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+e progressive collapse of a concrete-filled steel tubular (CFST) frame structure is studied subjected to impact loading of vehicle
by the finite-element software ABAQUS, in the direct simulation method (DS) and alternate path method (AP), respectively.
Firstly, a total of 14 reference specimens including 8 hollow steel tubes and 6 CFST specimens were numerically simulated under
transverse impact loading for verification of finite-element models, which were compared with the existing test results, confirming
the overall similarity between them. Secondly, a finite-element analysis (FEA)model is established to predict the impact behaviour
of a five-storey and three-span composite frame which was composed of CFST columns and steel beams under impact vehicle
loading. +e failure mode, internal force-time curve, displacement-time curve, and mechanical performance of the CFST frame
were obtained through analyzing. Finally, it is concluded that the result by the DS method is closer to the actual condition and the
collapse process of the structure under impact load can be relatively accurately described; however, the AP method is not.

1. Introduction

Concrete-filled steel tubular (CFST) structures are widely
encountered in civil engineering structures, such as com-
posite frames, whose columns are the concrete-filled steel
tubular (CFST), while beams are steel. Such structures are
commonly exposed to accidental impact loads during the
service. In recent years, there have been some successive
structural collapses because of natural disasters and terrorist
attacks around the world [1–3]. However, the continuous
collapses due to accidental impact loads except some normal
loads have not been considered in existing design specifi-
cations for safety of structure design [4–9].

So far, a number of researchers have studied the con-
tinuous collapses of structures in some occasional cases [10-
11]. A new partial distributed damage method to capture
loss of stability phenomena is described for steel moment
frames by Gerasimidis [12]. Salloum [13] demonstrated the

vulnerability of a typical medium-rise circular RC building
against progressive collapse as a result of blast generated
waves. Ding [14] studied the failure probability of steel frame
structures against terrorist attack. Jiang [15] presented
progressive collapse resistance of three-dimensional steel
frames with reinforced concrete slabs exposed to localized
fire. +e influence of building height on the robustness of
reinforced concrete frame buildings to resist progressive
collapse is investigated by Shan [16]. Wang [17] studied the
analysis of stainless steel composite beam-to-column joint
submodels and moment-resisting frames with the column
removed. Kong [18] presented the results of a large-scale test
on a three-dimensional (3D) composite floor specimen
under the scenario of removed internal column. In [19], the
influence of different span length of precast beams was
studied under different column removal scenarios. Zhou
[20] conducted the progressive collapse performance on
three half-scale moment substructures, including a
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conventional RC specimen and two PC specimens using
dowel bars and corbel. +ese studies provide useful infor-
mation on the progressive collapse of different structures or
components for the specific types of disasters concentrated
in the explosion and fire but produce little data about
composite frames by impact loads. Considering the dynamic
effect via the impact loads on structures, it is very significant
to make valid conclusions and recommendations on rea-
sonable structure design for strengthening the ability of
buildings to resist progressive collapse and ensure structural
stability in the short time.

+is research studies the continuous collapse perfor-
mance and analysis method of a typical composite frame
with concrete-filled steel tubular (CFST) columns and steel
beams by accidental impact load of vehicle through the fi-
nite-element software ABAQUS. In this paper, the results of
the finite-element model for a single member under dynamic
impacts are coincident with that of existing experiments.+e
performance of this collapsed composite frame by the direct
simulation method (DS) is compared with that by the al-
ternate path method (AP) [21] in terms of displacement of
the failure column top node and axial force of the adjacent
columns.

2. Verification of the Finite-Element Model

2.1. Introduction of the Impact Test. As the basis for the
verification of the planar frame, the simplest and most
important model is the confined axial column subjected to
lateral impact. Firstly, based on the ABAQUS software
platform, a series of numerical analysis models for the
existing tests of steel and CFSTcolumns under lateral impact
load are established. +e verification tests consisted of 6
concrete-filled steel tubes and 8 hollow steel tube concrete
tests. Detailed information is summarized in Table 1, where
the symbol B is the nominal external depth, D is the outer
diameter of the steel tube, ts is the thickness of the steel tube,
L is the length of the specimen, V is the lateral impact
velocity, and M is the quality of the drop hammer.

2.2. ,e Finite-Element Model. In the finite-element model,
four parts were built: a steel column, core concrete column,
drop hammer, and endplate. +e 4-node finite film strain
linear reduced integral shell element (S4R) given in the fi-
nite-element program ABAQUS was used in this study to
model the steel pipe.+e 8-node 3D linear reduction integral
entity unit (C3D8R) was used to model the concrete.

In order to improve the computational efficiency, the 4-
bus unit of three-dimensional rigid body (R3D4) was used to
model drop hammer and endplate because the stiffness of
the hammer is larger than that of the impact column and its
deformation hardly occurs. In the constitutive relation of
materials, steel adopted with the bilinear model, core con-
crete adopted with the concrete damage plasticity model,
and both are separately considering strain rate effect. +e
grid divided in the impact area is very dense, while that in the
other parts is relatively sparse. Two ends of the steel pipe
column were connected with the rigid end plates by

command of Tie. +e reference point established in the end
plate was exerted by both the boundary constraint and axial
force. +e contact between the concrete-filled steel tubular
column and drop hammer was built by surface-to-surface
contact (Explicit). In addition, tangential behavior is used to
consider the cohesive force because of tangential bond stress
on the surfaces of concrete and steel pipe [25]. At this time,
the relative sliding of the interface is simulated by the
Columbia Friction Model, and the value of friction coeffi-
cient is 0.6.

2.3. ResultVerification. +e failure modes obtained from the
finite-element analysis (FEA) and tests are compared in
Figure 1. +e tests are from references [22–24], respectively.
It can be seen that the simulated failure modes and defor-
mation of the specimens are in good agreement with the
experimental results. Both lateral displacement and impact
force are compared as shown in Figures 2 and 3, respectively.
Good agreement between the FEA and test results is
achieved, as presented in Figure 2. Both the overall trend and
numerical value are close to that of tests in Figure 3.Δ, P, and
Tare the lateral displacement, impact force, and impact time,
respectively. It can be concluded that the typical results
obtained from finite-element analysis are verified by that
observed in the experimental investigation. Based on the
model of extension, analysis of mechanical properties of
CFST frames under impact load is carried out in Section 3.

3. FEA of Progressive Collapse for the Planar
Composite Frame

3.1. Multiscale Finite-Element Model. Frame steel structures
are commonly used in public buildings, multistorey in-
dustrial factories, and some special-purpose buildings, such
as theatres, shopping malls, stations, exhibition halls,
parking lots, and light industry workshops. According to the
relevant standard [9], a typical planer frame structure with
concrete-filled steel tubular column steel beam for 5 floors
and 3 spans is designed as shown in Figure 4, which meets
the design of the normal use requirements. +e joints of the
planer frame are external ring-plate-type-included inter-
mediate and exterior joints, whose strengthened ring width
is 100mm and thickness is 12mm, as shown in Figure 5.+is
paper conducts a comparative study taking into account the
failure of the underlying middle column B. Also, the basic
information of the model as follows:

Building general information: column spacing of 6
meters, 3.6 meters height, column feet, and foundation
consolidation
Frame column: ○−360× 6mm
Frame beams: Ι−300× 250× 8×12mm
(height×width× belly×wing)
Material information: steel tubes and steel beams using
steel S355, the yield stress of steel fy is 355MPa, the
ultimate strength of steel fu is 470MPa, and the cube
strength of concrete fcu is 50MPa
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Figure 1: Failure mode comparison tests and FEA. (a) Failure tests from [22]. (b) Failure tests from reference [23]. (c) Failure tests from
[24].

Table 1: Detail information of the testing specimens.

Specimen label Boundary condition D(B)× ts × L (mm×mm×mm) V (m/s) M (kg) Preloading (kN) Reference
∗MSH Pinned-pinned □100× 2× 2500 3.57 592 288 [22]
∗Pd1 Fixed-sliding ○100× 2×1000 7.006 25.45 0

[23]
∗Pd2 Fixed-sliding ○100× 2×1000 6.998 25.45 88
∗Pd3 Fixed-sliding ○100× 2×1000 6.995 25.45 163
∗Pd4 Fixed-sliding ○100× 2×1000 7.012 25.45 196
∗Pd6 Fixed-sliding ○100× 2×1000 7.006 25.45 228
∗HCC Fixed-fixed ○180× 3.65×1940 7.73 465 0

[24]

CC1 Fixed-fixed ○180× 3.65×1940 9.21 465 0
CC2 Fixed-fixed ○180× 3.65×1940 6.4 920 0
CC3 Fixed-fixed ○180× 3.65×1940 9.67 465 0
∗HSS Pinned-pinned ○180× 3.65× 2800 4.25 465 0
SS1 Pinned-pinned ○180× 3.65× 2800 8.05 465 0
SS2 Pinned-pinned ○180× 3.65× 2800 5.69 920 0
SS3 Pinned-pinned ○180× 3.65× 2800 8.93 465 0
+e specimens with asterisk in label are hollow steel tubes.
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Figure 2: Continued.
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Figure 2: Lateral displacement (Δ) versus time (T) curves. (a) MSH, (b) Pd1, (c) Pd2, (d) CC1, (e) CC2, (f ) SS1, (g) SS2, and (h) SS3.
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Figure 3: Continued.
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Figure 3: Impact force (P) versus time (T) curves. (a) MSH, (b) Pd1, (c) Pd2, (d) CC1, (e) CC2, (f ) SS1, (g) SS2, and (h) SS3.
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Figure 4: Elevation drawing of the plane frame (unit: mm).
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Loads: the vertical uniform load on all beams is 45 kN/
m, and weight of the structure additionally is applied

3.2. Method for Analysis of Progressive Collapse.
Considering the computational precision and cost, this
paper presents a hybrid multiscale model including a beam
element, shell element, and solid element. +e couple
function of interaction in ABAQUS is used to deal with the
interface of different units and realize the connection be-
tween the fine model and the macroscopic model. +e fine
models of the impact column and the joint and the overall
multiscale frame work for the direct simulationmethod (DS)
and alternate path method (AP) are shown in Figure 6.

3.2.1. Direct Simulation Method (DS). +e AP method does
not need to consider the cause of column failure. Compared
with the AP method, the impact condition which causes
component failure is taken into account. +ere are many
forms of accidental impact loads on building structures. +e
DS model considers the accidental impact conditions of the
car crashing into the bottom column of the parking lot and
specifically studies the impact degree of structural damage
caused by such impact on the residual structure’s resistance
to continuous collapse.

Vehicle impact is one of the accidental loads with high
uncertainty in the United States, according to the gross
vehicular weight rating (GVWR), i.e., light-duty, medium-
duty, and heavy-duty trucks. As shown in Figure 7(a), a
medium-duty truck (F800 truck) is selected as the reference
truck. +is category and specific truck type are selected
because (1) light trucks usually do not cause column damage;
(2) F800 trucks are close to the lower bound of the heavy
truck category when fully loaded. In addition, the truck may
be overloaded, and it may cover certain aspects of the heavy
truck category [26]; and (3) studies have shown that an
overloaded F800 truck has the same serious impact effect as a
heavy truck. Among the publically available finite-element
truck models, the F800 truck model has been widely used
and validated by many scholars [27, 28].

Chen [29] established an equivalent frame to simulate
the impact of F800 truck and column collisions, and verified
the validity of the model by comparing their deformation
and internal energy relationship. +e F800 truck is the
equivalent of a frame, which is divided into a chassis

channel, engine, and cargo, as shown in Figure 7(b). +ree
major impact parameters were selected to reflect the un-
certainty of vehicle impact, including impact load, velocity,
and height of the impact point of the F800 truck. In order to
facilitate the comparison of various factors, 5 values are
taken for each parameter. A total of 125 trials would be
carried out; furthermore, calculation will be large if all the
research combinations of each parameter are fully consid-
ered. It is necessarily simulated through a combination of
noncomprehensive parameters and selecting representative
test points, by which the reasonable influence of parameters
can be shown. +erefore, each parameter value of analysis is
used from the orthogonal test method as seen in Table 2.

3.2.2. Alternate Path Method (AP). +e AP method is
suitable for the analysis of structural collapse under blast and
impact loads, which is based on the assumption that the
failure of one or several main vertical members of the
structure can be used to calculate the residual structural
response.

3.2.3. Collapse Criterion. In this paper, the nonlinear dy-
namic collapse analysis of CFST plane frame structure is
studied, and the failure criterion of limiting rotation angle
value 12 of the steel beam is used from the code GSA [4].+e
collapse occurred when the vertical displacement of the
failed node is greater than 1275mm which is the limiting
displacement value corresponding to this frame.

3.3. Comparative Analysis

3.3.1. Collapse Mechanism. From Figure 8, it can be seen
that there are two deformation modes of the failure column
under impact load. +e one is the local deformation of
columns as shown in Figures 8(a) and 9(a), and the other is
large deformation when the columns feet are destroyed as
shown during the impact process in Figures 8(b), 8(c), 9(b),
and 9(c). In addition, in the impact contact sites and the
opposite sides of the steel pipes, there is stress centralization
and partial steel pipes appeared with fracture; the relative
obvious local deformation also occurred in the joint zone, as
shown in Figure 9(c).

It can be known from Figures 8(a) and 8(b) separately
that if the impact energy is low in the DS method, there is
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Figure 5: Joint construction (unit: mm). (a) Intermediate joint. (b) Exterior joint.
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hardly any deformation in the remaining frame structure
except for the small bending deformation of the impacted
column; moreover, this column can still work. If the im-
pacted column failed, the vertical displacement of beam ends
and joints of this column is large, and there is scarcely any
deformation in the remaining frame structure too. However,
the internal force of the surplus structure is redistributed,
and the integer collapse did not occur. As shown in
Figure 8(c), the results of the AP method are similar to that
of the DS method in Figure 8(b). After the destruction of the
impacted column, the internal force is redistributed and a
new equilibrium state of the frame finally appears due to the
good deformation ability, ductility, and, furthermore, sus-
pended cable effect of the steel beams.

3.3.2. Axial Force of Adjacent Columns. +e axial-force-
time-history curves of the A, B, and D bottom columns
under different conditions are shown in Figures 10(a),
10(b), and 10(c). It can be seen that the forced state of the B
column is more unfavorable than that of the A and D

columns. +e change trends of axial force for A, B, and D
columns by the DS method are similar for each impact
combination case. +e axial force is significantly increased
firstly as a result of the reverse vibration structure, and it
decreases when time increases and then keeps a value in
some level.

In the worst case, the maximum axial force of the B
column is 2.12 times of that of the AP method. More axial
force is produced by the B column as one of the adjacent
columns because the impacted column is destroyed. In
Figure 10, the result obtained by the AP method is generally
close to the intermediate value of that of the DS method, and
this only represents one of the impact combinations without
practical significance. So, it is not reliable and, furthermore,
insecure to evaluate the dynamic effect of the structure under
the impact load by the AP method.

3.3.3. ,e Displacement of the Failure Point. As shown in
Figure 11, the maximum displacement obtained by the AP
method is 322mm lower than 1275mm, which is the

A B C D

(a)

A B C D

(b)

Figure 6: CFST plane frame structure model. (a) Model via the DS method. (b) Model via the AP method.

Rear

Front

Chassis

Engine
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Figure 7: +e car model. (a) 1995 Ford F800 truck. (b) Equivalent frame.
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limiting displacement from the displacement-time-history
curve of the failure point. It shows that the progressive
collapse can be resisted by the five-layer plane frame
structure. In the DS method, on the different impacted
condition, the maximum value of the displacement variation
is relatively larger, in the range of 17mm–1274mm.
However, compared with the AP method, the maximum
displacement of the worst case in the DS method is
1274mm, basically reaching 1275mm, and the collapse may

appear. It can be predicted that the DS method is more
accurate than the AP method for analysis on collapse of
frame structures.

3.3.4. Data Analysis. According to Figure 10, it can be
concluded that the axial force of the B pillar changes most
significantly after impacting. +erefore, in order to measure
every impact factor on the frame impacted, the axial force

Table 2: Summary of research on transverse impact tests.

No. Impact velocity (km/h) Impact mass (t) Impact position (m)
c1 40 1.5 0.7
c2 40 4.5 1.2
c3 40 7.5 1.5
c4 40 12 1.8
c5 40 20 2.5
c6 60 1.5 1.2
c7 60 4.5 1.5
c8 60 7.5 1.8
c9 60 12 2.5
c10 60 20 0.7
c11 80 1.5 1.5
c12 80 4.5 1.8
c13 80 7.5 2.5
c14 80 12 0.7
c15 80 20 1.2
c16 100 1.5 1.8
c17 100 4.5 2.5
c18 100 7.5 0.7
c19 100 12 1.2
c20 100 20 1.5
c21 120 1.5 2.5
c22 120 4.5 0.7
c23 120 7.5 1.2
c24 120 12 1.5
c25 120 20 1.8

(a) (b) (c)

Figure 8: Deformation of the planer frame with the middle column removed. (a) Model c1 via the DS method. (b) Model c25 via the DS
method. (c) Model via the AP method.
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Figure 9: Continued.
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Figure 9: +e collapse process by the DS method. (a) Local deformation of column failure. (b) Large deformation of column failure. (c)
Failure deformation of the column and joint.
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Figure 10: Internal force versus time (T) curves. (a) Axial force of the A bottom column. (b) Axial force of the B bottom column. (c) Axial
force of the D bottom column.
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Figure 11: Vertical displacement of the failure column node versus time (T) curves.

Table 3: Summary of data analysis on transverse impact tests.

No. Impact velocity (km/h) Impact mass (t) Impact position (m) η
c1 40 1.5 0.7 1.23
c2 40 4.5 1.2 1.37
c3 40 7.5 1.5 1.62
c4 40 12 1.8 1.73
c5 40 20 2.5 1.80
c6 60 1.5 1.2 1.74
c7 60 4.5 1.5 1.90
c8 60 7.5 1.8 2.05
c9 60 12 2.5 1.96
c10 60 20 0.7 1.92
c11 80 1.5 1.5 2.01
c12 80 4.5 1.8 1.89
c13 80 7.5 2.5 2.01
c14 80 12 0.7 1.93
c15 80 20 1.2 2.12
c16 100 1.5 1.8 1.97
c17 100 4.5 2.5 2.02
c18 100 7.5 0.7 1.94
c19 100 12 1.2 1.93
c20 100 20 1.5 2.04
c21 120 1.5 2.5 2.02
c22 120 4.5 0.7 1.92
c23 120 7.5 1.2 1.89
c24 120 12 1.5 2.06
c25 120 20 1.8 2.11
k1 1.550 1.794 1.788 —
k2 1.914 1.820 1.810 —
k3 1.992 1.902 1.926 —
k4 1.980 1.922 1.950 —
k5 2.000 1.998 1.962 —
R 0.45 0.204 0.174
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variation parameter η for the B pillar was introduced as the
ratio of the postimpact axial force to that of preimpact in
Table 3. By the principle of orthogonal design, the sum of the
parameters η in the velocity (or mass and position) factor at
the i level is given by Ki,

Ki � 􏽘
n

j�1
ηji, (1)

where ηji—the ratio value of velocity (or mass and position)
factor for the jth test of frame at the ith level; n—the number
of occurrences of each level in 25 tests, n� 25/5� 5, 1≤ i≤ 5,
1≤ j≤ 5.

+e average value of velocity (or mass and position)
factor at each level is obtained by ki, whose formula is shown
in Table 3:

ki �
Ki

n(i � 1, 2, 3, 4, 5)
. (2)

For every factor (velocity, mass, or position), the pa-
rameter R value is the largest one of these five numbers
minus the smallest one, which reflected the change with the
level fluctuation of this factor. +e R value is larger, and the
influence factor is more important. According to the value of
R, the order of the importance of the factors can be de-
termined, and it can be seen that the most obvious factor is
the velocity, as shown in Table 3.

R � max ki( 􏼁 − min kj􏼐 􏼑(i, j � 1, 2, 3, 4, 5). (3)

+e single-factor analysis is also shown in Figure 12, from
which the following conclusions can be drawn: velocity in the
range of 40–80km/h, and the average influence degree in-
creased significantly with the increase of velocity value, more
than 80km/h less affected in Figure 12(a). As shown in
Figure 12(b), the effect of mass on the average influence degree
is close to linear growth. It can be concluded from Figure 12(c)
that the average influence degree increased with the increase of
the distance of the impact point from the bottom of the column.

4. Conclusions

+e application of two methods including the AP method
and the DS method is discussed in this paper, which is

studied on resisting the progressive collapse of the concrete-
filled steel tubular (CFST) frame structure under low-
velocity impact load.+e conclusions and recommendations
from this study can be summarized as follows:

(1) It is presented that the most obvious factor is the
velocity for every factor (velocity, mass, or position)
on impact effect.

(2) From the collapse criterion, no frame-progressive
collapse occurred via the AP method; however, the
vertical collapse nearly occurred by the DS method.
Due to the failure of the C column in a moment by the
AP method, the internal force of the remaining
structure is redistributed. +e loading which was once
carried by the C column is transferred to the adjacent
columns, and finally, a new equilibrium state of the
structure is reached. It can be seen that the resisting
collapse capacity of the CFST frame under impact
loading cannot be accurately estimated by this method
because the specific cause of component failure is not
considered and the analysis is oversimplified.

(3) In the DSmethod, the C column failed in a very short
time due to the rapid violent impact of the car. At the
same time, some dynamic response and degree of
damage are produced on the members adjacent to
the C column immediately, resulting in a large
vertical displacement, and the collapse may appear.
+e result by the DS method is closer to the actual
condition, and the collapse process of the structure
under impact load can be accurately described.
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