model is exercised to demonstrate the nonlinear response of the walls
(blue).

NL pushover analysis response (red) is in good agreement with the backbone curve
calculated based on EPRI NP-6041 and NIST GCR 17-917-45 (black)

NL time history analysis responses (fixed structure: blue, SSI: orange) follow the pushover
analysis response (red) and the backbone curve (black)

Wall A-1, In-Plane Shear, Large Ground Motion Wall 1-1, In-Plane Shear, Large Ground Motion

= = Estimated Backbone [Appendix G)

0.000 0.005
Story Drift Rat v Drift Ratio

Wall A-1 Wall 1-1
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Building Roof In-Plane Shear (Diaphragm) Response

Roof response in SSI analysis under a relatively large GM remains elastic (orange).
Fixed-base Structure model is exercised to demonstrate the nonlinear response of the
structure (blue).

NL pushover analysis response (red) is in good agreement with the backbone curve
calculated based on EPRI NP-6041 and NIST GCR 17-917-45 (black)

NL time history analysis responses (fixed structure: blue, SSI: orange) follow the pushover
analysis response (red) and the backbone curve (black)

Roof Slab T-1, In-Plane Shear, Large Ground Motion

0

Shear Force (kips)

— — —Nonlinear Pushover

-2000 | ] In-Plane and Out-of-Plane Shear

— — —Linear Elastic Pushover
Nonlinear TH
4000 Linear Elastic TH
Nonlinear SSi
= = Estimated Backbone (Appendix G)
-6000
-0.014 -0.012 -0.010 -0.008 -0.006 -0.004 -0.,002 0.000 0.002 0.004 0.006 0008 0.010 0.012 0.014 / N
Drift Ratio

SC SOLUTIONS, Inc. © 2020, CONFIDENTIAL



3D Site Response Evaluation — Global SSI Model

The input GM RS is shown in black

FF response of the SSI model on the south side (FF1)
Is shown in blue

Free-Field (FF) response of the SSI model on the NE
corner (FF1) is shown in orange

1D soil column SRA response is shown in grey
Good agreement between the 3D-FF and SRA
responses

Spectral Acceleration (g)

Spectral Acceleration (g)

Spectral Acceleration (g)
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FF SSI So. Side
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Frequency (Hz)

Ground Surface, Y-Direction

— FF 551 So. Side
FF SSI NE Corner
SRA
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Frequency (Hz)

Ground Surface, Z-Direction
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Structure Fixed-Base Freguencies

Structure frequencies estimated from roof response

Nonlinear Structure Model Nonlinear Structure Model
(small GM), Hz (large GM), Hz

E-W (X) 48 1.9-2.6

Direction

Small GM Large GM E-W Wall Response:

Fourier Amplitude (Small GM, E-W) Fourier Amplitude (Large GM, E-W) Wall AL, In-Plane Shear
SE Corner (Roof) SE Corner (Roof] 25000
SW Corner (Roof) SW Corner (Roof) o ==
*

NE Corner {Roof) NE Corner (Roof) 15000 I ” .
- .

=
)
o

8

NW Corner (Roof)
Center (Roof)
= = = Base

NW Corner (Roof)

] Center (Roof) 7,

[ = = = Base
1
"\A./*\W\\
[

o
00

5000

-5000

o
5

Amplitude{g-s)
Fourier Amplitude {g-s)
[=}]

o
Shear Force (kips)

x

1 15000 |, e Nonlinear TH (Large GM)

” — Nonlinear TH (Small GM)

-
-25000

1 10 -0.010 -0.005 0.000 0.005 0.010
Frequency (Hz) Story Drift Ratio

mmm mm s Estimated Backbone (Appendix G)

wall 1-1

Based on wall responses studied, the equivalent wall stiffness is about 4-5 times smaller in the
structure under large GM (compare yellow line vs. green line). Therefore, a factor of 2-2.5 reduction
in frequencies is expected which is consistent with structure frequencies presented in the table.
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Structure Frequencies in SSI Model

Structure frequencies estimated from roof response:

Direction

Fixed-Base Model
(Small GM)

SSI Model
(Small GM)

SSI Model
(Large GM)

Structure
Frequency

Structure Site
Frequency

Frequency

Structure Site
Frequency

Frequency

4.8

48 0.75

4.0 0.4

4.4

44 0.75

3.7 0.5

Site frequency based on Gmax:

f, =

Vs—avg
4H,

=0.85

Small GM

Fourier Amplitude (Small GM, E-W)

o
N
o

SE Corner (Roof)
SW Corner (Roof)

Large GM

Fourier Amplitude (Large GM, E-W)

SE Corner (Roof)

e S\W Corner (Roof)

Site Freq.

NE Corner (Roof)

Site Freq.

NE Corner (Roof)

NW Corner (Roof)
Center (Roof)
= == == Center (Base)

NW Corner (Roof)
Center (Roof)
= == == Center (Base)

)

o
=
wu

o
=
o

Structure Freq. Structure Freq.

‘ O
\
RN

‘-4\

Amplitude (g-s
Amplitude (g-s)

o
o
G

\- k
Ao S B =

10 100
Frequency (Hz)

Freq uency (Hz)

Fundamental site frequency from the hand-calc is about 0.85 Hz consistent but slightly higher
than the model with small GM (small soil degradation)

Structure remained elastic for both small GM and large GM

Structure frequencies with small ground motion similar to fixed base due to negligible base
flexibility

The site response is significantly softer under large ground motions evident from frequency drop
More flexible base reduces structure frequency excited by the large ground motion
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Summary

A single integrated nonlinear model facilitates building performance
evaluation over the whole hazard range of interest

All important limit states are explicitly incorporated into the nonlinear
model of the structure
— Nonlinear response of the shear walls, slabs, columns, and important structural
joints
Relatively complex integrated SSI models are built step by step through
extensive testing:
Soil and structure single finite element responses
Site response verification via 1D SRA

Key structural component response benchmark studies against relevant
experimental data (shear walls, columns, slabs, and joints)

Testing the global response of the structure-only model pushed or excited well
Into its nonlinear response regimes

3D site response verification

Testing of the assembled integrated soil-structure system model at various
excitation levels
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