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Abstract: In this paper, a finite element model of concrete-filled steel tubular (CFST) columns under
compression and lateral impact is developed and validated against previous experiments. After
analyzing the influence of axial compression on the impact performance of CFST columns, the effects
of eccentricity, material strength, and steel ratio on the dynamic compression-bending performances
of CFST columns subjected to lateral impact are discussed. The simulated results show that at
different axial compression ratios, CFST columns show overall bending failure under lateral impact.
The axial force ratio below 0.2 shows a positive effect on the impact resistance of CFST columns,
otherwise the axial force would degrade the impact resistance of CFST columns. Eccentricity has a
negative effect on the dynamic compression-bending performance of CFST columns. The increase
in the concrete strength has little effect on the dynamic compression-bending performance of the
CFST columns under lateral impact and eccentric compression. The increases in steel strength and
steel ratio can improve the dynamic compression-bending performances of the CFST columns under
lateral impact and eccentric compression. Even though the prediction formula for the dynamic
compression-bending performance of CFST columns shows good fitness with the simulated results,
it is modified to have sufficient strength reserves for design applications.
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1. Introduction

Due to the advantages of fast construction, high resistance, and good economy,
concrete-filled steel tubular (CFST) structures are increasingly being adopted for high-
rise buildings, bridge piers, and other infrastructures [1]. Therefore, the damage to the
CFST structures under exceptional impact may result in catastrophic results and mas-
sive casualties.

Research on the impact resistance of CFST structures has received increasing attention
from engineers and researchers. Zhang [2] studied the mechanical properties of CFST
columns with different tube thicknesses through axial impact tests and finite element
simulations. The steel ratio and material strength were directly proportional to the impact
resistance of CFST. Li et al. [3] studied the dynamic mechanical properties of CFST short
columns through the axial impact tests. Zheng [4] studied the concrete-filled steel tubes
by axial impact tests, showing that the concrete-filled steel tubes mainly exhibited oblique
shear failure. Mirmomeni et al. [5] studied the size effect of circular CFST short columns
under axial impact and proposed an empirical formula related to the size and strain rate.
Quetal. [6] used LS-DYNA to simulate the lateral dropping hammer tests on concrete-filled
steel tubes and obtained a simplified analysis model based on the results of finite element
analysis and rigid-plastic theory. Liu [7] concluded that the increase in the thickness of
the steel tube increased the peak value and the platform value of the impact force of the
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circular concrete-filled steel tubes. Han et al. [8] carried out lateral impact tests on circular
high-strength concrete-filled steel tubes and hollow steel tubes, and proposed a simplified
formula related to steel strength, steel ratio, section size, and impact velocity. Hou et al. [9]
used the finite element method to study the life cycle and residual bearing capacity of
concrete-filled steel tubes from the aspects of preloading and residual stresses. Yang [10]
concluded that the impact force platform values of square high-strength concrete-filled
steel tubes under lateral impact were almost unaffected by impact energy. Wang et al. [11]
found that the CFST specimens experienced an obvious local response stage before cracking.
Through a numerical parametric analysis, Gao et al. [12] proposed the prediction formulas
for the residual resistance of square CFST columns under repeated lateral impacts. In
addition, FRP composites are supposed to provide benefits for the impact resistance of
CFST columns [13,14].

It can be seen that most of the present research focuses on the dynamic response, lateral
resistance, and residual axial resistance of CFST columns under lateral impact. Even though
some tests considered the axial force on CFST columns while conducting lateral impact, the
axial force is only considered as pre-loading conditions, namely, the axial compression ratio,
instead of being combined with bending moment. The dynamic compression-bending
performance, namely, the N-M relationship curve of CFST under lateral impact, has never
been mentioned. The dynamic compression-bending performance of CFST under lateral
impact is rather meaningful for practical design and application since most CFST columns
in frames are under the service loading combination of axial force and bending moment,
which are vulnerable under lateral impact.

In this paper, the numerical model of the CFST columns under the coupling of axial
force-lateral impact is developed by using ABAQUS and validated against the experimental
data from previous research. The effects of eccentricity, material strength, and steel ratio on
the dynamic compression-bending performances of CFST columns under lateral impact
are investigated. Based on the simulated results, a compression-bending relation formula
for CFST columns under lateral impact is proposed aiming at practical design.

2. Development and Validation of the Finite Element Model
2.1. Elements

The finite element model (FEM) consisting of a steel tube, core concrete, and a dropping
hammer is shown in Figure 1. The steel tube and core concrete are modeled by using the
‘C3D8R’ element, namely, a 3D eight-node linear reduced integral element with a mesh
size of 50 mm which is determined by a trial running. The ‘R3D4’ element, namely, a 3D
four-node bilinear quadrilateral element, is used to simulate a dropping hammer, since the
deformation of the hammer is ignored.

2.2. Boundary Conditions and Contacts

To facilitate the application of boundary conditions, impact, and axial force, the
reference points are set at the ends of the model and the dropping hammer, respec-
tively. The reference point at one end of the model is set as a fixed constraint, namely,
Ux =Uy =U; =URx =URy =UR; =0. The reference point RP1 on the top of the col-
umn is constrained except for the y-direction translation degree of freedom, namely,
Ux =U; = URx=URy =UR; =0. In addition, the position of the reference point RP1
changes as the eccentricity of the member. Regardless of the free-falling process, the
dropping hammer is placed in the initial position of contact with the specimen, whilst the
mass and impact velocity of the dropping hammer are applied to the reference point at
the dropping hammer. The impact velocity of the dropping hammer is taken from the
corresponding free-fall velocity from the impact height calculated by V = /2g¢h, where
is the impact height by ignoring the energy loss during the falling process of the hammer.

The interface contact of the finite element model is defined as “general contact”. For
the steel tube and dropping hammer, the tangential direction of contact is defined as
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Ux=U=URx=URy=URz=0

Ux=Uy=URx=URy=UR:=(

U=Uy=U=UR=URy=UR-=0

“frictionless”. The cohesive force between the steel tube and the concrete is calculated by

Equation (1) from Ref. [15] as:
Tpond = 0.75[2.314 — 0.0195(B/t;)] D)

where Ty,,,4 is the bond stress of the contact surface, B is the concrete side length in the
square concrete-filled steel tube, and t; is the thickness of the steel tube. If the shear stress
of the contact surface is less than 7,4, there is no relative slip at the interface. At this time,
the Coulomb friction model is used to characterize the relative slip between the two and
the corresponding friction coefficient is 0.6 [16].

The plane of celumn top

CFST

Figure 1. Finite element model.

2.3. Constitutive Relationship of Material
2.3.1. Steel

Based on the previous studies from the authors’ research group [12], the static material
model of steel shows little effect on the performance of CFST columns under lateral impact
load. Since normal-strength low-carbon steel is used in this study, the secondary plastic
flow model by Han [17] is used as shown in Figure 2. The specific expression is described
by Equation (2), where f,, f,, and f,, represent the proportional limit, yield strength, and
tensile strength of the steel, respectively.

Eseg g < g
—Ae2 4+ Bes +C g, <5 <éen
Os = fy €1 < & < € )
fy (1 + 0.6:;121) €2 < €5 < €03

1.6fy, €5 > €03
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where ¢, = 0.8f,/E;s, €¢1 = 1.5¢, €2 = 10¢,1, €3 = 100ee1, A = 0.2f,/ (g1 — €.)?, B =2Ae,1, and
C=0.8f, + Ae,” — Be,.
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Figure 2. Stress—strain relationship curve for steel.

The Cowper-Symonds model is used in the simulation due to its suitability for the cal-
culation of dynamic problems with low strain rates. The model is expressed by Equation (3),
where ¢ is the strain rate of steel, 0 is the stress at the strain rate ¢ of steel, 0 is the stress
value of steel under static force, and D and P are the material fitting parameters and could
be taken as 4945 s~ and 2.696, respectively [18-20].

01/05 =1+ (¢/D)""" ®)

2.3.2. Concrete

The Concrete Damaged Plasticity (CDP) model from ABAQUS library is used to
describe the mechanical behavior of concrete. The dilation angle, flow potential eccentricity,
the ratio of the compressive strength under biaxial loading to the uniaxial compressive
strength, f4,/fc0, the ratio of the second stress invariant on the tensile meridian to that on the
compressive meridian, K, and the viscosity coefficient of concrete are set to 30°, 0.1, 1.16,
0.667, and 0.0005, respectively [21].

The stress—strain relationship of concrete under uniaxial compression provided in
Ref. [17] is adopted, as expressed by Equation (4):

2x — x2 x <1 )

y=9___ x
e Y1

where x = e/eg, y = /o9, 09 = f/, &9 = & + 800-¢%2.107°, e, = (1300 + 12.5f./)107°,

— 164 15/x, Bo = L
n 6+1.5/x, Bo IENETE

The uniaxial tensile stress—strain relationship of concrete is expressed by Equation (5):

1.2x — 0.2x% x<1

0.310,[2,(x - 1)1‘7 +x x>1

where x = e./ep, y = 0c/0p, 0p = 0.26 X (1.25£.)%/3, 0p is the peak tensile stress of concrete,
and &, = 43.1 e is the strain value corresponding to the peak tensile stress of concrete.

The effect of the strain rate of concrete is considered by using the relationship between
DIF (dynamic increase factor) and strain rate ¢ = 3 x 107> ~ 300 s ! of concrete provided
by CEB-FIP (1988) [22].
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(1) Equation (6) is used for the concrete under dynamic compression:

: € < 30s L
DIF = ’@ — (SS \1/3
fes fys( ) g> 305!

£
&

-\ 1.02645
)

(6)

where f;s and f, are the static compression strength and dynamic compression strength
respectively, v = 10(6:15605-2.0) " — (5+9fcs /fco)_l, & = 30 x 107%s~! (quasi-
static strain rate), and f,, = 10 MPa.

(2) Equation (7) is used for the concrete under dynamic tension:

¢ <3051

_Ju _ ) \&
DIFfth':— E:(;S)l/s o

-\ 1.0160
)

@)

where & = (10+fs/fo) 1, B = 1071197233 £ and f,; are the static tensile strength and
dynamic tensile strength, respectively, & = 30 x 10-%s~! (quasi-static strain rate), and
feo =10 MPa.

2.4. Model Validation

The results of the axial force-impact coupling tests from Ref. [23] are used to validate
the finite element model. The steel tube used in the tests was cut from a pre-fabricated
cold-formed square hollow section with an average thickness of 2.45 mm. The average
yield strength, tensile strength, elastic modulus, and Poisson’s ratio of steel are 370.8 MPa,
446.5 MPa, 1.98 x 10° N/mm?, and 0.267, respectively. The compressive strength and
elastic modulus of concrete are 53.9 MPa and 3.29 x 10* MPa, respectively. The relevant
test information is listed in Table 1 and more detailed information can be found in Ref. [23].

Table 1. Details of the test specimens in Ref. [23].

Axial

Specimen . . Hammer Impact
Group Number Comlfal';zswn Length/mm Cross Section/mm Weight/kg Velocity/(m/s)
1 NC-0-6 0 1800 B x t=100 x 2.45 238 10.85
2 NC-0.15-6 0.15 1800 B xt=100 x 2.45 238 10.85
3 NC-0.3-6 0.3 1800 B x t=100 x 2.45 238 10.85

As shown in Figure 3, the impact force-time history curves of the three specimens in
Table 1 mainly experienced three stages: oscillation stage, stable stage, and attenuation
stage. From the impact force-time history curves for different axial compression ratios, it
can be concluded that the impact force platform value gradually decreases as the axial force
increases. This is due to the increased ability of the column to resist lateral impact under
axial force within a certain range, resulting in a decrease in the deflection and the impact
force platform value. In general, the overall trends of the curves and the magnitudes of the
feature values are similar, indicating that the finite element models can accurately reflect
the effect of axial force on the impact performance of CFST columns.
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Figure 3. Comparisons of the simulated and tested results.
3. Effect of the Axial Compression Ratio on Impact Performance of the CFST Columns
Axial compression ratio is an important parameter affecting the lateral impact resis-
tance of CFST columns [24,25]. In this section, the axial compression ratio 7 is taken as 0,
0.1,0.2,0.3, 0.4, and 0.5 whilst the steel tube is Q345, the concrete is C60, and the eccentric-
ity is zero. According to the previous studies from the authors’ research group [12], the
cross-sectional shape for the same cross-sectional area and the shape of the drop hammer
are also expected to have little effect on the lateral impact performance of CFST columns.
Therefore, the size of the dropping hammer is set as 120 mm x 320 mm x 400 mm and
only a square section tube is used in the model. Besides, aiming to provide a reference
for practical design and application, only a full-scale height of square CFST is used in this
study. The detailed parameters of the specimens are given in Table 2.
Table 2. Parameters and results of the axial compression specimens.
Axial Specimen Impact Impact Impact
Compression B x t/mm Height P Speed V Height Fmax/kN  Fg,/kN A/mm
. Mass mi/t
Ration H/m /m/s H/m
0 5238.78 225291 87.95
0.1 5427.20 2371.83 84.93
0.2 5386.24 2268.79 87.07
03 400 x 10 3.5 1.856 16.67 1.385 5230.59 1997.79 94.93
0.4 5140.48 1405.63 123.35
0.5 5509.12 393.03 545.46

Note: Frmax is the maximum value of the impact force, Fy,p, is the platform value of the impact force, and A is the
peak deflection of the concrete-filled steel tubular column.

The platform value of the impact force of the models is calculated by using Equation (8)
from Ref. [10]:

t
i F(t)dt
th —tp

p = (8)
where F(t) is the impact force, fj is the moment when the impact force reaches the peak
value, and t; is the moment when the deflection reaches the peak value.

3.1. Impact Force Curve

From Figure 4a,b, it can be seen that as the axial compression ratio increases, the
duration of impact force gradually increases. As shown in Figure 4c, the impact platform
value with an axial compression ratio of 0.1 is greater than that without axial compression.
For an axial compression ratio of 0.2, the impact platform value is almost the same as that
without axial compression. With the increase in the axial compression ratio, the impact
platform values of the specimens under axial forces are generally lower than those without
axial forces. As shown in Figure 4d, the peak impact force of the CFST column is less
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affected by the axial force, since the time consumed at the beginning of the impact is very
short and the axial compression hardly affects the peak impact force between the impact
body and the column. When 7 > 0.2, the increase in the axial force accelerates the bending
of the CFST column. In other words, increasing the axial force leads to more obvious
second-order effects and decreases the impact resistance of CFST columns.
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(b) Impact force-time history curves for n=0, 0.4, and
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(c) Relationship between the impact platform and axial
compression ratio.

u

(d) Relationship between the maximum impact force
and axial compression ratio.

Figure 4. Impact force-related curves.

3.2. Deflection Curves

It can be seen from Figure 5a,b that when the axial compression ratio is relatively

low, the lateral deflection curves of the CFST column show oscillations after reaching the
peak values. As the axial compression ratio increases, the oscillation amplitudes weaken
or even disappear. The deflection of the member with the axial compression ratio of 0.1 is
lower than that without axial force, decreasing from 87.95 mm to 84.93 mm, indicating that
the axial force enhances the sectional resistance of the member. For an axial compression
ratio of 0.2, the peak values of the deflection curves are almost the same as those without
axial force. At the axial compression ratio of 0.5, the lateral deflection is 545.46 mm, and
the column is damaged. Since the axial force accelerates the bending of the member, the
deflection of the member increases rapidly under the lateral impact, as shown in Figure 5c.
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Figure 5. Deflection-related curves.

3.3. Stress Contours

As shown in Figure 6a, it can be seen that the stress of the CFST column without
axial force is almost zero before the lateral impact begins. With the increase in the axial
compression ratio, the stress of the entire column increases, as shown in Figure 6b,c. Under
the action of lateral impact, the impact part and both ends of the column are higher stress
areas. With the increase in the axial compression ratio, the range of the high-stress area
expands. As for the continuous effect of the impact, the high-stress regions at the impact site
and the two ends of the column expand successively, and the overall bending deformation
range of the CFST column also increases. During the rebound and reparation stage, the
impacted part and the backs of the two ends of the column appear to buckle, and typical
overall bending damage occurs in the column.



Buildings 2023, 13, 2289

9of 15

S, Mises S, Mises S, Mises o i
(Avg: 75%) (Avg: 75%) (Avg: 75%) g 780

+4.045e-01 +4.330e+02 +4.288e+02 (Avg: 75%)
+3.708e-01 +3.970e+02 +3.931e+02 +3.897e+02
+3.372e-01 +3.609e+02 +3.574e+02 +§- gzgﬂgg
+3.035e-01 +3.248e+02 +3.216e+02 P eaaets
+2.699e-01 +2.887e+02 +2.85%+02 F saets
+2.362e-01 +2.5262+02 +2.502e+02 BER L
+2.025e-01 +2.166e+02 +2.144e+02 BT
+1.689e-01 +1.805e+02 +1.787e+02 et
+1.352e-01 +1.44424+02 +1.430e+02 Fisiaatds
+1.016e-01 +1.083e+02 +1.073e+02 e F4sat o1
+6.790e-02 +7.223e+01 +7.153e+01 1o dotetol
+3.4242-02 +3.614e+01 +3.580e+01 135a8e101
+5.832e-04 +6.281e-02 +7.527e-02 +1.0880-02

Contact Associated movement Peak displacement Rebound and reparation

(a) Stress distributions of the CFST columns under compression with the axial compression ratio n = 0.

S, Mises S, Mises S, Mises S, Mises

(Avg: 75%) (Avg: 75%) (Avg: 75%) (Avg: 75%)
+1.262e+02 +4.33%e+02 +4.223e+02 +4.170e+02
+1.167e+02 +3.978e+02 +3.871e+02 +3.822e+02
+1.073e+02 +3.616e+02 +3.519e+02 +3.475e+02
+9.788e+01 +3.254e+02 +3.167e+02 +3.127e+02
+8.846e+01 +2.893e+02 +2.816e+02 +2.780e+02
+7.903e+01 +2.531e+02 +2.464e+02 +2.432e+02
+6.961e+01 +2.170e+02 +2.112e+02 +2.085e+02
+6.018e+01 +1.808e+02 +1.760e+02 +1.738e+02
+5.076e+01 +1.447e+02 +1.408e+02 +1.390e+02
+4.133e+01 +1.085e+02 +1.056e+02 +1.043e+02
+3.191e+01 +7.234e+01 +7.046e+01 +6.954e+01
+2.248e+01 +3.618e+01 +3.527e+01 +3.480e+01
+1.306e+01 +2.099e-02 +8.778e-02 +5.423e-02

FEEFEE
Contact Associated movement Peak displacement Rebound and reparation

(b) Stress distributions of the CFST columns under compression with the axial compression ratio n = 0.3.

S, Mises S, Mises S, Ml.ses ) S, Mises

(Avg: 75%) (Avg: 75%) (Avg: 75%) (Avg: 75%)
+2.120e+02 +4.462e+02 +a3iser0s +4.520e+02
+1.961e+02 +4.092e+02 +3-7665+02 +4.1432+02
+1.803e+02 +3.722e+02 b et +3.7662+02
+1.6442+02 +3.352e+02 +3-013e+02 +3.390e+02
+1.485e+02 +2.982e+02 +3.013e+ +3.013e+02
+1.327e+02 +2.612e+02 +2.636e+02 +2.636e+02
+1.168e+02 +2.2420402 +2.260e+02 +2.260e+02
+1.009e+02 +1.8732402 +1.883e+02 +1.883e+02
+8.5082+01 +1.503e+02 +1.507e+02 +1.507e+02
+6.922e+01 +1.133e+02 +1.130e+02 +1.130e+02
+5.335e+01 +7.627e+01 +7.536e+01 +7.533e+01
+3.748e+01 +3.9282+01 +3.771e+01 +3.767e+01
+2.162e+01 +2.283e+00 +5.462e-02 +3.479e-03

Contact Associated movement Peak displacement Rebound and reparation

(c) Stress distributions of the CFST columns under compression with the axial compression ratio n = 0.5.

Figure 6. Comparison of the stress distributions of the CFST columns under different axial compres-
sion ratios.
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4. Parametric Studies on the Dynamic Compression-Bending Performances of the
CFST Columns

4.1. Model Introduction

To investigate the dynamic compression-bending performances of the eccentric com-
pression CFST columns under lateral impact, the eccentricity, concrete strength, steel
strength, and steel ratio of CFST columns are considered. The section of the steel tube is
B x B =400 mm x 400 mm whilst the tube thicknesses are 5 mm, 10 mm, and 15 mm,
respectively. The overall height H of the column is 3500 mm. The steel tube is made of Q235,
Q345, and Q390 steel, and the core concrete is made of C40, C50, and C60 concrete grades.
The eccentricities are set as 0 mm, 35 mm, 45 mm, and 55 mm, respectively. The basic
parameters of the specimens are given in Table 3. The simulated results are summarized
in Table 4. The formula for calculating the axial compression resistances of square CFST
columns is Equation (9):

N < (1/9)Na )

N, = fAs +chc (10)

where f is the compressive strength of the steel tube, f, is the axial compressive strength of
the core concrete, A, is the cross-sectional area of the steel tube, A; is the cross-sectional
area of the core concrete, N is the design value of the axial resistance, N, is the sectional
compressive-bearing capacity, and - is the coefficient according to Technical Regulations
for Rectangular Concrete-Filled Steel Structures.

Table 3. Detailed information of the specimens.

Specimen Column Section Eccentric

Number Size/mm Concrete  Steel Distance/mm Steel Ratio/x
CF1 400 x 400 x 10 C60 Q345 0 0.108
CF2 400 x 400 x 10 C50 Q345 55 0.108
CF3 400 x 400 x 10 C40 Q345 55 0.108
CF4 400 x 400 x 10 C60 Q235 55 0.108
CF5 400 x 400 x 10 C60 Q345 55 0.108
CFé6 400 x 400 x 10 C60 Q390 55 0.108
CF7 400 x 400 x 10 C60 Q345 35 0.108
CF8 400 x 400 x 10 C60 Q345 45 0.108
CF9 400 x 400 x 5 C60 Q345 55 0.052
CF10 400 x 400 x 15 C60 Q345 55 0.169

Table 4. Calculations of the bending moment M of the eccentric compression CFST columns un-

der impact.

Number n=0 n=0.1 n=0.2 n=0.3 n=0.4 n=0.5 n=0.6 n=0.7 n=0.8 n=20.9
CF2 942.7 909.3 828.0 714.7 562.9 467.9 377.8 274.6 177.0 98.0
CF3 956.0 920.2 836.3 722.8 602.6 508.6 416.4 315.6 220.6 143.9
CF4 961.2 924.7 849.5 711.1 622.6 527.7 427.6 445.3 245.8 160.1
CF5 704.3 678.9 604.8 522.2 4422 368.6 293.3 217.8 160.9 36.1
CF6 1059.6 1026 94.3 806.3 689.4 495.3 495.9 397.8 300.0 196.2
CF7 952.4 953.4 921.5 847.0 738.2 607.6 483.5 351.8 254.1 177.8
CF8 951.2 944.9 893.1 823.0 693.8 561.5 409.9 295.8 188.7 105.4
CF9 540.2 550.4 472.2 357.3 293.0 227.5 133.4 85.2 56.5 454
CF10 1297.3 1282.0 1216 1128.2 1025.1 892.8 731.4 560.0 446.2 332.8

The bending capacity of the models is calculated according to Equation (11) [26], where
the bending moment is extracted from the impact position section of the models:

M, = 7mwscfsc

(11)
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where f;. is the compressive strength of the concrete-filled steel tube, 7, is the coefficient of
plastic development, and Wj, is the section modulus of the bending member.

4.2. Analysis of the Results
4.2.1. Eccentricity

To investigate the influence of eccentricity on the dynamic compression-bending
performances of eccentric compression CFST columns under lateral impact, the eccentricity
values of e = 35 mm, 45 mm, and 55 mm are adopted. It can be seen from Figure 7 that
the dynamic N/N,—M/M,, curves for different eccentricities show decreasing trends. The
curves are divided into two parts at N/N,, = 0.6. Even as the normalized curves, the increase
in the eccentricity would decrease the enveloping areas of the dynamic N/N,, —M/M,, curves
of the CFST columns, indicating the worse impact resistances.

—a— =35
—e—c=45

e=55

00 010203 04050607 0809 1.0

MIM,

Figure 7. Effect of eccentricity on the dynamic N/N,—-M/M,, curves.

4.2.2. Concrete Strength

To investigate the influence of concrete strength on the dynamic compression-bending
performances of eccentric compression CFST columns under lateral impact, C40, C50, and
C60 concrete grades are adopted. It can be seen from Figure 8 that the dynamic N/N,-M/M,
curves with different concrete strengths show decreasing trends. At M/M,, = 0.55, the three
curves almost intersect at one point. The N/N,,—M/M,, curves for the eccentric compression
CFST columns indicate that the increase in the concrete strength has a minor effect on the
bending capacity of the columns. This is because the core concrete in the concrete-filled
steel tube contributes little to the flexural strength of the member sections and plays a
supporting role under lateral impact.

1.0 N - C40
N ——C50
08F X
S C60
=
0.6 \\
Z
<04} e
N
Y
02+ <
\
00—
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

MIM,
Figure 8. Effect of concrete strength on the dynamic N/N,—-M/M,, curves.

4.2.3. Steel Strength

To investigate the influence of steel strength on the dynamic compression-bending
performances of eccentric compression CFST columns under lateral impact, Q235, Q345,
and Q390 steel grades are selected. As can be seen from Figure 9, the dynamic N/N,—M/M,,
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curves with different steel strengths show decreasing trends. At the beginning of the curve,
the CFST column with Q235 steel has the smallest M/M,, value. With the increasing steel
strength, the restraint effect on the core concrete is enhanced and thus it has a better ability
to delay deformation.

1.01- —a— Q235
oty ——Q345
0.8F ~ 390
23 \A\ Q 9
So6f N
2
A
0.4} N
02}
\

0.0 L L L L L L L 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.83 0.9 1.0
MIM,

Figure 9. Effect of steel strength on the dynamic N/N,—M/M,, curves.
4.2.4. Steel Ratio

To investigate the influence of steel ratio on the dynamic compression-bending perfor-
mances of eccentric compression CFST columns under the lateral impact, the steel ratios of
« =0.052, 0.108, and 0.169 are adopted. It can be seen from Figure 10 that the M/M,, values
increase significantly with the increasing steel ratio, indicating better dynamic compression-
bending performances of the model. This is because increasing the steel ratio improves the
resistance and stiffness of the columns which can largely delay the deformation.

1.0} —— 0=0.052
——0=0.108
0.8 a=0.169
X A\
206}
=
0.4}
02f

0.0 L L L L L L I A .
0.0 0.1 0.2 0.30.40.5060.70.8091.0
MM,

Figure 10. Effect of steel ratio on the dynamic N/N,—~M/M,, curves.

5. Dynamic Compression-Bending Formula for the CFST Columns

According to the above parameter analysis, the dynamic compression-bending formula
for the eccentric compression CFST columns can be divided into two parts:

When (N/Nu) S 02/
N M
o)+ () = "

Through the analysis of the previous results, the fitting coefficients a and b are 0.7 and
1.0, respectively, so the compression-bending formula of CFST columns can be expressed

as Equation (13):
N M
07 — |+ — ) =1 13
( Ny ) ( My ) (1%
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When (N/N,) > 0.2,
N\, (MY
) +(=Z) =1
() ()
Through the analysis of the previous results, the fitting coefficients a and b are 1.1 and
1.1, respectively, so the compression-bending formula for CFST columns can be expressed

as Equation (15):
N 11 . M 11 .
NM Mu -

where N and M are the axial force and bending moment of concrete-filled steel tube columns,
respectively, Ny, is the axial compressive resistance of CFST columns, and M,, is the flexural
resistance of CFST columns.

From Figure 11, it can be seen that the fitting accuracy of the formula is high with
R? = 0.95. To have sufficient strength reserves for the practical design, the fitting formula is
modified as Equations (16) and (17). The predicted results from the modified formula are
all smaller than the simulated results, indicating the dynamic N-M strength reserves by
using Equations (16) and (17). The differences between the simulated and the predicted
results from the modified formulas are approximately 20%.

(14)

(15)

1.0g 1.0
Qaac [m SN
0.8F {n A 0.8 oo
o, o o
067 2 Soe6f 2%
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= b] .
04f © €50 0.4F © Q345 So
C60 QM Q390
021 Formula o 0.2F Formula B\E
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(a) Concrete strength. (b) Steel strength.
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Figure 11. Comparisons of the simulated and predicted results.

When (N/N,) < 0.2,

N 20/ M
07(x.) 1 (wg,) =1 to
When (N/N,)) > 0.2,
N 1.1 20 M 1.1
(%) *wim) = 4

The proposed dynamic compression-bending formula for CFST columns could be
used to determine the corresponding internal forces of CFST columns when considering the
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impact design. Then the section design of CFST columns under the design service loads and
impact load could be conducted by using the most unfavorable internal load combination.

6. Conclusions

In this paper, the dynamic compression-bending performances of CFST columns under
lateral impact load are studied. Some conclusions are drawn as follows.

(1) The axial compression ratio of 0.2 is a feature point to evaluate the impact resistance of
the CFST column. The axial force ratio shows a positive effect on the impact resistance
of CFST columns when less than 0.2, otherwise the axial force would degrade the
impact resistance of CFST columns.

(2) The increase in the steel strength and steel ratio rather than the concrete strength
has a positive effect on the dynamic compression-bending performances of eccentric
compression CFST columns under impact.

(3) Based on the simulated results with different parameters, a high-accuracy dynamic
compression-bending formula for CFST columns is obtained. The formula is also
modified to have a sufficient strength reserve for the practical design.
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