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Abstract: This study discusses the seismic behavior of a geometrically asymmetric three-storey
reinforced concrete (RC) building, considering torsional effect and material nonlinearity. The building
is a test structure that was used for seismic performance evaluation in the SMART 2013 (Seismic
design and best-estimate Methods Assessment for Reinforced concrete buildings subjected to Torsion
and nonlinear effects) international benchmark. To begin with, nonlinear stress—strain relationships
that were set up for concrete and reinforcing steel are validated by finite element local tests with a
representative volume element. A modal analysis shows that the first three calculated natural
frequencies are close to the ones that are obtained by modal experiments. The finite element
modeling is further validated by comparing the calculated displacement and acceleration due
to a low-intensity ground motion with the responses from the corresponding shaking table test.
Using the validated model, a blind nonlinear seismic analysis is performed for a series of Northridge
earthquakes in order to estimate the behavior of the asymmetric RC structure to high-intensity ground
motions. The calculated displacement and acceleration, as well as their response spectra at various
sampling points, agree well with the results of a three-dimensional benchmark shaking table test.
By investigating the seismic torsional behavior of the asymmetric RC structure, it is shown that the
seismic response of an asymmetric structure is larger than that of a hypothetical symmetric structure.
The result indicates that a larger seismic response should be considered in the seismic design of an
asymmetric structure compared to a symmetric structure with similar design conditions.

Keywords: asymmetric reinforced concrete structure; SMART 2013 international benchmark; finite
element model; nonlinear seismic analysis; seismic torsional behavior

1. Introduction

The evaluation of the inelastic response of reinforced concrete (RC) structures is essential for
estimating the strength and damage of the structure under extreme loads such as earthquake, impact,
and blast. In recent years, predicting the large deformation of RC structures has become more
practicable, due to the advance of state-of-the-art numerical algorithms and computational power [1-9].
In recent decades, the feasibility of numerical methods for predicting the nonlinear behavior of RC
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structures have been assessed through many benchmark campaigns conducted on RC shear walls,
columns, and buildings. In 1997, the Nuclear Power Engineering Corporation of Japan organized a
series of shaking table tests on regular and U-shaped low-span RC shear walls [10,11]. The results
demonstrated the necessity of improving the nonlinear analysis methods for shear walls when dealing
with beyond design basis earthquake. From 1997 to 1998, the Commissariat a I’énergie atomique et
aux énergies alternatives (CEA) of France performed SAFE (Structure Armées Faiblement Elancées)
tests for the experimental characterization of the dynamic behavior of low-span shear walls [12,13].
The SAFE tests were pseudodynamic tests where shear cracking, failure modes, nonlinear load versus
displacement diagrams, and wall ductility were confirmed under various earthquake loadings beyond
the design level. Other experimental campaigns were conducted by the CEA, such as Conception et
Analyse Sismique des Structures en Béton Armé (CASSBA) tests from 1990 to 1993 [14] and CAMUS
tests from 1996 to 2002 [15]. These tests were shaking table tests that were conducted on multi-storey
mock-ups with lightly reinforced concrete walls. These campaigns helped improve knowledge on the
seismic behavior of RC structural systems and provided reference data for model development and
validation [16,17]. In 2006, the Network for Earthquake Engineering Simulation (NEES) launched a
blind prediction contest on the seismic response of a seven-storey full-scale RC building with cantilever
structural walls [18]. The contest program examined the seismic behavior of RC structural systems
with particular emphasis on the interaction among walls, slabs, and other gravity systems [19-22].

To improve on the previous development of benchmark campaigns for RC structures, a new
benchmark project named SMART 2013 (Seismic design and best-estimate Methods Assessment for
Reinforced concrete buildings subjected to Torsion and nonlinear effects) was carried out by the CEA
from 2011 to 2015. This project consisted of shaking table tests and an international benchmark analysis
on a reduced-scale model ( scale) that was representative of a typical half part of a nuclear facility
building. The objective of the experimental campaign and benchmark analysis was to evaluate the
conventional design method of RC structures for seismic loadings and compare the structural dynamic
responses, as well as the floor response spectra, from various benchmark participants. The SMART 2013
campaign used a real high-intensity seismic load that was composed of a series of Northridge earthquakes
followed by aftershocks. The benchmark participants used the load data at eight actuator locations of a
three-dimensional shaking table to calculate the numerical response of the RC structure and compare it
with the experimental result. Before SMART 2013, there was a SMART 2008 benchmark organized by the
CEA with similar projects. However, SMART 2013 has the following new features compared to SMART
2008: (i) input signals are real ones and not synthetic ones; (ii) aftershock seismic loading is considered;
and (iii) additional load data at the actuator location are provided to benchmark participants.

This study aims to investigate the seismic behavior of the asymmetric SMART 2013 RC building
structure, considering torsional effect and material nonlinearity. In particular, the study includes
benchmark simulations comprising modal, linear, and nonlinear seismic analyses of the RC structure.
First, using mechanical parameters provided by the SMART 2013 international benchmark [23-26],
nonlinear constitutive models of concrete and reinforcing steel are constructed. The material models
are validated by local tests on a representative volume element (RVE). Then, a finite element (FE)
modeling of the entire SMART 2013 RC structure, which is based on its detailed drawings, is validated
by comparing the modal and linear time history analysis results with the experimental results.
The validated finite element model is used for a blind nonlinear seismic benchmark analysis of the
RC structure subjected to the high-intensity Northridge earthquake. Displacement and acceleration,
as well as their frequency spectra, are presented, exhibiting the torsional and flexural behaviors of
the structure. The computed seismic responses are compared with the results of a shaking table test,
which was conducted as part of the benchmark. Finally, the effect of the torsional behavior of the
asymmetric RC structure is examined by comparing the seismic response of the asymmetric structure
with that of a hypothetical symmetric structure with similar design conditions.



Appl. Sci. 2018, 8, 479 30f23

2. Configuration of the Asymmetric RC Building Structure

The SMART 2013 structure is an asymmetric three-storey RC building that is representative of a
typical half part of a nuclear facility building at % scale, as shown in Figure 1. Due to the asymmetric
shape, the structure may exhibit coupled flexural and torsional behaviors against external loads.
Figure 2 shows the plan and elevation views of the structure. The principal dimensions of the
structural components are presented in Table 1.

Figure 1. The asymmetric three-storey reinforced concrete building used for the SMART (Seismic
design and best-estimate Methods Assessment for Reinforced concrete buildings subjected to Torsion
and nonlinear effects) 2013 international benchmark campaign.
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Figure 2. Plan and elevation views of the SMART 2013 reinforced concrete (RC) structure (unit: mm).

Table 1. Dimensions of the structural components of the SMART (Seismic design and best-estimate
Methods Assessment for Reinforced concrete buildings subjected to Torsion and nonlinear effects) 2013
reinforced concrete (RC) structure.

Structural Component Length (mm) Thickness (mm)  Height (mm)
Wall (V01 + V02) 3100 100 3650
Wall VO3 2550 100 3650
Wall V04 1050 100 3650
Beams 1450 150 325
Column 200 200 3900

The SMART 2013 RC structure was designed according to the French nuclear regulations and
guidelines. The design is based on a design acceleration spectrum for 5% structural damping.
The design spectrum is based on a ground motion with the peak ground acceleration (PGA) of
0.2 g, which corresponds to an earthquake with a Richter magnitude of 5.5 and an epicenter distance of
10 km [23]. The foundation of the wall is made of a continuous RC footing with a width of 65 cm and a
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height of 25 cm, as shown in Figure 3a. There are 34 anchoring points through which threaded steel
rods with a 36 mm diameter connect the foundation to the shaking table. Figure 3b shows a cutaway
view of the foundation. The center column of the structure is anchored to the shaking table with a
connecting steel plate that is 2 mm thick.

The mass of the SMART 2013 RC building is about 11.89 t. To reflect the weight of the equipment
and pipelines, additional mass is considered for each floor. Mass scaling is considered when applying
the additional mass to floors, since the building is a quarter-scale structure [23]. The additional mass is
11.45 t for the first floor, 12.17 t for the second floor, and 10.32 t for the third floor. The total mass of the
structure with the additional floor mass is about 45 t. The shaking table is connected to eight hydraulic
actuators, out of which four are placed in a horizontal direction and the remaining four are laid in a
vertical direction. The SMART 2013 structure is placed on the shaking table such that its center of mass
corresponds approximately to that of the shaking table. Figure 4 shows the SMART 2013 structure
positioned on the shaking table, as well as the eight actuator locations. The ground motion is applied to
the actuator locations at the side and bottom of the shaking table using a displacement control method.
Figure 5 shows the sampling points on each floor where displacement and acceleration are recorded.
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Figure 3. Wall foundation of the SMART 2013 RC structure [23]; (a) RC footing; (b) cutaway view.
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Figure 4. Plan view of the SMART 2013 structure positioned on the shaking table [23]; four hydraulic
actuators (X1, X4, Y2, Y3) are placed in a horizontal direction, and the other four (Z1, Z2, Z3, Z4) are
laid in a vertical direction.
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Figure 5. Response sampling points on each floor (unit: mm).

3. Finite Element Modeling of the SMART 2013 RC Structure

3.1. Constitutive Models for Concrete and Steel Reinforcement

To capture the inelastic stress—strain behavior of the RC members, nonlinear constitutive models
of concrete and rebar are needed. Equations (1) and (2) represent a widely used uniaxial compressive
stress—strain relationship for concrete [27]:

_ E.e
- + (5)2 (1)
o= @

where ¢ and € denote stress and strain, respectively, E. denotes the initial Young’s modulus of
concrete, and f! is the ultimate compressive strength of concrete. €( represents the strain at the
compressive strength f/. Table 2 lists the measured material properties of concrete and rebar. Based
on Equation (1), a simplified multilinear stress—strain curve of concrete is constructed using the
material properties of Table 2. For steel reinforcement, an elastic—perfectly plastic stress—strain curve
is also constructed by referring to the property values in Table 2. Figure 6 shows the simplified
strain—stress curves for each of the constitutive models. These curves are incorporated into ANSYS
Mechanical APDL [28], a finite element analysis package, as the multilinear constitutive relationship of
concrete with isotropic hardening and the elastoplastic constitutive relationship of steel reinforcement,
respectively. The concrete model consists of six linear segments with an initial Young’s modulus of
32,000 MPa and successively decreasing moduli. The compressive and tensile strengths of concrete
are 30 MPa and 2.4 MPa, respectively. The stress—strain curve starts from zero stress and strain. It is
assumed that concrete behaves in a linearly elastic manner up to Point 1, at which the stress is 0.3f/.
Points 2, 3, and 4 are obtained from Equation (1), where € is calculated by Equation (2). Point 5 is at f/
and €. The stress—strain curve is extended to Point 6, where the strain is 0.003, with a slight increase
of stress to help the convergence of solutions in the nonlinear seismic analysis with ANSYS. The yield
strength of the rebar is 500 MPa at the strain of 0.00238 in both tension and compression.

Table 2. Material properties of concrete and rebar obtained by experiments [24].

Young's . , . Compressive Tensile Strength Mass Density
Structural Component Modulus (MPa) Poisson’s Ratio Strength (MPa) (MPa) (kg-m—3)
Foundation concrete 25,400 0.17 43.3 3.45 2300
Slab concrete on the first floor 28,200 0.18 41.1 3.25 2300
Slab concrete on the second floor 24,700 0.17 36.8 3.35 2300
Slab concrete on the third floor 24,400 0.18 37.8 3.40 2300
Wall concrete 28,700 0.19 41.7 3.89 2300

Steel reinforcement 267,333 0.30 528 528 7800
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Figure 6. Strain—stress curves for concrete and steel reinforcement.

3.2. Failure Criter Ion for Concrete

For the simulation of the behavior of concrete materials in multiaxial stress states, the Willam—Warnke
failure criterion [29] was implemented in ANSYS with a SOLID65 element (ANSYS Mechanical APDL
Release 14.5, ANSYS Inc., Canonsburg, PA, USA, 2012), which is a three-dimensional hexahedral element
that can be used to model concrete. Both cracking and crushing failure modes can be accounted for by
using the failure criterion. In the concrete element, cracking occurs when the principal tensile stress
lies outside the failure surface. On the other hand, crushing occurs when all of the principal stresses
are compressive and lie outside the failure surface. The Willam—-Warnke failure criterion prescribes the
portion of the failure curve in deviatoric plane as part of an elliptic curve. The cylindrical von Mises
model and the conical Drucker—Prager model are all special cases of the Willam—Warnke failure criterion.
The three-parameter Willam-Warnke failure surface can be expressed as:

1o, 1T
NN

where f/ is the uniaxial compressive strength of concrete, while ¢, and T, denote the mean normal
and mean shear stresses, respectively. The variable 6 denotes the angle of similarity. They can be
represented as:

f(om, Tm, 6) 1=0 3)

1 2 1 _,([3V3
Um—ll,Tm—\[\/Tz,Q—cos ! e €Y

3 5 3 3

2];
where [ is the first invariant of the stress tensor, while |, and J3 are the second and third invariants of

the deviatoric part of the stress tensor, respectively. In Equation (3), r(6) is the radial coordinate of the
failure surface on the deviatoric plane, which can be expressed as the following:

NI—=

_ 2rc (12 —r7) cos O + re(2ry — rc) [4(r2 — 1?) cos? 0 + 5r7 — 4ryrc]

r(0
(©) 4(r2 —12) cos2 0 + (rc — 2r;)?

©)

The parameters p, 7¢, and r; in Equations (3) and (5) are the three parameters of the Willam—Warnke
failure surface model. The parameters 7., and ; are the magnitude of the position vectors at locations
f = 0 and 71/3 on the deviatoric plane, respectively, as shown in Figure 7. The three model parameters
can be expressed as:

foct
.?;c - ]?t

6 fuft
c = = T = 0 = (7)
' \/; 3fbcft+fbc7ft

p= (6)
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In Equations (6)-(8), f; and ]T';C are the strength ratios, which are represented as:
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where f; and f}_ are the uniaxial tensile strength and the equal biaxial compressive strength of concrete,
respectively. Figure 8 shows the trace of the three-parameter Willam-Warnke yield surface in the o1-0»
principal coordinate plane for f; = 0.1 and f,, = 1.16.
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Figure 7. Deviatoric section of the Willam—-Warnke failure surface.
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Figure 8. Trace of the three-parameter Willam-Warnke yield surface in the ¢1-05 plane for f, = 0.1 and
—/
fpe = 1.16.

3.3. Finite Element Modeling of Concrete and Steel Reinforcement

For the finite element modeling of concrete, the SOLID65 three-dimensional element of ANSYS
was used, which is associated with the plasticity algorithm described in Section 3.2. The solid element
had eight nodes, with three translational degrees of freedom at each node. Several material property
data are required for SOLID65: elastic modulus E, uniaxial compressive strength f;, uniaxial tensile
strength f;, Poisson’s ratio v, shear transfer coefficient 8, and the uniaxial constitutive relationship
as described in Section 3.1. The shear transfer coefficient § ranged from 0 to 1, with 0 representing
the complete loss of shear transfer along the crack face, and 1 representing no loss of shear transfer.
The shear transfer coefficient used in this study was 0.5 for an open crack and 0.9 for a closed crack.
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For the finite element modeling of steel reinforcement, a three-dimensional beam element, BEAM188,
of ANSYS was used, for which the elastic—perfectly plastic constitutive relationship described in
Section 3.1 was imposed. The reinforcing steel element was set to share the node with a concrete
element in order to model a perfect bond between concrete and reinforcing steel.

3.4. Local Test

To validate the feasibility of the constitutive models, a local finite element test was performed
on the RVEs. The local test consisted of uniaxial and biaxial cyclic loading tests on a concrete RVE,
and a shear test on an RC RVE. The concrete RVE was a cube with a side length of 1 m, and the RC
RVE was a cuboid with side lengths of 200 mm and a width of 10 mm, as shown in Figure 9. The local
test configuration is described in Table 3. Figures 10 and 11 show the boundary condition of the RVEs
and the time history of cyclic loads, respectively, for local tests rc.1 and rc.2.

10 mm

y ? 690 ‘ 100 mm 100 mm

f—>|
' H

\6‘ AN
fe|

m 200 mm 8 mm

() (b)

m

100 mm

200 mm

100 mm

Figure 9. Representative volume elements for local finite element test; (a) Concrete representative
volume element (RVE); (b) RC RVE.

Table 3. Configuration of the local test. RVE: representative volume element.

Test No. Material Aim Loading Conditions

Biaxial tension-compression

c.1l Concrete Construct failure surface loading from ~35 MPa to 2.4 MPa

Uniaxial cyclic

el Reinforced concrete Identify axial cyclic tension—compression loading with
’ response of RC RVE displacement ranging from —4
mm to 1.5 mm
e Reinforced concrete Identify shear cyclic Cyclic pure shear loading with the

response of RC RVE force ranging from —6 KN to 6 KN

Displacement (mm)
) ]

0 20 40 60 80 100
Time (s)

(a) Boundary condition (b) Cyclic excitation

Figure 10. Local test rc.1: uniaxial cyclic displacement loading.
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Figure 11. Local test rc.2: cyclic pure shear loading.

Figure 12 shows the yield and failure surfaces constructed from local test c.1 on the concrete RVE.
The failure surface was constructed with the biaxial normal stresses where compressive crushing or tensile
cracking occurred. In the case of equal biaxial loading, principal stresses in both x; and x, directions
reached about 1.16 f/ at compressive failure, which shows the feasibility of the nonlinear material modeling
in Sections 3.1 and 3.2. Figure 13 shows the stress—strain response from local tests rc.1 and rc.2 on the RC
RVE. The stress—strain response from the local test rc.1 was nonlinear because of the large deformation of
the RVE, whereas the shear response from the test rc.2 remained linear. The local test showed that the
material models of concrete and rebar worked well in the finite element analysis.

14 —Yield surfacﬁ
- - -Failure surface

-14 -1.2 -1 -0.8 -0.6 -0.4 -0.2 0 0.2

oulfe
Figure 12. Yield and failure surfaces constructed from local test c.1.
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Figure 13. Stress—strain responses from local tests rc.1 and rc.2.

3.5. Finite Element Models of Structural Components

The SMART 2013 RC building consists of eight structural components: foundation, wall, slab,
beam, column, rebar, steel plate, and shaking table. The rebar and steel plate are modeled with
BEAM188 and SOLID185 elements, respectively, and the remaining six components are modeled with
SOLID65 concrete element. SOLID185 is an eight-node solid element in ANSYS that is capable of
modeling large deformation and stress stiffening. The rebar element was set to share the node with a
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concrete element in order to model the perfect bond between the two elements. Table 4 summarizes
the total number of elements, the total number of nodes, and the number of solid and beam elements.
Figure 14a shows the full structural model of the mock-up structure, including the shaking table.
Figure 14b shows the rebar elements in the concrete slabs, walls, beams, and the column. Figure 14c—f
exhibits modeling details for the slab connected to the column, the slab supported by floor beams, and
the reinforcement in walls and slabs, respectively.

Table 4. Geometrical characteristics of the finite element (FE) model.

Geometrical Characteristics of the FE Model Number

Total number of elements 13,391
Total number of nodes 14,479

Number of solid elements 11,007

Number of beam elements 2384

&

(a) Full structural model (b) Modeling of rebar

(c) Slab connected to the column (d) Slab supported by beams
(e) Reinforcement in the wall (f) Reinforcement in the wall and slab

Figure 14. Finite element modeling of the SMART 2013 RC structure.

4. Validation of the Finite Element Model

4.1. Modal Analysis

In order to validate the finite element modeling of the SMART 2013 RC structure, natural
frequencies calculated by modal analysis were compared with those obtained by experiment. In the
modal analysis, three different model configurations were investigated. In Case 1, the mock-up
structure was fixed at the foundation level with no additional mass. In Case 2, the structure was fixed
at the foundation level, and loaded with the additional mass on each floor. In Case 3, the structure was
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connected to the shaking table and loaded with the additional mass on each floor, similar to Case 2.
The actuator locations were set as fixed boundaries. Table 5 presents the first three natural frequencies
that were calculated for each model case, along with the experimentally obtained natural frequencies
for Case 3 [30-33]. The computed first three natural frequencies for the Case 3 were 6.26 Hz, 7.77 Hz,
and 13.15 Hz, respectively, and they are close to the experiment results. The modal analysis used a
reduced integration method in order to reduce the stiffness of the RC structure, and thus relieve the
stiffer simulation that results when solid elements are used. The reduced integration method was
also used in the subsequent seismic simulation. Figures 15-17 show the mode shape for each case of
model configurations. The first and second modes were bending modes to x- and y-axes, respectively,
while the third mode is a torsional mode to the z-axis. As seen in the figures, the structure exhibited
torsional behavior in all three modes because of its asymmetrical shape.

Table 5. Natural frequencies of the SMART 2013 RC structure for three model cases.

Model First Modal Second Modal Third Modal
Configurations Frequency (Hz) Frequency (Hz) Frequency (Hz)
Case 1 21.37 36.23 65.82
Analysis Case 2 8.93 15.39 30.71
Case 3 6.26 7.77 13.15
Experiment Case 3 6.28 7.86 16.50

(a) Mode 1 (b) Mode 2 (c) Mode 3

Figure 15. Mode shapes of the SMART 2013 RC structure for the model Case 1.

(a) Mode 1 (b) Mode 2 (c) Mode 3

Figure 16. Mode shapes of the SMART 2013 RC structure for the model Case 2.

(a) Mode 1 (b) Mode 2 (c) Mode 3

Figure 17. Mode shapes of the SMART 2013 RC structure for the model Case 3.
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4.2. Seismic Analysis to Low-Intensity Ground Motions

Alongside the modal analysis result, the seismic response of the SMART 2013 structure to
low-intensity ground motions was investigated. A classical Rayleigh damping was introduced to the
SMART 2013 RC building with the following equation:

C =aM+ BK (10)

where M and K are the mass and stiffness matrices of the structure, respectively. The two coefficients «
and f are determined by solving the following system of equations:

1| 1/ w; Wi o Z; i
2[1/%‘ %Hﬁ}_lé;] o
where w; and w; are the natural frequencies corresponding to modes i and j, respectively, and {; and {; are
the modal damping ratios for each mode. Table 6 shows the natural frequencies of the first three modes,
and the corresponding modal damping ratios obtained by modal experiments. The modal damping ratios
were obtained by analyzing the response of the structure with 28 accelerometers under the low-level (PGA
< 0.1 g) biaxial random ground motion using a stochastic subspace identification bottom approach [23].

The coefficients & and 8 were calculated by solving Equation (11) using the frequencies and damping
ratios for the first and second modes. The calculated « and 8 are —1.649 and 0.002, respectively.

Table 6. Modal damping ratios obtained by experiments.

Mode Frequency, ! (Hz) Modal Damping Ratio, 1

1 6.28 0.026
2 7.86 0.042
3 16.50 0.055

Figure 18 shows the time history of the low-intensity ground motion. The time signal is the
one scaled by 50% from the Northridge earthquake. The PGA is about 0.1 g in both the x and y
directions. The structural response to the ground motion is calculated without considering material
nonlinearity. Figures 19-21 show the seismic response of each floor of the SMART 2013 RC structure to
the low-intensity ground motion at sampling point A. The calculated displacement and acceleration
showed excellent agreement with the experimental results.

Table 7 presents the absolute maximum seismic response of the structure at the sampling point A.
Both the displacement and acceleration values agreed quite well with the experimental results.

Table 7. Absolute maximum seismic responses at point A due to the low-intensity ground motions.

- Displacement, 1, (mm) Acceleration, a, (m/s2)
oor

Analysis Experiment Analysis Experiment
1st floor 1.06 0.91 137(0.14g) 1.29(0.13¢g)
2nd floor 1.08 1.00 1.88(0.19g) 1.74(0.18 g)

3rd floor 1.10 1.01 2.66 (0.27 g) 249 (025¢)
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sampled at point A.
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5. Nonlinear Seismic Response of the SMART 2013 RC Structure

After the seismic simulation to the low-intensity ground motion, the inelastic seismic response of
the asymmetric three-storey RC structure subjected to high-intensity ground motions was investigated.
Such a nonlinear analysis was part of the SMART 2013 international benchmark. The analysis case
consisted of several simulations for three different seismic sequences: the design signal (Run 9),
the Northridge earthquake main shocks (Run 11, Run 13, Run 17, and Run 19), and the Northridge
aftershock (Run 21 and Run 23). The “Runs” are different regarding the strength of the ground motions.
The PGA of each ground motion is presented in Table 8. The ground motion of Run 19 is the unscaled
Northridge earthquake with PGAs of 1.1 g and 1.0 g in the x and y directions, respectively. Figure 22
shows the time history of the input ground motion used for the nonlinear seismic analysis.

Table 8. Nominal input ground motions for a nonlinear seismic analysis.

Run PGA X (g) PGAY (g) Percentage of Nominal Signal (%) Type
9 0.22 0.23 100 Design earthquake signal-nominal
11 0.21 0.16 11 Scaled Northridge earthquake-step 1
13 0.40 0.21 22 Scaled Northridge earthquake—step 2
17 0.60 0.40 44 Scaled Northridge earthquake-step 3
19 1.10 1.00 100 Real Northridge earthquake-nominal
21 0.14 0.14 33 Scaled Northridge aftershock-step 1
23 0.70 0.40 100 Real Northridge aftershock-nominal
= — x direction
y direction
20! 1 {
Run9 | Runll Runl3

[ |
Runl? Runl9 Run2liRun23

ment #”” (mm)

L L L L I i i
-0 10 20 30 40 50 60 70 80 90
Time (s)

Figure 22. High-intensity ground motions for a nonlinear seismic analysis of the SMART 2013 structure.

First, the ground displacement of Run 9 was applied to the structure at the actuator locations of
the shaking table. Figure 23 shows the experimental and numerical responses of the structure in the x
direction sampled at point A of the third floor. The numerical response agreed well with the experimental
result. The absolute maximum values of displacement and acceleration obtained from the shaking table
test were 2.02 mm and 4100 mm /s, respectively. They are about twice as high as the responses to the
low-intensity ground motion in Section 4.2, where the earthquake signal is scaled by 50%.

4 —_— .~ 6000 . ——
. — Experiment “ — Experiment
£ |- Analysis £ 4000; t |~ Analysis |
i* 5 2000
3 g
kS £ -2000f
A 3 -4000f
3
40 2 4 6 8 6000( 2 -+ 6 8
Time (s) Time (s)
(a) Displacement (b) Acceleration

Figure 23. Numerical and experimental responses in the x direction due to the ground motion of Run
9; responses sampled at point A on the third floor.
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Following Run 9, the Northridge earthquake’s main shocks (Run 11, Run 13, Run 17, and Run 19)
with successively increasing PGA were applied to the structure at the actuator locations of the shaking
table. Figures 24-27 show the displacement and acceleration at point A of the third floor. Overall,
the numerical responses agreed well with experimental results, even during the high-intensity ground
motions. The response was largest in the case of Run 19, where the absolute maximum displacement
and acceleration were 36.73 mm and 22,420 mm/s? (2.28 g), respectively. These values are about 13.4
and 5.8 times higher than the calculated responses from Run 9, respectively.

In Run 13, the numerical response does not reflect the high-frequency experimental response
well after about 5 s. This difference in response may be due to a gradual error in predicting structural
stiffness during numerical analysis [34,35]. Despite the partial difference between the numerical and
experimental results, the computed displacement and acceleration appear to capture the general trend
of the experimental seismic behavior of the structure. After Run 13, the first three natural frequencies
of the structure decreased by 26.66%, 19.98%, and 17.72%, respectively. These results implied that the
stiffness of the SMART 2013 RC structure decreased after Run 13 compared to its initial stiffness. In the
shaking table test corresponding to Run 13, significant cracks began to develop at the lower part of
concrete walls and the column.

Displacement #_(mm)

-20

-4
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— Experiment ('lf — Experiment
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Time (s)

(a) Displacement (b) Acceleration

Figure 24. Numerical and experimental responses in the x direction due to the scaled Northridge

earthquake of Run 11; responses sampled at point A on the third floor.
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Figure 25. Numerical and experimental responses in the x direction due to the scaled Northridge
earthquake of Run 13; responses sampled at point A on the third floor.
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Figure 26. Numerical and experimental responses in the x direction due to the scaled Northridge
earthquake of Run 17; responses sampled at point A on the third floor.
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Figure 27. Numerical and experimental responses due to real Northridge earthquake of Run 19;
responses sampled at point A on the third floor.

Figures 28 and 29 show the numerical and experimental responses of the SMART 2013 RC structure
for the Northridge aftershock (Run 21 and Run 23). Overall, the numerical results reflected the
experimental results, although there was a slight phase difference in the result of Run 23. The difference
could be because the numerical model did not accurately reflect the stiffness degradation after severe
damage to the structure. The cumulative error of numerical solutions of earlier seismic sequences might
have also influenced the response difference. Tables 9 and 10 present the absolute maximum displacement
and acceleration, respectively, that were calculated from each simulation stage. The displacement error
was less than 10% for Run 19, wherein the ground motion was the strongest, whereas the error was around
20-30% for other runs. Table 11 shows the absolute maximum seismic responses at sampling points A to
D in both the x and y directions for the case of Run 19. Although the peak values were somewhat different
from the experimental values, the time histories in Figures 23-29 show that the numerical solution had a
similar tendency to the response obtained from the experiment. Figure 30 shows the concrete walls after
the shaking table test corresponding to Runs 13-19. Severe cracks and spalling of concrete occurred at the
lower part of the concrete walls and the column connected to the foundation. Figures 31 and 32 show the
Fourier frequency spectrum of displacement in the x and y directions, respectively, for Runs 17, 19, and 21.
Overall, the spectra show a good agreement with those obtained from the experiment, particularly in the
frequency range up to about 3 Hz.
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Figure 28. Numerical and experimental responses in the x direction due to the scaled Northridge
aftershock of Run 21; responses sampled at point A on the third floor.
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Figure 29. Numerical and experimental responses in the x direction due to real Northridge aftershock
of Run 23; responses sampled at point A on the third floor.

Table 9. Absolute maximum displacement at point A on the third floor.

Seismic Simulation

Absolute Maximum Displacement, u,

Analysis (mm) Experiment (mm) Error (%)
Run 9 2.47 2.02 22.28
Run 11 4.83 5.57 13.29
Run 13 9.51 12.92 26.39
Run 17 15.23 22.02 30.84
Run 19 33.09 36.73 9.91
Run 21 1.53 1.79 14.53
Run 23 4.93 7.66 35.64

Table 10. Absolute maximum acceleration at point A on the third floor.

Seismic Simulation

Absolute Maximum Acceleration, a,

Analysis (m/s?) Experiment (m/s?) Error (%)
Run 9 3.88(0.40 g) 410(042g) 5.37
Run 11 2.46 (0.25 g) 3.39(0.34 g) 27.43
Run 13 5.67 (0.58 g) 9.73(0.99 g) 41.73
Run 17 10.50 (1.07 g) 10.83 (1.10 g) 3.05
Run 19 2242 (2.28 g) 16.11 (1.64 g) 39.17
Run 21 442 (045¢) 3.23(0.33 g) 36.84
Run 23 13.15(1.34 g) 9.28 (0.95 g) 41.70

Table 11. Absolute maximum seismic responses at sampling points A to D in both x and y directions
for the analysis case of Run 19.

A B C D
Anal. Exper. E(f,;:)’r Anal. Exper. E(I;Z(;r Anal. Exper. E(I;Z;r Anal.  Exper. E(l:,;:)’r
1y (mm) 33.09 3679 10.06 33.03 3534 654 3390 51.67 3439 3581 8539  58.06
uy (mm) 1796 2320 2259 2274 5589 5931 2277 5536 5887 17.95 22.31 19.54
ay (m/s?) 2242 1611 39.17 2027 1461 3874 2552 1678 52.09 34.32 32.01 7.22
ay (m/s?) 18.05 18.37 1.74 3176  26.89 1811 3195 2780 1493 17.67 17.57 0.57
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(a) Wall V04 (b) Wall V02

Figure 30. Damages in the lower part of the concrete walls connected to the foundation [23,30].
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Figure 31. Frequency spectrum of the x directional displacement at point A on the third floor.
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Figure 32. Frequency spectrum of the y directional displacement at point A on the third floor.

6. Torsional Behavior

The SMART 2013 RC structure is asymmetric in plan view, as shown in Figure 2. In general,
asymmetric structures often exhibit coupled flexural and torsional behaviors against lateral loads,
since the line of action of the lateral load does not pass through the center of the stiffness of the
structure when viewed in plan [36—41]. Figure 33 shows the displacement trace at the sampling points
of the third floor of the building during the Northridge main shock with Run 19. The displacement
traces indicate that the building was not only bent by seismic forces, but also twisted. Figure 34 shows
the distortion of each floor of the building at 8.6 s, when the seismic response was the largest, as can be
seen in Figure 27. For the calculated torsional response, the phase was similar to what was obtained
from the shaking table test. Furthermore, the calculated torsional response seems to reflect the test
result in that the degree of twist was more substantial on the higher floors. However, the numerical
plan view deformation seems to be more correlated to a horizontal translation rather than a twisting
mode. The difference could be because the numerical model did not accurately reflect the reduced
torsional stiffness of the damaged structure.



Appl. Sci. 2018, 8, 479 19 of 23

—— Experiment —— Experiment

— Experiment
- Analysis

(a) First floor (b) Second floor (c) Third floor

Figure 33. Displacement trace at sampling points during the Northridge main shock of Run 19.
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Figure 34. Distortion of each floor due to the Northridge main shock (Run 19) at 8.6 s.

In order to further investigate the torsional effect, we compared the seismic response of the
asymmetric SMART 2013 structure with the response of a hypothetical symmetric structure. Figure 35
shows a plan view of the symmetric structure and the corresponding three-dimensional finite element
model. The number of floors, thickness of the floors and walls, dimensions of the column, length in the
x and y directions, mass of each floor, and materials used were the same as for the asymmetric SMART
2013 structure.

3100 100
1450

200

1450

[J
sHll==

S%

100 1375 150 1375 100

(a) Plan view (b) Finite element model

Figure 35. Finite element modeling of a hypothetical symmetric structure for comparison with the
SMART 2013 RC structure.

In Figure 36, the displacement responses of the asymmetric SMART 2013 structure and the
hypothetical symmetric structure due to the Northridge main shock are compared with each other.
The responses are sampled at point D. On the first floor, the responses were similar to each other.
However, the difference in response became more substantial on the higher floors. The tendency of
the greater response of the asymmetric structure also appeared in the frequency response spectrum,
as shown in Figure 37. Figures 38 and 39 compare the absolute maximum displacement for the
two cases. For all of the sampling points and all of the floors, the displacement response of the
asymmetric structure was larger than that of the hypothetical symmetric structure. It can also be seen
that the response difference increased on the higher floors. The difference in the x directional absolute
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maximum displacement between the asymmetric and symmetric structures was up to 15%, while the
difference in the y directional absolute maximum displacement was up to 31%. The results indicate
that, similar to previous studies [36—41], a larger seismic response should be considered in the seismic
design of an asymmetric structure compared to a symmetric structure with same design conditions.

60 x x 60 . s 60 :
— Asymmetrical structure, — Asymmetrical structure — Asymmetrical structure,
,g 40 - Symmetrical structure | E 40 ——Symmetrical structure - ,g 40 -~ Symmetrical structure
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-60 i -60 . i -60/ . |
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(a) 1st floor (b) 2nd floor (c) 3rd floor

Figure 36. Displacement responses of the asymmetric SMART 2013 structure and the hypothetical
symmetric structure due to the Northridge earthquake (Run 19); Responses sampled at point D.
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Figure 37. Displacement frequency spectra of the asymmetric SMART 2013 structure and the
hypothetical symmetric structure due to the Northridge earthquake (Run 19); Displacement amplitude

(|u| =, /u2+ uﬁ) sampled at point D.
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Figure 38. Absolute maximum displacement in the x-direction of the asymmetric and the hypothetical
symmetric structures due to the Northridge earthquake (Run 19).
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Figure 39. Absolute maximum displacement in the y direction of the asymmetric and the hypothetical
symmetric structures due to the Northridge earthquake (Run 19).

7. Conclusions

This study presented the finite element modeling and simulation of the asymmetric SMART 2013
RC structure, considering torsional effect and material nonlinearity. Local tests with a representative
volume element validated the nonlinear constitutive models set up for concrete and steel reinforcement.
The computed first three natural frequencies were 6.26 Hz, 7.77 Hz, and 13.15 Hz, respectively,
which were close to the experimental results. In the seismic analysis with low-intensity ground
motions, the displacement and acceleration calculated at sampling points showed good agreement
with the experimental results. In the blind seismic simulation, the consecutive seismic sequence
of design signal, Northridge main shock, and Northridge aftershock were used to calculate the
seismic response of the SMART 2013 RC structure at each floor. The time history of displacement and
acceleration, as well as their frequency spectrum, agreed reasonably with the result of the shaking
table test that was conducted as part of the international benchmark. By investigating the torsional
behavior of the asymmetric SMART 2013 structure due to the seismic load, it was shown that the
seismic response of the asymmetric structure was larger than that of the hypothetical symmetric
structure. The response difference increased on the higher floors. The result indicates that a larger
seismic response should be considered in the seismic design of an asymmetric structure compared to a
symmetric structure with similar design conditions.
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