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1. Introduction

There are several studies on seismic performance of
Reinforced Concrete (RC) shear walls [1]. However, very
few studies have aimed at understanding the behavior of
lateral load-bearing sandwich panels as the primary
structural component. The main reasons for this negligence
can be attributed to the fact that; 1) the behavior of lateral
load-bearing sandwich panels is often assumed to be
similar to RC shear walls; therefore, the design and
evaluation of these structural elements follows those
related to RC shear walls and 2) sandwich panels are not
supposed to contribute in lateral load-bearing mechanism;
in other words, they are designed as non-structural or
structural components that contribute in transferring
vertical loads only or they are designed against out-of-
plane loadings that have originated from wind or blast
loads. Benayoune et al. [2] performed experimental and
numerical studies on axial capacity of composite sandwich
panels. Based on the results of their studies, they proposed
the limitation for slenderness ratio of these panels as 25.
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They proposed a semi-empirical relation to determine the
capacity of sandwich panels under axial loading which was
an enhanced from of the previously existing relations for
solid RC walls. The ICC legacy report on 1997 Uniform
Building Code [3] proposes several prescriptive limitations
in the design of sandwich panels. Based on this revision,
the axial and out-of-plane strength of sandwich panels are
determined based on the proposed relation. However, for
determination of in-plane capacity of these panels, the
formulas used for determination of flexural capacity of RC
walls based on ACI 318 [4] are proposed. The same
procedure has been embraced by the Iranian code of
practice for design specification, manufacturing and
construction of 3D panel structures [5].

Mourtaja et al. [6] studied static cyclic behavior of a typical
half-scale sandwich panel building by experimentations.
They found the strength of the building can reach up to 10
times of the designed capacity according to the Turkish
code. Walker and Smith [7] proposed a procedure for the
best material combination and optimally designed
sandwich panels. Their procedure was based on
determination of the most economical material layer
combination. The results of the optimization led to
considerably cheaper sandwich panels compared to those
available. Speaking of out-of-plane behavior of sandwich
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panels, Benayoune et al. [8] investigated the effects of
different parameters including steel shear connector’s
stiffness numerically and experimentally. They found out
there is similarity between the out-of-plane behavior of
sandwich panels and that in RC solid slabs since different
layers in the former act as a composite section. Moreover,
the ultimate strength and the degree of the desired
composite action considerably depend on the steel shear
connector’s stiffness. Static cyclic testing was performed
on seven sandwich panels by Voon and Ingham [9]. The
results of their experimental study indicate that the ductility
factor of sandwich panels based on their proposed details
can reach up to 4.0. Moreover, they suggest that the
strength capacity of these structural elements can be
predicted by conventional flexural theory including a
typical magnitude of strength reduction factor. Pavese and
Bournas [10] performed several shaking table tests on full-
scale sandwich panels and a two-story H-shaped specimen
with the aim of evaluating the effects of the opening and
roof boundary conditions. The results of their study proved
strong flexural and shear coupling in the response of the
specimens. However, due to high reinforcement of the
considered walls, no shear failure associating with the
sudden strength and stiffness degradation were observed.
They claimed that the design procedure of sandwich panels
can be regarded as the lightly reinforced shear wall based
on Eurocode 8 [11]. Also, they proposed a relation for
prediction of sandwich panels’ deformation capacity.
Rezaifar et al. [12] investigated seismic performance of a
typical full-scale sandwich panel building by shaking table
facility at Sharif University of Technology. Consequently,
they studied the construction of each panel wall using
calibration FEM. Their findings show the overall
displacement ductility ratio of 4.5 and the over strength
coefficient of approximately 6.0 of the studied specimens.
In this paper, the seismic performance of a typical
sandwich panel building is evaluated by using nonlinear
time-history analysis. The structural models are introduced
first, followed by numerical simulation approach. Then, the
load protocol involving a brief description of the endurance
time method proceeded by the finite element modeling
results is presented.

2. Structural models

In this study, seismic performance of a typical sandwich
panel building is evaluated making use of nonlinear time-
history analyses. The geometrical characteristics of the
model building are shown in Figure 1. The 5-story building
is supposed to be located on soil class C based on ASCE 7
[13] with very high site seismicity. The sandwich panels
are the only load-bearing system in the considered
building. The vertical loads on the two-way sandwich panel

slabs are assumed to be 370 kg/m2. The concrete thickness
on load-bearing, non-load-bearing and slabs panels are 4, 5
and 5cm, respectively. All panels are reinforced with two-

sided 50x50mm steel mesh consisting of 3mm bars.
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Fig. 1: Model geometrical characteristics (dimensions in m)
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3. Numerical simulation approach

In this study, all analyses were performed making use of
dynamic explicit numerical procedure in the commercial
software ABAQUS [14]. The walls and roof of the
structural models containing concrete, polystyrene and
steel materials were modeled as composite shell sections
with different thicknesses by 1%-order, and reduced
integration three-dimensional shell elements (S4R). Mesh
sensitivity analysis was performed and the mesh with
element size of about 15cm was selected. The concrete
damage plasticity material model ( seeFigure 2a) was
assigned to the concrete part of the shell elements in order
to capture cracking and crushing of concrete. Drucker-
Prager’s plastic flow with Lubliner et. al. [15] vyield
function, as well as the modifications proposed by Lee and
Fenves [16] was utilized for the concrete. Kent and Park
[17] model was used for stress-strain behavior of concrete
in the compression regime. Moreover, compressive and
tensile damage-was considered for the concrete according
to the Eqgs. (1) and (2). This damage influences the slope of
the unloading branch of the stress-strain curve of concrete.
It is noteworthy that the tensile damage of concrete has no
effect on the compressive behavior while compressive
damage of concrete has full influence on concrete in the
tensile phase. For reinforcing steel, Mises yield function
was assumed with bilinear stress-strain behavior possessing
strain hardening based on Figure 2b. The mechanical
properties of materials are presented in Table 1. In this
table, E and v are modulus of elasticity and Poisson’s
ratio, respectively; f. and f; are the compressive and tensile
strength of concrete; G/ is the fracture energy in Phase | for
unit surface area; f,, and ¢, are the ultimate strength and
ultimate strain of steel, respectively. It is noted that the
utilized modeling procedure for sandwich panels have
already been verified in similar studies [18].
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b) Steel ﬁelding material model
Fig. 2: Material model under uniaxial tension and compression

Table 1: Mechanical properties of materials
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4. Load protocol

For determination of Engineering Demand Parameter
(EDP) of each building against any given seismic event
with a specific Intensity Measure (IM), it is necessary to
perform Incremental Dynamic Analysis (IDA). This
analysis can be very time consuming for some structures
including the model in this study, which makes it
practically unpopular. For solving this issue, an innovative
dynamic pushover procedure called Endurance Time (ET)
proposed by Estekanchi et al. [19] with major recent
achievements is utilized [20,21]. A comprehensive review
of the ET was made by Estekanchi et al. [22].

These intensifying acceleration functions have been
produced making use of numerical and optimization
techniques. The main advantage of ET records is that their
response spectrum at any time is proportional to the
response spectrum at a target time (tiarger = 10sec) which
is summarized in Egs. (3) and (4) and presented in Fig. 3.
As such, the time in these records is a critical factor
determining the intensity of the excitation. The more a
typical structure withstands ET records, the more favorable
is its seismic performance. This is schematically shown
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in Fig. 4 which indicates that Design A cannot meet the
code requirements because the building collapses before
reaching the target time. Also, as can be seen in Fig. 5, up
to a specific time, the maximum value of each EDP is
critical, and time-history of the maximum of absolute
results of ET records are plotted besides the maximum
EDP from real earthquakes.
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Fig. 3: Proportional intensification of spectrum intensity and ET
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Fig. 4: Schematic representation of ET records and EDP in
different design levels

Fig. 5: Method of plotting increasing curves of ET results
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where T is the natural period of the structure and Sar (T)
is the template spectrum, Sar (T, t) is the target
spectrum to be approached at time t of ET function and Syr
(T, t) is the target displacement spectrum to be
induced at time t by ET function. In order to evaluate
accuracy of ET records in capturing EDP of the real
earthquake records, seven seismic events among those
recommended by FEMA440 [23] listed in Table 2, were
selected. It is noteworthy that these records were selected
based on the code requirements of ASCE 7 [13] and Iranian
Code of Practice for Seismic Resistant Design of Buildings
(Standard 2800) [24]. In this study, the excitation records
were scaled based on Standard 2800 procedure which is
similar to ASCE 7 with the exception of applying different
scale factors to record components in order to assign equal
intensity to them. Another difference is the factor of 1.4
compared to 1.3 of ASCE7-05, which originated from
V12 + 12, indicating the concept of equal intensity of both
components, whereas, the acceptable relative intensity of
0.83 has been considered by ASCE7-05 from 1.3
amplification factor. Similar to ASCE7-05, Standard 2800
states that acceleration spectrum of average of SRSS of the
selected records should not be lower than codified
spectrum in 0.2T; ~1.5T; where T; is the period of the first
vibration mode equal to 0.125 sec in this study. As
previously stated, this period increases in the first seconds
of even moderate excitations and based on the results,
reaches to about 1.0 sec. As a result, it is more conservative
to take T; as 1.0 sec. This assumption can be justified by
Bommer’s findings [25] which suggest scaling records with
the upper bound of 3.0T; for reducing scaling-dependent
scattering of the results. According to Fig. 6, Standard 2800
spectrum gives higher values in long periods and this
assumption yields high scale factors. Therefore, in the
aforementioned range of period, the records spectrum was
scaled in order to have equal area with the codified
spectrum instead of applying the code method. The scaling
of ground motions was based on the spectral acceleration
of Standard 2800 corresponding to different endurance
times of 5, 10, and 15 sec. It is worth mentioning that
PEER Database selects and scales records based on mean
square error from a given base spectrum [26]; however,
combining two components using Geometric Mean (GM)
method by this database may result in high scale factors.
Imagine a record with 100% and 50% matching of the
components to ASCE7-05 spectrum. Based on this code,
the scale factor equal to 1.16 is produced as a result of
using SRSS method compared to 1.3 times the base
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spectrum. On the other hand, using GM method and scaling
these components to the base spectrum, results in a scale
factor of 1.41 that is considerably larger than the former
one. Comparison of spectral acceleration of ET, average of
7 records and codified spectra are shown in Fig. 6. In this
study, the excitations were applied to the model in three

different  directions simultaneously. The selected
Endurance Time Excitation Function (ETEF) was
ETA20in_xyz.
Table 2: Selected earthquake records for comparative study of
ET
Earthquake  Scale  Magnitude Station Referred
name factor (M) Number as
Landers 1.80 7.5 12149 Landers
Loma Prieta 1.28 7.1 58065 Loma-1
Loma Prieta 0.95 7.1 47006 Loma-2
Loma Prieta 0.75 7.1 58135 Loma-3
Loma Prieta 0.92 7.1 1652 Loma-4
Morgan Hill 1.39 6.1 57383 Morgan
Northridge 0.54 6.8 24278 North
3
—— 140% Standard 2800
——  130% ASCE-7
) 140% ET@10sec

—— Avg. 7 scaled records

Sa, g

T, sec
Fig. 6: Comparison of spectral acceleration of ET, average of 7
records and codified spectra (The first mode period of vibration of
the model is 0.37 s).

5. Finite element modeling results

The results of the ET analyses and an example of one of the
real ground motion results in terms of maximum principal
plastic strain in different endurance times are shown in Fig.
7. As can be seen, the results of ET and the Loma-1 in
terms of damage severity and propagation are in close
match. Also, the tensile plasticity which is approximated by
concrete cracking becomes more intense and propagates by
increasing the endurance time. The first story and the ridge
are the most vulnerable parts of the building. Comparison
of the contours in different endurance times and the time
history (TH) analysis with the corresponding intensities
indicates that acceptable agreement between the two sets of
results exists. The results of the second set were not
reported here for the sake of brevity.

E
i
Loma-1
a) Intensity of equivalent 10 sec of ET
e I\ E =
i - " Hai—
B el | : :h..-i ‘ 0
O A
Loma-1
b) Intensity of equivalent 15 sec of ET
] B 1

Loma-1
c) Intensity of equivalent 20 sec of ET
Fig. 7: Contours of maximum principal plastic strain

Comparison of the results of ET analyses and TH analyses
for the base shear of the model building and the inter-story
drift ratio of the first story versus endurance time in two
horizontal directions of the building is made in Fig. 8. An
acceptable match between the results of ET and TH is
observed that proves the ability of ET to predict the
response of the model in different excitation intensities
with acceptable accuracy. Generally, the accuracy of the
ET in predicting the base shear is more acceptable
compared to inter-story drift ratio. This can be attributed to
the fact that by increasing the excitation intensity, the
model building reaches the maximum force capacity;
however, the inter-story drift ratio that follows the
increasing trend cannot be precisely captured by ET in
excitations with large intensity. This justifies the significant
discrepancies between the two sets of results of ET and TH
in higher endurance times. It can be noted from Fig. 8 that
for longitudinal direction, the base shear in ET analysis is
higher than that of the average ground motions, while inter-
story drift that was predicted by ET is less than that of the
other set. This can be explained by the contribution of
some ground motion parameters such as strong duration
and the number of cycles especially in higher intensities
that affect the maximum inter-story drifts, although they
marginally influence the maximum base shear of the
model. This can lead to gradually increasing the
discrepancy of the results of ET and the corresponding
ground motions. Incidentally, the considerable differences
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between the ET and TH are associated with ground motion
excitations levels with very large return period (2475 years
and 8000 years for endurance time of 15 s and 20 s,
respectively), and hence, ET can acceptably predict the
response of the model building as a substitute for design
level earthquakes that involve a majority of case studies in
practice. As a suggestion for the acceptance criteria for
sandwich panels, those proposed by ASCE 41 for RC shear
walls (RC1 in this code) can be applied here [27]. The
acceptable drift ratio for Immediate Occupancy (10), Life
Safety (LS), and Collapse Prevention (CP) based on this
code is 0.4, 0.6, 0.75, respectively. Based on this
assumption, the results show that the model building
behaves acceptably at the target time of endurance time.
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Fig. 8: Comparison of the base shear and inter-story drift ratio of
the first story of ET and time history analyses
Fig. 9 shows the maximum absolute inter-story drift ratio
of the first story of ET and time history analyses. As can be
seen in this figure, the results of ET and TH are in close

match in lower excitation intensities. In all cases, the
predicted inter-story drift ratio by ET is less than that of the
TH. This difference increases with increasing the excitation
level and can be attributed to the nonlinear behavior of the
model under high intensity excitation that is influenced by
several parameters including excitation duration, number of
cycles, etc. More information about this dependency can be
found elsewhere [28-31].
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6. Conclusions

In this paper, the seismic performance of a typical
sandwich panel building was evaluated using nonlinear
time-history analysis. For comparison purposes, both
endurance time analyses and time-history analyses
consisting of seven selected ground motion excitations with
different intensities were applied to the model building and
the results in terms of maximum principal plastic strains,
base shear and inter-story drift ratios were derived. The
results indicate that in low to moderate levels of excitation,
the endurance time can accurately predict the response of
the model building compared to that from the real
earthquake records. However, the difference between the
endurance time analyses and the ones related to real ground
motions increases in more intense excitation levels. The
differences in inter-story drift ratios were larger than that in
the base shear. The endurance time can, in some cases,
underpredict the inter-story drift ratios in large intensities
because some parameters such as duration and number of
ground motions play a more important role in the
determination of structural response. It is important to note
that the observed underestimation from ET analysis may

depend on the properties of the ET excitations used and the
method used in matching ET analysis time with equivalent
GM intensity. This difference may also be case sensitive
and hence, cannot be generalized.
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