kT buildings

Article

Bearing Capacity of UHPC-Filled High-Strength Elliptical Steel
Tube Composite Columns with Encased High-Strength
H-Shape Steel Subjected to Eccentrical Load

Jing Ji 1?3, Weichen Wang 2, Lianggqin Jiang 2, Hongguo Ren **, Qingqin Wang 5, Wenyu Xuan **
and Yingchun Liu 2

China-Pakistan Belt and Road Joint Laboratory on Smart Disaster Prevention of Major Infrastructures,
Southeast University, Nanjing 211189, China

Heilongjiang Key Laboratory of Disaster Prevention, Mitigation and Protection Engineering,

Northeast Petroleum University, Daqing 163319, China

Jiangsu Southeast Special Engineering & Technology Co., Ltd., Nanjing 210000, China

Handan Key Laboratory of Building Physical Environment and Regional Building Protection Technology,
School of Architecture and Art, Hebei University of Engineering, Handan 056038, China

5 China Academy of Building Research Co., Ltd., Beijing 100029, China

*  Correspondence: renhongguo771126@163.com (H.R.); xuanwenyuhbgexy@163.com (W.X.)

Abstract: In order to investigate the bearing capacity of composite columns composed of ultra-high
performance concrete, (UHPC)-filled high-strength elliptical steel tube with encased high-strength
H-shape steel (HUCFESTCs) were subjected to eccentric load. Forty-four HUCFESTCs were designed
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(fy1), concrete-cube compressive strength (fcu), steel tube thickness (f), eccentricity (e), slenderness
ratio (A), the section area of the H-shape steel (Ays), and long—short axis ratio (). Based on a
bilinear elastic—plastic constitutive model of steel that considered stress hardening and a nonlinear
constitutive model of UHPC, 44 HUCFESTCs models were established by ABAQUS software. The
influence of different parameters on the ultimate bearing capacity of the HUCFESTCs was analyzed.
The whole process of HUCFESTCs under eccentric load was studied, and the typical failure modes
of HUCFESTCs are described. The results show that the main failure mode of the HUCFESTCs
subjected to eccentrical load is bulging outward of the steel tube, the buckling of the H-shape steel,
and crushing of the concrete in the middle part of the column and the inner part of the H-shape
steel. The stiffness of HUCFESTCs increases gradually with the increase in fy, t, and e. The ultimate
eccentrical compression bearing capacity of HUCFESTCs improves gradually with increases in fy, f,
fy1, Ans, $, and f oy, but it decreases gradually with increases in A and e. By using statistical regression
and introducing the reduction coefficient of eccentricity, the calculation formula for the eccentric
bearing capacity of HUCFEST columns is developed, which can provide a basis for the application of
HUCFESTCs in practical engineering.
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1. Introduction

The study of composite columns composed of concrete-filled elliptical steel tube
(CFESTCs) has recently attracted much interest internationally. CFESTCs not only have the
advantages of high bearing capacity and excellent ductility, but also can provide favorable
strong and weak axes for the structure owing to their special section form [1,2]. At the
same time, with the continuous development of building materials, ultrahigh performance
concrete (UHPC) had been widely used owing to its ultrahigh strength and excellent
durability [3-5]. As concrete materials usually have characteristics of high brittleness,
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increasing the bearing capacity [6] and flexural rigidity [7] by adding steel sections into
composite columns of concrete-filled steel tubes is essential.

Considering the special cross-sectional form of the CFESTCs, many scholars have
carried out a large number of experiments on the mechanical properties of CFESTCs
in recent years. In 2012, Sheehan et al. [8] conducted tests on eight CFESTCs under
eccentrical load. Based on the test data, extended parameter analysis was carried out by
using ABAQUS finite element (FE) simulation software. The results showed that yield
strength of steel tube (fy), strength of concrete (f.), thickness of steel tube (t), and ratio of
the long-stub axis (¢) had an obvious influence on the ultimate bearing capacity (Num)
of CFESTCs subjected to eccentric load. With increasing fy, fc, and t, Num of CFESTCs
gradually increased, while Ny, of CFESTCs gradually decreased with increasing 1. In
2017, tests on eight CFESTCs under eccentrical and axial load were conducted by Yang
et al. [9]. The constitutive model for CFESTCs was established. The test results showed that
Num of CFESTCs decreased gradually with increasing slenderness ratio (1) and eccentricity
(e). The design method of CFESTCs given in the Code for the Design of Concrete-Filled
Steel Tube Structures (GB50936) and the design method of CFSTCs in the European Code
for Reinforced Concrete (EC4) could be applied to CFESTCs with a height-width ratio
between 1.0 and 2.5. On the basis of these previous experiments, the researchers began to
carry out detailed finite element analysis of the CFESTCs [10]. In 2021, FE simulation on
composite stub columns composed of a concrete-filled double steel tube with an elliptical
hollow section (CFEDSTCs) was conducted by Ipek et al. [11]. The results indicated that
with an increase in fy and f, the axial bearing capacity of CFEDSTCs gradually increased.
Additionally, there was no significant influence on the initial stiffness of the composite
columns by the increase in fy and f.. The research described above showed that the change
law of mechanical properties of elliptical CFST composite columns under the action of axial
and eccentric loads was similar to that of ordinary CFST.

Simultaneously, with the continuous improvement in architectural design standards,
the strength requirements of buildings for composite structures have also increased. There-
fore, ultrahigh performance concrete has begun to be widely used in composite structures.
On this basis, the UHPC-filled steel tube composite columns (UCFSTCs) began to be widely
studied. In 2013, Guler et al. [12] conducted tests on UCFSTCs. The results indicated that
increasing the thickness of the steel tube could significantly enhance the structural ductility
after peak load, thus reducing the structural risk caused by the high brittleness of UHPC.
From 2020 to 2021, Wei et al. [13,14] conducted tests on 21 composite columns composed
of UHPC-filled high-strength steel tube (UCFHSTCs) under an axial load. Furthermore,
the results showed that when compared with UCFSTCs, the high-strength steel tube of
UCFHSTCs could better restrain UHPC. The main failure mode of the steel tubes was local
buckling, and the main failure mode of the concrete was shear failure. Numerous studies
have shown that UHPC without fiber reinforcement has poor ductility. Therefore, higher
strength steel tubes were required to improve the ductility of the UCFSTCs.

Since there was rarely an optimum axial load in engineering practice, CFSTCs are
frequently under stress from eccentric loads. Therefore, it was particularly important to
study the CFSTCs subjected to an eccentric load. Research on composite columns composed
of GFRP pipe—concrete—steel tube under eccentrical load and H-shaped honeycombed steel
web composite columns with a rectangular concrete-filled steel tube subjected to eccentrical
load were carried out by Ji et al. [15,16] in 2021 and 2022, respectively, and the results
revealed that as the steel-tube yield strength increased, the bearing capacity to eccentric
compression gradually increased, but as eccentricity increased, the Nym of specimens
declined gradually. In 2019, Ma et al. [17] conducted tests on 17 recycled composite columns
composed of concrete-filled steel tube with section steel (RACFSTCs) subjected to eccentric
compression load. The results showed that the main failure modes of the RACFSTCs were
buckling of the steel tube and material damage of the concrete. The composite columns
showed good ductility and deformation capacity under eccentric load. At the same time,
with an increase in steel tube yield strength and section steel yield strength, the bearing
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capacity to eccentric compression gradually increased. These research results show that
the ductility of the composite column can be effectively improved by increasing the steel
content and placing the section steel in the composite columns.

Currently, research on concrete-filled elliptical steel tube composite columns mainly
focuses on the axial compression performance [18-20] of concrete-filled elliptical steel tube
composite stub columns and the eccentric compression performance of long columns [21].
However, comparatively few studies have been conducted on the compression performance
of composite columns composed of UHPC-filled elliptical steel tube subjected to eccentric
load. Considering that the ductility of UHPC without fiber reinforcement was lower than
that of conventional concrete [22,23], this paper proposes a novel type of the composite
columns composed of UHPC-filled high-strength elliptical steel tube with encased high-
strength H-shape steel (HUCFESTCs). Based on a bilinear elastic—plastic constitutive model
of steel that considers stress hardening and applies a nonlinear constitutive model of UHPC,
ABAQUS software was used to investigate the mechanical behavior of HUCFESTCs with
varying parameters. Statistical regression was used to suggest a formula for the bearing
capacity of HUCFESTCs subjected to eccentrical load.

2. Specimen Design

In order to investigate the bearing capacity of HUCFESTCs subjected to eccentric
load, 44 HUCFESTCs were designed, and the main parameters were steel tube strength
fy (from 500 to 700 MPa), yield strength fy; of H-shape steel (from 500 to 700 MPa), cube
compressive strength of concrete f, (from 100 to 135 MPa), thickness of steel tube f (from 2
to 8 mm), eccentricity e (from 30 to 70 mm), slenderness ratio A (from 2 to 3), section area of
H-shape steel Ays (from 680 to 1180 mm?), and long-short axis ratio ¢ (from 1 to 2). The
schematic diagram of the HUCFESTC cross-section is shown in Figure 1; a is the radius of
the long axle, b is the radius of the stub axle, f is the thickness of the steel tube, h; is the
width of the web plate of the H-shape steel, h; is the flange width of the H-shape steel, t is
the flange thickness of the H-shape steel, and ¢, is the web plate thickness of the H-shape
steel. The H-shape steel in this paper includes, in mm: H; (t; = 6.5, tp =4, h; = 100, hy = 60),
Hz (tl =5, tr = 4, l’ll =100, hz = 60), and H3 (tl =4, tr = 2, hl =100, l’l2 = 60)

L 2a N
s | UHPC

N High strength H-shape steel

Figure 1. Schematic diagram of the HUCFESTC cross-section. a is the radius of the long axle, b is
the radius of the stub axle, ¢ is the thickness of the steel tube, /; is the width of the web plate of the
H-shape steel, h; is the flange width of the H-shape steel, #; is the flange thickness of the H-shape
steel, and t; is the web plate thickness of the H-shape steel.
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3. FE Model
3.1. Constitutive Model for Materials
3.1.1. Steel

In this paper, both high-strength steel tubes and high-strength H-shape steels adopt
the double-line elastic—plastic constitutive model considering stress hardening. The steel
tension and compression strain relationship is shown in Equation (1); &y and fy are the yield
strain and yield strength of steel, respectively. Es is equal to 0.1 E in Equation (1). Moreover,
the elastic modulus (E) of the steel is 2.06 x 10° MPa and Poisson’s ratio of the steel is 0.3.

E x ¢ (e <e
U:{ fy +Es x (e —gy) (s>£y)) @)

3.1.2. Material Modeling of Concrete

References [24-28] provide the constitutive models of concrete that take the effect
of restraint into account. Currently, Wei et al. [12] have established that the strain hard-
ening/softening rule of concrete confined by steel tubes put forth by Tao et al. [24] is
appropriate for UHPC. Therefore, in this paper, the concrete constitutive model proposed
by Tao et al. [24] is adopted, and on this basis, the influence coefficient of the long-stub
axial ratio of elliptical steel tube (w) is introduced. The concrete tension and compression
strain relationship are shown in Equations (2) and (3).

The uniaxial stress(o)-strain(e) relationship of concrete confined by steel tubes follows:

(ax+bxz)fC
g _ 1+ (a—2x+ (b—1)° 0<x=l )

Jo o et (e = fop [~ ((5)] € > e

0.5
where ¥ = &/eqo, ¢ = 2, d = (A D% 1,0 = 0.00076 + [(0.626 fo— 433) x 10*7} )
5 . £\ 03124 + 002 .
w = (a/b) fec = €0 X E( ), and k = (2.9224 + 0.0036fc)<f{’) ,'fc is the Cylln_
der compressive strength of concrete, and other parameters refer to the literature [24].
In this paper, the failure energy criterion of concrete is adopted to consider the tensile
softening performance:

0.7
Gr= (0.0494% . — 0.5dmax +26) X <{6) N/m ©)

where dmax = 20 mm.
The elastic modulus of concrete is 4700 x (f C)O'S MPa [29].

3.2. Contact Definition

Normal hard contact and tangential relative slip were assumed between steel tube and
concrete along with H-shape steel and concrete, and the friction coefficient u was selected
as 0.6. In the normal direction, hard contact under pressure interference is adopted to force
the steel tube’s inner wall to contact the concrete’s outer wall completely [30].

3.3. Establishment of the Finite Element Model and Determination of Boundary Conditions

Figure 2 presents the models created by ABAQUS software for the 44 HUCFESTCs.
The eight-joint hexahedral element type (C3 D8 R) was adopted to simulate the steel
tube, H-shape steel, and concrete. Two reference points, designated RP-1 and RP-2, were
placed close to the upper and bottom surfaces of the columns. In turn, the top and bottom
of the columns were connected to the reference points. RP-1 imposed restrictions on the
displacements (Uy, Uy, URy, UR;) of the top end for columns, and RP-2 imposed restrictions
on the displacements (Uy, Uy, U, UR, UR;) of the bottom end for columns.
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RP-1: U,=U,=UR,=UR =0

High-strength Elliptic steel

HUCFEST composite
columns  »_

High-strength H-shape steel

RP-2: U,=U,=U,=UR =UR,=0

Figure 2. The FE models for the 44 HUCFESTCs.

4. Comparison of Test Curves and Simulation Curves

In order to verify the boundary conditions of the finite element model and the constitu-
tive model, 18 specimens were selected from the literature [9,12,19,31,32]. Figure 3 displays
the vertical load—displacement curves of 18 specimens. It is clear from Figure 3 that the test
curves and the FE simulation curves are largely consistent. The parameters of 18 specimens
are displayed in Table 1. Figure 4 and Table 1 compare the simulated bearing capacity (Na)
and the experimental bearing capacity (N), and it is clear that there is a maximum error
of 5.5% between them, which can meet the requirements for engineering precision. As a
result, using the FE modeling approach provided, it was feasible to replicate the eccentrical
compression behavior of HUCFESTCs.

Table 1. The comparison between N, and N;.

Specimens alb t/mm fy/MPa fy1/MPa fq/MPa e/mm N./kN Ny/kN ‘ N*‘A_]N‘ ‘ %100%
t

UCS-1 1 44 1020 0 142.1 0 4536.15 4436.23 2.25
UCs-2 1 6.2 1153 0 142.1 0 5482.38 5693.65 3.71
Wei et al. [13] UCs-3 1 10.4 773 0 142.1 0 6354.45 6388.43 0.53
UCS-4 1 83 813 0 142.1 0 5510.30 5304.37 3.88
uCs-5 1 6.2 359 0 142.1 0 3186.18 3042.26 4.73
Ma et al. [19] CESC-1 1 3 235 235 34 30 1694.59 1700.43 0.34
: CESC-2 1 2 235 235 34 30 2197.75 2167.51 1.40
S28-25a 1.98 2.6 235 0 34 25 944.62 953.79 0.96
Guoetal. [32] $28-50a 1.96 16 235 0 34 50 764.21 728.60 4.89
uo etal S$10-80a 1.51 2.6 235 0 34 0 1294.52 1224.33 5.50
$20-50a 2.05 25 235 0 34 0 2506.65 2454.26 2.13
L-Ma-35-25 1.97 25 3764 0 48.87 25 836.25 840.13 0.46
Yang etal. [9] L-Ma-35-50 1.92 26 3764 0 48.87 50 638.81 639.54 0.11
getak L-Ma-50-25 1.95 26 3764 0 48.87 25 648.76 638.62 1.59
L-Ma-50-50 1.95 26 3764 0 48.87 50 529.15 538.74 1.78
UCFST-1 1 6.2 1153 0 146.3 14 3762 3810.36 1.26
Luo et al. [31] UCFST-2 1 6.2 1153 0 146.3 ) 2501 2479.02 0.88
UCFST-3 1 6.2 1153 0 146.3 84 1757 1694.94 3.39
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Figure 3. Comparisons for load—displacement curves between simulation and test results: (a) UCS-
1; (b) UCS-2; (c) UCS-3; (d) UCS-4; (e) UCS-5; (f) CESC-1; (g) CESC-2; (h) 525-25 a; (i) S28-50 a;
(j) 510-80 a; (k) S20-50 a; (1) L-Ma-35-25; (m) L-Ma-35-50; (n) L-Ma-50-25; (0) L-Ma-50-50; (p) UCFST-1;
(q) UCFST-2; (r) UCFST-3.
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Figure 4. Compression between N, and N for 18 test specimens.

5. Parameter Analysis

Figures 5-12 show the load—deflection curves of the 44 HUCFESTCs under eccentric
loading. The main variable parameters are: (1) steel tube strength fy (from 500 to 700 MPa);
(2) thickness of the steel tube f (from 2 to 8 mm); (3) yield strength fy; of the H-shape steel
(from 500 to 700 MPa); (4) eccentricity e (from 30 to 70 mm); (5) cube compressive strength of
the concrete f, (from 100 to 135 MPa); (6) slenderness ratio A (from 2 to 3); (7) section area
of the H-shape steel Ays (from 680 to 1180 mm?); (8) long—short axis ratio ¢ (from 1 to 2).
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5.1. Steel Tube Yield Strength f, (from 500 to 700 MPa)

As shown in Figure 5a, when fy increases from 500 to 600 and 700 MPa, with an eccen-
tricity of 20 mm, N, of the HUCFESTCs increases from 2473.18 to 2700.65 and 2928.2 kN,
respectively, increasing by 8.5% and 15.6%. In contrast, the middle cross-section deflection
decreases from 21.98 to 21.79 mm and then to 20.36 mm, respectively, which correspond
to decreases of 1.1%, 3.6%, and 7.4%. As seen in Figure 5b, when f y increases from 500 to
600 and 700 MPa, with an eccentricity of 50 mm, N, of the HUCFESTCs increases from
1733.04 to 1886.88, and 2093.60 kN, respectively, corresponding to increases of 8.2% and
17.3%. In contrast, the middle cross-section deflection decreases from 27.01 to 25.80 and
24.29 mm, respectively, which correspond to decreases of 4.5% and 10.1%. Figure 5 shows
that with the increase in fy, N, of the HUCFESTCs increases, while the middle cross-section
deflection decreases gradually, and the curves drop more slowly after peak load.

5.2. Thickness of Steel Tube t (from 2 mm to 8 mm)

As shown in Figure 6a, when t increases from 2 to 4, 6, and 8 mm, with an eccentricity
of 20 mm, N, of the HUCFESTCs improves from 2158.57 to 2611.29, 3111.3, and 3624.47 kN,
respectively, which correspond to increases of 17.4%, 31.1%, and 41.5%. In contrast, the
middle cross-section deflection decreases from 25.27 to 24.77, 24.05, and 23.43 mm, respec-
tively, which correspond to decreases of 2%, 4.9%, and 7.3%. As seen in Figure 6b, when ¢
increases from 2 to 4, 6, and 8 mm, with an eccentricity of 50 mm, N, of the HUCFESTCs
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improves from 1405.88 to 1843.24, 2215.83, and 2580.67 kN, respectively, which correspond
to increases of 24.1%, 37.5%, and 46.7%. In contrast, the middle cross-section deflection
decreases from 20.48 to 19.87, 19.38, and 19.15 mm, respectively, corresponding to decreases
of 3%, 5.4%, and 6.5%. Figure 6 shows that with the increase in ¢, N, of the HUCFESTCs in-
creases, obviously, and the load-holding capacity increases progressively, while the middle
cross-section deflection decreases gradually, and the curves drop more slowly after peak
load, so the lateral stiffness of the specimens can be improved by increasing .

5.3. Yield Strength f,1 of H-Shape Steel (from 500 to 700 MPa)

As shown in Figure 7a, when fy; increases from 500 to 600 and 700 MPa, with an
eccentricity of 20 mm, N, of the HUCFESTCs improves from 2473.18 to 2558.62, 2639.91 kN,
respectively, which correspond to increases of 3.4% and 6.3%. In contrast, the middle
cross-section deflection decreases from 27.01 to 26.88, and 26.34 mm, respectively, which
correspond to decreases of 3% and 5.8%. As seen in Figure 7b, when fy; increases from
500 to 600 and 700 MPa, with an eccentricity of 50 mm, N, of the HUCFESTCs improves
from 1733.04 to 1783.10 and 1837.25 kN, respectively, which correspond to increases of 2.9%
and 5.7%. In contrast, the middle cross-section deflection decreases from 21.98 to 21.34
and 20.07 mm, respectively, corresponding to decreases of 3% and 5.8%. Figure 7 shows
that with the increase in fyl, N, of the HUCFESTCs increases, obviously, while the middle
cross-section deflection decreases gradually, so the lateral stiffness of the specimens can be
improved by increasing fy1.

5.4. Eccentricity e (from 30 to 70 mm)

As shown in Figure 8a, when e increases from 30 to 40, 50, 60, and 70 mm, with
an fo, of 120 MPa, N, of specimens decreases from 1859.27 to 1576.21, 1405.38, 1247.5,
and 1121.61 kN, respectively, which correspond to decreases of 15.3%, 24.5%, 32.9%, and
39.7%. The middle cross-section deflection decreases from 23.33 to 21.44, 20.48, 18.55,
and 18.15 mm, respectively, which correspond to decreases of 8.2%, 12.3%, 20.5%, and
22.3%. As seen in Figure 8b, when e increases from 30 to 40, 50, 60, and 70 mm, with
a fcu of 100 MPa, N, of specimens decreases from 1738.27 to 1459.46, 1297.01, 1159.06,
and 1047.21 kN, respectively, which correspond to decreases of 16.1%, 25.4%, 33.4%, and
39.8%. The middle cross-section deflection decreases from 23.33 to 21.44, 20.48, 18.55, and
18.15 mm, which correspond to decreases of 8.2% and 12.3%, 20.5%, and 22.3%, respectively.
Figure 8 shows that with the increase in e, N, of the HUCFESTCs decreases gradually, and
the middle cross-section deflection decreases accordingly.

5.5. Cube Compressive Strength of Concrete f, (from 100 to 135 MPa)

As shown in Figure 9a, when f, increases from 100 to 120 and 135 MPa, with an
eccentricity of 20 mm, N, of the HUCFESTCs improves from 2951.78 kN to 3111.3 kN and
3233.74 kN, respectively, which correspond to increases of 5.2% and 8.8%. In contrast, the
middle cross-section deflection decreases from 24.31 to 24.05 and 23.59 mm, respectively,
which correspond to decreases of 1.1%, and 3.0%. As seen in Figure 9b, when f, increases
from 100 to 120 and 135 MPa, with an eccentricity of 50 mm, N, of specimens increases
from 2138.67 to 2215.83, and 2280.12 kN, respectively, which correspond to increases of
3.5% and 6.3%. In contrast, the middle cross-section deflection decreases from 20.03 to 19.3
and 19.02 mm, respectively, corresponding to decreases of 3.7% and 5.1%. Figure 9 shows
that with the increase in fy, N, of the HUCFESTCs increases gradually, and the middle
cross-section deflection decreases accordingly.

5.6. Slenderness Ratio A (from 2 to 3)

Figure 10a shows that when A increases from 2 to 2.5 and 3, with an eccentricity of
20 mm, N, of specimens decreases from 2188.73 to 2166.54, and 2150.57 kN, respectively,
which correspond to decreases of 1.2% and 1.8%. The middle cross-section deflection
increases from 23.08 to 26.67, and 27.04 mm, which correspond to increases of 13.5% and
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14.7%. As seen in Figure 10b, when A increases from 2 to 2.5 and 3, with an eccentricity of
50 mm, N, of specimens decreases from 1409.5 to 1392.31, and 1384.54 kN, respectively,
which correspond to decreases of 1.3% and 1.8%. The middle cross-section deflection
increases from 11.74 to 15.03 and 20.90 mm, which correspond to increases of 21.9% and
44.9%. Figure 10 shows that with the increase in A, N, of the HUCFESTCs gradually
decreases. In contrast, obviously, the lateral deflection increases.

5.7. Section Area of H-Shape Steel Aps (from 680 to 1180 mm?)

It can be seen from Figure 1la that when Apg decreases from 1180 to 1000, and
680 mm?Z, with an eccentricity of 50 mm, N, of specimens decreases from 2215.83 to 2108.51,
2093.82 kN, respectively, which correspond to decreases of 4.9% and 5.6%. In contrast, the
middle cross-section deflection increased from 19.73 to 19.86 and 19.98 mm, respectively,
corresponding to increases of 0.7% and 1.3%. As shown in Figure 11b, when Aps decreases
from 1180, 1000, and 680 mm?, with an eccentricity of 60 mm, N, of specimens decreases
from 2012.77 to 1988.22, and 1889.25 kN, respectively, which correspond to decreases of
1.3% and 1.8%. In contrast, the middle cross-section deflection increases from 17.74 to 17.84,
and 17.92 mm, respectively, which correspond to increases of 0.6% and 1.1%. Figure 11
shows that with the decrease in Ays, N, of the HUCFESTCs decreases, obviously, while
the middle cross-section deflection gradually increases.

5.8. Long—Short Axis Ratio ¢ (from 1 to 2)

It can be seen from Figure 11a that when ¢ increases from 1, 1.5, and 2, with an
eccentricity of 20 mm, N, of specimens decreases from 5281.76 to 3766.03, and 3111.30 kN,
respectively, which correspond to decreases of 29.7% and 42.1%. In contrast, the middle
cross-section deflection increases from 22.42 to 23.57, and 24.05 mm, respectively, which
correspond to increases of 4.9% and 6.9%. As shown in Figure 12b, when ¢ increases from
1, 1.5, and 2, respectively, with an eccentricity of 50 mm, N, of the specimens decreases
from 3749.93 to 2570.45, and 2215.83 kN, respectively, which correspond to decreases of
31.5% and 41%. In contrast, the middle cross-section deflection increases from 17.68 to
18.81 and 19.3 mm, respectively, which correspond to increases of 6.1% and 8.4%. Figure 12
shows that with the increase in i, N, of the HUCFESTCs decreases, obviously, while the
middle cross-section deflection increases gradually. When the section of the HUCFESTCs
is close to the circular section, N, of the HUCFESTCs is greatly affected by 1. In contrast,
the influence of ¢ on the eccentric ultimate bearing capacity decreases gradually with the
increase in 1.

6. Deformation Capacity of HUCFESTCs
6.1. Lateral Deflection Curves of HUCFESTCs

For the three typical specimens, i.e., HUCFEST-18 (¢ = 40 mm), HUCFEST-19 (e = 50 mm),
and HUCFEST-20 (e = 60 mm), the lateral deflection curves are displayed on Figure 13.
As shown in Figure 13, when the load gradually rises from zero to 0.88 N, less variation
in lateral deflection occurs along the height of the HUCFESTCs; nevertheless, when the
force gradually rises from 0.88 N, to peak load, the deflection increases dramatically. The
deflection curves are virtually in the shape of a half-sine wave when HUCFESTCs are
subjected to eccentrical compression force. The development law of the HUCFESTCs lateral
deflection curves is similar to that for ordinary CFSTCs.
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Figure 13. Lateral deflection curves for three typical specimens: (a) HUCFEST-18 (¢ = 40 mm);
(b) HUCFEST-19 (e = 50 mm); (¢) HUCFEST-20 (¢ = 60 mm).

6.2. Stiffness Degradation of Specimens
The stiffness of HUCFESTCs can be represented as:

NeL?
El= A 4)
where EI is the secant bending stiffness (kN-m?), ¢ is the eccentricity (mm), L is the overall
height of the HUCFESTCs (mm), A is the middle cross-section deflection of the HUCFESTCs
(mm), and N is the eccentric load (kN).

Figure 14 illustrates the stiffness degradation curves of specimens with various values
as determined by Equation (4). EI in Figure 14 is secant stiffness and El is initial stiffness.
During the initial loading stage, the specimens are in the elastic phase, and the stiffness
is constant. The specimens enter the elastic—plastic stage as N increases, and the stiffness
begins to decrease as the deflection increases. As shown in Figure 14a, with the yield
strength increase, the steel tube’s restraining effect on the concrete gradually increases, as
do the ductility and stiffness of the specimens. It can be seen from Figure 14b that with
the thickness of the steel tube, the restraining effect of the steel tube on the concrete is
significantly enhanced, the ductility of the specimen is greatly improved, and the stiffness
of the specimen is significantly increased. As seen in Figure 14c, with the increase in
H-shape steel yield strength, the specimen ductility and stiffness increase gradually, and
the magnitude of the increase is small. It can be seen from Figure 14d that with the
increase in eccentricity, the ductility and stiffness of the specimens gradually increase. For
HUCEFESTC:s, the influence of t and e on the bending stiffness is significant.
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Figure 14. Cont.
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Figure 14. Stiffness degradation curves under different parameters: (a) fy; (b) £; (c) fy1; (d) e.

6.3. Load-Strain Curves of HUCFESTCs

For the three typical specimens, i.e., HUCFEST-18 (¢ = 40 mm), HUCFEST-19 (e = 50 mm),
and HUCFEST-20 (e = 60 mm), the load—strain (N—¢) curves are displayed on Figure 15.
Based on the assumption that tensile strain is positive and compressive strain is negative,
at the initial loading stage, each component of the HUCFESTCs had a linear shift in strain,
indicating that the HUCFESTCs were in the elastic phase. The specimen’s longitudinal
strain started to trend nonlinearly once it had achieved 95% of the peak load. The steel tube
in all locations and the high-strength H-shape steel in the compression zone both attained
yield strength when the specimen reached its maximum load. According to Figure 15, as
specimens attain their maximum load, the eccentricity and drop rate of the load—strain
curves steadily decrease as eccentricity increases. The HUCFESTCs features compression-
controlled failure mode, high-strength steel tubes in all areas, and the compression zone of
the H-shape steel can reach the yield strength.
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Figure 15. N-¢ curves for various eccentricities: (a) steel tube; (b) concrete; (c) H-shape steel.

7. Verification of the Plane Section Assumption

Three representative specimens (HUCFEST-18 (e = 40 mm), HUCFEST-19 (e = 50 mm)
and HUCFEST-20 (e = 60 mm)) were used to confirm the assumption of plane cross-section.
The mid-span section’s longitudinal strain distribution curves were created, as shown in
Figure 16. At the initial loading stage, the section’s longitudinal strain had no obvious
difference under various loads. The strain changed linearly along with the section height,
which indicates that the specimens met the plane section assumption. However, after the
load reached 0.90 N,, the longitudinal strain began to show a nonlinear relationship; this
is because, with the gradual increase in the load, the steel tube in the mid-span section
began to buckle locally. Thus, the coordination relationship between the steel tube and
inner concrete was destroyed. It can be concluded that the section deformation did not
follow the plane section assumption at the late loading stage.
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Figure 16. The mid-span section longitudinal strain distribution curves for three typical specimens:
(a) HUCFEST-18; (b) HUCFEST-19; () HUCFEST-20.

8. Working Mechanism of HUCFESTCs
8.1. Contact Stress Analysis

Three typical specimens, i.e., HUCFEST-18 (¢ = 40 mm), HUCFEST-19 (e = 50 mm), and
HUCFEST-20 (e = 60 mm) were selected from the 44 HUCFESTCs, and the contact stress
between the steel tube and core concrete of the section for the specimens are presented
in Figure 17. At the initial loading stage, the contact stress between the steel tube and
concrete is 0 while the compression load increases. The contact stress grows progressively
with increasing mid-span deflection. At the initial stage of the elastoplastic stage, after
a faster growth, the contact stress tends to stabilize with a gradual increase in deflection.
Figure 17a—c demonstrate interactions in the tension area of the compression area and
between the concrete and steel tube of the medium section, and the interaction in the
compression area is more significant. The binding force is predominantly focused near the
end of the long axis of the elliptical section. Owing to the local bulging of the steel tube
in the short-axis direction causes the contact stress at point C to be small. As shown in
Figure 17d—f, there is inconsistent initial deformation between H-shape steel and concrete
at the initial loading stage because of the different Poisson’s ratio. With the gradual increase
in load, the contact stress gradually increases. The contact stress of the H-shape steel in the
compression area is always greater than in the tension area. In addition, the contact stress
deflection curve of the H-shape steel in the compression area exhibits an obvious sudden
drop because as the load increases, the H-shape steel reaches its yield strength, buckles
inward, and temporarily disengages from the concrete in the compression area. After
that, the concrete produces radial displacement, and the contact stress begins to increase
gradually with the increase in deflection.
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Figure 17. Contact stress curve of three typical specimens: (a) HUCFEST-18 contact stress curve
between steel tube and concrete; (b) HUCFEST-19 contact stress curve between steel tube and concrete;
(c) HUCFEST-20 contact stress curve between steel tube and concrete; (d) HUCFEST-18 contact stress
curve between H-shape steel and concrete; (e) HUCFEST-19 contact stress curve between H-shape
steel and concrete; (f) HUCFEST-20 contact stress curve between H-shape steel and concrete.

8.2. Failure Mechanism Analysis of HUCFESTCs

The components of the HUCFESTCs produce longitudinal strain (g1) as the eccentric
load gradually increases. Moreover, with the generation of longitudinal strain, the compo-
nents expand in the circumferential direction to produce radial strain (e;). The relationship
expression between ¢ and ¢ is given in Equation (5) [30]:

{ezta ®)

€= K1

where ¢, is the radial strain of the steel, ¢ is the radial strain of the concrete, ys is Poisson’s
ratio of the steel, and y. is Poisson’s ratio of the concrete.

At the initial loading stage, steel tube, H-shape steel, and concrete have little contact
and operate independently. During this stage, the longitudinal stress of steel tubes, H-
shape steel, and concrete is distributed in strips. The steel tube and H-shape steel are in
a compression condition because the stress on the compression side is greater than that
on the tension side. At this stage, neither the steel tube nor the H-shape steel exerts any
constraint on the concrete. With the increase in load, the steel tube and H-shape steel in
the compression area reach the proportional limit, and Poisson’s ratio of the steel and the
concrete is roughly equivalent to the radial strain. Afterward, the specimen enters the
elastoplastic phase. As the load increases gradually, the Poisson’s ratio of the concrete is
greater than that of the steel tube, and the radial strain of the concrete is greater than that
of the steel tube and the H-shape steel in the compression zone. At this time, the steel
tube and the H-shape steel begin to constrain the core concrete. The stress distribution
of the three microelements is shown in Figure 18, and the steel tube is subjected to radial
compression and circumferential tension, while both the H-shape steel and the concrete
are under radial and circumferential compression. With the increase in load, the bearing
capacity of the composite column reaches the extreme limit, and the plastic strain in the
compression area of the steel tube and concrete begins to concentrate on the mid-span
section and its two sides. In the compression zone of the H-shape steel, the plastic strain is
concentrated at the mid-span flange.

As deflection gradually increases, the specimens enter the plastic stage. At this stage,
the specimens’ bearing capacity declines steadily as deflection increases. During the later
loading stage, the steel tubes reach their yield strength, while the H-shape steel in the
compression area also reaches its yield strength. Figure 19 depicts the longitudinal stress
distributions of the H-shaped steel at various stages for the typical specimen HUCFEST-18
(fy =700 MPa, t = 2 mm,fy1 =700 MPa, Apis = 1180 mm?, P =2,fcqu =100 MPa, A = 3, and
e =50 mm).
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Figure 18. Schematic diagram of element microstress: (a) steel tube; (b) concrete; (c) H-shape steel.
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Figure 19. Longitudinal stress distribution of the H—shape steel at each stage for typical specimen
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HUCFEST-18: (a) elastic stage; (b) elastic-plastic stage; (c) plastic stage.

At this stage, the lateral expansion of the concrete has developed significantly; the
contact stress between steel and concrete is gradually increasing, and the influence of the
steel tube and section steel on the concrete is gradually increasing. At the later loading
stage, the steel tube begins to bulge locally and part of the concrete in the compression area
is crushed. The concrete damage pattern of typical specimen HUCFEST-18 is shown in
Figure 20. It can be seen from Figure 20 that the contact part between the inner side of the
mid-span steel section and the concrete and the end point of the long axis of the concrete
compression area is the most visible. Figure 21a,b depict the final failure mode of typical
specimen HUCFEST-18. As shown in Figure 21, the main failure mode of the steel tube is
local bulging, and part of the concrete is crushed. The failure modes of the steel tube and
concrete in the HUCFESTCs resemble those of the CFESTCs [9].
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Figure 20. Concrete failure diagram for the finite element simulation of typical specimen HUCFEST-
18: (a) crushed concrete on the inner side of the H-shape steel in the span section; (b) concrete of the

compression area was crushed.
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Figure 21. The final failure mode of typical specimen HUCFEST-18: (a) steel tubes; (b) concrete.

9. Bearing Capacity of HUCFESTCs Subjected to Eccentric Load
At present, the European Code EC4 [33] gives the ultimate bearing capacity formula of
concrete-filled steel tube under axial compression using the simple superposition principle,

as shown in Equation (6):
Npca= Asfy+Acfc (6)

where Ag is the cross-sectional area of the steel tube, fy is the yield strength of the steel
tube, A is the cross-sectional area of the concrete, and f. is the compressive strength of the

concrete cylinder.

Guo [32] put forward the axial compression bearing capacity formula for CFEST
composite columns, as shown in Equation (7), based on EC4, after carrying out an axial
compression test of 24 CFEST composite columns:

t b fy

For the concrete-filled steel tube composite columns with H-shaped steel, the European
Code EC4 uses the simple superposition principle to give the formula for the ultimate
bearing capacity of the concrete-filled steel tube composite columns with H-shaped steel
under axial load, as shown in Equation (8):

NecaHersT= Asfy+Acfct+AnsfHs (8)
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This paper combines the axial load ultimate bearing capacity of CFSTCs with section
steel in EC4 and the axial load ultimate bearing capacity of the CFESTCs proposed by
Guo [32]. By introducing the eccentric reduction coefficient ¢, the eccentric bearing capacity
of HUCFESTCs can be calculated by using Equations (9)—(11):

Ny= ¢ x{ [14+49 x t X ? X & X AcX f +0-75A5fy+AHSfy1 9)
2a a fex ¢

¢ = —0.78a* — 0.36a° 4 1.72a%>— 1.6x + 0.89 (10)

xa=ce/a (11)

where Ag is the cross-sectional area of the steel tube, fy is the yield strength of the steel
tube, A. is the cross-sectional area of the concrete, f. is the compressive strength of the
concrete cylinder, Apg is the sectional area of the H-shape steel, fy1 is the yield strength of
the H-shape steel, ¢ is the eccentricity reduction coefficient, t is the thickness of the steel
tube wall, a is the long axis radius, b is the short axis radius, and e is the eccentricity.

The bearing capacity to eccentric compression of the 44 HUCFESTCs, calculated
according to Equation (9), is shown in Table 2, and the sum dispersion degree of the 44
HUCEFESTCs is shown in Figure 22. It can be seen that the maximum error between N, and
Ny is 8.36%, which meets the engineering accuracy requirement. This formula is suitable
for HUCFESTCs with an aspect ratio of 1-2 and a concrete strength of less than 135 MPa.

Table 2. Comparison between N, and N, for the 44 HUCFESTCs.

Specimen 2a x 2b/mm  Agg/mm? t/mm o @ NJ./kN Nu/kN |% %x100%
u
HUCFEST-1 204 x 102 1180 6 0.5 0.47 1733.04 1658.32 4.50
HUCFEST-2 204 x 102 1180 6 0.5 0.47 1886.88 1796.13 5.00
HUCFEST-3 204 x 102 1180 6 0.5 0.47 2093.60 2033.94 2.87
HUCFEST-4 204 x 102 1180 6 0.2 0.70 2473.18 2487.48 0.58
HUCFEST-5 204 x 102 1180 6 0.2 0.70 2700.65 2694.19 0.22
HUCFEST-6 204 x 102 1180 6 0.2 0.70 2928.20 2900.91 0.93
HUCFEST-7 204 x 102 1180 6 0.5 0.47 1783.10 1713.38 047
HUCFEST-8 204 x 102 1180 6 0.5 0.47 1837.25 1768.45 0.52
HUCFEST-9 204 x 102 1180 6 0.2 0.70 2558.62 2570.08 4.06
HUCFEST-10 204 x 102 1180 6 0.2 0.70 2639.90 2652.68 3.88
HUCFEST-11 204 x 102 1180 2 0.3 0.6 1859.27 1958.35 5.07
HUCFEST-12 204 x 102 1180 2 0.4 0.53 1576.21 1540.75 2.28
HUCFEST-13 204 x 102 1180 2 0.5 0.47 1405.38 1503.16 6.53
HUCFEST-14 204 x 102 1180 2 0.6 0.41 1247.50 1241.83 0.49
HUCFEST-15 204 x 102 1180 2 0.7 0.33 1121.61 1087.97 3.04
HUCFEST-16 204 x 102 1180 2 0.3 0.6 1738.27 1787.78 2.78
HUCFEST-17 204 x 102 1180 2 0.4 0.53 1459.46 1489.14 2.02
HUCFEST-18 204 x 102 1180 2 0.5 0.47 1297.01 1390.49 6.72
HUCFEST-19 204 x 102 1180 2 0.6 0.41 1159.06 1224.96 5.38
HUCFEST-20 204 x 102 1180 2 0.7 0.33 1047.21 993.21 5.42
HUCFEST-21 204 x 102 1180 4 0.5 0.47 1843.24 1792.80 2.80
HUCFEST-22 204 x 102 1180 8 0.5 0.47 2580.67 2477.55 4.00
HUCFEST-23 204 x 102 1180 2 0.2 0.70 2158.57 2284.74 5.55
HUCFEST-24 204 x 102 1180 4 0.2 0.70 2611.29 2689.20 291
HUCFEST-25 204 x 102 1180 6 0.2 0.70 3111.30 3066.11 1.46
HUCFEST-26 204 x 102 1180 8 0.2 0.70 3624.47 3416.33 6.08
HUCFEST-27 204 x 102 1180 6 0.5 0.47 2138.67 2128.42 5.25
HUCFEST-28 204 x 102 1180 6 0.5 0.47 2215.83 2044.07 8.36
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Table 2. Cont.
. 2 Nu_Na
Specimen 2a X 2b/mm  Ayxg/mm t/mm « @ N./kN Nu/kN | N % 100%
u
HUCFEST-29 204 x 102 1180 6 0.5 0.47 2280.12 2330.81 2.15
HUCFEST-30 204 x 102 1180 6 0.2 0.70 2951.78 2892.63 2.02
HUCFEST-31 204 x 102 1180 6 0.2 0.70 3233.47 3196.22 1.15
HUCFEST-32 204 x 102 1180 2 0.5 0.47 1392.31 1423.16 2.20
HUCFEST-33 204 x 102 1180 2 0.5 0.47 1384.54 1423.16 1.80
HUCFEST-34 204 x 102 1180 2 0.2 0.70 2188.73 2284.74 4.23
HUCFEST-35 204 x 102 1180 2 0.2 0.70 2166.45 2284.74 5.20
HUCFEST-36 204 x 204 1180 2 0.5 0.47 3749.93 3933.10 4.68
HUCFEST-37 204 x 136 1180 2 0.5 0.47 2570.45 2734.19 6.12
HUCFEST-38 204 x 204 1180 2 0.5 0.47 5281.76 5073.21 3.95
HUCFEST-39 204 x 136 1180 2 0.2 0.70 3766.03 3689.50 2.04
HUCFEST-40 204 x 102 1000 6 0.5 0.47 2108.15 2215.45 5.09
HUCFEST-41 204 x 102 680 6 0.5 0.47 2093.82 2100.72 0.33
HUCFEST-42 204 x 102 1180 6 0.6 0.41 2012.77 1989.33 1.16
HUCFEST-43 204 x 102 1000 6 0.6 0.41 1988.22 1955.60 1.64
HUCFEST-44 204 x 102 680 6 0.6 0.41 1899.25 1854.26 2.37
6000 1 1 1 1 [
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Figure 22. Comparison between N, and N for the 44 HUCFESTCs.

10. Conclusions

ABAQUS software establishes the FE models of 44 HUCFESTCs under eccentrical

compression loading. The load—deflection curves of the HUCFESTCs are recorded and
the impact of different parameters on the ultimate eccentric load bearing capacity of
HUCEFESTCs is explored. The following precise conclusions can be drawn:

1.

With the increase in fy, t, fyl, Aps, and f o, the bearing capacity to eccentric load of
the HUCFESTCs gradually increases, and the middle cross-section deflection of the
specimens decreases progressively, among which fy and t have the most significant
effect. With increasing ¢, A, and 1, the bearing capacity to eccentric load of the
HUCFESTCs gradually decreases. The change law of ultimate bearing capacity of the
HUCFESTCs under eccentric load is similar to that of CFESTCs. At the same time,
owing to the high strength of section steel and steel tube, the HUCFESTCs not only
have high bearing capacity, but also have no lower ductility than the CFESTCs.

The deformation trend of the HUCFESTCs subjected to eccentric load is similar to
that of ordinary CFESTCs, and their stiffness increases gradually with the increase
in fy, fyl, t, and ¢, among which the eccentric distance and wall thickness have
more influence on the stiffness of the HUCFESTCs. At the beginning of loading, the
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HUCFESTCs conform to the assumption of a flat section, and with the increase in
load, the deformation of the mid-span section is larger; HUCFESTCs do not conform
to the assumption of a flat section.

3. The main failure mode of the HUCFESTCs subjected to eccentric load is a local
buckling of the steel tube; the concrete in the compression zone and the inner side of
the H-shape steel is crushed and the H-shape steel buckled.

4. An eccentricity discount factor is presented based on the formula for the ultimate
bearing capacity of CFESTCs under axial compression stress, and statistical regression
is then used to propose the formula for HUCFESTCs under eccentrical load. The
maximum error is 8.36%, which can meet the demand for engineering accuracy.
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