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Abstract: At present, there is a lack of research on the influence of different dynamic constitutive
models of steel and concrete on the dynamic mechanical properties of concrete-filled steel tubular
(CFST) columns under lateral impact. In this paper, A comprehensive numerical study on the
effects of different dynamic constitutive models of steel and concrete on the lateral impact response
of CFST columns was conducted. The dynamic constitutive models of steel and concrete with
different strengths were divided into four categories, namely, normal-strength steel, high-strength
steel, normal-strength concrete and high-strength concrete. The established finite element model of
CFST columns considering the progressive damage degradation of steel as well as the compressive
and tensile damage factors of concrete was verified against published experimental data. Based on
the verified FE model, the effects of different dynamic constitutive models of steel and concrete on
the impact response of circular CFST columns were analyzed. The analyzed results show that the
different dynamic constitutive models of steel have different effects on the impact force and mid-span
time-history deflection curves of CFST columns. The analysis result, ignoring the effect of concrete
strain rate, is in good agreement with the CEB-FIP model considering the effect of steel strain rate.
This is because the largest proportion of the impact energy of CFST members is mainly assimilated
by the outer steel tube.

Keywords: concrete-filled steel tubes; dynamic constitutive model; lateral impact; finite element model

1. Introduction

Impact is one of the three major disasters (fire, earthquake and impact) that leads to
the damage and even collapse of civil engineering structures. Impact effects include car,
ship and plane collisions; the accidental fall of elevators, billboards, temporary construction
facilities and other construction equipment or attachments; secondary disasters caused
by earthquakes, fires, mountain torrents and mudslides; and even terrorist attacks. As a
result, impact effects have the distinctive characteristics of low frequency and high hazard,
and are an accidental effect that must be considered for most major civil engineering
structures, crash-prone structures, crash-proof enclosures, national defense structures,
and anti-explosion and anti-terror facilities [1-5]. In particular, accidents such as vehicle
collisions, ship collisions and terrorist attacks occur frequently (see Figure 1); therefore,
more attention is being drawn toward investigating the impact resistance performance of
important architectural structures and components.
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Figure 1. Cases of actual engineering impact accidents.

Concrete-filled steel tubes (CFSTs) have been widely used in various modern building
structures owing to their outstanding properties such as high bearing capacity, good
ductility and stiffness, simple construction, excellent seismic performance, and good fire
resistance. Owing to their good mechanical properties, CFST columns are widely used
in bridges and high-rise buildings [6-9]. Consequently, CFST columns constantly suffer
from low-speed impact load during practical engineering service, mainly including vehicle
collision, wave impact, etc. CFST columns are often used as primary load-bearing structural
components, which may cause damage or even a collapse of the structure due to lateral
impact, causing serious damage to structures and potential loss of life [10]. Therefore, it is
of great significance to carry out research on the lateral impact response of CFST columns.

Previously, researchers carried out experimental research, numerical simulations and
theoretical analyses on the lateral impact response of CFST members [11-15]. Wang et al. [11],
by conducting experimental research and numerical analyses, ascertained the influence of
different steel tube wall thicknesses, boundary conditions and axial loads on the impact
response of circular CFST members. According to the test and numerical analysis results, a
functional relationship between the confinement coefficient and the critical impact energy
of CFST members was established. Qu et al. [16] developed a simplified analysis method
for the impact behavior of fixed, simply supported CFST columns in combination with
test and numerical analysis results that well predicts the maximum deflection of CFST
columns. Yousuf et al. [17,18] performed experimental and numerical studies of stainless
CFST members under static and impact loads. The results showed that the impact position
at one-fourth of the column height can bear a greater load and produce a smaller deflection
than that at the mid-span. Han et al. [19] experimentally and numerically evaluated the
effects of material strain rate and inertia force on the impact response of high-strength
concrete CFST columns, and the flexural capacity model of CFSTs under impact load
was further simplified. Cai et al. [20], through finite element analysis, found that the
deformation of the impact part became more obvious as the impact height and slenderness
ratio were enhanced. Based on the numerical analysis results, a calculation model for
predicting the dynamic bearing capacity coefficient of CFST members was established.
Yang et al. [21], based on the drop weight impact test, found that high-strength concrete-
filled CFST members have good impact resistance similar to normal-strength ones, in
addition to high impact force platform values and small deflection.

Overall, it can be observed from the above research that a lot of work has been con-
ducted on the lateral impact response of CFST members. However, the research parameters
have mainly been focused on the axial compression load ratio, concrete strength, section
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shape, steel yield strength, steel ratio and column span-depth ratio, while research on the
differences between steel and concrete dynamic constitutive models under impact loads
is very limited. The differences in material dynamic constitutive models will bring great
deviation to the analysis results of the dynamic mechanical properties of CFST members
under lateral impact [22]. However, there is a lack of research on the influence of different
steel and concrete dynamic constitutive models on the dynamic mechanical properties
of CFST members. Therefore, it is urgent to study the influence of different dynamic
constitutive models of steel and concrete on the mechanical properties of CFST members.

The influence of the differences in dynamic mechanical constitutive models of different
materials with different strengths on the impact response of CFST members, in this paper, is
comprehensively investigated. The classification of different materials with different strengths
is divided into four categories, namely, normal-strength steel, high-strength steel, normal-
strength concrete and high-strength concrete. By the finite element (FE) method, the effects
of different steel and concrete dynamic constitutive models on the lateral impact response of
circular CFST columns are analyzed. At the same time, the progressive damage degradation of
steel, as well as the compressive and tensile damage factors of concrete, are introduced.

2. Finite Element Modeling
2.1. General

Overall, two types of analysis software, LS-DYNA and ABAQUS, are commonly used
in impact analysis [2,11]. LS-DYNA is a well-known universal display dynamic analysis
program that is particularly suitable for solving nonlinear dynamic impact problems such
as high-speed collisions, explosions and metal forming of various nonlinear structures.
This manuscript mainly focuses on low-speed impact issues, which can be well addressed
by ABAQUS. ABAQUS has two main analysis modules: ABAQUS/Standard provides
universal analysis capabilities, such as stress and deformation, heat exchange, mass trans-
fer, etc. The ABAQUS/Explicit application provides a powerful tool for solving complex
contact problems by displaying and integrating time, and is suitable for analyzing transient
dynamic events. This study includes implicit (simulation of axial load) and explicit anal-
yses. Therefore, ABAQUS is suitable as the application is very advanced in stress-strain
analysis. The validation research of ABAQUS in this article lays a certain foundation for
the subsequent research of the authors.

Based on ABAQUS finite element software [23], an FE model of CFST columns under
lateral impact load was developed. This model took into account the strain rate effect of
steel and concrete materials, the influence of the steel tube fracture failure model and the
compression and tension damage factors of concrete. The accuracy and reliability of the FE
model were compared and verified with previous experimental results.

2.2. Material Model of Structural Steel

An ideal multilinear stress versus strain constitutive relation given by Han et al. [24]
was applied to simulate steel, as illustrated in Figure 2. This model has been widely adopted
by researchers previously, e.g., Yan et al. [9], Deng et al. [10], Zhao et al. [14], etc. The stress
versus strain constitutive relation of steel proposed by Han et al. [24] is as follows:

Ege e <€
—Ae2 +Be+C g <e<eg
o =3 foy & <e<es (1)
fy [1 + 0.6884__8833 g3<e<ey
1.6fSy £> gy

where Es and fsy represent the modulus of elasticity and yield strength of the steel used,
respectively, and E; is equal to 2.0 x 10° MPa; A = 0.2 fy /(g2 — €1)*>, B=0.2 A&y, C= 0.8 foy
+Ae1? —Bey, e1=08fsy/Es, €2 =15¢1, 63 =10 £, &4 = 100 &5.
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Figure 2. Stress (0)-strain (¢) relationship for steel.

It is worth noting that the engineering stress—strain relationship of steel must be
converted to the real stress—strain relationship, which can then be input into the numerical
model of ABAQUS. The conversion formulas are as follows:

Otrue = Ueng(l + 8erlg) (2)

Etrue = 11‘1(1 + 8eng) 3)

where Oeng and ¢eng are the engineering stress and strain, respectively; 0trye and €qrye are
the actual stress and strain, respectively.

In addition, in order to simulate the cracking of steel tubes, a steel damage model as
depicted in Figure 11 of reference [1], was introduced into the steel constitutive relation by
entering key parameters in the interface of the steel material properties subroutine. As the
steel strain accesses the critical point of the equivalent plastic strain Egl, the steel begins to
be in the evolution phase of plastic damage. The descending part of the curve (CD segment)
represents the degree of damage evolution of steel under different plastic strains. Here, Dj.
is the damage evolution factor, which is used to control the damage evolution path of steel.
When Dj. equals 0, this indicates the beginning of damage. At the same time, when Dj.
equals 1, this represents the complete cracking of the steel.

In order to lower the effect of the steel mesh on the results of damage evolution, in
this paper, a damage evolution criterion based on the equivalent plastic displacement
was adopted. Based on the equivalent plastic strain ﬂlfol and the characteristic length L.
of the element, as the damage criteria were met, the equivalent plastic displacement ﬁf :

at complete cracking was obtained and expressed as ﬁfl = LCE}PI. L. herein is the specific
value of the volume of the minimum element divided by its largest area, and the value of
L. adopts 10 mm in line with the mesh dimension of the FE model.

2.3. Material Model of Concrete

The stress versus strain constitutive relation of concrete proposed by Han et al. [24]
achieved excellent performance simulation of CFST columns under different loading condi-
tions, such as compression, flexure, and combined compression and bending. Therefore,
in this current paper, the stress versus strain constitutive relation of concrete proposed by
Han et al. [24] was employed and determined by the following equation:

B 2x — x2 x <1 )
e x>

in which x = ¢/¢eg, y = f/f., f represents the axial stress of concrete when the axial strain
reaches ¢, f. represents the cylinder concrete strength and the corresponding strain is &;
n and By denote the parameters that are decided by the form of the column cross-section. H is
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equal to 2 for the circular cross-section and the corresponding parameter By is determined
by the following equation:

_ 7
)[0.25+(g 0.5) ](fé)OB > 0.12 )

50::05(236x]o*5
where ¢ denotes the nominal confinement factor and is obtained by ¢ = (AS fsy) /(Acfex) -
Ac and A represent the cross-section areas of infilled concrete and steel tube, respectively;
fk is the characteristic concrete strength.

In this study, the damage plasticity model of concrete was adopted and introduced
into the constitutive relation of concrete. The five key parameters, namely, the dilation angle
1, the ratio of the second stress invariant of the tensile meridian to that of the compressive
meridian K., the eccentricity e, the ratio of the biaxial compressive strength to the uniaxial
compressive strength fp,,/ f¢ and the viscosity parameter v needed to be determined. Based on
previous studies [6,14], in this study, the values of ¢, K, fno/f, e and v were taken as 30°,
1.16,0.1,2/3 and 0.0005, respectively. According to ACI 318 [25], the Young's modulus Ej and
Poisson’s ratio v of the concrete used were 4730,/ and 0.2, respectively.

In the process of impact, CFST members may bend and deform, and the tensile
softening performance of the concrete in tension should be considered. In this paper, the
tensile softening behavior of concrete was defined by the tensile stress vs. strain constitutive
relation proposed by Han et al. [24]; its calculation expression is as follows:

1.2x — 0.2x° x<1
x>1 (6)

- x
O.Sla}%(x - 4 x

where x = ec/ep, Yy = 0c/0p, 0p = 0.26(1.25fc’)2/3 and e, = 43.10, (pe).
In addition, the compressive and tensile damage factors of concrete were added to the
constitutive models of concrete. The damage factor of concrete can be determined by the
following equation:
(1—Be)ec'Eo
e+ (1= Be)e Eo

= ?)
where inelastic strain Eicn = &. — 0./ Ep and B, is the proportion of plastic strain E}Cﬂ to
inelastic strain ¢'. The value of S is 0.6 for compression and 0.9 for tension in this paper.
Moreover, the compression damage recovery factor w. and tension damage recovery factor

wy are 1 and 0, respectively.

2.4. Material Strain Rate Effect

The structural response under impact and other dynamic loads is different from that
under quasi-static loads. Increasing the loading rate usually causes the steel strength to
significantly improve. To take into account the strain rate effect in the numerical simula-
tion, the constitutive models of Cowper-Symonds [26] and Johnson-Cook [27] are usually
adopted to reflect the increase in steel strength. Compared with the Johnson—Cook consti-
tutive model, the Cowper-Symonds constitutive model exhibits a more concise form and
fewer parameters need to be determined. As a result, the Cowper-Symonds constitutive
model was adopted in this study:

0a/0s =1+ (¢4/D)"" ®)

where the values of D and p are 6844 s~! and 3.91, respectively.
Similar to the dynamic mechanical properties of steel, concrete exhibits large and
complex strain rate effects under dynamic loading. At present, the empirical formula
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provided in the European Concrete Institute Code (CEB-FIP, 1993) [28] can be used to
calculate the dynamic increase factor of concrete, as follows:

10260 . _
For compression fed/ fes = (E/SCO) 1/2 ’ |S’ <30s! )
fed/ fes = vs(e/8c0) ", ’8‘ >30s!
.. \1.0166s . 3
For tension fa/ fis = (¢/¢0) s e[ <3057 (10)
fra/ fis = Bs(€/6w0) 7, || >30s71
where ¢ = =30 x 1070 571, &0 = 3x 1070 571, aeg = —ot7—, 05 = 1

5+9 fl/fewo’ 10+6 fl/fo’
feo =10, log vs = 6.156as — 2 and log Bs = 7.11255s — 2.33. In the above formulas, f.q and

fes refer to the dynamic and static concrete compressive strength, respectively; fiq and fis
refer to the dynamic and static concrete tensile strength, respectively.

Moreover, in the structural dynamic calculation, the influence of inertia force should
be considered. Therefore, the density of each material should be defined in the FE material
model. Herein, the density of steel and concrete is 7850 kg/m? and 2450 kg/m?, respectively.
This study is in the range of low-speed impact. Researchers have concluded that low-
velocity impact has a negligible effect on the elastic modulus and Poisson’s ratio [11-16].
In this paper, Poisson’s ratio was adopted as 0.3. The elastic modulus of steel was 200 GPa if
it was not given in the literature. In addition, this study mainly focuses on the low-velocity
impact loads. Therefore, the volumetric strain as a function of the bulk modulus of material
under pressure was not taken into account.

2.5. Element Mesh, Boundary and Contact Conditions

The typical mesh of the FE model for circular CFST columns is illustrated in Figure 3.
As shown in Figure 3, the eight-node linear brick elements with reduced integration
(C3D8R) and shell elements (S4R) were utilized to simulate the infilled concrete and
steel tubes [29], and a four-node three-dimensional bilinear rigid body quadrilateral shell
element (R3D4) was used to simulate the rigid drop hammer. Based on the size analysis
of element mesh, the sizes of concrete and steel were selected as 15 mm. In addition,
within 200 mm of the impact point, a finer mesh for the steel tube and concrete was used.
For simply-simply, all translational degrees of freedom at both ends of the column were
constrained, as well as rotation around the y-axis and z-axis. When no axial force was
applied to the column, all degrees of freedom at both ends of the fixed-fixed column were
constrained. When an axial force was applied to the column, all degrees of freedom at
both ends of the fixed-fixed column were constrained, except that the z-axis on the right of
the column could be translated. For the application of axial load, the axial load was first
applied to the right end of the column through implicit analysis using a spring element.
Then, the results of the implicit analysis were restarted in the next explicit analysis step to
achieve the application of axial load on the column. Except for translation in the y-axis, all
the translations and rotations of the drop hammer were constrained. The FE model took
into account the two types of contact interactions [22]: (I) the contact between the steel tube
and core concrete and (II) the contact between the drop hammer and steel tube. Along the
normal direction of the contact surface, the Hard contact model was used to define the
contact interactions. However, the Coulomb friction model was adopted for the tangent
direction of contact types (I) and (II), and the corresponding friction factors were 0.6 and
0.16, respectively.
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3. Verification of Numerical Model

A total of 10 specimens collected from published studies [30,31], as listed Table 1, were
utilized to check the feasibility of the established FE model. The circular steel tubes were
used in all the specimens. The strength grades of steel and concrete were Q235 and C60,
respectively. In Table 1, L denotes the length of the test piece, H denotes the impact height,
Vy is the drop velocity at the moment of impact, m is the drop mass, Ey is the impact
energy and 7 is the axial load ratio of the specimens.

The impact force time-history curves of the test and FEA results for the selected SS2
and CC2 specimens are shown in Figure 4, and the corresponding mid-span deflection
time-history curves are illustrated in Figure 5, respectively. From Figures 4 and 5, it can
be observed that the established FE model can accurately predict the impact force and
mid-span deflection time-history curves of CFST columns under lateral impact. More-
over, a comparison of the platform value of impact force (Fp) and maximum mid-span
deflection (um) between the test and FEA results are depicted in Figure 6. From Figure 6,
it can be found that the mean values of Fp, pga / Fp test and tm FEA / timtest are 1.01 and 0.99,
respectively, and the corresponding standard deviations of are 0.02 and 0.01, respectively.
Overall, the established FE model can accurately predict the lateral impact performance of
circular CFST columns and can be used for impact response analysis of CFST members.

Table 1. Details of the published specimens.

Specimen No. Boundary Condition D X t (mm) L (mm) H (m) Vo (m/s) my (kg)  Eo (m) n Ref.
CC1 Fixed-fixed 180 x 3.65 1940 5.5 9.21 465 19.72 0
cC2 Fixed-fixed 180 x 3.65 1940 25 6.40 920 18.84 0

CC3 Fixed-fixed 180 x 3.65 1940 8.0 9.67 465 21.73 0 [30]
SS1 Simply-simply 180 x 3.65 2800 4.0 8.05 465 15.07 0
SS2 Simply-simply 180 x 3.65 2800 2.0 5.69 920 14.89 0
SS3 Simply-simply 180 x 3.65 2800 5.0 8.93 465 18.54 0
DBF13 Fixed-fixed 114 x 1.7 1200 1.2 4.85 229.8 2.76 0

DBF17 Fixed-fixed 114 x 1.7 1200 1.0 4.43 229.8 2.30 0 [31]
DBF19 Fixed-fixed 114 x 1.7 1200 1.2 4.85 229.8 2.76 0.3
DBEF21 Fixed-fixed 114 x 1.7 1200 1.0 443 229.8 2.30 0.6
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Figure 6. Platform value of impact force and maximum mid-span deflection.

4. Parametric Study

The FE model of circular CFST members with simple supports at both ends was
established and used to investigate the effects of different dynamic constitutive models of
steel and concrete on the lateral impact resistance of CFST columns. The outer diameter
and wall thickness of the steel tube were 480 mm and 12 mm, respectively, and the column
length was 4000 mm. The steel yield strength fsy, was taken as 235 MPa, 355 MPa, 460 MPa
and 690 MPa and the concrete strength f. was taken as 30 MPa, 50 MPa and 70 MPa.
In the FE analysis, the section size of the drop hammer with a rigid flat head was 500 mm,
with reference to the FAW Jiefang light truck J6F truck. The impact mass was 5000 kg and
the corresponding impact speed was 16.67 m/s (60 km/h), where 60 km/h is the general
speed limit for urban roads in the city and the minimum speed limit for expressways.
The corresponding impact energy was 694 kJ.

In the current research, the C-S and J-C models for steel, the HJC model, and the DIF
model proposed by CEB-FIP for concrete were successfully applied in the numerical simu-
lation. Holmquist et al. [33] introduced the influence of strain rate in the Ottosen model
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and proposed a rate-dependent damage constitutive model to calculate the large deforma-
tion problem of concrete at different strain rates, known as the Holmquist-Johnson—Cook
model (HJC model). In this study, the HJC model was introduced in ABAQUS by using the
VUMAT subroutine. These models can better reflect the failure phenomenon of steel and
concrete under medium or high strain rates. However, compared with high-speed impact
problems such as concrete penetration and explosion, the impact of vehicles, ships, falling
rocks or waves on CFST members is a low-speed impact problem. The maximum strain rate
of components is generally not more than 100 s~!. The material strain rate effect caused by
this medium strain rate is also relatively low, making the effect of the dynamic material
model on the components not as good as that of high-speed impact. The following is
mainly based on ABAQUS to analyze and compare different dynamic constitutive models
of materials to quantify the effects of dynamic material constitutive models on the impact
response of CFST members. The dynamic constitutive models of several materials analyzed
in this paper are shown in Tables 2 and 3.

Table 2. Different dynamic constitutive models of steel.

Steel/Concrete Grade Cases Steel Strain Rate Effect Model Concrete Strain Rate Effect Model
Case 1 J-C model [26]
X - -1 ,_ _
Q235 (Q460)/C30 Case 2 C-S model (D 40..4 s~ p=>5)[26] CEB-FIP(1993) [28]
Case 3 Ignoring
Case 4 Ignoring Ignoring

Table 3. Different dynamic constitutive models of concrete.

Concrete/Steel Grade Cases Concrete Strain Rate Effect Model Steel Strain Rate Effect Model
Case 1 CEB-FIP(1993) [28]
_ - -1 ., _
C30 (C70)/Q235 Case 2 HJC model [33] C-Smodel (D = 684451, p=3.91) [32]
Case 3 Ignoring
Case 4 Ignoring Ignoring

4.1. Comparison of Different Dynamic Constitutive Models of Steel

For normal-strength and high-strength steel (0235, Q460), the influence of the dif-
ference in dynamic steel constitutive models on the impact force and midspan deflection
time-history curves, platform values of impact force and maximum mid-span deflection
of CFST members are shown in Figures 7 and 8. From Figures 7 and 8, it can be observed
that different steel dynamic constitutive models have significant effects on the impact
force and mid-span deflection of CFST columns. In this paper, case 1 was used as the
benchmark. From Figure 7, it can be observed that the steel dynamic constitutive models
of cases 2 and 3 significantly reduce the platform value of impact force and increase the
impact duration, thus increasing mid-span displacement and deformation compared to
those of case 1. Because the models in cases 2 and 3 were respectively inclined to elastic
dynamic conditions and applied to high strain rates, the impact force of CFST columns
was greatly overestimated. The model in case 3 was in good agreement with the model in
case 4 regarding the impact process, impact platform section and impact duration change
trend; thus, it can well evaluate the impact resistance performance of the component.
The simulation results of the case 3 and case 4 models show that these models reduce
the impact platform value, prolong the impact duration and increase overall deformation.
Because the models in cases 3 and 4 did not consider the strain rate effect of steel, there
was no strain rate hardening effect on the impact process. As a result, the impact force of
CFST columns was greatly underestimated.
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Figure 8. Comparison of Q460 steel with different dynamic constitutive models. (a) Comparison of
impact force time-history curves of Q460 steel. (b) Comparison of mid-span deflection time-history
curves of Q460 steel. (c) Platform value of impact force and maximum mid-span deflection of Q460 steel.

4.2. Comparison of Different Dynamic Constitutive Models of Concrete

Figures 9 and 10 present the effects of differences in dynamic concrete constitutive
models for normal and high-strength concrete (C30, C70) in the impact force and mid-span
deflection time-history curves, platform value of impact force and maximum mid-span
deflection of the columns. It is observed that the effects of different concrete dynamic
constitutive models are more clear for columns with high-strength concrete. The concrete
dynamic constitutive model for case 2 resulted in the reduction of the platform value of
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impact force with the increase in concrete strength, thus increasing mid-span displacement
and deformation. The model in case 3 was in good agreement with the analysis results of
the model in case 1 for the impact process. It should be noted that the strain rate effect of
steel was still considered in both models; however, the strain rate effect was not considered
for the concrete for case 3. The impact energy of CEST members under impact load was
mainly absorbed by the outer steel tube, and its absorption rate reached more than four
times that of concrete [1]. Thus, even if the strain rate effect was not considered for the
concrete, the calculated results of the model in case 3 were still consistent with the actual
model in case 1. However, the model in case 4 did not consider the strain rate effect of
either steel or concrete, resulting in the slightly larger mid-span displacement and slightly
smaller platform value of impact force.

30,000 250 —=—Case |
—=—Casc | —e—Case 2
‘ —e—Case 2 200 [ —u—Case 3 -
. Case 3 —v—Cased CAM R
Z 20,000 e . EO S T
Z ——Case 4 2150} ;{,«' R
Py g '
10,000 - =100r
M ey o
-0.01 0. 00 0.01 0 02 0. 03 0. 04 0.05 800 0_‘()2 0‘;)4 0.06
(s) ’ 1(s)
(a) (b)
4,000 = 250
o/ \o
3,000 ; :\? 200
_ ——" -
g : : : 150 g
=~2,000 : i : =
Casel Case2 Case3 Cased 100 =
1,000 =7 {50
=0 u,
0 0

C30

()

Figure 9. Comparison of C30 concrete with different dynamic constitutive models. (a) Comparison of
impact force time-history curves of C30 concrete. (b) Comparison of mid-span deflection time-history curves
of C30 concrete. (c) Platform value of impact force and maximum mid-span deflection of C30 concrete.
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Figure 10. Comparison of C70 concrete with different dynamic constitutive models. (a) Comparison of
impact force time-history curves of C70 concrete. (b) Comparison of mid-span deflection time-history curves
of C70 concrete. (c) Platform value of impact force and maximum mid-span deflection of C70 concrete.



Buildings 2023, 13, 1634 12 0f13

5. Conclusions

A comprehensive numerical study on the effects of different dynamic constitutive models
of concrete and steel on the impact response of CFST columns was conducted and presented in
this paper. The following conclusions can be drawn within the scope of this study:

(1) The established FE model considering the progressive damage of steel and concrete
can accurately estimate the dynamic mechanical properties and failure modes of CFST
columns, and thus can be used for impact response analysis of CFST members.

(2) The different dynamic constitutive models of steel have different effects on the impact
force and mid-span displacement curves at the shock section of CFST columns.

(3) The FE models not considering the strain rate effect of steel have no strain rate
hardening effect on the impact process. As a result, the platform value of the impact
force of CFST columns is reduced and the maximum mid-span deflection is increased.

(4) The predicted result of the FE model ignoring the strain rate effect of concrete but
considering the strain rate effect of steel is in good agreement with that considering
the CEB-FIP model for the impact process. This is because the largest proportion of
the impact energy of CFST members is mainly assimilated by the outer steel tube.
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