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ABSTRACT

The SSWISP(Seismic Shear Wall Intemational Standard Problem) was carried out as an ISP
organized by OECDNEA(Nuclear Energy Agency)/CSNI(Committee on the Safety of Nuclear
Installations) aiming at the improvement on reliability and commonality of the safety analyses
and design of nuclear installations in the world NUPEC(Nuclear Power Engineering
Corporation) had promoted the SSWISP under the support of MITI(the Ministry of International
Trade and Industry Japan) by offering the test data and hosting workshops. The data used for
SSWISP is the test data of the "Ultimate Response Test of Seismic Shear Walls of Nuclear
Reactor Building". The test was performed by NUPEC sponsored by MITL In the test, large
dynamic loads were applied to RC(reinforced concrete) shear walls up to the ultimate (heavily
damaged) state.

The first SSWISP workshop which explaining the purposes, schedule and call for participants,
was held on September 1994 in Paris. The workshop received 53 participants from 10 countries.
After the workshop, 63 analytical results simulating the test results were submitted for
SSWISP from 38 organizations of 12 countries by the end of October 1995. The analyses
submitted are classified into four categories based on the methodologies applied to the arialyses
as (1) FEM(Finite Element Method) static, (2) FEM dynamic, (3) simplified , and (4) lumped
mass. The second workshop to discuss on these analytical results was held April 1996 in
Yokohama. . '
Although the simulation analyses of seismic response tests up to ultimate state has the
reputation of being very difficult, submitted analytical results show, in general, good agreement
with the test data. Moreover, because attempts to compare many analytical results, which
simulate dynamic behavior of reinforced concrete-shear walls up to their ultimate damaged
condition, had been quite rare, there arose many fruitful discussions in the second workshop.
Through the discussions, many important researches to be needed in the near future and new
techniques applicable to improving seismic safety analyses were identified.

1. INTRODUCTION

NUPEC has been conducting model tests for the evaluation of seismic behavior of reactor
buildings sponsored by MITL The purpose of the tests is to verify and improve existing
seismic response analysis codes to enhance their reliability for seismic safety design of reactor
buildings. As a part of the tests, the "Seismic Ultimate Dynamic Response Test" was carried
out using the world's largest high-performance shaking table at Tadotsu Engineering
Laboratory in 1991.  The Dynamic response behavior of RC shear walls was investigated, and
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and many valuable test data applicable for the verification of seismic response analysis codes
were obtained [1].
NUPEC proposed to OBCD/NEA/CSNI to offer these data for use in international studies on
safety analysis codes of nuclear power plants, in particular, for the improvement of the
analytical techniques for seismic ultimate dynamic response of reactor buildings. This
proposal was officially approved as SSWISP at CSNIannual meeting in December, 1993,
Participants to the SSWISP conducted simulation analyses using their own codes. The
SSWISP will provide many fruitful information to the participants by :
(1) clarifying behavior of seismic shear walls up to the ultimate state,
(2) improving reliability of techniques for non-linear seismic response analysis and ultimate
strength evaluation,
(3) providing available information for use in quantifying uncertainties in modeling and in
improving the computer codes of the participants in the future,
(4) suggesting necessary experiments to reduce technical ambiguities in the ultimate behavior
of seismic shear walls.
The first workshop under the auspices of NFA was held on September 27 and 28, 1994 in
Paris with chairman Prof. Dr.H.Aoyama (Professor emeritus university of Tokyo) and co-
chairman Dr.N.Chokshi (US NRC). The meeting was attended by 53 participants from 10
countries and international organizations. In the workshop, NUPEC explained the outline of
the "Seismic Ultimate Dynamic Response Test". After the workshop, analytical results from
38 organizations were submitted to NUPEC. Many participants applied more than one
models or analytical methods. These analytical results are classified as ; O FEM static
analyses: 19 (monotonic:15, cyclic:4), (@ FEM dynamic analyses:12, @ Simplified model :10
(static:4, dynamic:6), @ Lumped-mass model dynamic analyses:6. The difference between
the simplified model and the lumped mass model is that the simplified model deals the web
wall as a plane whereas the lumped mass model deals the wall as a lumped mass.
NUPEC prepared a comparison report of these submitted analytical results for the second
workshop. The second workshop was held in Yokohama from April 22 to 24, 1996. During
the workshop discussions unfolded particularly about consistency between analytical results
and relevant test data; what were the difficulties in making accurate analyses; and how such
difficulties could be solved. [2] In this paper an outline of the SSWISP is described.

2. ULTIMATE DYNAMIC RESPONSE TEST OF SEISMIC SHEAR WALL

Because RCshear walls act as major earthquake resisting members in the RC buildings, the
dynamic characteristics of these RC shear walls dominate the response of the buildings. An
objective of the seismic ultimate dynamic response test on RC shear walls was to comprehend
the response characteristics of RC shear walls at levels ranging from the elastic state to the
elasto-plastic ultimate state. The other objective was to provide applicable data for computer
code improvement by comparing the analytical results. Two specimens (U-1 and U-2) with
the same design specification were prepared and tested by applying the same input waves in
order to ascertain the reproducibility of the test. Figurel shows the dimensions of the test
specimens.  The web wall had a thickness of 75mm, a flange wall center to center length of
3,000mm, the clear height of 2,020mm, and a shear span ratio of 0.8. The flange walls had
thickness of 100mm and length of 2,980mm. The steel percentage in the concrete was 1.2%,
and D6@70 bars (Deformed bar, nominal diameter;6.35mm, spacing;70mm) are used in each
layer of the web wall both for the vertical and horizontal reinforcement. D6@175 bars were
used for the vertical reinforcement of the flange walls. As an exception, D6@70 bars were
used for the vertical reinforcement at the intersections of the web wall and the flange walls.

322




Deformed bars, D6, were also used in the web and flange throughout.
In order to ensure coincidence between the center of gravity and the geometrical center of the
top slab of the specimen, additional weights made of lead were fixed at the upper and lower
surfaces of the top slab as shown in Fig.1. The total additional weight was 92.9tonf, and the
total weight of the specimen including the top slab was 122.0tonf. The consequent vertical
compressive stress in the walls was 0 ¢:0.15kgf/mm® Normal concrete with coarse aggregate
having a nominal maximum grain size of 10mm was used for the web and flange walls. For
the base and top slabs, ready-mixed concrete with a nominal strength of 2.55kgf/mm?, was
used. Figure 2 shows the compressive stress-strain relationships of the concrete. The
vibration tests were carried out by applying artificial earthquake motions which enable
sufficient test data to be obtained to clarify the dynamic response characteristics of the
specimens ranging from their elastic state up to the inelastic ultimate state. In the test, the
specimens were excited in only one horizontal direction. The vibration test-runs were
executed with five input acceleration levels. These runs were sequentially executed as RUN-1
to RUN-5 by increasing input acceleration levels.

(1)Small-amplitude level in elastic region. (RUN-1)

(2)Strain level at shear crack initiation. (RUN-2, shear deformation angle of 024/10001ad.)

(3)Strain level at 3times of the step (2). (RUN-3, shear deformation angle of 0.72/1000rad.)

(4)Shear deformation angle of about 2/1000rad. (RUN4)

(5)Vicinity of ultimate strength. (RUN-5, shear deformation angle of about 4/10001ad.)
‘The acceleration response spectra and acceleration time history of the applied motion are
shown in Figs.3 and 4. The applied motion has a duration of 10seconds.
Table 1 shows the maximum values observed in each vibration step of the following.
parameters : the horizontal acceleration at the upper surface of the base slab, response
acceleration and displacement at the top slab, horizontal strain in rebars in the web wall and
vertical strain in rebars in the flange walls.
Figure 5 shows the relationships between the maximum inertia force (obtained from the
acceleration record of the top slab by multiplying by the upper part mass of the specimen,
00124tonf sec’/mm) and the maximum horizontal displacement in each vibration step. In this
figure, the horizontal response displacements at maximum inertia force values are also marked.
It can be seen from this figure that the test results of U-1 and U-2 specimens were almost
similar. Thus the reproducibility of the test was confirmed.
The maximum response displacement in the direction perpendicular to the actuating direction
was less than 130 of that in the actuating direction. Also, the maximum values of the
horizontal accelerations and displacements in the actuating direction on both sides of the
specimen were almost the same (differences weré 2% to 6%). Thus the torsional motion
induced in the specimen was considered to be very small.
The visual observation results of cracks for U-1 specimen after each vibration step are shown
in Fig.6. Initial shear cracks at the mid portion of the web wall were observed after RUN-2
and horizontal cracks of the flange walls were observed after RUN4. The shear sliding
failure occurred in RUN-5 at the bottom of the web wall resulted in the collapse of the concrete
wall. U-2 specimen also indicated similar crack patterns and failure mode. The final
appearance of U-1specimen is shown in Fig.7 Load-displacement relationships are shown in
Fig 8. ’
The specimen reached the maximum strength during RUN-5 and significant strength
deterioration occurred due to the shear sliding failure of the web wall. The natural frequency
fo and the equivalent damping ratio heq were determined from the transfer functions calculated
from the horizontal acceleration time histories at the base and top slabs, which were obtained
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by the small amplitude vibration test performed just before each vibration step.
Table 2 shows the changes in natural frequencies and equivalent dampings of specimens with
the increment of input acceleration magnitudes (RUN-1 through RUN-5). The results
indicates that the natural frequency decreased from 13Hz to 7.7Hz and the equivalent damping
increased from 1% to 4% as the degree of nonlinearity of a specimen increased.

3. COMPARISON OF ANALYTICAL RESULTS
Analytical results submitted by participants were compared in each classified category.

3.1 FEM STATIC MODELS

A typical element mesh scheme used in a FEM static analysis is shown in Fig.9. Three

quarters of the analyses in this category used original computer programs and four analyses
used commercial programs. Ten analyses used 3-D models and six analyses used 2-D
models. The uniaxial stress-strain relationships used in the analyses were very similar but
they - differ greatly after the maximum load as shown in Fig.10. The reduction of
compressive strength and of shear modulus of RC shear wall after cracking are considered
in most models but their approaches are very different. Many participants hypothesized that
a crack occurs when the principal stress reaches the tensile strength of concrete. Also many
participants assumed a bi-linear stress-strain relationship.
Out-of-plane stiffness in the flange wall influenced the location where shear strain increases.
The out-of-plane stiffness of the flange wall restricts the extension of the web. Thus, in
the analyses which take the out-of-plane stiffness into account, the load of the horizontal
reinforcement in the web wall at yield tended to be large.
In the analyses which reduced the compressive strength after cracking compared to uniaxial
compressive strength, the load at the initial crush and the maximum load tend to decrease.
In the analyses which decrease shear modulus after cracking, displacement for the same
horizontal force tend to increases. Also in the analyses which assumed a smaller shear
modulus after cracking is assumed, displacement at the maximum load increases.
In the analyses which assumed small tensile strength of concrete, the load at the initial
cracking tends to reduce.
In the analyses which take the rotation of the direction of the crack into account,
displacement at the maximum load tend to increase.

3.2 FEM DYNAMIC MODELS

Shell elements were used in five analyses for modeling the flange walls, while in other six

analyses plane clements were used to model the flange walls. Reduction of concrete
strength after cracking was consideted in seven analyses. Tension stiffening was considered
in all analyses. Rayleigh-type damping was used in six analyses. The other four analyses
applied dampings proportional to stiffness matix.
Figure 11 shows an element mesh scheme used in a typical participant analysis. The natural
frequency before RUN-1 calculated by each participant was close to the test result.
Figure 12 shows typical time histories for horizontal acceleration and displacement in RUN-
4. Most analyses were performed in a short period of time to save computing time.
Three participants who obtained good consistency in the time histories with test data
applied lower values of Young's modulus than the test value and have the same natural
frequency as those of the test. Two analyses which achieved good consistency with the test
results in time histories used a complicated stress-strain relationship of concrete that lie
between the origin-oriented rule and the elastic gradient rule.
The smallest model used 112 degrees of freedom for plane elements, whereas the largest
model used 1,521 degrees of freedom, modeling the top and base slab with solid elements.
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The shear sliding failure which occurred at the bottom of the web wall was not reproduced
by the finite element models.
3.3 SIMPLIFIED MODELS
Simplified models have the merit of short calculation time because they have fewer
degrees of freedom as compared with FEM models. Most participants calculate the
constitutive laws of the RC-material directly using simplified models before dynamic
analyses.
The simplified model can be c]assmed into following four groups.
a). Models which are composed of the truss mechanism
b). Models which are composed of the arch mechanism
¢). Models which are composed of both truss and arch mechanisms
d). Models in which shear force and shear strain relationships are defined
Groups a), b) and c), define the constitutive laws of concrete and reinforcement materials.
In d), the shear force-shear strain relationships are determined based on a nonlinear static
model, and the relationships express element stiffness. In a) and b), the stiffness of each
element is defined by axial stress-axial strain relationships.
Figure 13 shows a typical analytical model. The stress-strain relationships of concrete are
expressed by curved model or multi-linear model. The tension-stiffening effect is taken into
account in some analyses. The tensile stress of the concrete is neglected in some analyses.
The stress-strain relationships of the reinforcement are modeled with a bilinear envelope in
all the analyses.
Figurel4 shows typical time histories for horizontal acceleration and displacement in RUN4.
Generally the modeling of the shear force-shear strain relationships in this method have a
strong effect on whether the model is appropriate or not.
3.4 LUMPED MASS MODELS
Most analyses were performed by using participant's original programs. Except for one
participant's analysis, calculated initial natural frequencies agree well with the test result
(within 5%). Figure 15 shows a typical analytical model.
Figure 16 shows typical calculated time histories of horizontal acceleration and horizontal
displacement in RUN4 by a participant. In the modeling of the skeleton curve, three
participants determined the skeleton curve based on the FEM analysis. One participant
taking stress reduction after reaching the maximum stress into account in determining
skeleton curve, and this analysis agrees from the large loading part of RUN-5 until the
completion of analysis. In the analytical model of the horizontal spring, no remarkable
differences are observed between the shear-bending models and the others. The analyses
using both the skeleton curve and the hysteresis loop, which agree with the test, show
comparatively similar time histories to the test results. For the model, which takes into
account the reduction of the loading capacity over the maximum load, the time history of
the response acceleration agrees with the test results.
3.5 SUMMARY OF COMPARISON OF DYNAMIC ANALYTICAL RESULTS
Figure 17 shows the envelope curve of the inertia force and the overall horizontal
displacement at top slab in each analysis category. It can be seen as a common trend in
each analysis category that in cases where the inertia force is less than IMN (for RUN-1 to
RUN-4), the overall trend represents the test results faithfully. In cases where there is an
inertia force of 1IMN or greater (for RUN-4 and RUN-5), there are some differences among
the analytical results. With regard to the maximum load and the deformation at the
maximum load, there seems to be some difference between the analytical and the test
results. Also there are considerable scattering among the analytical results.
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Figure 18 show the average values in each analysis category in each RUN. The comparison
results of response values are described below.
(1) Maximum horizontal displacement at top slab
The test value in RUN'S is éliminated from the figure because of sensor signal saturation.
The mean values for each category in RUN-1to RUN4correspond to the test values.
(2) Maximum horizontal acceleration at top slab
Though the simplified model offers mean values that are a little larger than the test
values, the mean values in each analysis result represent the same overall trend.
(3) Natural frequency calculated from transfer function
The mean values of the FEMin RUN-1 to RUN=3 correspond closely to the test values. In
RUN4 and RUN-5, however, the mean values are larger than the test values. Though the
mean values of the simplified model correspond fairly well with the test values, the mean
values in RUN-1 and RUN-2 are slightly larger than the test values. The mean value of
the lumped mass model corresponds with the test value in the same way that the
simplified model does, but the values in RUN-2 are larger than those in RUN-1.
Generally, the mean values in each analysis category correspond with the test values.

4. DISCUSSIONS IN THE SECOND WORKSHOP _

In the 2nd workshop, brief presentations were made by participants in each classified
analytical categories, then the technical discussions on these analyses were made. The
following is a summary of the discussions.

4.1 FEM STATIC MODELS
The effective width of the flange wall tends to increase with the increase of the horizontal

deformation. A 3-D model can automatically consider the flange effect. However, for a 2-

D model, this effect should be taken properly into consideration.

The out-of-plane stiffness of the flange wall should be taken into account, because it has

some influence on the location of failure in the web wall.

There is some controversy whether shear sliding failures appear only under cyclic loading

or whether they also appear under monotonic loading. Further study on the difference

between the behavior under monotonic loading and cyclic loading should be carried out.

Although the size of an element does not affect the maximum load, it may have an

influence on failure process and the deformation characteristics after the maximum load.

Difficulty in the convergence occurred in some cases.

4.2 FEM DYNAMIC MODELS
There are two methods to define viscous damping. One method is to use a constant value
for viscous damping, while the other is to use varying values depending on the input motion
magnitude. The damping evaluation is related to the hysteresis model described below.

There are several types of hysteresis rules; the origin-oriented, bi-linear and tri-linear.

The origin-oriented model is simple, yet it is necessary to adjust the viscous damping with

regard to the magnitude of input motion. On the other hand, the bi-linear and trilinear

models are more complicated, but some of these models have the advantage of using a
constant value for the viscous damping.

The wvalues which present the compressive strength reduction and shear stiffness

degradation of cracked concrete for dynamic analyses, were the same as those used for

static analyses.

However, the applicability of the static values to the dynamic analyses is not clear, so

fundamental experiments on these reduction values for the dynamic analyses are highly

recommended.
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The Newmark method with iterations was commonly used. However, there were
~ differences in dealing with the allowable times for iterations in each step and convergence
limit. Until now, the commercial codes cannot function efficiently for the analysis of RC
structures even using the recommended parameters for non-linear solution.
A "Too fine" mesh is not necessary to simulate the response in this specimen. However,
mesh refinement is necessary to find the exact location of failure.
The finite element dynamic model can provide the response by using fundamental data,
namely the material properties of concrete and the reinforcement bar, as well as an actual
shape of the specimen. By reducing the uncertainty of the items shown above, the finite
element dynamic model could become the most reliable model for evaluating the ultimate
strength and stiffness of nuclear reactor buildings.
4.3 SIMPLIFIED MODELS

The simplified models have an advantage over a finite element model because of their
simplicity. However it is difficult to define spring constant, model geometry, damping, etc.
without test results. In the present specimen, shear stress is dominant. Therefore all of

. the presented techniques were very successful. However, the combination of the model
geometry and constitutive law are very difficult to define for general structures.
Since the simplified model has been developed mainly to find the ultimate strength, good
agreement might not be obtained in dynamic elastic response such as low stress levels.
It is hard to obtain local information by simplified models. The finite element model is an
efficient method to obtain not only global information but also local information which-
can't be obtained by simplified models.
‘With the aid of advanced computer technology it will become feasible to use a FEM model
in to determine model parameters for the simplified model for complicated structures, such
as nuclear power plant buildings. However, until then, the simplified model would be a
practical method in comparison with the finite element models, which now need huge
calculation.

4.4 LUMPED MASS MODELS ‘

The skeleton curve is the most important item for accuracy in prediction of dynamic
responses. = The hysteresis loop is of secondary importance if the skeleton curve is
appropriately defined. The skeleton curves are given by the empirical equations which are
based on many test results. These skeleton curves can be reliable as long as every test
condition is relevant to the particular case. The skeleton curves are also given by the finite
element model. In this case, the method of determining the material properties is crucial,
and the finite element 3-D models are superior to the 2-D models.

It is necessary to separate the total displacement into the shear and bending components.
The lumped mass models will be replaced by more sophisticated models in the future.

5 CONCLUSIONS AND RECOMMENDATIONS .

During the workshop discussions unfolded particularly about consistency between analytical
results produced by individual participants and relevant test data; what were the difficulties in
making accurate analysis; and how such difficulties could be solved. At present, non-linear
dynamic seismic response analyses on RC shear walls up to their failure are being developed
by many researchers world-wide. Accordingly, analytical results were discussed during the
workshop.

Listed below are issues highlighted in the course of the discussions which are common to
every analytical method : '

-Modeling of damping, particularly damping in plastic region (viscous damping and
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hysteresis damping).

-Modeling of hysteresis rule of RC-members.

-Handling of non-linear stress-strain relationship of concrete which is prone to vary, largely
due to progressive cracking of the concrete.

-Methods of load application in analysis (static, cyclic and dynamic loadings).

-Degree of details of modeling.

Summarized below are conclusions and /or recommendations gained from the discussions:

-Robust Simplified and Lumped Mass Methods are highly cost effective and simulation
results '
produced using these methods are by no methods inferior to those from FEM. However, it
should be noted that when these methods are applied to non-linear analysis of RC structures
up to their ultimate condition, rational and physical modeling of the hysteresis rule of the
RC
members has to be introduced.

The lumped mass method might be replaced by more sophisticated methods in the future in
simulation analyses. However, the method will be used continuously for general NPP
seismic design.

-Though it was the first opportunity for many participants to employ FEM in dynamic non-
linear analyses of RC-shear wall up to failure, they all confirmed that FEM was a very
effective and useful tool, including application to static analyses. The problem for the
present is that the method involves too much analytical cost to be affordable in practical
seismic design analyses. Taking into account future progress in performance of computer
systems and application experience, FEM could soon be a popular tool among engineers in
this field. -

-By that time, FEM researchers have to improve reliability of dynamic FEM analysis and to
prepare some application guidelines to help engineers determine "basic physical
parameters"” for general FEM modeling.

-Benchmark analyses based on test data like this SSWISP, simulating non-linear dynamic
response of specimens up to their failure, are very useful in learning the limits and issues
for the application of FEM and sophisticated analytical methods.

-The SSWISP provided a good opportunity of starting the benchmark analyses on seismic
engineering and should be positioned as a starting point of international activities aiming at
improvement of reliability, applicability and standardization of seismic safety analyses.

At the end of the second workshop, all participants agreed that the SSWISP provided an
opportunity to establish a task group on seismic behavior of structures in OECD/NEA/CSN],
PWG3 and through the activity of this task group, continuous efforts should be made to have
such benchmark analyses as the SSWISPbased on seismic test data.
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Table 1 Test Results

Period (s)

Fig.3 Acceleration Response Spectra of Input Motion

5
TIME (3)

Fig.4 Acceleration Time History of Input Motion

Input Horizontal | Top slab horizontal| Top slab horizontal [Horizontall  Vertical rebar
acceleration of response response rebar |[strain of flange walll
Specimen| Run No.| the base slab acceleration & displacement & | strain of (108
at upper surface| _ inertial force deformation angle {web wall
(cmis?) cmis? | tont mm | 1000 | (10-) Left Right
rad. flange | flange
RUN-1 58 208 25.8 0.30 0185 -10 45 -38
RUN-2 122 399 49.5 0.61 0:30 -22 -93 -72
RUN-2' 317 602 74.6 1.09 0.54 448 -159 -124
U-1 RUN-3 361 738 91.5 1.7 0.85 686 -205 139
RUN-4 583 895 111. 3.93 1.94 942 1075 891
RUN-5 1256 1347 167. >20.0, 1>10.0 | >5000 2615 2822
(25" (6.19)" '
RUN-1 75 241 29.9 0.35 0.17 -1 -46 -44
RUN-2 237 507 62.9 0.89 0.44 1059 -114 -89
RUN-3 371 858 106. 2.68 1.33 1301 661 -262
RUN-4 450 875 109. 3.92 1.94 1150 783 707
U-2 RUN-5 1030 1330 165. 14.7 . 7.23 1865 2013 1996
(11.5) (5.69)! '

*1: Maximum response displacement & deformation angle at maximum horizontal response acceleration
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Comparison of Thne Histories by Superimposing A Typical Simplified Dynamic Analysis Result with Test Data
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Fig.17 Envelope Curve of the Inertia Force and Overall Horizontal Displacement
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Fig. 18 Relationship between Analytical Values and Results of Test RUNs
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