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Abstract

This paper proposes a novel straight-side U-shaped steel-encased concrete composite beam (SUSCCB). The
SUSCCB is constituted by encasing the top sections of the U-shaped steel plates directly into the concrete
flange, with the composite action generated through perfobond connections consisting of reinforcement bars
transversely passing through perforations in the encased top sections of the steel plates. It is engineered to
overcome the shortcomings of the existing varus or valgus U-shaped steel-encased concrete composite beams
(USCCB), for which the installation of shear connectors can be complex and costly to achieve because of the
numerous required welds. The main objective of this paper is to study the flexural behavior of the proposed
SUSCCB and develop a method for calculating its flexural capacity. A finite element model (FEM) is
developed and validated against available USCCB experimental results. After, the validated FEM is used to
conduct a parametric study of the SUSCCB. The flexural behavior is assessed from the strain distribution,
stress analysis, and load-deflection curves. Results show that the flexural performance of the SUSCCB
is superior to that of a traditional USCCB, and that its flexural capacity can be calculated through the
simplified plastic theory. Lastly, the analytical flexural capacity of the SUSCCB is derived. The analytical
values show close agreement with results from the numerical simulations.
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1. Introduction

U-shaped steel-encased concrete composite beams (USCCB) have been widely used and often deployed in
the form of long span beams for tall structures and bridges to improve structural capacity and cost efficiency.
For example, they have been used for the extra-long transition beams in the Guangzhou pearl river new
town F2-4 block tall building [1], the Tower Building of Beijing Yintai Center [2], and the main beam of5

Nanchang Yingxiong Bridge [3]. A USCCB consists of a U-shaped cold-formed thin-walled steel component
infilled with concrete to form the web, and with a concrete flange poured onto the web to create a final
T-section, using the necessary shear connectors to generate the composite action. For long-span USCCB,
the U-shaped steel beam needs to be completely filled with concrete to reduce or eliminate local buckling,
and to create a composite effect to improve flexural and shear capacity. Remark that for smaller spans, it10

is possible to use non-filled U-shaped steel beams, but this is out-of-the-scope of the paper.
Existing USCCBs can be divided into two sub-types based on the shape of the top flange: varus-type (Fig.

1(a)) [4, 5] and valgus-type (Fig. 1(b)) [6, 7, 8] top flanges. USCCB sections possess many advantages, such
as: (1) reducing or eliminating local buckling of the thin-walled external steel plate through the restraint
created by the encased concrete [9, 10]; (2) providing superior fire resistance and preventing transient heat15

transfer when the encased concrete is wet [11], with the longitudinal reinforcement bars in the web acting
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as the second line of defense if the steel plates were to fail at high temperatures; and (3) providing a higher
shear capacity through the composite action [12, 13, 14].

 (a) (b)

Figure 1: Typical types of existing steel U-sections: (a) varus-type; and (b) valgus-type top flanges.

The overall behavior of a USCCB strongly depends on the shear connection between the steel plate and
the concrete flange. For the valgus-type top flange USCCB, the most popular shear connectors are headed20

studs and short channels [15, 16, 17, 18]. Recently, Liu [19] and Keo [20] studied a USCCB equipped with
equal-leg angles welded along the transverse direction to the steel plates. Liu’s experimental results showed
that composite beams with angle connectors welded to the webs of U-shaped steel plate failed in a brittle
mode, while composite beams with angle connectors welded on the top flange of U-shaped steel failed in a
ductile mode. Keo developed a finite element model (FEM) to identify the stress behavior of the equal-leg25

angle connectors and the surrounding concrete. Based on the results of the parametric study, an analytical
formula for calculating the force transfer capacity of the shear connector was developed. For the varus-type
top flange USCCB, Zhou’s research group investigated the flexural behavior [21, 22], shear behavior [23],
and torsional behavior [24] of a novel cold-formed U-shaped steel-concrete composite beam constituted using
a truss-type and inverted U-shaped reinforcement bar system.30

Although existing USCCBs have shown excellent mechanical properties and promising engineering ap-
plications, they have noticeable shortcomings. Firstly, headed studs, channels, and/or angle connectors all
require a significant number of welds , with a risk of through-penetration for thin components. Secondly,
the installation of these connectors requires special tools and skilled operators, resulting in additional costs.
Thirdly, it is difficult to bend valgus-type or varus-type top flanges at 90-degree. Lastly, the varus-type top35

flange requires a number of open holes to create access points for concrete vibrators when casting the web.
In consideration of the shortcomings of the existing varus-type or valgus-type USCCBs, this paper

proposed a novel straight-side U-shaped steel-encased concrete composite beam (SUSCCB). The SUSCCB
is constituted by encasing the top sections of the U-shaped steel plates directly into the concrete flange
(“connector” in Fig. 2(d)), with the composite action generated through perfobond connections consisting40

of reinforcement bars transversely passing through perforations in the encased top sections of the steel plates.
The SUSCCB is illustrated in Fig. 2(a). Fig. 2(b) shows a typical cross-section of the novel SUSCCB, and
Fig. 2(c) shows the front elevation view of the U-shaped steel. The perforations used in creating perfobonds
between the flange and web are shown in Fig. 2(d). When the height permits, headed studs may be welded
onto the bottom plate of the U-shaped steel to strengthen the composite action between the U-shaped steel45

and the concrete web. A SUSCCB has the following features: (1) the upper straight sides of the U-section
improve the connection between the web and flange and provides stability during the beam’s construction
phase; (2) the perfobond connectors have adequate capacities against uplifting and slipping [25, 26, 27]
between the concrete flange and the lower section that includes the U-shaped steel plate, encased concrete,
and web reinforcement bars; (3) the straight-sided U-section is simple to fabricate compared to varus- and50

valgus-type U-sections; and (4) it only requires a relatively small number of welds between the headed studs
and the bottom steel plate. Given these features, a SUSCCB is significantly faster and less expensive to
fabricate compared with traditional USCCBs.

The main objective of this paper is to study the flexural behavior of the proposed SUSCCB and de-
velop a method for calculating its flexural capacity. A three-dimensional FEM is developed and validated55

against experimental test data obtained on a varus-type U-shaped steel-encased concrete composite beam
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Figure 2: Details of a SUSCCB: (a) three-dimensional model; (b) typical cross-section; (c) U-shaped steel (front view); and (d)
U-shaped steel (side view). (h is the beam height, hf and bf are the flange height and weight, respectively; hw and bw are the
web height and weight, respectively; tc and td are the side panel and bottom panel thicknesses, respectively; d is the opening
diameter of connector batten; hp is the height of the top or lower connector batten; and as and a′s are the minimum distances
between resultant forces of the reinforcement bar in the web and flange to the edge of the concrete, respectively.)

(VUSCCB) [28]. The validated model is used to conduct a parametric study of the proposed SUSCCB. The
influence of the diameter and strength of the longitudinal reinforcement bars located in the web and flange,
thickness and strength of the steel plates (i.e., thickness of the lateral and bottom plates, strength of steel),
standard value of concrete strength, flange sectional dimensions (i.e., flange depth and width), and web60

sectional dimensions (i.e., wed depth and width) is investigated. Results from the numerical investigation
are used to suggest a methodology to compute the flexural capacity based on simplified plastic theory [29].

2. Finite element model

An FEM of the SUSCCB was created in ABAQUS 6.9 [30], and its specialization for modeling VUSCCB
specimens was validated against experimental test results. A two-span symmetrical mid-monotonic loading is65

used to study the strength, stiffness and stability of the structure. The analytical method based on mechanics
is used to measure the structure’s response under static load, analyze, and evaluate the structure’s stresses,
behavior, and reliability. In this section, the VUSCCB experimental specimens are introduced, followed by
the numerical modeling methods and a comparison of results.

2.1. Experimental specimens70

Fig. 3(a) is a schematic of the configuration and reinforcement distribution details of a VUSCCB cross-
section. Three specimens were tested each with different longitudinal reinforcement bar diameters: 6 mm
(specimen B1), 10 mm (specimen B2), and 14 mm (specimen B3) running along the top flange, while the
longitudinal reinforcement bar diameter at the bottom was kept constant at 6 mm. Each specimen includes
two web reinforcement bars of 6 mm in diameter. The configuration and dimensions of the varus U-shaped75

steel are shown in Figs. 3(b) and (c). The bottom headed studs are 50 mm high with a diameter of 16 mm
and 160 mm spacing along the longitudinal direction. Each specimen has two 3000 mm spans with a total
length of 6000 mm, as shown in Fig. 3(d).
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Figure 3: Details of the tested VUSCCB specimen (dimensions in mm): (a) typical cross-section; (b) U-shaped steel (front
view); (c) U-shaped steel (side view); and (d) elevation view of the test model.

Table 1: Measured material properties.

Material
Diameter/thickness

(mm)
Yield strength

(MPa)
Ultimate strength

(MPa)
Elongation

(%)

Reinforcement bar
6 390 625 36
10 380 600 28
14 365 580 25

Steel
3 466 654 16
6 465 660 18

Table 1 lists the properties or reinforcement bars and steel components obtained from tests [31]. The
nominal yield and ultimate tensile strengths of the steel used for headed shear studs are 322 MPa and 41080

MPa, respectively. The compresive strength of concrete is taken as 50.8 MPa, obtained from tests. Note
that the properties of the studs were not experimentally verified.

2.2. Numerical model

2.2.1. Material constitutive model

The concrete constitutive model provided in literatures [20, 32] is used in the ABAQUS model. The85

uniaxial compressive stress-strain curve has the three segments shown in Fig. 4(a): (1) the first segment is
assumed to be elastic when the stress is smaller than 0.4fc, where fc is the compressive cylinder strength
of concrete; (2) the second segment is a nonlinear parabolic curve starting at the proportional limit stress
0.4fc and ending at the peak stress fc; and (3) the third segment is a nonlinear decreasing curve starting
at the peak stress fc. Fig. 4(b) shows the tensile stress-crack width curve, where ft = 0.3(fc − 8)2/3 is the90

tensile strength.
The stress-strain relationship of the U-shaped steel and reinforcement bars is modeled using the elastic-

plasticity constitutive model recommended by Ding [33], and the strength criterion modeled using the Mises
yield criterion and associated flow rule.
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Figure 4: Concrete constitutive model: (a) compression; and (b) tension.

2.2.2. Contact interactions95

There are tangential and normal effects on the contact surface between the U-shaped steel plate and
encased concrete. All contact surfaces are assumed, by default, to have a normal behavior (i.e., hard contact).
After, the penalty friction formulation is used to characterize the tangential behavior between the U-shaped
steel plate and encased concrete with a coefficient of friction equal to 0.3 [20]. An embedded constraint is
applied for the reinforcement bars and studs placed inside the encased concrete. The surfaces in contact100

between the loading plates (hypothetical materials with high stiffness where the load is applied) and concrete
are assumed to be perfectly bonded without slippage [34, 35].

2.2.3. Element types and meshing

The concrete material is discretized with a uniform mesh of solid elements C3D8R. The U-shaped steel
is discretized with 4-node shell elements S4R (using the Simpson’s integral of 9 nodes along the thickness105

of the shell element). The reinforcement bars are modeled using the two-node linear and three-dimensional
truss element T3D2, while the studs are modeled using the linear beam element B31. All components are
modeled with a similar mesh size, as depicted in Fig. 5.

(a) (b) (c)

Figure 5: VUSCCB FEM for a typical specimen: (a) concrete; (b) steel and studs; and (c) reinforcing cage.

2.2.4. Loading and boundary conditions

Fig. 6 shows the loading and boundary conditions of a typical VUSCCB FEM. The bottom edge at110

the left support is fixed against all displacements (x, y, and z directions), and the middle and right support
bottom edges are both fixed against lateral displacements (x and y directions) and only allowing longitudinal
rotation along the x-axis. Displacement-controlled loading is applied at the two mid spans symmetrically in
y-axis.

5



Figure 6: Loading and boundary conditions of the FEM.

2.3. Comparison and verification115

The load-deflection curves from the numerical models were compared with those from the three VUSCCB
experimental specimens, plotted in Fig. 7. The numerical model outputted yield load Pny, yield displacement
∆ny (data from universal yield moment method [36]), peak load Pnmax, and peak displacement ∆nx, show
very close agreement with the corresponding experimental results, Py, ∆y, Pmax, and ∆x. The experimental
and numerical characteristic points of the load-deflection curves are listed and compared in Table 2. For all of120

the examined specimens, simulation results overestimate those from experimental results, with a maximum
difference within 9.9% except at the peak displacement for the B1 composite beam where simulation results
were underestimate by 7.4%. The differences between FEA curves and test results, being less than 10%, is
acceptable [20].
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Figure 7: Comparison of numerical and experimental results for the three VUSCCB specimens: (a) B1; (b) B2; and (c) B3.

Table 2: Comparison of the numerical and experimental load-deflection characteristic points.

Specimen

Yield
load
(kN)

Diff
(%)

Peak
load
(kN)

Diff
(%)

Yield
displacement

(mm)

Diff
(%)

Peak
displacement

(mm)

Diff
(%)

Py Pny δ1 Pmax Pnmax δ2 ∆y ∆ny δ3 ∆x ∆nx δ4

B1 94.5 100.7 6.5 278.2 298.2 7.2 7.8 8.3 5.4 63.7 59 -7.4
B2 127.1 130.2 2.4 296.6 315.1 6.3 8.1 8.3 3.3 50.5 52.9 4.7
B3 208 215.9 3.8 298.2 328 9.9 8.6 9.4 9.3 47.4 50.2 5.9

δ1 = (Pny − Py)/Py, δ2 = (Pnmax − Pmax)/Pnmax, δ3 = (∆ny − ∆y)/∆y, δ4 = (∆nx − ∆x)/∆y.

Results from the three VUSCCB experimental specimens exhibited strong shear in the oblique section125

and weak bending in the normal section, resulting in a first batch of transverse cracks that formed on the
upper surface of flange near mid-support, a rotation of the cross section of the mid-support while mid-span
deflection increased, transverse cracks at the bottom of the mid-span and top of the mid-support developing
rapidly and forming multiple transverse cracks, normal section bending failure of the mid-support section
and mid-span section successively, and a main crack with a width of approximately 0.3 mm formed on130
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(a) (b)

(c)

Figure 8: FEM outputs: (a) strain distribution at the upper surface of the concrete flange near mid-support; (b) strain
distribution at the concrete web crack (smeared) near mid-span; and (c) stress distribution and deformation.

Table 3: Stress and strain values at section key loading points from FEM B1.

Point σmbs σsbs σmts σsts σmtr σmcr σstr σscr εmce εsce

Yield 185.3 52.3 101.7 113.5 129.7 113.4 148.8 101.1 0.0007 0.0002
Peak 465 142.1 465 465 390.1 390.7 390.1 390.2 0.0033 0.0032

the top of the mid-support at failure. Figure 8 shows the load-deflection simulation results from the finite
element analysis of the composite beam. Figures 8a and 8b show that transverse cracks are first formed on
the upper surface of flange near the mid-support, then progress on the concrete web near mid-span. Figure
8c indicates mid-span deflection and mid-support rotation. The cracking and progression of cracks simulated
by FEM of the composite beam is consistent with the experimental results. Stress and strain values at key135

loading points from FEM B1 are listed in Table 3. The stress of steel bar (6 mm) at yield is 390 MPa,
the stress of steel plate at yield is 465 MPa; the peak pressure strain of concrete is approximately 0.002,
and the ultimate pressure strain of concrete is approximately 0.0033. As it be seen from Table 3, when
loading at peak load, the top and bottom of the steel plate at the mid-span section, the top of the steel
plate at the mid-support section, and all of the tensile and compressive steel bars are yielding, the plastic140

development in the compressive concrete section is obvious, the edge strain of the compressive concrete
is larger than the peak strain of the compressive concrete (0.002), and the ultimate compressive strain of
the compressive concrete is close to or exceeds 0.0033. The failure from simulated FEM B1 is the bending
failure of the normal section, which is consistent with the failure characteristics of composite beam test. The
above comparisons in Fig. 7 and Table 2, and failure patterns and strain or stress developments in Figure145

8 and Table 3, indicate that the FEM is valid to predict the flexural capacity and the initial stiffness of a
VUSCCB. It follows that the same modeling procedure can be used to model and numerically investigate
the proposed SUSCCB.

3. Parametric study on the SUSCCB

In this section, the validated FEM is specialized to study the behavior of the proposed SUSCCB through150

a parametric study. In particular, the flexural capacity in terms of beam dimensions and material properties
is assessed. Parameters of interest are the diameters of the longitudinal reinforcement bars, the thickness of
the U-shaped steel, the widths and depths of the web and flange, and the reinforcement bar and concrete
strengths. The parametric study is divided into 11 groups as tabulated in Table 4. Each group has the same
common dimensions as illustrated in Fig. 9 (ZHL1-1), except the varying parameters indicated. Results155

are benchmarked against the ZHL1-1 case. In total, 29 parametric variations are investigated. Load-
deflection curves, strain, and stress data are obtained from the finite element simulations and analyzed. The
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performance of the SUSCCB is also compared against that of the VUSCCB.
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Figure 9: Details of the ZHL1-1 cross-section (dimensions in mm): (a) typical cross-section; (b) U-shaped steel (front view);
and (c) U-shaped steel (side view).

As illustrated in Fig. 9(a), the ZHL1-1 section is reinforced using 14 reinforcement bars of 6 mm diameter
in the flange, and two reinforcement bars of 6 mm diameter in the web. Figs. 9(b) and (c) show the ZHL1-1160

U-shaped steel. The ZHL1-1 U-shaped steel connector section has perforations of 125 mm diameter spaced
at 160 mm in the longitudinal direction. When the height of a SUSCCB permits, headed studs may be
welded onto the U-shaped steel bottom plate in order to strengthen the connectivity between the U-shaped
steel and the concrete web. Here, the bottom headed studs are 50 mm high, and of 16 mm diameter spaced
at 160 mm in the longitudinal direction. The concrete compressive strength is 50.8 MPa, as defined for C50165

concrete [37].

3.1. Load-deflection curves

Load-deflection curves are obtained to investigate the governing parameters and the applicability of
simplified plasticity theory discussed in the next section. Table 5 reports the results of the load-deflection
curves obtained from the parametric study in terms of yield load Pny, yield displacement ∆ny (data from170

universal yield moment method [36]), peak load Pnmax, peak displacement ∆nx, ultimate load Pnu, and
ultimate displacement ∆nu. Results are analyzed and discussed in what follows.

3.1.1. U-shaped steel section

The effect of the thicknesses tc, td, and strength fy of the U-shaped steel obtained are shown in Figs.
10(a), (b), and (c). The load-deflection curves exhibit a linear ascending behavior, followed by an approx-175

imate plateau stage, and terminating by a sudden drop. The ultimate load from these parametric studies
has 85% of the peak load, all results exhibit a ductile failure (Pnu = 0.85Pnmax) and the corresponding com-
pressive strains of concrete at both the mid-span and the mid-support are close or larger than the ultimate
compressive strain of 0.0033. Fig. 10(a) shows that a SUSCCB with tc = 6 mm has a 38.8% higher peak
load and 10.8% higher initial stiffness than those with tc = 3 mm. Fig. 10(b) shows that a SUSCCB with180

td = 10 mm has a 25.3% higher peak load and 9.9% higher initial stiffness than that with td = 6 mm. Fig.
10(c) shows that the flexural capacity of a SUSCCB with fy = 465 MPa increases by 55.0% compared with
fy = 235 MPa. This suggests that the thicknesses of U-shaped steel tc and td and the strength fy are key
factors affecting the flexural behavior of a SUSCCB.
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Table 4: Varying parameters for the SUSCCB parametric study.

SUSCCB Parameter SUSCCB Parameter

ZHL1-1
d′ys (mm)

6 ZHL6-A
f ′y = fy (MPa)

235
ZHL1-2 10 ZHL6-B 345
ZHL1-3 14 ZHL6-C 390

ZHL2-1
dys (mm)

10 ZHL7-A

fcu (MPa)

40
ZHL2-2 14 ZHL7-B 45

ZHL3-A
f ′ys = fys (MPa)

235 ZHL7-C 60
ZHL3-B 300 ZHL7-D 65

ZHL3-C 335 ZHL8-1
hf (mm)

80

ZHL4-1
tc (mm)

4 ZHL8-2 120

ZHL4-2 5 ZHL9-1
bf (mm)

660
ZHL4-3 6 ZHL9-2 700

ZHL5-1
td (mm)

8 ZHL10-1
hw (mm)

140
ZHL5-2 9 ZHL10-2 160

ZHL5-3 10 ZHL11-1
bw (mm)

110
ZHL11-2 130

ZHL1-1 is the SUSCCB number, details of the ZHL1-1 cross-section are
shown in Fig. 9, the other cross sections are the same as ZHL1-1 except
for the varying parameters indicated;
d′ys and dys are the longitudinal reinforcement bar diameters in the
flange top and web, respectively;
f ′ys and fys are the compressed and tensile strengths of longitudinal re-
inforcement bars, respectively;
tc and td are the thicknesses of the steel lateral plate and bottom plate,
respectively;
f ′y and fy are the compressed and tensile strengths of the steel, respec-
tively;
fcu is the standard value of concrete cube compressed strength;
bf and hf are the width and depth of the flange, respectively;
bw and hw are the width and depth of the web, respectively.
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Table 5: Results of load-deflection curves from the parametric study.

SUSCCB Pny (kN) ∆ny (mm) Pnmax (mm) ∆nx (mm) Pnu (kN) ∆nu (kN)

ZHL1-1 110.2 7.8 312.8 50.8 265.9 65.3
ZHL1-2 128.1 8.1 321.6 56.6 273.4 65.4
ZHL1-3 148.4 8.2 329.3 68.9 279.9 77.5
ZHL2-1 115.9 8 322.1 50.4 273.8 66.1
ZHL2-2 119.3 8.2 335.6 48.6 285.2 60.4
ZHL3-A 100.1 7 300.5 49.5 255.4 55.3
ZHL3-B 104.4 7.3 306.6 49 260.6 58.4
ZHL3-C 109.7 7.5 309.2 50.2 262.8 63.1
ZHL4-1 123.1 8.3 354.8 49.3 301.6 68.4
ZHL4-2 128.6 8.5 395.6 52 336.3 66.3
ZHL4-3 134.3 8.7 434.3 59.5 369.2 68.9
ZHL5-1 121.4 8.2 352.6 52.6 299.7 66.4
ZHL5-2 127.5 8.4 372 53.4 316.2 68.5
ZHL5-3 132.2 8.6 391.7 54.6 332.9 70.1
ZHL6-A 107.2 7.7 201.8 17.3 171.5 20.4
ZHL6-B 108.9 7.8 242.7 36.1 206.3 40.5
ZHL6-C 109.3 7.8 275.4 46.2 234.1 49.8
ZHL7-1 110.3 7.9 309.5 53.2 263.1 60.3
ZHL7-2 107.9 7.7 311.6 53.3 264.8 61.4
ZHL7-3 110 7.9 314.7 50.6 267.5 60.9
ZHL7-4 108.9 7.8 316.9 47.6 269.4 59.8
ZHL8-1 117.4 7.6 272.6 58.6 231.7 63.4
ZHL8-2 125.8 8.1 346.4 50.5 294.4 61.5
ZHL9-1 110.5 7.9 311.1 50 264.5 58.5
ZHL9-2 110.3 7.9 314.9 52.9 267.6 59.9
ZHL10-1 118.3 7.9 295.5 52.6 251.1 58.9
ZHL10-2 124.3 8.2 329.3 50.2 279.9 61.3
ZHL11-1 109.4 7.6 302.3 52.4 256.9 61.8
ZHL11-2 121.2 8.1 323.3 49.6 274.8 55.5
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Figure 10: Comparison of load-deflection curves with varying steel section dimensions and its strength: (a) varying lateral
thickness, tc; (b) varying bottom thickness, td; and (c) varying steel strength, fy .

3.1.2. Longitudinal reinforcement bars185

Fig. 11 investigates the effects of varying the longitudinal reinforcement bar sizes in the web and top
of the flange, and of varying their strength. The load-deflection curves exhibit a similar behavior to those
shown in Fig. 10.

Typically, the cross-section area of U-shaped steel is much larger than that of reinforcement bars in a
SUSCCB usually, hence the influence of reinforcement bar diameter may not be significant (Fig. 11(a) and190

(b)). However, the diameter of the reinforcement bars has a clear effect on the flexural capacity (Fig. 11(a)
and (b)). From Fig. 11(c), one can observe that varying the strength of the reinforcement bar yields a
similar initial stiffness while the flexural capacity is different. This suggests that the diameter and strength
of a reinforcement bar (f ′ys = fys) are key factors affecting the flexural behavior of a SUSCCB.
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Figure 11: Comparison of load-deflection curves with varying longitudinal rebar sizes in the web and top of the flange, and
varying strength: (a) varying the flange top rebar diameters, d′ys; (b) varying web rebar diameters, dys; and (c) varying rebar
strength, f ′ys = fys.

3.1.3. Concrete strength195

The effect of the concrete strength on the SUSCCB is investigated in Fig. 12. The increase of the concrete
strength does not have much influence on the load-deflection curves. The ultimate flexural capacity and
stiffness increase slightly with the increase of concrete strength. Additionally, the ductility decreases as the
concrete strength increases. This shows that increasing the strength of the concrete does not significantly
improve the mechanical properties of the SUSCCB.200
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Figure 12: Comparison of load-deflection curves with varying concrete strength.

3.1.4. Flange and web sizes

Figs. 13(a) and (b) show the effect of flange depth and width on the load-deflection curves. Increasing
the depth of the flange greatly improves the mechanical performance of the SUSCCB. The flange depth of
100 mm and 120 mm have higher initial stiffnesses of 10.9% and 11.2%, respectively, and higher peak loads
of 14.8% and 27.1%, respectively, compared to the 80 mm-deep section. However, changing the width of205

the flange results in similar stiffness and capacity. Since the flange of the T-section is in the tensile zone,
the tensile action of the concrete flange after cracking is almost negligible when the intermediate support
T-section fails at the ultimate state of the flexural capacity controlled by the negative bending moment at
the intermediate support of the two-span continuous composite beam.

Figs. 13(c) and (d) show the effect of varying web depth and width on the load-deflection curves.210

Increasing the width and depth of the web greatly improves the mechanical performance of the SUSCCB.
The web depths of 150 mm and 160 mm have higher initial stiffnesses of 7.5% and 7.9%, respectively, and
higher peak loads of 5.9% and 11.5%, respectively, compared to the 140 mm-deep section. The web widths
of 120 mm and 130 mm have higher initial stiffnesses of 4.8% and 5.1%, respectively, and higher peak loads
of 3.5% and 7.0%, respectively, compared to the 110 mm-wide section.215

Results suggest that flange and web depths (hf , hw), and web width (bw) are key factors affecting the
flexural behavior of a T-section SUSCCB controlled by the negative bending moment.
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Figure 13: Comparison of load-deflection curves with varying flange and web sizes: (a) varying flange depth, hf ; (b) varying
flange width, bf ; (c) varying web depth, hw; and (d) varying web width, bw.

To summarize, the key parameters affecting the flexural behavior of a T-section SUSCCB controlled
by the negative bending moment are the reinforcement bar diameters in the top of the flange and web,
reinforcement bar strengths, thicknesses of lateral and bottom plates, steel strength, concrete strength,220

flange and web depths, and web width. Increasing the value of these parameters increases the flexural
capacity. The flange width does not have a significant effect on capacity.

3.2. Stress and strain analyses

Stress and strain analyses are conducted to investigate the limit state of the flexural capacity. Results
are analyzed and discussed in what follows.225

3.2.1. Stress analysis

Eight points are selected to assess performance through stress analysis: the intersection, bottom edge,
maximum stressed reinforcement bar in tension, and maximum stressed reinforcement bar in compression
at the mid-span and the mid-support (Support B). The intersection denotes the intersection point of the
U-shaped steel plate and concrete flange, and the bottom edge denotes the bottom edge of the U-shaped230

steel plate.
Figs. 14(a) and (b) show the stresses from the intersections and bottom edge at the mid-span and

mid-support (Support B). The intersections at the mid-support start to yield in tension (465 MPa) when
the beam is displaced by 18.6 mm. At mid-span, the steel bottom edge yields in tension at 19.5 mm
displacement, and the intersections start to yield in compression at 44.6 mm displacement. When the beam235

surpasses the peak load of 312.8 kN (at a displacement of 50.8 mm), the stress of the mid-support at the
steel bottom edge is 138.7 MPa. Note that the yield stress for U-shaped steel is 465 MPa, indicating that
it remains compressive and elastic.

Figs. 14(c) and (d) show the reinforcement bar stresses in compression and tension at the mid-span and
mid-support. The reinforcement bars of 6 mm diameter yield at 390 MPa. As observable from the figure,240

all of these reinforcement bars yield in compression and in tension around a similar point in the early stage
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(i.e., the mid-support and mid-span yield in tension at 15.9 mm and 23.1 mm, and yield in compression at
16.1 mm and 18.6 mm, respectively). It follows that the strength of the longitudinal reinforcement bars is
fully utilized during the pure bending region.
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Figure 14: Stress versus loading displacement curves of ZHL 1-1 (compressive, c; tensile, t; stress values are absolute values):
(a) the stresses from the intersection at mid-span and mid-support; (b) the stresses from the bottom edge at mid-span and
mid-support; (c) the rebar stresses in compression at mid-span (top rebar in flange) and mid-support (rebars in web); and (d)
the rebar stresses in tension at mid-span (rebars in web) and mid-support (top rebar in flange).

3.2.2. Strain analysis245

The compressive strain-loading displacement curves from the edges of the compressive concrete at mid-
span and mid-support are plotted in Fig. 15(a). When the loading displacement has reached its peak
displacement at 50.8 mm, the edge compressive concrete strains at mid-span and mid-support are 0.0034
and 0.0032, respectively. According to the Code for the design of concrete structures, the peak compressive
strain of C50 concrete is 0.002 and the ultimate compressive strain of C50 concrete is 0.0033 [37]. Thus,250

the compressive strains of concrete at both the mid-span and the mid-support have exceeded the peak
compressive strain of 0.002, and are close or larger than the ultimate compressive strain of 0.0033.

The typical longitudinal strain distributions along the section height versus the loading displacement at
mid-span and mid-support are shown in Figs. 15(b) and (c). During the initial linear ascending stage, the
strains along the section height are linearly distributed, indicating that the Bernoulli-Euler beam theory is255

satisfied. As the loading displacement continues to increase, the strains along the section height at mid-
support are still linearly distributed. However, the strain distribution along the section height at mid-span
exhibits a parabolic shape, and the Bernoulli plane assumption is basically satisfied.

In summary, except for the bottom edge of the U-shaped steel plate at mid-support that is compressed
and unyielded, all components have reached their yield strength or peak compressive stain at the peak load,260

indicating that most of the SUSCCB materials have been fully utilized. It can also be stated that SUSCCBs
approximately satisfy the Bernoulli plane assumption.
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Figure 15: Strain distribution versus loading displacement of ZHL 1-1: (a) strains from the edges of the compressive concrete
at mid-span and mid-support; (b) strain distributions along the section height at mid-span; and (c) strain distributions along
the section height at mid-support.

3.3. Comparison of SUSCCB and VUSCCB

The ZHL 1-1, ZHL 1-2 and ZHL 1-3 specimens are selected to compare the performance of the SUSCCB
system against the data simulated on the VUSCCB B1, B2 and B3. From the load-deflection curve results265

listed in Table 6 and plotted Fig. 16, the initial stiffnesses, bearing capacities and peak displacements of the
ZHL 1-1, ZHL 1-2, and ZHL 1-3 specimens are higher than those of the B1, B2 and B3 specimens except
at the peak displacement for the ZHL 1-1. The ZHL 1-1 bearing capacity is 4.9% larger than that of the
B1 specimen, with the maximum bearing capacity difference between the ZHL 1-1 and the B1 specimens.
The ZHL 1-3 peak displacement is 37.3% larger than that of the B3 specimen, with the maximum peak270

displacement difference between the ZHL 1-3 and the B3 specimens. However, the ZHL 1-1 and ZHL 1-3
specimens utilize 0.2% less steel than the B1 and B3 specimens, and are built with a simpler configuration,
which effectively eliminates the stress concentration experienced by the varus steel plate flanges in the
VUSCCB.

4. Theoretical calculations275

This section presents the theoretical calculation of the flexural capacity of the new SUSCCB. First, the
assumptions are presented. Second, the theoretical flexural capacity is calculated based on the simplified
plastic theory considering two conditions in the positive or negative moment sections: when the neutral axis
is located in the flange, and when the neutral axis is located in the U-section. Lastly, the theoretical values
are compared with the simulation results.280
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Figure 16: Comparisons of load-deflection curves between: (a) B1 and ZHL1-1; (b) B2 and ZHL1-2; and (c) B3 and ZHL1-3.

Table 6: Comparison of ZHL1-1 and B1.

USCCB NO.
Steel
ratio
(%)

Yield
load

( kN )

Yield
displacement

(mm)

Peak
load
(kN)

Peak
displacement

(mm)

Failure
load
(kN)

Failure
displacement

(mm)

B1 2.3 100.7 8.3 298.2 59 - -
ZHL1-1 2.1 110.2 7.9 312.8 50.8 265.9 65.3

B2 2.3 130.2 8.3 315.1 52.9 - -
ZHL1-2 2.1 128.1 8.1 321.6 56.6 273.4 65.4

B3 2.3 215.9 9.4 328 50.2 - -
ZHL1-3 2.1 148.4 8.2 329.3 68.9 279.9 77.5

4.1. Assumptions

Based on the load-deflection results of the SUSCCB simulations, the flexural capacity of a SUSCCB can
be calculated based on the simplified plastic theory with the following assumptions:

1. The shear connection between the flange and the web can fully carry the flexural capacity of a SUSCCB
section.285

2. The strain plane cross-section is satisfied during the entire bending process (see Section 3.2.2).

3. Without considering the tensile action of concrete after cracking, the concrete compressive stress can
be simplified into a rectangular stress distribution that has reached the design value of the axial
compressive strength (see Section 3.2.2).

4. According to the position of the plastic neutral axis, the U-shaped steel and reinforcement bars of290

a SUSCCB section may be partially pulled and partially compressed, but all of them are assumed
to carry a uniform stress and reach the design values of tensile or compressive strengths of steel and
reinforcement bars (see Section 3.2.1).

4.2. Theoretical analysis of the flexural capacity

4.2.1. Positive moment Mu295

Different plastic theoretical formulas for calculating the flexural capacity of a new SUSCCB can be
derived as a function of the position of the stress neutral axis in positive moment section. When the plastic
neutral axis is in the flange and between the connector section and the concrete edge in positive moment
section, as shown in Fig. 17:

fcbf (hf − hpbl) + f ′ysA
′
ys > fyAp + fyAs + fysAys (1)
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where fc is the concrete compressive strength; bf and hf are the width and depth of the flange, respectively;300

hpbl is the connector batten height, hpbl = 2hp+d; hp is the height of the top or lower batten of the connector,
d is the opening diameter of connector batten; Ays and A′ys are the reinforcement bars’ area in the web and
the top reinforcement bars’ area in the flange, respectively; fys, f

′
ys are the tensile and compressed yield

strengths of the reinforcement bars, respectively; fy is the tensile yield strength of the U-shaped steel; Ap

is the total area of upper battens of connector (Ap = 2tchp); As is the additive area of the U-shaped steel305

plate and the lower battens of connector (As = 2tc(hw +hp− td)+ tdbw); bw and hw are the width and depth
of the web, respectively; tc and td are the thicknesses of side and bottom panels of the U-shaped steel.

Define the height and area of the compressive concrete x and Ac = bfx. The compressive resistance of the
compressed concrete becomes fcbfx = fcAc, the compressive resistance of the compressed top reinforcement
bars in the flange becomes A′ysf

′
ys, the tensile resistance of the longitudinal reinforcement bars in the web310

becomes fysAys, the tensile capacity of the U-shaped steel in the web and the lower battens of connector
becomes fyAs, and the resultant force of the total area of the upper battens of connector becomes fyAp. It
follows that the total resultant force in the beam section is:

fcAc = fyAp + fyAs + fysAys − f ′ysA
′
ys (2)

Take y1 being the distance from the resultant force fcAc to the resultant force fysAys, y2 being the
distance from the resultant force f ′ysA

′
ys to the resultant force fysAys, y3 being the distance from the315

resultant force fyAp to the resultant force fysAys, and y4 being the distance from the resultant force fyAs

to the resultant force fysAys, the flexural capacity Mu in the positive moment section becomes:

M ≤Mu = fcAcy1 + f ′ysA
′
ysy2 − fyApy3 − fyAsy4 (3)

where M is the normal section bearing positive bending moment.

pbl

Figure 17: Model for calculating the flexural capacity with the plastic neutral axis in the flange in positive moment section.

When the plastic neutral axis is located in the web in positive moment section, as shown in Fig. 18

fyAs + fysAys > fcbfhf + f ′yAp + f ′ysA
′
ys (4)

where f ′y is the compressive yield strength of the U-shaped steel.320

Define the compressive concrete area Ac = bfhf +(x−hf )bw, with A′s being the additive compressive area
of the U-shaped steel and the lower battens of the connector. The compressive resistance of the compressed
concrete becomes fcAc, the compressive resultant force of the total area of the upper battens of connector
becomes f ′yAp, the compressive resistance of the compressed top reinforcement bars of the flange becomes
f ′ysA

′
ys, the compressive resistance of the total compressive area of the U-shaped steel and the lower battens325

of the connector becomes f ′yA
′
s, the tensile resistance of the longitudinal reinforcement bars of the web

becomes fysAys, and the tensile capacity of the U-shaped steel in the web becomes fy(As −A′s). It follows
that the resultant force in the beam section is:

fcAc + f ′yAp + f ′yA
′
s + f ′ysA

′
ys = fy(As −A′s) + fysAys (5)
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Take ya being the distance from the resultant force f ′ysA
′
ys to the resultant force fysAys, yb is the distance

from the resultant force f ′yAp to the resultant force fysAys, yc is the distance from the resultant force fcAc330

to the resultant force fyAs, yd is the distance from the resultant force f ′ysA
′
ys to the resultant force fysAys,

and ye is the distance from the resultant force fy(As−A′s) to the resultant force fyAs. The flexural capacity
Mu in the positive moment section becomes:

M ≤Mu = f ′ysA
′
ysya + f ′yApyb + fcAcyc + f ′yA

′
syd − fy(As −A′s)ye (6)
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Figure 18: Model for calculating the flexural capacity with the plastic neutral axis in the web in positive moment section.

The calculated theoretical flexural capacities (MuIDA) in the positive moment section are compared with
the simulation results (MuFEA) listed in Table 7. It can be observed that analytical values have a good335

agreement with the simulation results with relative errors of less than 5%. It follows that the simplified
plastic theory can be used to calculate the flexural capacity of a SUSCCB. Additionally, one can observe that
only four of the MuIDA/MuFEA ratios are above 1, with the remaining 25 (86.2% of the number of ratios)
being less than 1. The theoretically calculated value is slightly overestimated when using the simplified
complete plastic theory. When a SUSCCB reaches the limit state of the flexural capacity, the monolithic340

steel U-section and concrete are not completely plastic near the neutral axis.
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Table 7: Comparison values between design calculation value and related simulation value in the positive moment section.

SUSCCB Mu,FEA (kN·m) Mu,IDA (kN·m) δ

ZHL1-1 147.2 149.5 0.02
ZHL1-2 153.6 157.1 0.02
ZHL1-3 163.6 167.6 0.02
ZHL2-1 154 156.9 0.02
ZHL2-2 163.3 167.1 0.02
ZHL3-A 143.6 147.6 0.03
ZHL3-B 143 148.4 0.04
ZHL3-C 144.2 148.8 0.03
ZHL4-1 169.3 169.4 0
ZHL4-2 189.7 188.4 -0.01
ZHL4-3 210.3 206.5 -0.02
ZHL5-1 171.1 173.7 0.02
ZHL5-2 182.5 185.6 0.02
ZHL5-3 193.9 197.5 0.02
ZHL6-A 89.8 91.9 0.02
ZHL6-B 111.9 114.3 0.02
ZHL6-C 121.1 127.5 0.05
ZHL7-1 147.2 146.2 -0.01
ZHL7-2 147.8 147.9 0
ZHL7-3 148 151.3 0.02
ZHL7-4 148.7 152.1 0.02
ZHL8-1 129.7 132.9 0.02
ZHL8-2 167.6 166.1 -0.01
ZHL9-1 146.7 149.2 0.02
ZHL9-2 147.8 149.8 0.01
ZHL10-1 138 140 0.01
ZHL10-2 156.3 159.3 0.02
ZHL11-1 141.6 143.4 0.01
ZHL11-2 152.8 155.6 0.02

19



4.2.2. Negative moment Mnu

When the plastic neutral axis is located in the web in the negative moment section, as shown in Fig. 19:

fcbwhw + f ′y(As −Ap) + f ′ysAys > 2fyAp + fysA
′
ys (7)
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Figure 19: Model for calculating the flexural capacity with the plastic neutral axis in the web in the negative moment section.

Define the height and area of the compressive concrete x and Ac = xbw, A′s = bwtd + 2xtc is the
compressive area of the U-shaped steel plate. It follows that the total resultant force in the beam section is:345

fcAc + f ′yA
′
s + f ′ysAys = fyAp + fy(As −A′s) + fysA

′
ys (8)

The flexural capacity Mnu in negative moment section becomes:

M ≤Mnu = fysA
′
ysy
′
1 + fyApy

′
2 + fy(As −A′s)y

′
3 + fcAcy

′
4 + f ′ysAysy5 − f ′yA

′
sy
′
6 (9)

where y′1 is the distance from the resultant force fysA
′
ys to the plastic neutral axis, y′2 is the distance from

the resultant force fyAp to the plastic neutral axis, y′3 is the distance from the resultant force fy(As − A′s)
to the plastic neutral axis, y′4 is the distance from the resultant force fcAc to the plastic neutral axis, y′5
is the distance from the resultant force f ′ysAys to the plastic neutral axis, and y′6 is the distance from the350

resultant force f ′yA
′
s to the plastic neutral axis.
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Figure 20: Model for calculating the flexural capacity with the plastic neutral axis in the flange in the negative moment section.

When the plastic neutral axis is in the flange and between the connector section and the concrete edge
in the negative moment section, as shown in Fig. 20:

fcbwhw + f ′y(As −Ap) + f ′ysAys < 2fyAp + fysA
′
ys (10)

Define the height and area of the compressive concrete x and Ac = bwhw + (x − hw)bf . It follows that
the total resultant force in the beam section is:355

fcAc + f ′ysAys + f ′yAp + f ′yAs = fysA
′
ys (11)
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Table 8: Comparison values between design calculation value and related simulation value in the negative moment section.

SUSCCB Mnu,FEA (kN·m) Mnu,IDA (kN·m) δ

ZHL1-1 67.3 72.4 0.07
ZHL1-2 115.4 120.5 0.04
ZHL1-3 172.5 176.5 0.02
ZHL2-1 68.5 72.5 0.06
ZHL2-2 69.3 72.4 0.04
ZHL3-A 58.4 60.3 0.03
ZHL3-B 66.6 65.4 -0.02
ZHL3-C 67.2 68.2 0.01
ZHL4-1 78.5 82.2 0.05
ZHL4-2 85.5 91.3 0.06
ZHL4-3 95.4 99.9 0.05
ZHL5-1 68.5 74.9 0.09
ZHL5-2 72.8 76.1 0.04
ZHL5-3 72.7 77.4 0.06
ZHL6-A 52.5 52.6 0.00
ZHL6-B 58.4 62.1 0.06
ZHL6-C 64.5 66.0 0.02
ZHL7-1 69.8 71.8 0.03
ZHL7-2 65.9 72.1 0.09
ZHL7-3 70.2 72.8 0.04
ZHL7-4 67.0 72.9 0.08
ZHL8-1 64.1 69.3 0.07
ZHL8-2 73.2 75.4 0.03
ZHL9-1 69.9 72.4 0.03
ZHL9-2 66.5 72.4 0.08
ZHL10-1 63.8 66.9 0.05
ZHL10-2 76.1 78.1 0.03
ZHL11-1 64.4 71.4 0.10
ZHL11-2 66.2 73.2 0.10

where y′a is the distance from the resultant force fysA
′
ys to the plastic neutral axis, y′b is the distance from

the resultant force f ′yAp to the plastic neutral axis, y′c is the distance from the resultant force fcAc to the
plastic neutral axis, y′d is the distance from the resultant force f ′yAs to the plastic neutral axis, and y′e is
the distance from the resultant force f ′ysAys to the plastic neutral axis. The flexural capacity Mnu in the
negative moment section becomes:360

M ≤Mnu = fysA
′
ysy
′
a + f ′yApy

′
b + fcAcy

′
c + f ′yAsy

′
d + f ′ysAysye (12)

The calculated theoretical flexural capacities (Mnu,IDA) in negative moment section are compared with
the simulation results (Mnu,FEA) listed in Table 8. It can be observed that analytical values have a good
agreement with simulation results, with relative errors less than 5%. It follows that the simplified plastic
theory can be used to calculate the flexural capacity of a SUSCCB.

5. Conclusion365

This paper proposed a novel SUSCCB, engineered to overcome challenges with the existing varus-type
or valgus-type USCCB. The SUSCCB is constituted by encasing the top sections of the U-shaped steel
plates directly into the concrete flange, with the composite action generated through perfobond connections
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consisting of reinforcement bars transversely passing through perforations in the encased top sections of
the steel plates. A FEM was developed to conduct a performance analysis of the SUSCCB, first validated370

against experimental results obtained on three VUSCCB experimental specimens. The validated FEM was
applied to the study of the proposed SUSCCB to conduct a parametric study. A comparison between the
SUSCCB and VUSCCB systems was performed and numerical results on the SUSCCB normal section’s
stresses and strains were analyzed. It was found that based on the load-deflection results, the flexural
capacity of a SUSCCB can be calculated by the simplified plastic theory. The primary findings of the study375

can be summarized as follows:

1. Compared against VUSCCBs, the proposed SUSCCB has many advantages: for similar section area of
reinforcement bars and U-shaped steel, the capacity and initial stiffness are higher, and the SUSCCB
requires fewer welds and it is therefore simpler, faster, and thus less expensive to fabricate.

2. Key parameters affecting the flexural behavior of a SUSCCB controlled by the negative bending380

moment are longitudinal reinforcement bars, thicknesses of steel, strength of steel, strength of concrete,
depths of flange and web, and width of web. Of all the influencing factors, the lateral thickness of
steel is the most important, the influence of longitudinal reinforcement bar diameter on section area
is not significant, and the concrete strength does not have a substantial effect. The flange width does
not have a significant effect on capacity for a T-section undergoing negative bending moment.385

3. Euler beam assumption is satisfied when the SUSCCB is subjected to bending. When a SUSCCB
reaches the limit state of the flexural capacity, most of the SUSCCB materials are yielded, and the
plasticity of the compressed concrete is very obvious, with the edge strain of the compressed concrete
being close to or exceeding the ultimate compressive concrete strain. It follows that the flexural
capacity of a SUSCCB can be calculated according to the simplified plastic theory.390
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