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ABSTRACT

Two identical reinforced concrete (RC) shear walls, which consist of web, flanges and massive top and bottom slabs, were
tested up to ultimate failure under earthquake motions at the Nuclear Power Engineering Corporation’s (NUPEC) Tadotsu
Engineering Laboratory, Japan. NUPEC provided the dynamic test results to the OECD (Organization for Economic
Cooperation and Development), Nuclear Energy Agency (NEA) for use as an International Standard Problem (ISP). The
shear walls were intended to be part of a typical reactor building. One of the major objectives of the Seismic Shear Wall ISP
(SSWISP) was to evaluate various seismic analysis methods for concrete structures used for design and seismic margin
assessment. It also offered a unique opportunity to assess the state-of-the-art in nonlinear dynamic analysis of reinforced
concrete shear wall structures under severe earthquake loadings. As a participant of the SSWISP workshops, Brookhaven
National Laboratory (BNL) performed finite element analyses under the sponsorship of the U.S. Nuclear Regulatory
Commission (USNRC). Three types of analysis were performed, i.e., monotonic static (push-over), cyclic static and dynamic
analyses. Additional monotonic static analyses were performed by two consultants, F. Vecchio of the University of Toronto
(UT) and F. Filippou of the University of California at Berkeley (UCB).

The analysis results by BNL and the consultants were presented during the second workshop in Yokohama, Japan in 1996. A
total of 55 analyses were presented during the workshop by 30 participants from 11 different countries. The major findings
on the presented analysis methods, as well as engineering insights regarding the applicability and reliability of the FEM codes
are described in detail in this report
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EXECUTIVE SUMMARY

Two identical reinforced concrete (RC) shear walls, which consists of web, flanges and massive top and bottom slabs, were
tested up to ultimate failure under earthquake motions at the Nuclear Power Engineering Corporation’s (NUPEC) Tadotsu
Engineering Laboratory, Japan. NUPEC provided the dynamic test results to the OECD (Organization for Economic
Cooperation and Development), Nuclear Energy Agency (NEA) for use as an International Standard Problem (ISP). The
shear walls were intended to be part of a typical reactor building. One of the major objectives of the Seismic Shear Wall ISP
(SSWISP) was to evaluate various seismic analysis methods for concrete structures used for design and seismic margin
assessment. It also offered a unique opportunity to assess the state-of-the-art in noniinear dynamic analysis of reinforced
concrete shear wall structures under severe earthquake loadings.

The detailed information on the ISP tests, including the test specimens, test procedures and dynamic test results, was provided
during the first SSWISP workshop in Paris in 1994. The shear wall specimens were designed to fail in shear. The tests were
conducted at six amplitude levels, starting from the lower elastic run to the ultimate failure. During the highest amplitude test
run, the shear wall failed catastrophically due to a sudden sliding shear failure. Before each test run, a small-amplitude
vibration test was performed to evaluate the vibration frequency and the equivalent viscous damping values.

As a participant in the SSWISP workshops, Brookhaven National Laboratory (BNL) performed finite element analyses under
the sponsorship of the U.S. Nuclear Regulatory Commission (USNRC). Three types of analyses were performed, i.e ,
monotonic static (push-over), cyclic static, and dynamic analyses No significant differences were observed in the predicted
envelope curves of the load-displacement relationship and the final failure modes between the three types of analyses. In
addition, the nonlinear analyses accurately predicted the dynamic response of the shear walls, as well as the timing of the
observed sliding shear failure.

Additional monotonic static analyses were performed by two consultants, F. Vecchio of the University of Toronto (UT) and
F. Filippou of the University of California at Berkeley (UCB). The analyses by UT used 3-D brick elements, whereas 2-D
solid elements were used in the analysis by UCB. By using 3-D elements, UT’s model accurately predicted the location of
the sliding shear failure since the additional confinement at the boundaries was accounted for.

The analysis results by BNL and the consultants were presented during the second SSWISP workshop in Yokohama, Japan in
1996. A total of 55 analyses were presented during the workshop by 30 participants from 11 different countries. The
submitted analyses were classified as FEM static, FEM dynamic, simplified modeling method and lumped mass modeling
method. The highlight of the workshop was the FEM dynamic analyses. The SSWISP workshop probably was the first
occasion that the application of nonlinear FEM dynamic analysis to shear wall structures was discussed as the main theme in
an international conference. For many participants, the SSWISP was their first opportunity to perform this type of nonlinear
dynamic analysis, and a wide variety of technical issues were discussed for improving the prediction accuracy. Several
participants presented remarkable analysis results using originally developed in-house codes, which were at various stages of
development. The major findings on the presented analysis methods, as well as engineering insights regarding the
applicability and reliability of the FEM codes are described in detail in this report.

Presently, the structural design methods of reinforced concrete structures used in the nuclear industry have been developed
and evaluated based on a set of laboratory test data. Efforts have been on-going for the last two decades to develop powerful
analysis tools which could improve accuracy and eliminate or significantly reduce the need for additional costly laboratory
testing as new issues arise. The SSWISP has provided valuable test data to evaluate such analysis tools, as well as to develop
new analysis approaches.

The specific objectives of this study were to perform nonlinear dynamic analyses of R.C. shear wall structures under severe
earthquake loading, to identify limitations of the currently available analysis methods, and to collect information on the
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Executive Summary

analysis methods worldwide. These objectives have been achieved through a series of analyses using both in-house and
commercial codes, and comparisons with test results as well as with analysis results performed by other SSWISP workshop
participants. The SSWISP workshop provided a unique opportunity to review the reliability and applicability of various
analysis methods to predict the dynamic behavior of shear wall structures under severe earthquake loads.
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1 INTRODUCTION

The finite element method (FEM) is now widely used as a practical structural design tool to analyze complex structures in
both the nuclear and non-nuclear industries. In the seismic design of shear wall structures, e.g., nuclear reactor buildings, a
linear FEM analysis is frequently used to quantify the stresses under the design loading condition. The final design decisions,
however, are still based on empirical design rules established over decades from accumulated laboratory test data.

Over the last two decades, the application of nonlinear FEM to reinforced concrete structures has been considered an altemate
analysis/design tool for the seismic structural design. In recent years, significant improvements have been made in Europe,
Japan and the United States in both the numerical techniques and the development of constitutive model for concrete.
Although many research results are available in open publication, engineers generally do not have easy access to the
computer codes as they are mostly proprietary in-house codes. Commercial finite element codes, such as ANSYS and
ABAQUS, also have some options for the nonlinear analysis of R.C. structures, however, most are limited to the
consideration of monotonic push over type loading only. Under seismic loadings, structural components are subjected to
repeated cyclic loading reversals. Most available commercial codes cannot deal with this type of loading for reinforced
concrete structures. Under such loading, repeated shear stress reversals occur and the concrete experiences a combination of
cracking and compression softening/crushing with the principal stress directions constantly rotating. Improvements in the
constitutive model of concrete material are needed to model this phenomena and produce a more reliable result for various
concrete structures. The Seismic Shear Wall International Standard Problem (SSWISP) offered a unique opportunity to
perform state-of-the-art nonlinear dynamic analyses of shear wall structures under earthquake loadings, as well as, to collect
information on the currently available analysis methods worldwide.

Nuclear Power Engineering Corporation (NUPEC) offered the dynamic test results of shear wall structures to the
OECD/NEA/CSNI (Organization for Economic Cooperation and Development/Nuclear Energy Agency/Committee on the
Safety of Nuclear Installation) for use as an International Standard Problem (ISP). Two identical shear walls, which consisted
of a web (3 meter wide, 75 mm thick, and 2.02 meter high), flanges (2.98 meter wide, 100 mm thick and 2.02 meter high),
and massive top and bottom slabs, were tested to ultimate failure under earthquake motions at NUPEC’s Tadotsu Engineering
Laboratory. The shear walls simulated a part of a typical reactor building.

The test results and detailed information on the test conditions were made available during the first workshop in Paris in 1994
(Ref. 1), and the participants were asked to perform structural analyses to reproduce the test results. As a participant in this
effort, Brookhaven National Laboratory (BNL) performed finite element analyses under the sponsorship of the U.S. Nuclear
Regulatory Commission (USNRC). Two consultants, F. Vecchio of the University of Toronto (UT) and F. Filippou of the
University of California at Berkeley (UCB), also performed finite element analyses. The analysis results by BNL/NRC and
the consultants were presented during the second workshop in Yokohama, Japan in 1996 (Ref. 3). The analysis results of all
the participants of the SSWISP Workshop are summarized in the comparison report published by OECD/NEA (Ref. 17).

The objectives of this study are to perform nonlinear dynamic analyses of R.C. shear wall structures under severe earthquake
loading based on the best knowledge currently available in the areas of material constitutive modeling and numerical
procedure, to identify limitations of the analysis methods, and to collect information on the currently available analysis
methods worldwide.

This report presents BNL’s and consultants’ analysis results. The findings and information obtained during the workshops
and detailed descriptions of promising analysis methods presented by other participants are summarized.
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2 ISP SHEAR WALL TESTS

2.1 Test Specimens

A complete description of the ISP shear wall tests can be found in References 1 and 2 (NUPEC). Two identical shear wall
specimens (called U-1 and U-2) were constructed and dynamically tested using the same input motions to confirm the
reliability and reproducibility of the test. Figures. 2.1 through 2.4 provide detailed descriptions of the specimen. The shear
walls are intended to be part of a typical reactor building, and consist of a web, two flanges, massive top and bottom slabs and
additional weights. The wall has a shear span ratio of 0.8, and together with a high bending strength provided by the two
massive flanges, the design is intended to be predominantly a shear failure type.

The reinforcement ratio is 1.2% for both web and flanges in both the horizontal and vertical directions except with additional
vertical reinforcement at the intersection between the web and flange walls (see Figure 2.2). For the reinforcement, D6
deformed rebars (nominal diameter 6.35 mm) were used.

For additional weight, lead blocks with a total of 92.9 tonf were fixed to the top slab. The total weight of the top slab was
122.0 tonf, and the average vertical stress in the walls is 0.15 kg/mm?®.

Material test results were also made available as summarized in Tables 2.1 and 2.2, and in Figure 2.5.

2.2 Test Procedures

NUPEC’s large shake table at the Tadotsu Engineering Laboratory was used for the dynamic tests. The table has a 1.000 tonf
maximum load capacity, a 3000 tonf horizontal maximum excitation capacity (3,300 ton f vertically) and can accommodate 2
15 m by 15 m sized specimen. It is a two-directional (horizontal and vertical) vibration table, although only horizontal
motions were applied during the ISP tests.

Figure 2.6 shows the acceleration time history and the response spectra of the input horizontal motion (AXB) recorded during
the maximum amplitude test run (RUN-5). In the dynamic tests, the amplitude of the input motion was the only parameter
varied. A total of five (5) test runs were planned including RUN-] for the elastic responses and RUN-5 for the ultimate
response, as shown in Table 2.3.

2.3 Instrumentation

Figures 2.7 through 2.10 and Table 2.6 show the location of the test instrumentation which consisted of displacement
transducers, accelerometers and strain gages. To represent the overall response of the shear walls, the average of DXT1 and
DXT2 is used for the horizontal relative displacement (see Figure 2.7), and the average of AXT1 and AXT2 is used for the
horizontal acceleration (see Figure 2.9). The horizontal inertia force is estimated by muitiplying the value of AXT (average
of AXT1 and AXT2) by the total weight of the top slab, 122 tonf. The sampling time of the data acquisition was 0.001
second.

2.4 Test Results

The peak responses of the two shear walls, U-1 and U-2, are summarized in Figure 2.11 in terms of the maximum inertia
force and displacement relationship. The U-2 specimen produced slightly lower responses compared with the U-1 specimen

3 NUREG/CR-6554



ISP Shear Wall Tests

An additional RUN-2’ was performed to obtain the response right after the shear cracking run for the U-1 specimen, as
indicated in Figure 2.11.

Table 2.5 summarizes the recorded peak response values. During RUN-5 for the U-1 specimen, the top horizontal
displacement (UXT) far exceeded the measurable range of the displacement transducer of 20 mm due to a sudden sliding
shear failure. For all the analyses described in the following chapters, the response results of the U-1 specimen are used
exclusively.

Figure 2.12 shows the top-slab horizontal force-deformation relationships for all the test runs of the U-1 specimen. It can be
observed that RUN-1 and RUN-2 are in the elastic range; RUN-2" and RUN-3 are in moderately nonlinear ranges; significant
nonlinear responses start to appear in RUN-4; and the ultimate response is shown in RUN-5. Figures 2.13 through 2.15 show
the force-deformation relationship of the top slab and the recorded responses of the top and bottom slabs for RUN-1, RUN-4
and RUN-5. More complete collections of the recorded time histories can be found in Appendices C, D and E of this report

Initial shear cracks were found at the mid-lower portion of the web wall after RUN-2’. Horizontal bending cracks in the
flange walls were found after RUN-4. During RUN-5, a sliding shear failure occurred at the bottom of the web wall as shown
in Figures 2.16 and 2.17.

Before each test run, a small-amplitude vibration test was performed to evaluate the vibration frequency and the equivalent

viscous damping values. The results are listed in Table 2.6. When the specimens were in the elastic range, the calculated
damping value was slightly higher than 1% of critical.
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Table 2.1 Tensile strength test results of D6 deformed bar (Ref. 2)
JIS Yield Tensile Modulus of Elongation
Designation Sample No. Strength Strength Elasticity (%)
(kgfimm?) (kgf/mm?) (x 10° kgf/mm?)
1 387 498 189 *k
D6 ™ 2 393 491 186 29.5
3 39.3 495 189 287
mean 39.1 495 18.8 29.1
*1) Nominal cross section area: 32 mm? (** Break outside gauge length)
Nominal perimeter length: 20 mm
Nominal diameter: 635mm
Table 2.2 Cylinder test results of concrete of web and flange walls (Ref. 2)
Specimen Compressive Modulus of Poisson’s Splitting
Strength Elasticity™ ratio™ Tens. Strength
(kgf/mm?) (kgf/mm?) (kgf/mm?)
No. 17 2.88 23.2 0167 0244
U-1 No. 2 3.04 228 0157 0.221
No 3 2.83 241 0.139 0219
mean 292 23 4 0.155 0228
*D Material test specimen geometry:  Cylinder with 100 mm dia and 200 mm height
*2) Secant modulus of stiffness at 1/3 value of compressive strength
*3) Ratio at 1/3 value of compressive strength
Table 2.3 Planned test runs
Name of Test Run Target Amplitude Level Comments
RUN-1 About 005¢g Elastic Response
RUN-2 005¢g-0.1¢g Shear Crack Initiation
RUN-3 025g-03¢g 3 times of RUN-2
RUN-4 04 g-05¢g v =2/1000 rad
RUN-5 06 g-07¢ Ultimate Strength

w
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Table 2.4  List of measured items (Ref. 2)

Measured Item Direction Number of Measurements
- Horizontal displacement ™ X 2
Y 2
- Vertical displacement ™ Z 16
~ Acceleration Top slab X 2
Y 2
Z 4
Base slab X 2
Y 2
Z 4
- Rebar strain Web horizontal 11
Web vertical 9
Flange.vertical 24
Total 80
*1) Relative horizontal displacement between the top slab and the base slab
*2) Relative vertical displacements of segmental parts of flange walls
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Table 2.6  Dynamic characteristics of specimens (Ref. 2)

(U-1 Specimen)

f, (H2) h,, (%)
Before RUN-1 132 11
Before RUN-3 113 25
Before RUN-4 90 30
Betore RUN-5 77 4.0
(U-2 Specimen)
£, (Hz) by, (%)
Before RUN-1 13.1 1.2
Before RUN-3 1.3 2.6
Before RUN-4 83 42
Before RUN-5 71 42
fo. Natural frequency

h,..

eq

Equivalent damping ratio
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Fig. 2.16 ISP SBhear Wall after the Fests

Fig. 2.17 Sliding Shear Failure in Web Wall after RUN-5
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3 BROOKHAVEN NATIONAL LABORATORY’S ANALYSES

3.1 Introduction

This chapter presents the results of the nonlinear FEM analyses for ISP Shear Walls performed by BNL. The finite element
analyses were performed with the ISSAC computer code which was developed by Young J. Park of BNL (Ref. 5). Three
types of analyses were performed, i.e., monotonic static (push-over), cyclic static and dynamic analyses.

A serious technical difficulty was encountered in performing the nonlinear dynamic analyses when the analysis model was
subjected to highly plastic loading reversals. As a result, the initial analysis results for the higher amplitude tests did not
match well with the test results. Additional efforts were made to improve numerical stability by changing analysis
conditions/assumptions, including the damping assumption. Both the initial and improved analysis results are presented in
this chapter.

3.2 Constitutive Model for Concrete

The constitutive model for concrete used in the ISSAC code is based on the concepts of orthotropic plasticity theory and the
rotating smeared crack model (e.g., Refs. 6 and 7). In this analysis scheme, rebar can also be smeared (e.g., Ref. 6). The
biaxial stress-strain relationship in the principal stress direction is expressed as (smeared rebar not included),

do, : E VE, de,
do, ¢ = - VE E, 0 |4de, 3.1)
dt 1-v"1 0 o G||day
in which,

do,, do, = incremental principal stresses

de,, de, = incremental strains in the principal stress directions

dr, dy = incremental shear stress and strain

E,E, = uniaxial modulus in the principal stress directions

G = shear modulus (set to zero after cracking)

\J = Poisson’s ratio

Currently, detailed information on the hysteretic behavior of concrete is available only from test results under uniaxial
Joading conditions. Therefore, a relationship should be established between the uniaxial hysteretic model of concrete and the
foregoing principal stresses, 6, and 0,, and associated strains, €, and €,. The following “independent uniaxial” (IU) concrete
stresses, 0, and 0,", and strains, €,” abd €,’, are introduced for this purpose.

o, =0,/ X% (3.2)

*

Q
N
|

=0,/ X 3.3)
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*
de,

2 (del + vde, )/X1 (.4)

d e, " (dez+vd(—:l )/)g (3.5

In which, X, and X, are the biaxial interaction factors that are determined from the biaxial envelope function. In this scheme,
the uniaxial hysteretic behavior is expressed in terms of the IU stress-strains, 0,", 0,’,d €,” and d €,"; then the biaxial stress-
strains are obtained from the above Equations 3.2 through 3.5.

Figures 3.1 and 3.2 illustrate the uniaxial hysteretic model for concrete. The negative slope in compression is assumed to be a
straight line up to the specified failure strain, - B - €,. The tangential stiffness of the negative slope, E,, is expressed as,

_(1-A)f c
BT &0

All the above parameters are defined in Figure 3.1. To account for the so-called tension stiffening effect, the tensile strength
of cracked concrete, is expressed by a factor “«” as illustrated in Figure 3.1.

Py
o = Ct 5; (3.7)
In which,
c, = a constant with unit of length (~ 75 mm based on studies by the University of Toronto, Ref. 8).
Ps = steel ratio
D = diameter of rebars (mm).

When more than one rebar group is considered (e.g., horizontal and vertical rebars), the values of “«” are added to obtain the
overall value, i.e.,

o = o, (3.8)

The biaxial envelope function is shown in Figure 3.3, which is a simplified version of the enveloped curve proposed by
Kupfer et al (Ref. 9). In the tension-compression regions, the reduction in the compressive strength is controlled by the so-
called compression softening of cracked concrete (Ref. 10), as
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) 1
1+027 (¢, /€, - 037 ) (3.9

In which, €, is the tensile strain in the direction orthogonal to the crack plane, and €, is defined in Figure 3.1.

3.3 Numerical Method

The equations of motion for a FEM model are expressed as,
[M]{a}+[C 148} + [K]{Au )« {R)= - [M]{3} (3.10)

In which, [M], [C], and [K] are the mass damping and stiffness matrices; U, U and Au are acceleration, velocity and

incremental displacement; Z is the input excitation; and R is the restoring force from the previous analysis step. Rayleigh
damping is used for the damping assumption,

[Cl=a[M]+B[K] G.11)

Newmark’s B-method is used to solve the above nonlinear dynamic equations.

In the application of nonlinear FEM to concrete structures, either for static or dynamic problems, a key to a successful
analysis is the method to suppress the unbalanced forces during the analysis. The unbalanced forces arise due to a mismatch
of internal stresses between adjacent elements with different stiffnesses. When the element stiffness changes abruptly, e.g.,
due to cracking, crushing or unloading/reloading, the unbalanced forces tend to increase sharply. Some form of iterative
scheme is necessary to minimize the unbalanced forces during analysis. In the ISSAC code, the following three (3) stages of
iterations are employed in succession to achieve this purpose as illustrated in Figure 3.4

Stage 1 Newton-Raphson method using tangential stiffnesses with sub-step option (similar to the ones used in
commercial codes such as ANSYS and ABAQUS).

Stage 2 Modified Newton-Raphson method using the “local secant stiffnesses.”
Stage 3 Initial stiffness method using the elastic stiffnesses.

During the main loading steps, i.e., stage 1 and 2 (see Figure 3.4), it is necessary to make all the changes in the element state
as smooth as possible including;

- principal stress angle,

- biaxial interaction factors,
- material stiffnesses,

- Poisson’s ratio.
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Particularly, a smooth transition of loading paths should be implemented in the uniaxial hysteretic model of concrete as
illustrated in Figure 3.5.

During the iteration steps, i.e., stage 3 (see Fig. 3.4), the above changes in the element state should be “frozen” as much as
practically possible in order to achieve a faster and successful numerical conversion. In addition, a simplified version of the
hysteretic model maybe adapted during the iteration steps to avoid repeated loading/unloading changes as illustrated in Figure
3.5.

3.4 Analysis Model

Figure 3.6 shows the analysis model used for both the static and dynamic analyses. Simple 3-node constant-strain 2-D solid
elements were used for both the web and flanges. It is a so-called “unfolded model”, a modeling scheme frequently used to
model a 3-D panel structure using 2-D solid elements. The top slabs of the flanges are constrained in the horizontal direction
(direction orthogonal to the web wall), and the vertical displacements are tied to those of the web at the flange/web joints.
Therefore, the flange actions, except for the out-of-plane bending of the flanges, including the in-plane shear in flanges due to
shear lag, are accounted for. In this modeling scheme, the deformations in the direction orthogonal to the vibration direction
are excluded. Since the model is symmetrical, only half of each flange wall is modeled with twice the thickness.

The material parameters are listed in Table 3.1 (see Figure 3.1 for the definition of the parameters). All the rebar were
smeared both in the web and flange walls.

3.5 Monotonic Static Analysis

Monotonic static analyses were performed to check the adequacy of the analysis model and to estimate the negative slope of
the concrete stress-strain relationship. Figure 3.7 shows the load-deformation relationships of three monotonic static analyses
in which only the value of B, which defines the negative slope of concrete (see Figure 3.1), is varied. It appears that when the
value of B is assumed to be 10 to 20 (i.e. failure strain value is 2.5% to 5%), the load-deformation relationship obtained
matches well with that for RUN-5.

Figure 3.8 shows the detailed analysis results for § = 20. It is obvious that the analysis predicts the wall to fail in sliding
shear at the bottom of the web. The observed failure plane in the test, however, is located approximately 40 cm from the
bottom. One possible explanation for this difference may be the use of the plain-stress assumption for the concrete elements.
The 3-D confinement at the bottom of the web wall may have shifted the failure plane away from the bottom.

Table 3.2 lists the horizontal displacements and forces of the top slab for various damage stages.

3.6 Cyclic Static Analysis

A cyclic static analysis was performed under an idealized loading reversal condition. The analysis was performed by
controlling the horizontal displacement of the top slab. The objectives of this analyses are as follows:

. Verify the constitutive model for concrete and the numerical method for analyses that involve large loading
reversals up to the failure point;

. Characterize the hysteric behavior of the ISP shear wall under a simplified static loading condition.

. Observe the differences in responses between the monotonic and cyclic analyses.
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. Obtain the response of the shear wall after loading reversals which are representative of RUN-2", 3, 4 and 5.

Figure 3.9 illustrates the applied displacement history. Loading reversals for peak displacements of 1.05 mm, 1.63 mm and
3.72 mm were first applied, representing RUN-2’, RUN-3 and RUN-4, respectively. Then two larger loading reversals were
applied to observe the hysteretic behavior beyond the maximum strength point. A total of 1330 analysis steps were necessary
to complete the analysis (the average displacement increment is 0.1 mm per step).

Figures 3.10 and 3.11 compare the load-deformation relationships. Relatively small hysteretic damping (i.e., hysteresis loop
area), a significant pinching behavior, as well as sharp strength drop after reaching the maximum point, are observed both in
the analysis and the test results. These observed hysteretic characteristics are considered to be consistent with the brittle
sliding failure mode of the ISP wall. The maximum strength is 3% lower than that of the foregoing monotonic analysis. No
significant differences are observed between the monotonic and cyclic analysis results.

Figures 3.12 through 3.15 depict the responses of the shear wall for each representative loading reversal. The same sliding
shear failure at the bottom of the wall as in the static analysis can be found in Figure 3.15.

3.7 Dynamic Analysis

3.7.1 Linear Dynamic Analysis for RUN-1

Based on the static analysis results, no element is expected to exceed the tensile strength level during RUN-1, and the shear
wall responses are considered to be entirely in the elastic range. Therefore, a conventional modal time history analysis is
performed for RUN-1.

Figure 3.16 shows the fundamental mode shape. This mode is considered to be dominant over other higher modes. The
analysis conditions/assumptions are as follows:

. NUMDbEr Of MIOAES . .. .ottt ettt et e ettt e e 4
. DamPINg . .. oooe ettt e e 1% critical for all modes
. Basemotion . ...t Horizontal (AXB) only (see Figure 3.17)
. TIME IMCTEMENY . . . .. o\ttt ettt e et e i iie it e 0.001 sec.
. Numericalmethod .. ... ... Newmark’s $-method

Table 3.3 summarizes a comparison of response values. Figures 3.18 through 3.20 show some time history plots and the
load-deformation relationship. As vertical base motions are not considered, the vertical accelerations (e.g., AZTL and AZTR)
are underestimated. Other response values, including the fundamental frequency of vibration, agree well with the measured
values.

3.7.2 Nonlinear Dynamic Analysis for RUN-4

A nonlinear dynamic analysis was performed for RUN-4 using the direct time integration method. As indicated in the
foregoing static analyses, the stiffness matrix, [K] of Equation 3.11 for Rayleigh damping, may take negative values due to
the cracking and crushing of concrete. Therefore, the second term of Equation 3.11 could become a negative contribution to
the linear damping value. To avoid this anomaly, the value of p in Equation 3.11 is assumed to be zero. The corresponding
value of a is estimated based on the frequency value of 11.3 Hz and the equivalent damping value of 2.5% critical:

=355
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The dynamic analysis was preceded by two cycles of static loading with a peak displacement of 1.63 mm to simulate the
effects of the previous test runs. Therefore, residual responses are included in the following dynamic analysis. Other analysis
assumptions/conditions are as follows:

. Basemoton . ........uui i Horizontal (AXB) only (see Figure 3.21)
. Timeinerement ... ... ...ttt 0.001 sec. (max.) to 0.00025 sec. (min.)
. Numericalmethod .............. ... . ... . it Modified Wilson-style Newmark’s p-method

In the course of the direct time integration analysis, a difficulty was encountered as the abrupt changes in stiffness of the
concrete (mainly due to crack opening and closing) affected the acceleration responses. Relatively high-frequency
components were introduced artificially to the acceleration responses, adversely affecting the numerical stability. The
displacement responses, however, were much less affected by the abrupt stiffness changes. Due to this problem, the analysis
was terminated at 6.5 sec. although the program could have completed the full 12 sec. length of analysis. The analysis,
however, captured most of the nonlinear response as it is truncated near the end of the main table motions (see Figure 3.21).

Table 3.4 summarizes comparison of response values, and Figures 3.22 through 3.26 compare the load-deformation and time
history plots. Figure a 3.27 shows the damage state after the analysis.

The displacement responses agree well with the measured records both in terms of the peak value, the timing of the peak
value, and the time history shape. The acceleration responses, however, are overestimated due to the artificial high-frequency
components as discussed above. The damage state shown in Figure 3.27 indicates more damage to the wall than in the static
analysis result shown in Figure 3.14. Under many cycles of loadings, more elements suffered concrete crushing and rebar
yielding,

Figures 3.25 and 3.26 compare the vertical displacement responses. It should be noted that the analysis result shown in
Figure 3.25 is a vertical displacement at the top slab, whereas the recorded data shown in Figure 3.26 is a relative vertical
displacement measured for a 30 cm segment of the flange wall (see pp. 3-19 of NU-SSWISP-D008). Both time histories

indicate “ratcheting-type” upward movements due to the accumulation of permanent plastic strains under repeated loading
reversals.

3.7.3 Improved Analysis for RUN-4
Efforts were made to improve the numerical stability in the nonlinear dynamic analysis solutions. It was found that the

viscous damping assumption had a significant impact on numerical stability The foregoing definition of Rayleigh damping
was modified as,

[C]=a[M]+B[K,] (3.12)

where [K] is the elastic stiffness matrix. The values of the parameters, a, f; were assumed to be,
«=0.97, p=0.0001.
According to this assumption, the damping value in the elastic range (13.2 Hz) is 1% of critical.

This new damping assumption significantly improved the numerical stability, and the artificial high frequency components in
the calculated acceleration responses were eliminated. The calculated results are shown in Figures 3.28 and 3.29. Although
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“a perfect match” between the analysis and test results was not achieved, it nevertheless improved the applicability and
accuracy of the nonlinear FEM to dynamic problems.

3.7.4 Nonlinear Dynamic Analysis for RUN-5

The same damping assumption was used for the analysis of RUN-5, the highest amplitude test run. The comparisons with
test results are given in Table 3.5 and Figures 3.30 through 3.36.

During the course of the analysis, a numerical difficulty was encountered as the analysis model was subjected to large plastic
loading reversals. It was observed that as many elements started to crush and enter the negative-slope region, the iterations in
stage 3 (see Figure 3.4) tended to aggravate the solutions, rather than improve them. In the analysis, the iterations in stage 3
were turned off at t = 2.5 sec. The analysis was terminated at t = 3.616 sec., which coincides with the occurrence of the
observed shear failure (see Figures 3.30, 3.33 and 3.34). The final failure mode was almost identical with the one from the
static analysis (see Figure 3.15). Although some minor differences between the analysis prediction and the test results were
observed, the analysis nevertheless predicted the timing of sliding shear failure fairly accurately.
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Table 3.1 Material parameters

(Concrete)
Modulus of elasticity, E 2340 Kg/mm®
Poisson’s ratio, v 0.16
Density, p 2230 Kg/m?®*
Compressive strength, f 2 92 Kg/mm?
Crush initiation strain, € 0.25%
Ratio for crushed concrete strength, A 0.1%*
Concrete failure strain ratio, 10%**
Tensile strength, f; 0.228 Kg/mm®
Parameter for cracked concrete strength, o 0.29
Parameter for negative slope in tension, y 1o
(Rebars)
Modulus of elasticity, E 1.8 x 10" Kg/mm?®
Yield stress, f, 39.1 Kg/mm®
Post-yield stiffness 188 Kg/mm?
Note:  *A = 0.3 for static analyses,
't} = 20 for static analyses
Table 3.2 Summary of calculated results (monotonic static analysis)
Top slab
Phenomena
Horizontal displacement Horizontal force
(mm) ™)
(a)  Flange wall
Initiation point of bending crack 04 402x10°
(b)  Web wall
Initiation point of shear crack 05 490x10°
(c)Flange wall vertical rebar
Initiation point of yield 39 P28 10°
(d)  Web wall vertical rebar
Initiation point of yield 39 128 x 10¢
()  Web wall horizontal rebar
Initiation point of yield 10.6 154N 10°
®  Crushpoint 3.8 .28 x 10°
Maximum load 86 158~ 10°
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Table 3.3 Comparison of response values for RUN-1
Items Unit Analysis Test
Fundamental frequency Hz 13.31 132
Horizontal disp (DXT) mim 0.291 0.29
Horizontal accel (AXT) mm/s’ 2030 2080
Horizontal inertial force ton 253 25.8
Left vertical accel (AZTL) mnvs® 230 340
Right vertical accel (AZTR) mm/s’ 231 350
Horizontal rebar strain of web 10 45 9
Vertical rebar strain of flange
. Left flange 10 ¢ 504 45
. Right flange 10 50.9 37
Table 3.4 Comparison of response values for RUN-4
Items Unit Analysis Test
Horizontal disp (DXT) nun 380 3.72
Horizontal accel (AXT) mm/s? 11200 8820
Horizontal inertial force ton 9447 10907
Lett vertical disp (DVLF) mm 2.64 -
Right vertical disp (DVRF) mm 176 -
Left vertical accel. (AZTL) mm/s? 10330 7 9820
Right vertical accel. (AZTR) mny/s? 10900 7 8338
Note:  *1 Program directly evaluates the peak restoring force value
*2 Estimated from acceleration response
*3 Peak values up to 5 sec
Table 3.5 Comparison of response values for RUN-5
Items Unit Analysis Test
Horizontal disp. (DXT) mm 14.3 >20
Horizontal accel (AXT) mm/s’ 13089 13410
Horizontal inertial force ton 155 166
Left vertical disp. (DVLF) nun 435 ——-
Right vertical disp. (DVRF) num 670 ---
Left vertical accel (AZTL) mm/s? 17690 17740
Right vertical accel (AZTR) mn/s 13500 20000
37
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