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+e strain rate effect can influence the seismic responses of reinforced concrete (RC) structures because the constitutive re-
lationship of concrete and rebar is rate-dependent. +is paper carries out progressive collapse analysis to research the influence of
strain rate effects on collapse-resistant capacity, collapse mode, and collapse path of the RC frame structure. A progressive collapse
simulation program for the reinforced concrete (RC) structure with a static and dynamic constitutive relationship is coded
individually using the user subroutine VUMAT and then implemented in the advanced finite element program ABAQUS. +e
good agreement between experimental and simulation results proves that the coded subroutine is reliable. With the coded
subroutine, by conducting progressive collapse analyses of a four-story RC frame structure under earthquake, the effect of strain
rate on the response is investigated. +e numerical results demonstrate that the collapse-resistant capacity of the structure is
underestimated when the strain rate effect is neglected. It is shown that strain rate effects influence the collapse mode and collapse
path of the structure. +erefore, strain rate effects should be considered in the progressive collapse analysis of the RC
frame structure.

1. Introduction

+e strain rate of steel and concrete at critical sections of
beams and columns can reach as high as 10− 1·s− 1 under
earthquake. +e experimental results have shown that both
steel and concrete are rate-sensitive materials, which have
different mechanical properties under different strain rates.
Abrams discovered that the compressive strength of con-
crete depends on the loading rate [1]. After that, lots of
researchers studied the mechanical properties of concrete
under dynamic loading [2, 3]. +e compressive mechanical
property of concrete at different strain rates were system-
atically reviewed by Bischoff and Perry [4]. Lots of results
show that the compressive strength, elasticity modulus, and
energy-dissipating capacity increase with the rise of strain
rate. Under tensile condition, the tests are difficult to
conduct. Due to the influence of test condition and material
properties, characteristics of concrete under tensile force
suffer from obvious discreteness. Malva and Ross system-
atically reviewed the tensile properties of concrete under

tensile condition. Generally, test results show that the tensile
strength of concrete increases obviously with the rise of
strain rate, and the raise of elasticity modulus is not apparent
[5]. As early as 1909, Ludwik discovered that the mechanical
property of steel is rate-dependent [6]. After that, lots of
researchers conducted tests to study its dynamic property
[7–9]. It is concluded that the yield and tensile strength are
all enhanced with adding of strain rate, and the strain rate
effect of yield strength is relatively more obvious. +e dif-
ference of elasticity modulus under different loading rates is
not observed.

Tiny difference on elasticity modulus of concrete and no
difference on that of steel are observed under different
loading rates. +erefore, the strain rate effect in the elastic
phase can be neglected for RC structures under earthquake.
In the plastic stage, the strain rate effect has an obvious
influence on the behavior of members. Many researchers
investigated the influence of strain rate on the response of
components and structures. By adopting rate-dependent
moment–curvature relationships, the influence of strain-rate
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sensitivity of concrete and reinforcing steel on the global
seismic response of reinforced concrete (RC) structures in
the plastic phase is appreciated [10]. Results show that
strength reserve of the structure system is experienced when
the strain rate effect is accounted for. Li et al. investigated the
influence of loading rate on the bearing ability, ductility,
stiffness, failure mode, and energy absorption of beam
specimens by conducting dynamic tests [11]. +e dynamic
behaviors of columns were studied byWang et al. [12]. It can
be seen from the beam and column tests that as the loading
rate increases the bearing capacity and equivalent damping
augment, the ductility decreases, and the stiffness degra-
dation is more significant. +e beam with lower material
strength is more sensitive to loading rate. Systematic ex-
perimental tests including material and components, and
numerical simulations of a three-story RC structure by using
a coded three-dimensional rate-dependent fiber beam-col-
umn element subroutine are conducted to investigate the
strain rate effects on the seismic response of RC structures
[13]. It shows that the seismic responses of the structure are
overestimated when the strain rate effect is neglected, and
the simulated results obtained from the rate-dependent
element model can be more in agreement with the results
from the shaking table test.

Over the past decades, there have been lots of cases
where RC frame structures around the world have experi-
enced total or partial collapse under strong earthquakes.
+us, it is necessary to study not only the seismic response of
RC frame structures in elastic and plastic phases, but also
their collapse process. Progressive collapse analysis is a well-
understood physical occurrence in which loss of local load-
bearing capacity propagates through a system, precipitating
the complete collapse or a major portion of it [14]. Vul-
nerable points, collapse mode, and capacity of a structure
can be evaluated by it, which can be used for the design of
new buildings or for evaluating existing structures. +is has
led to directing increased attention to the progressive col-
lapse analysis under earthquake. However, there is little
research about the strain rate effect on the progressive
collapse pattern of the RC frame structure.

+is paper is organized as follows. In Section 2, pro-
gressive collapse analysis methods are introduced. +en, a
collapse simulation program that can consider the strain rate
effect is introduced in Section 3. In Section 4, the strain rate
effect on the progressive collapse of a four-story RC frame
structure under earthquake is studied. Finally, a summary is
given in Section 5, along with some concluding remarks.

2. Progressive Collapse Analysis Methods

Numerical simulation of progressive collapse, including the
material and geometrical nonlinearity, contact and collision
between elements, losing the load-bearing capacity of ele-
ments, and so on, is one of themost complicated problems in
structural engineering. Numerical analytical methods used
for the collapse analysis include the discrete element method
(DEM), combined finite-discrete element method
(CFDEM), applied element method (AEM), finite particle
method (FPM), and finite element method (FEM).

+e DEM was initially developed for the study of jointed
rock systems by Cundall and Stract [15], in which the indi-
vidual material element was considered to be separate and was
connected only along its boundaries by the frictional contact.
Due to its capacity to explicitly represent the motion of
multiple and intersecting discontinuities, the DEM is par-
ticularly suitable for the analysis of a structure consisting of
granular and particulate materials, and advantageous to deal
with collision problems [16–18]. +e CFDEM is a recently
developed numerical method aimed at modelling fracturing
and failing elements, which can concentrate the advantages of
FEM and DEM and has been applied to a wide range of
engineering problems [19, 20]. +e AEM, which can predict
the behaviors of a structure from zero loading to collapse in a
reasonable CPU time, is an innovative method adopting the
concept of discrete cracking [21–23]. +e FPM was presented
for the study of space steel structures by Yu and Luo [24, 25],
which is based on vector mechanics. Not only material and
geometrical nonlinearity, but also fracture, contact, and
collision during the collapse process can be modeled. +e
FEM, based on continuummechanics, is themost widely used
method in structure engineering. It is very effective for solving
nonlinear problems by using a reasonable constitutive rela-
tionship and a failure criterion [26, 27].

Due to complexity and difficulty of progressive collapse
analysis, it is difficult to be applied in current civil engi-
neering, especially for high-rise buildings. +e DEM is
difficult to be used for large and complex structures due to its
low efficiency and modelling complexity. +e CFDEM is
difficult to be used because of that each particular appli-
cation requires the development of specific algorithmic
procedures. Owing to the computational efficiency and
modelling problem, the AEM has not been used for high-rise
RC structures. +e FPM is still under investigation, and has
not been used for the RC structure. Current civil engineering
practice prefers to use the FEM for structural analysis. With
the dramatic developments in computer performances, the
method can be used in the solution of large scale and
complex industrial problems. Furthermore, there are lots of
commercial FEM software that can be mastered easily by
engineers.+e FEM has been widely used for the progressive
collapse analysis of multi-story and high-rise RC buildings.

3. Progressive Collapse Simulation
Subroutine considering Strain Rate Effect

In our previous work [28], a progressive collapse simulation
subroutine is coded, which can be used for the collapse
analysis of a steel structure [29], such as transmission tower-
line system. In this paper, a three-dimensional rate-de-
pendent fiber beam-column element model based on the
ABAQUS analysis platform is developed, in which the strain
rate effect can be included.+e coded subroutine can be used
for the collapse analysis of the reinforced concrete frame
structure. +e constitutive relationships of concrete and
rebar are based on the “Code for Design of Concrete
Structures” (GB 50010-2010) [30]. According to the failure
criterion of material, the element that loses the load-bearing
capacity can be “killed” and removed from the model.
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3.1. Constitutive Model for Concrete. +e constitutive model
for the concrete is shown in Figure 1. If the strain exceeds the
fracture value, the concrete loses the tensile capacity. If the
strain exceeds the ultimate compressive value, the element
loses the load-bearing capacity. Once the element loses the
bearing ability, according to the “birth-death element”
method, the element is removed from the model.

For the uniaxial compressive loading, the stress-strain
relationship is as follows:

σ �

1 − dcEcε, ε≤ εcu,

remove element, ε> εcu.

⎧⎪⎨

⎪⎩
(1)

εcu �
0.0033, fcu,k ≤ 50,

0.0033 − fcu,k − 50  × 10− 5, fcu,k ≤ 50.

⎧⎨

⎩ (2)

dc �

1 − ρc αa + 3 − 2αa( x + αa − 2( x2 , if x≤ 1,

1 −
ρc

αd(x − 1)2 + x
, if x> 1,

⎧⎪⎪⎨

⎪⎪⎩

(3)

x �
ε
εc

, (4)

ρc �
f∗c

Ecεc

, (5)

where ε and σ are the strain and stress; dc is the damage
evolution parameter for the uniaxial compressive loading; Ec

is the elastic modulus; εcu is the ultimate compressive strain,
which can be determined from experimental data or com-
puted as equation (2); fcu,k is the characteristic value of cubic
compressive strength; αa and αd are the parameter values for
rising and descending segments in the uniaxial compression
stress-strain curve; f∗c is the uniaxial compression strength;
and εc is the peak value of compression strain corresponding
to f∗c .

For uniaxial tensile loading, the stress-strain relationship
is written as follows:

σ �

1 − dt( Ecε, if ε≤ εf,

0, if ε> εf.

⎧⎪⎨

⎪⎩

dt �

1 − ρt 1.2 − 0.2x5 , if x≤ 1,

1 −
ρt

αt(x − 1)1.7 + x
, if x> 1.

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

x �
ε
εt

,

ρc �
f∗t

Ecεt

,

(6)

where εf is the fracture strain; dt is the damage evolution
parameter for the uniaxial tensile loading; f∗t is the uniaxial

tensile strength; and εt is the peak value of tensile strain
corresponding to f∗t .

For the cyclic compressive loading, the stress-strain
relationship is expressed as

σ � Er ε − εz( ,

Er �
σun0 − σun
εun0 − εun

,

εz � εun −
εun + εca( σun
σun + Ecεca

,

εca � max
εc

εc + εun
,
0.09εun

εc

 
����
εcεun

√
,

(7)

where Er is the secant modulus; εz is the residual strain; σun0
and εun0 are the stress and strain of the ending point of
uninstall curve; σun and εun are the stress and strain of the
starting point of uninstall curve; and εca is the additional
strain.

For the cyclic tensile loading, the stress-strain rela-
tionship is

σ � Ert ε − εz( ,

Ert �
σunt − σun0t

εunt − εun0t

,
(8)

where Ert is the secant modulus; σun0t and εun0t are the stress
and strain of the ending point of the uninstall curve; and σunt
and εunt are the stress and strain of the starting point of the
uninstall curve, respectively.

With considering the strain rate effect, the uniaxial
compression strength under dynamic loading can be cal-
culated as follows [31]:

fcd � 1.327 + 0.068lg_εc( fcs, (9)

where fcd is the dynamic compression strength; fcs is the
quasi-static strength; the quasi-static strain rate takes the
value 10− 5/s; and _εc is the strain rate.

Under dynamic loading, the tensile strength of concrete
can be calculated as follows [32]

εcu
εt εf

f t∗

f c∗

εc εz ε

σunt

σun0

σun

εun
εunt

σun0t

εun0t

εun0Remove element
ε > εcu

σ

Figure 1: Constitutive model for concrete.
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ftd � 1.0 + 0.057 lg
_εt

_εts

 fts, (10)

where ftd and fts are the dynamic and quasi-static yield
strength, respectively; _εt is the strain rate; and _εts is the quasi-
static strain rate (here _εts � 10− 5/s).

3.2. Constitutive Model for Rebar. +e elastic-perfectly
plastic material model is used for the rebar, which is shown
in Figure 2. If the strain exceeds the ultimate strain, the
element loses the load-bearing capacity. According to the
“birth-death element” method, once the strain exceeds the
ultimate strain, the element is removed from the model;
according to the proposed method, once the strain exceeds
the ultimate strain, the stiffness of the element is equal to
zero while the mass is still retained.

For the uniaxial loading, the stress-strain relationship of
rebar is as follows:

σ �

Esε, if ε≤ εy,

fy, if εy ≤ ε≤ εu,

remove element, if ε> εu,

⎧⎪⎪⎨

⎪⎪⎩
(11)

where Es is the elastic modulus of steel; εy is the yield strain;
fy is the yield strength; and εu is the ultimate strain.

For the cyclic loading, the stress-strain relationship is
expressed as

σ � σa + Es ε − εa( , (12)

where σa and εa are the stress and strain of the starting point
in the uninstall curve.

In the seismic strain rate range, the dynamic strength of
steel can be calculated as follows [9]

fyd � 1 + cflg
_ε
_ε0

 fys,

cf � 0.1709 − 3.289 × 10− 4
fys,

(13)

in which fyd and fys are the dynamic and quasi-static yield
strength; _ε is the dynamic strain rate; _ε0 is the quasi-static
strain rate and takes the value of 2.5×10− 4/so.

3.3. Calibration of the Modelling Approach. +e validity of
the coded subroutine is verified by member tests including
quasi-static and dynamic uniaxial loading patterns. +e
tested columns with the section of 200mm× 200mm and
four longitudinal rebars with the diameter of 12mm at the
corner are tested by the electro-hydraulic servo test system in
the structural laboratory of Dalian University of Technology.
Specimen construction, reinforcement, and loading are
shown in Figure 3, and the test system and loading device are
shown in Figure 4.

+e parameters of specimens are shown in Table 1.+ere
are a total of six specimens: three specimens S1, S2, and S3
for the quasi-static test and the rest for the dynamic test. +e
tested specimens are divided into 3 groups as shown in
Table 1. +e displacement controlled loading, with loading

rates of 0.2mm/s and 40mm/s, respectively, was adopted.
+e loading pattern with a loading rate of 0.2mm/s is
regarded as the quasi-static test. +e other is regarded as the
dynamic test. +e loading patterns are shown in Figure 5.

+e dynamic explicit method and coded three-dimen-
sional fiber beam-column element model are adopted to
investigate the mechanical properties of the tested columns
for the numerical analysis. Each tested column is divided
into 10 elements, and the integration time step is 0.01 s. +e
experimental and simulated results are shown in Figure 6.

+e results show that the relationship between top
displacement and reaction force in the elastic phase looks the
same. While the column enters into the plastic stage, the
loading rate effect is obvious. It is obvious that the load-
bearing capability of column under dynamic loading is
bigger than that obtained from the quasi-static test. It also
can be seen that the simulated results are in good agreement
with experimental data. It can be concluded that the con-
stitutive relationship adopted and coded subroutine are
reliable for the plastic analysis of the RC frame structure.

4. Progressive Collapse of a Four-Story RC
Frame Structure

4.1. Description of the Selected Structure. +e progressive
collapse analysis of a four-story RC frame is conducted to
research the effect of the strain rate on the progressive
collapse.+e selected structure has a height of 15m from the
ground and a base dimension of 14.4m× 16.8m. +e three-
dimensional finite element model of the structure is shown
in Figure 7, and its dimensions and bar arrangement are
shown in Figure 8. +e contribution of infill walls to the
seismic performance of buildings can be apparent [33].
Sometimes, the weight and stiffness of infill walls are
unneglectable to the response under earthquake. Furtado
et al. [34] developed a simplified macromodel to account for
the out-of-plane behaviors of the infill masonry walls. Only
the weight of infill walls is considered by adjusting the
density of concrete in this paper.

+e preceding two mode shapes and periods are cal-
culated through modal analysis. +e first mode is the
translation mode along the X direction with a period of
0.78 s. +e second mode is the translation mode along the Y
direction with a period of 0.75 s. +e three-dimensional
beam element type B31 is employed to model the beam and
column. +e dimensions of an element for the beam and

Remove element ε

fy

εy εu

(εa, σa)σ

ε > εu

Figure 2: Stress-strain curve of rebar.
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Table 1: Parameters of specimens.

Specimen number S1/D1 S2/D2 S3/D3
Axial compression ratio 0.05 0.075 0.05
fcu,k 50.73MPa 50.73MPa 71.36MPa
fy 381.5MPa 381.5MPa 381.5MPa
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Figure 5: Loading patterns.
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column are 1.2m and 0.6m, respectively. +e three-di-
mensional shell element type S4R is applied to model the
slab. +e dimension of an element for the slab is
1.2m× 1.2m. +e materials for the rebar and concrete are
HRB335 and C30, whose mechanical properties are shown
in Tables 2 and 3. +e coded subroutine is used for the beam
and column in the analysis.

4.2. Effect of Strain Rate on Collapse-Resistant Capability

4.2.1. Unidirectional Excitation. +e El Centro wave (1940),
Taft wave (1952), and Tianjin wave (1976), with the pre-
dominant periods of 0.544 s, 0.536 s, and 0.970 s, respec-
tively, are selected to study the strain rate effect on the
collapse-resistant capacity of the RC frame structure. Uni-
directional excitation, along X and Y directions, respectively,
is adopted in this section. +e incremental dynamic analysis
with the coded subroutine is used to assess the structural
response. With selected waves, the peak acceleration is
modulated to 1.0m/s2 first and increased 0.5m/s2 each time
until the collapse of the structure. It can be seen from the
result that the failure process of each member, from yielding
to losing the load-bearing capacity, the collapse mode and
vulnerable point of the structure can be known. +e col-
lapse-resistant capacity of the RC structure subjected to
unidirectional excitation is shown in Table 4.

Table 4 shows that the collapse-resistant capacity of the
selected structure is not the same under different earthquake
excitation due to different characteristics of wave frequency.
When the wave is inputted along the X direction, the col-
lapse-resistant capacity is between 3.0m/s2 and 7.0m/s2. If
the wave is inputted along the Y direction, this value is
between 3.0m/s2 and 7.5m/s2. It is also known that the
strain rate effect has an obvious influence on the collapse-
resistant capacity of the structure. After considering the
strain rate effect of material, collapse-resistant capacity of the
structure rises from 0.5m/s2 to 1m/s2.

4.2.2. /ree-Component Directional Excitation. +e El
Centro wave (1940), Taft wave (1952), and Tianjin wave
(1976), with two horizontal components and one vertical
component, are selected to research the strain rate effect on
the collapse-resistant capability of the RC frame structure
under three-component directional excitation. +e vertical
and the stronger horizontal components are inputted along z
and y directions and another is inputted along the x di-
rection. With the selected earthquake waves, the peak ac-
celeration of the stronger component is modulated to 1m/s2,

and the other two components are modulated according to
the ratio of their peak acceleration. +en, the peak accel-
eration of the stronger component is increased 0.5m/s2 each
time until the collapse of the structure.+e collapse-resistant
capacity of the RC structure subjected to three-component
directional excitation is shown in Table 5. It shows that the
collapse-resistant capacity of the selected structure is not the
same under different earthquake excitation due to their
different frequency characteristics. Under Tianjin wave, the
structure is easier to collapse than under other earthquake

waves. It is also known that the strain rate effect has an
obvious influence on the collapse-resistant capacity of the
structure under three-component directional excitation.
After considering the strain rate effect, collapse-resistant
capacity of the RC structure increases 0.5m/s2. By com-
paring Table 4 with Table 5, it shows that the structure is
easier to collapse under three-component directional exci-
tation than under unidirectional excitation.

4.3. Effect of Strain Rate on Collapse Process

4.3.1. Collapse Process without considering Strain Rate Effect.
+ree-component directional excitation is adopted to study
the strain rate effect on the progressive collapse process of
the RC frame structure. Figure 9 shows the collapse process
of the structure under El Centro wave with a peak accel-
eration of 4.5m/s2. At t� 1.99 s, an element of column at the
second story yielded first. And then, at t� 6.55 s, the element
yielded first lost the load-bearing capacity.

Figure 10 shows the collapse process of the structure
under Taft wave with a peak acceleration of 4.0m/s2. At
t� 3.51 s, an element of column at the second story yielded
first. And then, at t� 9.28 s, the element yielded first lost the
load-bearing capacity.

Figure 11 shows the collapse process of the structure
under Tianjin wave with a peak acceleration of 2.5m/s2. At
t� 6.51 s, an element of column at the second story yielded
first. And then, at t� 13.28 s, the element yielded first lost the
load-bearing capacity. It can be seen from Figures 9–11 that
the collapse process begins from the losing load-bearing
capacity of the column at the second story and this story
collapsed first. +erefore, the second story is the weak floor.

4.3.2. Collapse Process considering Strain Rate Effect. In this
section, the strain rate effect is added to study the progressive
collapse process of the RC frame structure. Figures 12–14
show the collapse process of the structure under El Centro
wave, Taft wave, and Tianjin wave, with peak accelerations of
5.0m/s2, 4.5m/s2, and 3.0m/s2, respectively. Under El
Centro wave, a column at the first floor lost the load-bearing
capacity during the collapse process. It is obviously different
from the collapse process without considering the strain rate
effect. Under Taft wave, the structure collapsed from the
second floor also. When the strain rate effect is not included,
the left part of the slab in floor 2 collides with the slab of the
first floor. If the strain rate effect is added, the collapse

Table 2: Mechanical properties of HRB335.

Material fy (Pa) Es (Pa) Density (kg/m3) εu

HRB335 3.35E+ 8 2.00E+ 11 7850 0.067

Table 3: Mechanical properties of C30.

Material f∗c (Pa) f∗t (Pa) Ec (Pa)
Density
(kg/m3) εf εcu

C30 2.0E+ 7 2.0E+ 6 3.00E+ 10 2500 0.0004 0.0033
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Table 4: Collapse-resistant capacity of the RC structure subjected to unidirectional excitation.

Earthquake
wave

Input along X direction Input along Y direction
Considering strain rate

effect
Without considering strain rate

effect
Considering strain rate

effect
Without considering strain rate

effect
El Centro
(1940) 8.0m/s2 7.0m/s2 8.5m/s2 7.5m/s2

Taft (1952) 6.5m/s2 5.5m/s2 6.5m/s2 5.5m/s2

Tianjin (1976) 3.5m/s2 3.0m/s2 3.5m/s2 3.0m/s2

Table 5: Collapse-resistant capability of the RC structure subjected to three-component directional excitation.

Earthquake wave Considering strain rate effect Without considering strain rate effect
El Centro (1940) 5.0m/s2 4.5m/s2

Taft (1952) 4.5m/s2 4.0m/s2

Tianjin (1976) 3.0m/s2 2.5m/s2

(a) (b) (c)

(d) (e) (f )

Figure 9: Collapse process of the structure subjected to three-component excitation under El Centro wave. (a) t� 9.50 s. (b) t� 9.70 s. (c)
t� 9.80 s. (d) t� 10.0 s. (e) t� 10.2 s. (f ) t� 10.5 s.

(a) (b) (c)

Figure 10: Continued.
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(d) (e) (f)

Figure 10: Collapse process of the structure subjected to three-component excitation under Taft wave. (a) t� 9.0 s. (b) t� 9.5 s. (c) t� 10.0 s.
(d) t� 10.3 s. (e) t� 10.5 s. (f ) t� 10.7 s.

(a) (b) (c)

(d) (e) (f )

Figure 11: Collapse process of the structure subjected to three-component excitation under Tianjin wave. (a) t� 13.4 s. (b) t� 13.5 s. (c)
t� 13.6 s. (d) t� 13.8 s. (e) t� 13.9 s. (f ) t� 14.1 s.

(a) (b) (c)

Figure 12: Continued.
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(d) (e) (f )

Figure 12: Collapse process of the structure subjected to three-component excitation under El Centro wave considering strain rate effect. (a)
t� 11.0 s. (b) t� 12.0 s. (c) t� 12.2 s. (d) t� 12.5 s. (e) t� 12.8 s. (f ) t� 13.0 s.

(a) (b) (c)

(d) (e) (f )

Figure 13: Collapse process of the structure subjected to three-component excitation under Taft wave considering strain rate effect. (a)
t� 12.0 s. (b) t� 13.0 s. (c) t� 13.5 s. (d) t� 13.7 s. (e) t� 13.8 s. (f ) t� 14.0 s.

(a) (b) (c)

Figure 14: Continued.
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process changes obviously. It is the right part of the slab in
floor 2 collides with that of the first floor.+ere is no obvious
difference on the collapse mode under the Tianjin wave. It
can be seen from the above analysis that the collapse mode of
the RC frame structure is relative to the strain rate effect.
+erefore, the strain rate effect should be considered for the
progressive collapse analysis of the RC frame structure to
obtain the reliable collapse mode, collapse path, collapse-
resistant capacity, and so on.

5. Summaries and Conclusions

According to the “Code for Design of Concrete Structures”
(GB 50010-2010) in China, the progressive collapse simu-
lation program is coded using the user subroutine VUMAT
and then implemented in the finite element program
ABAQUS. With the coded user subroutine, the strain rate
effect of concrete and rebar can be included in the consti-
tutive relationship. By conducting progressive collapse an-
alyses of a four-story RC frame structure under earthquake,
the effect of strain rate on collapse-resistant capacity, col-
lapse mode, and collapse path is investigated. +e response
summary of the structure subjected to three-component
directional excitation is shown in Table 6. +e main con-
clusions are as follows:

(1) +ere is apparent difference on the mechanical
properties of RC columns between dynamic and
quasi-static loading as validated by the experimental
data of test specimens. +erefore, the strain rate
effect should be considered for the seismic analysis of
RC members.

(2) +e strain rate effect has an obvious influence on the
collapse-resistant capacity of the RC frame structure
under both unidirectional excitation and three-
component directional excitation. After considering
the strain rate effect, collapse-resistant capacity of the
RC structure increases from 0.5m/s2 to 1m/s2.

(3) +e influence of the strain rate effect on the collapse
mode and collapse path of the RC frame structure
cannot be neglected. In some cases, the collapse
mode and collapse path change obviously after the
strain rate effect is included.

(4) More investigations are needed to investigate the
strain rate effect on the seismic response of shear wall
structures and other types of RC structures, espe-
cially for high-rise buildings.
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Table 6: Response summary of the structure subjected to three-component directional excitation.

Earthquake
wave

Rate-dependent model Rate-independent model
Location of the
failure element

Time of the
failure

Corresponding
acceleration

Location of the
failure element

Time of the
failure

Corresponding
acceleration

El Centro (1940) A column at the
first story 8.78 s 5.0m/s2 A column at the

second story 6.55 s 4.5m/s2

Taft (1952) A column at the
second story 12.37 s 4.5m/s2 A column at the

second story 9.28 s 4.0m/s2

Tianjin (1976) A column at the second
story 13.10 s 3.0m/s2 A column at the

second story 13.28 s 2.5m/s2

(d) (e) (f )

Figure 14: Collapse process of the structure subjected to three-component excitation under Tianjin wave considering strain rate effect. (a)
t� 13.1 s. (b) t� 13.2 s. (c) t� 13.3 s. (d) t� 13.4 s. (e) t� 13.5 s. (f ) t� 13.7 s.
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