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Honeycombed beams are widely used because they are conducive to the layout of
pipelines and circuits, and the traditional honeycombed beams are generally
H-shaped steel beams and concrete-encased upper flange composite beams.
In this paper, a composite beam with concrete-filled steel tube as both upper and
lower flanges and steel plate with circular openings as web is proposed. The
effective constraint of steel tube on concrete strengthens the deformation ability of
concrete. In order to study the flexural behavior of composite beams with concrete
filled steel tube flanges and honeycombed steel webs (SHC), 25 simply-supported
SHC beams were designed to carry out the four-point bending load simulation
analysis. By reasonable modeling method. The main parameters of SHC concluding
the compression strength of concrete (f), yield strength of steel (fy4 ), height-to-
span ratio (H/L), ratio of space to height of web (s/h,,), thickness of steel tube flange
(ty), thickness of web (t,) and ratio of hole to height of web (a/h,,) were discussed,
and the whole loading process of the beam was analyzed. The results showed that
the SHC specimens could be divided into elastic stage, elastic-plastic stage and
plastic stage under four-point bending load. Steel tube in the tensile zone yielded
firstly before specimens failed, and the failure mode of the specimens was that the
concrete at the loading point was crushed. Though the steel tube in lower flange at
the support, loading point and mid-span yielded, the web did not buckle. SHC
could meet the requirements of Chinese code in the normal use stage, and the
cross-section deformation basically conformed to the plane assumption. Finally,
based on the unified strength theory, a prediction formula of ultimate bending
moment is established, which is in good agreement with experiment and can lay
the foundation for the popularization and application of this kind of beams.
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Introduction

With the increasing of height for buildings, the traditional
steel structure is prone to buckling instability, and will produce
large vibration under the actions of earthquake and strong
wind, which can affect comfort and not meet the needs of
engineering projects. At present, the combination with new
materials and new structural forms, such as the organization
between FRP, concrete with high ductility and steel tube with
high strength, multi-web structure, can make the members
greatly play the advantages of materials, which can be widely
used in the architectures (Ekmektapar and Al-Eliwi, 2017;
Afshar et al., 2020; Alajarmeh et al.,, 2021; Cai et al., 2021;
Lepcha and Patton, 2021; Vedernikov et al., 2022). With the
continuous development of science and technology, wide
flange steel has emerged. Honeycombed steel beams have
begun to be widely used in bridges, factories, crane bridges
and other projects, which can reduce the use of steel by 45%,
and the cross-sectional height of honeycombed beams after
opening can be increased by 1.2-1.7 (Raut et al., 2020). As the
height of cross section increased, the moment of inertia and
resistance of cross section increased, so the stiffness and
strength of beams could be improved (Ji et al, 2021a).
Based on this research, a new type of assembled frame
structure composed of the composite beams and columns
with rectangular concrete filled steel tube flanges and
honeycombed steel web was proposed. The composite
columns and beams with concrete filled rectangular steel
tube flanges had large stiffness, good stability and were not
prone to structural stability, and the external steel tube could
effectively restrict the deformation of internal concrete to
prevent brittle failure of concrete (Ji et al., 2017; Ji et al,
2018a; Ji et al., 2018b; Ji et al., 2021b; Ji et al., 2022). The
honeycombed steel web can reduce the weight of structure, and
the pipeline system can be arranged through the honeycomb to
make the building structure more aesthetically pleasing. The
new frame system with many advantages will be widely used in
high-rise buildings and bridges (Shao et al., 2020).

The research on mechanical properties of beam with
concrete filled steel tubular flange and honeycombed beams
has always been a new hot topic at home and abroad. The
flexural experiments of three beams with rectangular steel tube
flanges under concentrated loading at mid-span were carried
out by (Ren., 2015), and the failure modes of three sections were
studied. According to the different positions of neutral axis, the
theoretical calculation formulas of elastic and plastic flexural
capacity of four different sections were deduced. Three-point
bending experiments were carried out on five concrete beams
with rectangular steel tube upper flange by (Fu, 2016). It was
found that the deformation curves of the composite beams were
half-wave sine curves, and the composite beams with smaller
height-width ratio of upper flanges and higher web had larger
greater flexural capacity. The composite beams with large
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sectional size were prone to buckling at the top of the upper
flange. Three honeycombed beams with rectangular concrete
filled steel tube upper flanges were tested by (Tan, 2017). The
results showed that the bearing capacity and out-of-plane
stiffness of the beams could be improved by increasing the
width of upper flange. The stiffness of the upper flanges should
not be too large, otherwise distortional buckling would occur
easily in the mid-span. During the process of instability for
beams, the stress around the hole is the most concentrated. The
numerical simulations of end-plate connection between full-
scale columns and honeycombed beams were performed by
(Madjour et al., 2018). It was determined that the end-plate
connection could improve the overall flexural and shear
capacity of honeycombed beams with circular and sinusoidal
web openings. The test and simulation analysis of the full-scale
steel honeycombed beams were carried out by (Grilo et al.,
2018), and based on the resistance curves, a new formula was
proposed to calculate the shear resistance in the beams when
the web was buckled. The tests on the bearing capacity of
honeycombed beams under negative bending moment were
carried out by (Ma et al.,2019), and the results showed that the
expansion ratio and spacing of holes have great influences on
the strength of beams. When the expansion ratio increased
from 1.2 to 1.3, the strength of the composite beams increased
by 53.5% and the stiffness increased by 49.3%. The finite
element analysis of elastic and inelastic buckling of
honeycombed beams under strong axial bending were
carried out by (Rajana et al, 2020). It was found that the
thickness of web and the geometric shape of flange have the
greatest influence on the flexural behavior of this kind of beams
(Felipe et al., 2021). The I-shaped composite beams with
filled tube

honeycombed steel web are further studied on the basis of

rectangular  concrete steel flanges and
honeycombed steel beams and concrete filled steel tube beams,
which can better play the advantages of both and achieve
maximum benefit. At present, there are few studies on this
kind of composite beams in China and foreign countries, and
there is a lack of relevant structural design and construction
specifications. Therefore, the research on the flexural bearing
capacity of such composite beams has theoretical significance
and practical value.

Based on the finite element software ABAQUS, the flexural
behavior of 25 SHC composite beams were analyzed in this
paper, and the main parameters included the compression
strength of concrete (fx), yield strength of steel (fyq), height-
to-span ratio (H/L), ratio of space to height of web (s/h,,),
thickness of steel tube flange (t;), thickness of web (#,) and
ratio of hole to height of web (a/h,,). The finite element models
of full-scale SHC composite beams were established rationally,
and the four-point flexural performance analysis of this kind of
beams were carried out. The load-displacement curves, load-
strain curves and failure modes of the composite beams could

be obtained, and the influences of different parameters on the
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TABLE 1 The main parameters of 25 specimens.

Specimens L/mm H/mm h;/mm h,/mm

SHCI1 12,000 800 200 400 10
SHC2 12,000 800 200 400 10
SHC3 12,000 800 200 400 10
SHC4 12,000 800 200 400 10
SHC5 12,000 800 200 400 10
SHC6 12,000 800 200 400 10
SHC7 12,000 800 200 400 10
SHC8 12,000 800 200 400 10
SHCY 12,000 800 200 400 10
SHC10 12,000 800 200 400 10
SHC11 12,000 800 200 400 8
SHCI12 12,000 800 200 400 9
SHC13 12,000 800 200 400 11
SHC14 12,000 800 200 400 12
SHC15 12,000 800 200 400 10
SHC16 12,000 800 200 400 10
SHC17 12,000 800 200 400 10
SHC18 12,000 800 200 400 10
SHC19 12,000 800 200 400 10
SHC20 12,000 800 200 400 10
SHC21 12,000 800 200 400 10
SHC22 12,800 800 200 400 10
SHC23 13,600 800 200 400 10
SHC24 14,400 800 200 400 10
SHC25 15,200 800 200 400 10

t;/mm

10.3389/fmats.2022.991584

t,/mm a/h,,/mm s/hy/mm g /MPa g /MPa
16 0.7 03 30 235
16 0.7 03 40 235
16 0.7 03 50 235
16 0.7 03 60 235
16 0.7 03 40 345
16 0.7 03 40 390
16 0.7 03 40 420
14 0.7 03 40 235
18 0.7 03 40 235
20 0.7 03 40 235
16 0.7 03 40 235
16 0.7 03 40 235
16 0.7 03 40 235
16 0.7 03 40 235
16 04 03 40 235
16 05 03 40 235
16 0.6 03 40 235
16 0.7 04 40 235
16 0.7 05 40 235
16 0.7 0.6 40 235
16 0.7 0.7 40 235
16 0.7 03 40 235
16 0.7 03 40 235
16 0.7 03 40 235
16 0.7 03 40 235

Note:L is the calculated span of SHC. H is the total height of the beam section. h; is the height of steel tube flange. h,, is the height of web.

flexural capacity of SHC composite beams were analyzed. The
calculation formula for the flexural capacity of the composite
beams could be statistically regressed, which could give
important theoretical significance and engineering practical
for its popularization and application.

Specimen design

25 composite beams with concrete filled steel tube flanges
and honeycombed steel web (SHC) were designed, including the
main controlled parameters as the compression strength of
concrete (fuo), yield strength of steel (fyn.), height-to-span ratio
(H/L), ratio of space to height of web (s/h), thickness of steel
tube flange (#;), thickness of web (#,) and ratio of hole to height of
web (a/h,,), as shown in Table 1. All specimens with a sectional
size (bxH) of 400 mm x 800 mm. The stiffeners with a thickness
of 16 mm were arranged at the position of L/3, 2L/3 and two ends
of SHC beams, and the strength of steel was the same as that of
beam and steel tube. The schematic and sectional sizes of SHC
are shown in Figure 1.
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Finite element models of steel tube
flanges and honeycombed steel web
composite beams

Constitutive models of materials

Steel tube flanges and steel webs

The ideal double-broken line model (Han, 2007) was adopted
as the elastic-plastic constitutive model of the steel tube flanges
and honeycombed steel web, as shown in Figure 2 &, and f, were
the yield strain and yield strength of steel, respectively.

Concrete

Concrete is a kind of heterogeneous materials with complex
mechanical properties. The influence of plastic damage on concrete
was considered in the ABAQUS software. Through comparing the
proposed constitutive models of concrete considering constraint
effect proposed by (Teng et al,2007; Mander et al,1988; Han and
Tao, 2001; Pagoulatou et al.,2014), the constitutive model of confined

frontiersin.org


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2022.991584

Ji et al.

Concrete
[J

FIGURE 1

10.3389/fmats.2022.991584

Steel tube flanges Honeycombed steel web

Stiffeners * [
[ ]

SHC and the local dimensions. (A)The composition of SHC (B)The sectional size of SHC and steel web.

o
a b
Jy .
1
1
1
1
1
1
1
1
1
1
:
o E,'y &

FIGURE 2
Constitutive model of steel tube flanges and steel webs.
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FIGURE 3
The comparison of different constitutive models of concrete.
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concrete proposed by Han was adopted. The comparisons of
constitutive models for concrete are shown in Figure 3, and
material parameters are shown in Table 2.

The stress-strain relationship of concrete under uniaxial

compression:
2-x-x (x<1)
y= x 1
T 1
fore-piex 7D
6
x=23y= 5 8= fo(N/mm®); & = e +800- €107
& 8o
(@)
e = (1300 +12.5- f)-107° 3)
n=16+15/x (4)
e (5)

Fo= 124/1+¢

Where f, is compressive strength of concrete. & is constraint
effect coefficient of concrete. gy is peak tensile stress. & is peak tensile
strain. f3, reflects the ductility and energy absorption of concrete.

The stress-strain relationship of concrete under uniaxial tension:

1.2-x-02-x° (x<1)
y= * x> ©
0.31 - af, c(x-DY +x
& 65 2/3
x=—; y==5 0,=026- (125 )" & =43.1-6, (ue)
& S
™
Where 0, is peak tensile stress. &, is peak tensile strain.
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TABLE 2 Material parameters of concrete.

10.3389/fmats.2022.991584

Dilation angle Eccentricity Joolfeo K Viscosity parameter
36 0.1 1.16 0.667 0.005
A 200 B
[ e, L, . [
50— g
“sL
§ wr¢S é
Z Z 0+
| —o— FE analysis(MS 100mm) —o— FE analysis(MS 100mm)
50+p/ —— —o—FE-analysis(MS-80mm) s —o— FE analysis(MS 80mm)
| —o— FE analysis(MS 40mm) —o— FE analysis(MS 40mm)
| | —o— Expriment (Fu Y.) | —o— Expriment (Yu C. J.)
0 ! ! ! ! 0 | | | |
0 2 4 6 8 10 0 10 20 30 40
A /mm A /mm

FIGURE 4

Comparisons of different mesh sizes for existing specimens. (A) Comparisons of different mesh sizes for specimens by Fu Y. (B) Comparisons of

different mesh sizes for specimens by Yu C.J.

:’"> Binding

~p Binding

. Stiffener

Concrete

+-p Binding

FIGURE 5
Meshing and boundary conditions of SHC.

Establishment of finite element models

The FEM of SHC was established based on ABAQUS
software. The concrete, steel tube flanges, honeycombed web,
and stiffeners were established by C3D8R solid element, and the
interaction between concrete and steel tube adopted binding, and
slabs and stiffeners were bonded to steel tubes (Liu, 2005; Dai and
Lam, 20105 Ji et al., 2019; Ji et al., 2021b). In order to avoid stress
concentration at the loading point, rigid slabs were set at the ends
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RP2

RP4 (U =U =0)

RP3(U =U =U =0)
T2 s

of beams and three-point loading positions. The reference points
(RP1 and RP2) were set at an axial distance of 10 mm from the
three-point of beams, and coupled with slabs. The displacements
of RP3 was constrained in X, Y and Z directions (U, = U, = U; =
0), and the displacement of RP4 was constrained in Y and Z
directions (U, = Us = 0). Hexahedral element was used for the
mesh generation. In order to obtain the optimal meshing, the
specimens selected from the references (Fu, 2016; Yu et al., 2018)
were simulated. A variety of size grids were used for comparisons,
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TABLE 3 The specific parameters of 19 existing specimens.

10.3389/fmats.2022.991584

Specimens Sectional size of t,/mm
upper steel tube
flange/mm
Fu et al L1 70 x 50x3 124 x 5
L2 90 x 50x3 124 x 5
L3 100 x 50x3 144 x 5
14 100 x 50x3 120 x 3
L5 100 x 50x3 120 x 3
Wang et al L6 219 x 8 267 X 6
Yu et al L7 109.8 x 2.88 135.72 x 2.88
L8 1094 x 2.9 135.5 x 2.9
L9 109.2 x 2.9 135.5 x 2.9
L10 109.4 x 5.88 132.72 x 2.88
L11 109.0 x 9.8 1284 x 2.88
L12 1094 x 9.8 133.12 x 2.88
L13 109.2 x 9.8 135.72 x 2.88
Liu et al L14 220 x 4 212 x 4
L15 220 x 4 342 x 4
L16 350 x 4 342 x 4
L17 280 x 4 342 x 4
L18 220 x 4 272 x 4
L19 280 x 4 272 x 4

as shown in Figure 4, and it could be found that the mesh size of
80 mm was more reasonable. The finite element model of SHC
composite beams was shown in Figure 5.

Experimental verification of finite element
models

In order to verify the rationality of the finite element
modeling, the above modeling method was adopted. Five
beams with rectangular concrete-filled steel tube flanges by
(Fu, 2016), one beam with circular concrete-filled steel tube
flanges by (Wang et al., 2008), seven beams with rectangular
concrete-filled steel tubes by (Yu et al., 2018) and six beams
with rectangular concrete-filled steel tubes by (Liu and Wu,
2010) were analyzed by finite element simulation. The specific
parameters of specimens were shown in Table 3.

By finite element simulation, the load-displacement curves
of the simply-supported beams could be obtained, and the
comparisons of load-displacement curves between
experiments and simulations were shown in Figure 6. It

could be seen by comparisons that the load-displacement

Frontiers in Materials

Sectional size of H/mm L/m fa/MPa fy/MPa
lower steel tube

flange/mm

70 x 6 180 1.2 60 235
90 x 6 180 1.2 60 235
100 x 6 200 1.2 60 235
100 x 5 175 15 60 235
100 x 5 175 15 60 235
150 x 14 500 43 48.6 235
109.8 x 9.8 148.4 1.6 61.2 322
109.4 x 9.8 148.2 1.6 423 340
109.2 x 9.8 148.2 1.6 326 340
109.4 x 9.8 148.4 1.6 61.2 294.4
109.0 x 9.8 148.0 1.6 61.2 263.2
109.4 x 5.88 148.8 1.6 61.2 263.2
109.2 x 2.88 148.4 1.6 61.2 263.2
220 x 4 220 2.1 30 235
220 x 4 350 2.1 30 235
350 x 4 350 2.1 30 235
280 x 4 350 2.1 30 235
280 x 4 280 2.1 30 235
280 x 4 280 2.1 30 235

06

curves obtained by simulations and experiments were in
good agreement, and the rationality of the finite element
modeling was verified. The comparative results of the
ultimate bearing capacity (N and NI) obtained by
simulations and experiments were shown in Figure 7. The
maximum error (Errory,,) between N3 and NZ was 6.81%,
therefore it was relatively accurate for FEM to predict the
ultimate bearing capacity of the specimens. The failure
process of the simulated specimens was similar to the test,
and the stress cloud diagrams of typical specimens were
shown in Figure 8.

Parametrial analysis of steel tube flanges
and honeycombed steel web composite
beams

In order to understand the change of material strength and
the influence of geometric relationship on the flexural behavior of
beams, 25 specimens with different parameters (fu, fyno t1s L2, @/
hy, s/h,, and H/L) were compared and analyzed. The specific
information is shown in Figure 9.
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Comparisons between simulated curves and experimental curves (A)L1 (B) L2 (C) L3 (D) L4 (E) L5 (F) L6 (G) L7 (H) L8 () L9 (J) L10 (K) L11 (L)
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Compression strength of concrete (f.) Yield strength of steel (fyq)

The load-displacement curves of specimens with different f It could be seen from Figure 9B that the load-displacement
are shown in Figure 9A, It could be seen that when fy increased curves of each specimen had the same trend, but the ultimate
from 30 to 60MPa, ultimate flexural bearing capacity (N,) bearing capacity varied greatly. When f,q increased from 235 to

increased from 1,022.36 KN to 1,087.78KN, which increased 420 MPa, N, increased from 1,047.68 KN to 1,694.83 KN, by
only by 6.40%. And the corresponding mid-span displacement 65.78%. Meanwhile, Ay, increased from 149.39 to 236.94 mm, by

(Any) increased from 140.83 to 162.54mm, by 15.41%. It could 58.60%.Therefore, N, could be effectively improved by increasing
illustrate that fy. had no obvious influence on the ultimate fyfio Moreover, the deformation ability was improved under
flexural behavior of beams. peak load.
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FIGURE 7
Comparisons between N3 and N for 19 specimens.

Thickness of steel tube flange (t;)

As shown in Figure 9C, when ¢, increased from 8 to 9 mm,
10 mm in turn, N, increased the most only by 3.05%, and with
the change of that ¢, increased from 8 to 11lmm and 12 mm in
turn, N, increased from 1,016.63 KN to 1,233.01 KN and
1,406.29KN, respectively, which increased by 21.28 and
38.33%. It could be found that Ay, basically increased with
the increase of t;. When #; changed from 8 to 10 mm, Ay,
increased by 80.67%. When t; exceeded 10 mm, N,, was improved
most obviously.

Thickness of web (t»)

It could be seen from Figure 9D that when ¢, increased from
14 to 16, 18 and 20 mm in turn, N, increased from 1,039.49 KN
to 1,047.68, 1176.80 and 1,206.80 KN, respectively, which
increased by 0.8, 13.2 and 16.1%, and Ay, increased from

B .

Steel tube on lower
flange yielded.

FIGURE 8

Steel tube on upper
flange bulged locally.

10.3389/fmats.2022.991584

150.05 to 149.39, 246.95 and 160.43 mm, respectively,
by —0.44, 64.57 and 6.91%. This meant that the web could
provide a part of the bending strength of the beam, resulting
in higher N,, and f, had no obvious influence on Ay,

Ratio of hole to height of web (a/h,,) and
ratio of space to height of web (s/h,,)

The opening size and spacing of the web have an impact on
the flexural behavior of the beam. It could be seen from Figures
9E,F that when a/h,, increased from 0.4 to 0.7, N, decreased from
1,257.30 KN to 1,047.68 KN, which decreased by 16.67%, and
Any decreased by 39.61, 55.37 and 34.55%.

When s/h,, increased from 0.3 to 0.4, 0.5, 0.6 and 0.7 in turn,
N, changed from 1,047.68 KN to 1,147.99, 1119.87, 1140.53 and
1,119.44KN, respectively, which increases by 9.57, 6.89, 8.86 and
6.85%, while Ay, changed by 3.25%, 5.37%, -9.92%
and -39.86%,
regularity. This showed that the opening on the web would

respectively, ~without showing obvious
weaken the flexural behavior of the beam. Moreover, with the
increase of a/h,,, the deformation capacity at peak load decreased.
In contrast, the larger the opening spacing was, the better the
flexural behavior of the beam was, but the impact was relatively

small.

Height-to-span ratio (H/L)

When H/L increased from 1:15 to 1:16, 1:17, 1:18 and 1:19 in
turn, as shown in Figure 9G, N,, decreased from 1,047.68 KN to
1,040.32, 1002.22, 922.83 and 872.44 KN, respectively, which
decreased by 0.7, 4.34, 11.92 and 16.7%, and Ay, changed
from 149.39 mm to 231.98, 122.92, 161.36 and 151.18 mm,
showing no obvious regularity. It could be found that when
H/L was between 1:15 and 1:16, it had little effect on N, but with
the further increasing of H/L, the weakening effect on the flexural

behavior was obviously enhanced.

——

Failure modes of L2 and L10 specimens (A) L2 was crushed (B)The steel tube of L10 yielded.
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FIGURE 9
Comparisons of load-displacement curves for 25 SHC. (A) SHC with different f, (B) SHC with different f 4, (C) SHC with different t; (D) SHC with
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The initial stiffness(K) and ductility index(u)
of steel tube flanges and honeycombed
steel web composite beams

calculated by the energy equivalent method, which was shown
in Formula Eq. 8 and Figure 10. The results of K and y were
shown in Table 4.

The 25 specimens with different parameters were divided

into 7 groups. K and y were compared and analyzed. y was
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Ay dv A
FIGURE 10
Energy equivalence method.

where A, and A, were the yield displacement and ultimate
displacement, respectively.

Due that the composite beam is a non-ideal elastic-plastic
body, it is impossible to find A, from the load-displacement
curve, and the ultimate displacement of the load-displacement
curve is taken as A, (Hu et al., 2020).

As shown in Figure 11 and Table 4, it was easy to find that the
K and p of the specimens showed different laws with different
variables. K is related to elastic modulus and section form (Al
et al,, 2020), and the improvement of concrete strength can
increase the elastic modulus of the beam. However, compared
with the specimen with f;. = 30 MPa, the K of the specimen with
fa = 60 MPa was only raised by 5.81%. The elastic modulus of
steel with different fq changed little, so the K of
SHC5~SHC?7 specimens were similar. When t; changed from
8 to 12 mm, K increased by 25.47%. When t, changed from 14 to
20 mm, K increased by 11.27%. The cross-sectional area of steel
could be improved with the increase of #; and f,, which is
conducive to raising the elastic modulus of the beam and
indirectly improving K. In addition, when a/h,, increased
from 0.4 to 0.7, K reduced by 15.23%. The opening on the
web could reduce the steel section area of the web, so K decreased
with the increase of a/h,,. When H/L increased from 1:15 to 1:
19 in turn, K decreased by 47.14% from 28.72kN mm™' to
15.18 kN mm™', which indicates that the weakening effect of
HJ/L on K was extremely obvious.

Notably, u of specimens with different fy (SHC1~SHC4)
increased from 3.14 to 3.15, 3.17 and 4.08, by 0.32, 0.95 and
29.94%, respectively. When fy. = 60 MPa, u changed sharply. It
might be that the high-strength concrete of the steel tube flange
had better compressive performance, and the concrete in the
compression zone was destroyed later. Besides, the interaction
between the confined high-strength concrete and the steel tube
was more coordinated, resulting in a significant improvement in
u (Yao and Xiong, 2018). The steel web and steel tube in the beam
also had great influence on the deformation ability of the beam.
When t, changed from 14 to 20 mm, g increased from 2.98 to
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TABLE 4 K and p for SHC with different parameters.

Specimens K/KN-mm™ Ay/mm A,/mm p—
SHC1  fu/MPa 30  28.06 50.85 159.70 3.14
SHC2 40 2872 5155 16251 3.15
SHC3 50 2872 54.78 173.91 3.17
SHC4 60  29.69 5347 218.16 408
SHC5  fyu/MPa 345 2853 72.78 211.77 291
SHC6 390 2837 79.63 212.73 2.67
SHC? 420 2835 85.77 250.09 291
SHC8  f/mm 14 2865 53.64 159.82 2.98
SHC9 18 3174 55.01 270.40 491
SHC10 20 3188 55.64 241.54 434
SHCIl  t/mm 8 27.61 49.56 151.16 3.05
SHCI12 9 2832 5026 155.81 3.10
SHC13 1 329 55.91 271.98 486
SHC14 12 3464 62.12 554.45 8.91
SHC15 alh,— 04 3388 54.66 249.00 456
SHC16 05 3160 50.83 207.08 4.07
SHC17 06 2969 52.79 182.13 345
SHCI8  s/h,— 04  33.65 53.23 185.95 3.49
SHC19 05 3364 5477 187.71 3.42
SHC20 0.6 3366 53.99 185.22 3.43
SHC21 0.7 3365 52.57 18433 3.51
SHC22 H/L—  1/16 2459 62.61 176.56 2.82
SHC23 117 22.36 7114 237.34 3.32
SHC24 118 2131 76.14 172.13 2.26
SHC25 119 1518 82.78 181.42 2.19

3.15,4.91 and 4.34, by 5.70%, 64.76 and 45.63%, respectively. It is
showed that f, could significantly improve the deformation
behavior of beams. Compared with all factors, 4 had a great
enhancement by the increase of #;. When f; changed from 8 to
12 mm, y increased by 192.13%. In addition, the opening of the
web could also affect y, such as a/h,, and s/h,. When a/h,,
increased from 0.4 to 0.7, the greater the a/h,, was, the more
seriously the deformation capacity of the beam was weakened.
When s/h,, increased from 0.3 to 0.4, y increased from 3.15 to
3.49, by 10.79%. However, when s/h,, continued to increase to
0.7, u basically did not increase significantly. The reason was that
when the opening spacing was less than 0.4, due to the excessive
density of holes, the “softening” phenomenon occurred in the
web, and prone to yield. Therefore, the ductility could be
improved with the increase of s/h,. When s/h,, reached a
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K and p of 25 SHC specimens with different parameters.
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The whole process of SHC.

certain degree, the improvement of the ductility of the beam
could tend to a stable state (Liu, 2013). Finally, when the cross
section of the beam was determined and the length of the beam
was larger, the trend of y was basically reduced, and the bending
deformation ability was weakened obviously.

Failure modes of steel tube flanges and
honeycombed steel web composite
beams

The SHC specimen could be divided into elastic stage, elastic-
plastic stage and plastic stage under four-point bending load, as
shown in Figure 12. In the elastic segment (N < N,), the
deformation of the beam was small. Except that the steel tube
on the lower flange at the support was close to the yield stress, the
specimen was in the elastic deformation stage. When the
specimen entered the elastic-plastic segment (N, < N < N,),
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the steel tube on the lower flange at the mid-span position and
the steel tube at the loading point gradually reached the yield
stress, and the concrete at the upper and lower flange began to
crack. With the further increase of deflection, the specimen
entered the plastic stage (N~ N,), and the specimen could
stably maintain the ultimate load, and the deflection was also
improved rapidly. Finally, the concrete on the upper flange at the
loading point was crushed and the specimen was destroyed.

The finite element models of specimen SHC2 was used as a
typical specimen to describe failure mode of this kind beams. It
could be seen from Figures 13A,B that after the failure of
specimen SHC2, although the lower steel tube flange exhibited
buckling deformation, the encased concrete almost kept good
performance, and the upper concrete at four-point loading
position was crushed. Due to the increasing in cross-sectional
height and the setting of stiffeners at the web, the SHC composite
beams would not appear lateral instability, and there was no local
buckling around the opening in the web.

Strain and deflection distribution

Strain of concrete and steel

The load-strain curves of steel and concrete for typical
specimens were shown in Figure 14. It was not difficult to find
that at the beginning of loading, the steel and concrete maintained
elastic deformation, and the relationship between load and strain
was basically linear. Under the load of 0.70N,~0.86N,,, the steel in
the tension zone firstly yielded, and then the concrete in the tension
zone began to crack, and finally the concrete in the compression
zone was crushed, and the upper steel yielded. However, it was
found in Figures 14F-H that the concrete in the tensile zone was
firstly destroyed, and then the steel in the tensile zone yielded or the
concrete in the tensile zone was crushed. The main reason was that
Q345, Q390 and Q420 were adopted for steel, and the concrete in
SHC reached the compressive strength and tensile strength before
the steel yielded.
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FIGURE 13
The stress cloud of SHC. (A) The stress cloud of steel tube flange of SHC2 (B) The stress cloud of concrete of SHC2.
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XXX

Deflection of steel tube flanges and
honeycombed steel web composite
beams

Deflection curves of all specimens were basically
symmetrically distributed under the action of four-point
loading. The deflection deformation curves of SHC2, as
shown in Figure 15A, was approximately sinusoidal.
Moreover, the maximum deflection appeared in the mid-
span of SHC composite beams. When the specimen was in
normal use stage (N < 0.6N,), the mid-span deflection was
only 0.002L, which could meet the limit L/300 of practical
engineering requirements (GB 50010-2010, 2010). When the
load reached above 0.91N,, the deflection deformation speed
of the specimens increased continuously, and finally the
plastic hinge appeared in the mid-span of the composite
beams. With the continuous increase of loading, the load that
was borne by the tensile zone of steel tube increased
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continuously, and the steel tube in the tensile zone
buckled, finally the SHC composite beam was destroyed.
According to Figure 15B, the span(L) had a great influence
on the deflection of beams, and L was proportional to
deflection. In addition, under the action of four-point
bending load, When the ultimate flexural capacity is
reached, the deflection range of SHC is between 0.012 and
0.018L, 3-6 times as the bending deflection limit in Chinese
which that SHC
deformation performance.

code, indicated could have good

Performance of combined sections

It could be seen from Figure 16 that at the initial stage of loading,
the longitudinal strain of the mid-span section was basically linear.
The steel tube and concrete worked together, so the composite beam
had higher flexural bearing capacity. In the elastic working stage, the
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TABLE 5 Comparison between M; and M, of 25 SHC.

Specimens M, /KN-mm M{/KN-mm %/%
SHC1 1,839,236 1,759,471 452
SHC2 1,897,352 1,833,204 3.48
SHC3 1,917,345 1,814,997 5.62
SHC4 1,958,238 2,022,727 -3.25
SHCS 2,595,156 2,437,223 6.48
SHC6 2,878,365 3,095,016 -7.13
SHC7 3,090,265 2,899,207 6.59
SHC8 1,881,225 1,822,186 324
SHC9 2,059,365 1,974,084 432
SHC10 2,115,432 2,066,860 235
SHCI11 1,730,112 1,840,544 -6.32
SHC12 1,784,362 1,886,217 -433
SHC13 2,147,438 2,067,826 3.85
SHC14 2,331,652 2,379,236 -121
SHC15 2,226,325 2,133,926 433
SHC16 2,088,463 2,198,382 -5.23
SHC17 2,085,325 1,998,969 432
SHC18 2,060,856 1,995,986 325
SHC19 2,038,625 2,178,018 -6.44
SHC20 2,051,332 2,114,775 -3.28
SHC21 2,066,156 1,963,466 5.23
SHC22 2,039,856 1,956,508 426
SHC23 2,055,664 1,950,715 5.38
SHC24 2,077,339 2,106,834 -132
SHC25 2,038,417 2,067,360 -1.33

longitudinal deformation of the mid-span section for SHC

composite beams was consistent with the plane section
assumption. At the end of loading, when the load was above
0.89 times as the ultimate bearing capacity, the neutral axis

began to move upward, but basically in the area of web. The
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longitudinal strain along the height direction basically present a
linear relationship. The concrete of the upper flange was crushed,
and the steel tube on the lower flange buckled, which meant both
failed corporately. During the whole process of loading, the strain in
tensile zone was greater than that in the compression zone.

Calculation formula for flexural
bearing capacity of steel tube flanges
and honeycombed steel web
composite beams

Basic assumption

In this paper, the following basic assumptions were
adopted: 1) Plane section assumption. 2) Both steel and
concrete were isotropic elastomers. 3) There was no slip
tube 4) There is
strengthening stage of steel tube material. 5) The concrete

between steel and concrete. no
in the tensile zone does not consider the tensile effect, and the
stress diagram of concrete in the compression zone is

rectangular.

Calculation formula for flexural bearing
capacity of steel tube flanges and
honeycombed steel web

Concrete-filled steel tube structures have high bearing
capacity, and the plasticity and toughness are good. It can
prevent external steel tube buckling by filling concrete in the
steel tube. The steel tube increases the constraint effect on the
internal concrete and increases the crack resistance of the
concrete, so that the bearing capacity of the concrete-filled
steel tube beams is higher than that of the steel tube and
concrete.
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A unified theory of steel tube that regarded concrete-filled
steel tube as a unified whole was proposed by (Zhong, 1994). The
design value of the composite strength for rectangular concrete-
filled steel tube was shown in Formula Eq. 9.

fe = (1212 + BE, + C&) 9)

Where B = 0.1381 (ZJ;"5)“ +0.7646, and the value of a was taken
as 1. C = =0.0727 (§)" +0.216 and b = (£)°* (49)"°. £, was the
yield strength of steel, and &, = :‘j{; , which represented

confinement factor.

The calculation diagram of the neutral axis for the web of
composite beams was shown in Figure 17. According to the plane
section assumption, it could be obtained that:

The resultant force of each part was:

Fsc = fscbhl

Ftc = fg (x - hl)t2 (10)
Fy=fo(hi +hy,—x-a)t,
Fu=2fg[bt; + (hy = 2t))t] (11)

Where, F,. was the resultant force of rectangular concrete-
filled steel tube in compression zone. F,. was the resultant
force generated by the web in compression zone. F;, was the
resultant force generated by the web in tension zone. F,, was
the resultant force of steel tube in tension zone. f,. was axial
compressive strength of rectangular concrete-filled steel tube.
fg was yield strength of steel tube and web. x was distance from
the top of beam to neutral axis. b was width of rectangular
concrete-filled steel tube. h; was height of rectangular
concrete-filled steel tube. h,, was depth of web. A was
height of opening. T; was thickness of steel tube. T, was
thickness of web.

According to the balance of sectional force, F. + F,. = Fy +
Fi. x could be obtained. The bending moments of each part were
shown in Formula Eqgs. 12-15.

M, = fscbh1<x - %) (12)

M = fgt2(+_hl)2 (13)

M = fota (b1 + Zw -a-x) (14

My = 2f, [bt, + 1, (y —2t1)]<h—x—%> (15)

Where M,. was the bending moment generated by
rectangular concrete-filled steel tube in compression zone. M.
was the bending moment generated by the web in compression
zone. My was the bending moment generated by the web in
tension zone. My, was the bending moment generated by steel
tube in tension zone.
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According to the balance of the sectional moment, the
flexural bearing capacity of composite beams could be
obtained by Formula Eq. 16.

Mu = Msc+Mtc+Mtt+Mxt (16)

The calculation results of the bearing capacity for 25 full-
scale SHC composite beams were shown in Table 5. It could be
found that the calculated bearing capacity (M7) and the
simulated bearing capacity (M) were in good agreement,
and the maximum error was 7.13%, which could better predict
the ultimate bending moment of this kind of beam.

Conclusion

In order to study the flexural behavior of SHC composite
columns, a series of numerical analysis for 25 SHC specimens
with different parameters were carried out based on ABAQUS
software. The results were as follows:

1) The influences of f. and s/h,, on the flexural behavior of
the beam were not obvious, but the flexural behavior of
the beam could be effectively improved by increasing the
steel strength of the flange and the web, the thickness of
steel tube and the web, Moreover, the deformation ability
of the beams at peak load can be significantly improved
with the increase of fyn and ¢;. When fyg changed from
235 to 420 MPa, N, increased by 65.78%. When t;
increased from 8 to 12 mm, y increased by 192.13%. In
addition, a/h,, and H/L had obvious weakening effect on
the flexural behavior of the beam, and when a/h,, changed
from 0.4 to 0.7, N, K and y reduced by 16.67, 15.23 and
30.92%, respectively.

2) Under four-point bending load, SHC specimens could be
divided into elastic stage, elastic-plastic stage and plastic
stage. Steel tube in the tensile zone yielded firstly before
specimens failed, and the failure mode of the specimens
was that the concrete at the loading point was crushed. The
steel tube in lower flange at the support, loading point and
mid-span yielded, but the web did not buckle. The
deflection of SHC beam could meet the requirements of
Chinese code in the normal use stage, and the ultimate
deflection could reach 3-6 times as the normal use
deflection, and the deformation ability was good.

3) This kind of beams basically conformed to the plane
section assumption. Based on the unified strength
theory, a prediction formula of ultimate bending

moment was established, which was in good agreement

with experiment and could lay the foundation for the
popularization and application.
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Prospect

In this paper, the flexural behavior of the composite beams
with concrete-filled rectangular steel tube flange and
honeycomb steel web has been analyzed by simulation and
theoretical research. It is found that the composite beam with
concrete-filled rectangular steel tube flange and honeycomb
steel web has the advantages of good flexural behavior and
large deformation capacity. However, it is urgent to carry out
further and in-depth research on such composite beams by
combining experiment and finite element method. In
addition, only the composite beam is studied in this paper,
and the frame structure system composed of columns and
joints matching with such composite beams needs to be
studied further. Under the background of increasingly
mature composite materials and high-performance
materials, better mechanical properties may be obtained by
pouring new materials such as concrete with high ductility
into composite columns and replacing steel tubes with FRP,

which needs further study.
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