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Abstract: To investigate the flexural performance of steel-UHPC (ultra-high performance concrete) 7 

composite beams with welded steel shear keys (SSK), eight specimens were experimental studied by 8 

four-point bending test. The finite element (FE) models were established based on the experimental 9 

results, then, the failure mode, load, deflection, strain and relative interface slip were parametric 10 

analyzed. The influences of strength, dimensions and configuration of upper concrete slab, steel 11 

beams as well as SSK on flexural performance, in terms of load-deflection response, ductility and 12 

ultimate energy dissipation, were studied. The experimental results show that steel-UHPC composite 13 

beams have superior bearing capacity, deformation capacity, ductility and energy dissipation ability 14 

when compared with steel-NSC (normal strength concrete) composite counterparts. Increasing the 15 

height of upper concrete slab has a significant effect on improving bending capacity and flexural 16 

stiffness, while increasing the width has a significant effect on enhancing deformation, ductility and 17 

ultimate energy dissipation. Increasing the yield strength, thickness of web and flange of steel beams 18 

has significant effect on improving bending capacity. Reducing the SSK spacing or increasing the 19 

yield strength of SSK, height and thickness slightly improve the cracking, yield and ultimate loads, 20 

reduce deflections, enhance the flexural stiffness, slightly weakens the ductility and ultimate energy 21 

dissipation. Besides, four types of failure modes were defined, based on reasonable assumptions, 22 

formulae for bearing capacity were proposed, and the predicted results fit well with experimental 23 

results. The results can be taken as reference for the design and application of steel-UHPC composite 24 

beams in long-span and heavy-load structures. 25 
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1 Introduction 28 

Traditional steel-normal strength concrete (NSC) composite beams are prone to concrete 29 

cracking and steel beam corrosion under corrosive service environment [1]. These problems greatly 30 

increase maintenance costs, affect traffic conditions, and shorten the service life of bridges [2]. UHPC 31 
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(ultra-high performance concrete) is a new kind of high-strength, high-toughness, and high-durability 32 

concrete [3], with extremely high compressive, flexural and tensile strength, as well as excellent 33 

durability performance [4]. To reduce structural self-weight, improve bearing capacity and anti-34 

deformation ability, steel-UHPC composite beams which combines the advantages of UHPC and steel 35 

beams, and achieve good performance under different working conditions, have gained the attention 36 

of many scholars. It also exhibits excellent flexural bearing capacity, good ductility and toughness 37 

under ultimate state, corrosion resistance and excellent durability performance [5-6], when compared 38 

with steel-NSC composite beams. 39 

Nowadays, an enormous amount of experimental and numerical studies has been carried out on 40 

structural behavior of steel-UHPC composite beams. Lu et al. [7] experimentally investigated the 41 

bending behavior of steel-UHPC-NSC composite beams in negative moment zone, which showed 42 

that the push-out test specimens failed due to crushing and spalling of concrete at the stud root. The 43 

damage of UHPC specimens were significantly smaller than that of NSC-UHPC composite 44 

counterpart. Zhao et al. [8] experimental studied the shear properties of steel-UHPC composite beams 45 

and found the shear performance was major depended on the shear-span ratio. Zhu et al. [9-10] 46 

investigated the flexural performance of steel-UHPC composite beam in wa e bridge decks and 47 

found that the transverse reinforcement ratio did not affect the bending capacity but significantly 48 

affected the ultimate deformation. Furthermore, researchers have ingeniously designed composite 49 

beams with both open and closed structures. Yan et al. [11-12] carried out investigation on novel C-50 

channel connectors enhanced steel-UHPC-steel sandwich composite beams and found that the new 51 

grooved connector had extremely high shear resistance and bonding efficiency. Shao et al. [13] 52 

proposed an UHPC orthotropic bridge deck, which reduced self-weight by 10% to 30%. Liu et al. 53 

[14] found that steel-UHPC composite beams exhibited a high flexural capacity and good ductility 54 

when compared with steel-NSC counterpart. Fang et al. [15] experimental tested the flexural behavior 55 

of composite beams with steel and prefabricated UHPC slab embedded in UHPC shear pockets and 56 

found that the bearing capacity, crack resistance and ductility of composite beams constructed by 57 

UHPC panels were higher than those constructed by NSC panels. Yoo et al. [16] studied the bending 58 

behavior of eight steel-UHPC composite beams without upper flanges and found the dimension, 59 

strength and connection degree of shear keys between concrete and steel beams affected the 60 

performance and failure patterns of steel-UHPC composite beams. 61 

This paper introduces a novel steel shear key (SSK) to enhance the composite action and 62 

structural performance of steel-UHPC composite beams. The process of manufacturing steel-UHPC 63 

composite beams with the SSK involves several steps. Firstly, SSK angles are welded to steel beams 64 

that are cut according to the design dimensions. Subsequently, the wooden formwork is installed at 65 
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the correct level to the steel beams to facilitate the pouring UHPC. After UHPC pouring is completed, 66 

the surface is carefully leveled. Finally, the formwork was removed after 15-days curing period with 67 

tap water. In this paper, the four-point flexural tests were carried out and experimental investigated 68 

on eight reduced-scale beam specimens. Then, finite element (FE) models were established based on 69 

the test results and the simulate results were verified. The effects of strength, height and width of 70 

upper concrete slab, yield strength, thickness and height of the web, thickness and width of flange of 71 

lower steel beam, as well as strength, spacing, height and thickness of interface SSK on flexural 72 

behavior of SSK reinforced steel-UHPC composite beams was comprehensively parametric studied. 73 

Finally, four types of failure patterns were defined. Based on reasonable assumptions, formulae for 74 

bending capacity was established, and the predicted results fit well with the FE results. This research 75 

is expected to provide theorical support for the promotion of SSK reinforced steel-UHPC composite 76 

beams. 77 

1 Experimental program 78 

1.1 Details of specimens tested 79 

Fig. 1 exhibits the geometric dimension details of SSK reinforced steel-UHPC composite beam 80 

specimens. All specimens have a beam length of 1800 mm with pure bending span and bending-shear 81 

span of 400 and 650 mm, respectively. The prototype-to-model scale is 2:1. 82 

 
(a) Front elevation 

 

 

(b) Cross-section of mid-span (c) Details of SSK 

Fig. 1 Geometric dimension details of SSK reinforced steel-UHPC composite beams (unit: mm) 

Table 1 listed the detailed design parameters, and the dimensions of I-shaped steel beam is 184 83 
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with cross-sectional dimensions of 60 Ĭ 200 mm (bc Ĭ hc), and the SSK spacing of specimen S1 is 85 

200 mm. In specimens S2 and S3, the slabs are made of C40 and C50 concrete, respectively. The size 86 

of the SSK in specimen S4 is 4 Ĭ 50 Ĭ 50 mm (ts × bs × hs). Specimens S5 and S6 have SSK spacings 87 

(ds) of 100 and 300 mm, respectively. The dimensions of concrete slabs in specimens S7 and S8 are 88 

60 Ĭ 300 and 75 Ĭ 200 mm, respectively. All specimens are strengthened with transverse stiffeners 89 

by vertically welding 8 mm thick steel plates with a fillet weld size of 10 mm. In order to ensure 90 

coordinated curvature between the NSC slab and steel beam, thereby enabling the steel-concrete 91 

composite beam to effectively resist uplift forces [9-10], it is typically necessary to install 92 

reinforcement in NSC slab. However, the inclusion of randomly distributed steel fibers in UHPC 93 

serves to promote a bridging effect during bending, analogous to the role of reinforcement in NSC 94 

slabs. Consequently, within the scope of this study, steel bars are not installed within the UHPC slab. 95 

 
(a) Arrangement details of welding SSK (ds = 100) 

 
(b) Arrangement details of welded SSK (ds = 200) 

 
(c) Arrangement details of welded SSK (ds = 300) 

Fig. 2 Arrangement of SSK with different SSK spacing (unit: mm) 

Tab. 1 Detailed parameters of SSK reinforced steel-UHPC composite beams 96 

No. Concrete types bc × hc (mm) ts × bs × hs (mm) ds (mm) 

S1 UHPC 200 × 60 3 × 40 × 40 200 

S2 C40 200 × 60 3 × 40 × 40 200 

S3 C50 200 × 60 3 × 40 × 40 200 

S4 UHPC 200 × 60 4 × 50 × 50 200 

S5 UHPC 200 × 60 3 × 40 × 40 100 

S6 UHPC 200 × 60 3 × 40 × 40 300 
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S7 UHPC 300 × 60 3 × 40 × 40 200 

S8 UHPC 200 × 75 3 × 40 × 40 200 

1.2 Mechanical properties of materials 97 

The mix proportions of NSC and UHPC prepared in accordance with Chinese codes JGJ 55-98 

2019 [17] and GB/T 31387-2015 [18], respectively is listed in Table 2. NSC and UHPC are both made 99 

with manufactured sand with 0.5 mm average particle size, and grades PO 42.5 and 52.5 Portland 100 

cement, respectively. In NSC, stones with particle size of 5 to 20 mm were utilized as the coarse 101 

aggregate. The active mineral admixtures employed in UHPC include grade II fly ash, grade S95 slag 102 

powder and 400 mesh silica fumes. Additionally, copper-plated straight steel fibers with a tensile 103 

strength higher than 2800 MPa, a length and diameter of 13 and 0.22 mm, respectively, were also 104 

incorporated in producing UHPC. Local tap water and polycarboxylate superplasticizer having a solid 105 

content of 20% with 32% water reduction rate was employed. 106 

Tab. 2 Mix proportions of NSC and UHPC 107 

No. w/b 
Cement 

(kg/m3) 

Sand 

(kg/m3) 

Slag 

powder 

(kg/m3) 

Silica 

fume 

(kg/m3) 

Fly ash 

(kg/m3) 

Stone 

(kg/m3) 

ɟsv 

(%) 

Superplasticizer 

(%) 

C40 0.42 1.0 1.64 / / / 2.67 / 1.05 

C50 0.32 1.0 1.11 / / / 2.59 / 1.2 

UHPC 0.19 0.55 1.2 0.1 0.25 0.1 / 1.0 1.5 

Note: w/b is mass ratio of water to binder, ɟsv is volume fraction of steel fibers. 108 

Mechanical tests of NSC and UHPC were conducted according to GB/T 50081-2019 [19] and 109 

T/CBMF 37-2018, T/CCPA 7-2018 [20], respectively. Three cubic concrete specimens (100 Ĭ 100 Ĭ 110 

100 mm) for compression test and three dumbbell-shaped concrete specimens for tensile test were 111 

made and cured under the same condition with beam specimens. Table 3 lists the mechanical 112 

properties of NSC and UHPC tested, where, fcu, fc, ft and Ec are axial cubic compressive strength, 113 

axial compressive strength, axial tensile strength and modulus of elasticity, respectively [21-22]. 114 

Tab. 3 Mechanical Properties of NSC and UHPC 115 

No. fcu (MPa) fc (MPa) ft (MPa) Ec (GPa) 

C40 45.8 34.8 2.78 33.8 

C50 57.5 43.7 3.15 35.7 

UHPC 106.4 93.6 7.9 43.2 

The steel beam and SSK were all made from Q235 steel. For the tensile tests of Q235 steel, three 116 

samples were taken from the web and flange of section steels and processed into standard testing 117 

specimens [23]. The basic mechanical properties of section steels with different thickness are listed 118 

in Table 4, where, fy, fu and Es are yield and ultimate, modulus of elasticity, respectively [23]. 119 

Tab. 4 Mechanical properties of section steels 120 

No. Thickness (mm) fy (MPa) fu (MPa) Es (GPa) 

SSK 3 258.4 403.8 202 
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4 264.5 412.5 204 

Steel beam 
5 261.5 417.2 203 

8 278.8 406.9 206 

1.3 Test setup and measurements 121 

Figure 3 shows the setups and layout of measurements. A hydraulic jack with a load capacity of 122 

1000 kN was used, and the load was distributed onto the specimen by a steel beam. The test specimen 123 

was preload first to check the loading device and measuring instruments being worked properly. A 124 

load control method with a level of 20 kN was initially adopted before the cracking of concrete slab, 125 

then converted to 40 kN after cracking. The loading process was terminated once the specimen was 126 

damaged (fracture of bottom steel or crushing of upper concrete) or the sustained load dropped greater 127 

than 15% of the ultimate load. The deformation of specimen and settlement at the two supports were 128 

measured by the seven displacement transducers layout along the length direction. The relative slip 129 

between concrete slab and steel beam was measured by a total of ten displacement gauges shown in 130 

Fig.3. The data acquisition system "TDS 530" was utilized to record all measured data, including load, 131 

displacements, and strains. 132 

 
Fig. 3 Test setup and layout of the measurements (unit: mm) 

2 Establishment of FE mode 133 

The FE software ABAQUS was used to conducted parametric analyze on flexural behavior of 134 

SSK reinforced steel-UHPC composite beam. To achieve feasible and precise calculation results, the 135 

displacement increment control method was implemented and standard solver (static, general) was 136 

adopted. 137 

2.1 Interaction, boundary conditions and element types 138 

Figure 4 illustrate the three-dimensional FE model. The SSK and concrete are assumed to be 139 

perfectly bonded, and the "Embedded region" is utilized to ignore the slip between the two. As the 140 

SSK is welded on the surface of steel beam upper flange, they are connected by "Tie contact". To 141 
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reflect on the slip effect between concrete slab and steel beam, both normal and tangential behavior 142 

are considered. The normal behavior is treated by hard contact, whereas the tangential behavior is 143 

simulated by the penalty function in friction contact, and the friction coefficient is 0.6 [24]. This 144 

approach permits shear stress to transfer between the contact surfaces before reaching a critical level. 145 

When the critical value is reached, the shear stress remains constant, and relative sliding occurs 146 

between the contact surfaces. The C3D8R element with eight nodes and each node having three 147 

translational degrees of freedom was used to model concrete, and S4R (four-node normal shell) 148 

element is utilized to model the steel beam and SSK. 149 

  
(a) Boundary conditions (b) Meshing generation 

Fig. 4 FE model of steel-UHPC composite beam with SSK 

2.2 Material constitutive and damage model 150 

2.2.1 NSC & UHPC 151 

Figure 5 illustrates the constitutive model of NSC [25] and UHPC [21]. The Poisson's ratios of 152 

NSC and UHPC are all taken to be 0.2. Eq. (1) and Eq. (2) express the compressive and tensile stress-153 

strain relationships for UHPC, respectively, where, xc = Ůc/Ůc0, xt = Ůt/Ůt0, yc = ůc/fc, yt = ůt/ft, Ůc and ůc 154 

are the compressive strain and corresponding stress, Ůt and ůt are the tensile strain and corresponding 155 

stress. 156 
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(a) Compression (b) Tension 

Fig. 5 Stress-strain curves for NSC and UHPC 

The CDPM (concrete damage plasticity model) [26, 27] is adopted to simulate the compressive 159 

failure or tensile cracking failure of concrete, where, ɸ and Ɋ are the flow potential eccentricity and 160 

dilation angle, respectively, ɛ and Kc are the viscosity parameter that defines viscoelastic 161 

regularization and ratio of second stress invariant on tensile meridian to that on compressive meridian, 162 

respectively, ůb0/ůc0 is the ratio of initial equiaxial compressive yield stress to initial stress. Table 6 163 

lists the details of CDP parameters. 164 

Table. 6 Details of CDPM parameters 165 

No. Ɋ  ɸ ůb0/ůc0 Kc ɛ 

C40 40° 0.1 1.16 0.667 0.0005 

C50 40° 0.1 1.16 0.667 0.0005 

UHPC 56° 0.1 1.1 0.66 0.0005 

Equation (3) expresses the damage parameters for compression (dc) and tension (dt), where, E0 166 

is the initial modulus of elasticity, Ůplc and Ů
pl
t are the compression and tension equivalent plastic 167 

strains, respectively. 168 
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2.1.2 Steel beam & SSK 170 

Fig. 6 exhibits the tensile constitutive relationship of section steel (beam and SSK). Esmaeily et 171 

al. [28] proposed a theoretical model using the quadratic parabola form to describe the strengthening 172 

stage. Where, the shape parameters k, k2 and k3 are taken to be 12, 120 and 1.6, respectively. The 173 

elastic-plastic model is adopted to consider the multiaxial stress on the base of stress-strain 174 

relationship. The yield criterion is von Mises criterion, the strengthening criterion is isotropic 175 

strengthening, and the flow rule is associated flow. Since the steel beam and SSK did not undergo 176 

local buckling or cracking during the bending process, the ductile damage of steel is not considered. 177 
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(a) Theoretical model (b) Tensile stress-strain curves 

Fig. 6 Constitutive of steel beam and SSK 

2.3 Sensitivity analysis of mesh element size 179 

To investigate the grid sensitivity, the concrete grids were meshed using different sizes based on 180 

the total span of the specimen, including 1/360, 1/180, 1/90 and 1/45 (that is 5, 10, 20 and 40 mm, 181 

respectively). Figure 7 presents the load-deflection curves of specimen S7 with different mesh 182 

element sizes. The "Test" and "FE" represent test and finite element simulate results, respectively. As 183 

the grid size is refined, the accuracy of the numerical results improves. 184 

 
Fig. 7 Load-deflection curves of S7 with various element sizes 

The numerical results with grid sizes of 20 mm and 40 mm are lower than the experimental 185 

results, while those of specimens with grid sizes of 5 and 10 mm are closely matching it. In order to 186 

achieve a balance of the accuracy and computational costs, a 10 mm grid is adopted. Because the 187 

steel beam and SSK did not experience local buckling or cracking during the bending process, they 188 

were also meshed with a 10 mm grid. 189 

3 Model verification 190 

3.1 Comparison of characteristic load and deflection 191 

Table 7 illustrates the comparison of characteristic load and deflection, where, Pcr, Py and Pu are 192 
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cracking, yield and ultimate load, respectively, while ŭcr, ŭy and ŭu are their corresponding deflection, 193 

respectively; The subscript "E" is the test result, and the subscript "F" is the numerical result. Here, 194 

the "farthest point method" [29] was used to determine the yield point. As the load analysis was 195 

performed by load control, the load of specimen dropped rapidly once occurring crushing of concrete. 196 

Thus, the load and deflection at peak point are directly defined as ultimate load and deflection, 197 

respectively. The experimental results and numerical results are highly consistent for all specimens, 198 

as shown in the Table 7. 199 

Tab. 7 Comparison of characteristic load and deflection 200 

No. 
Pcr,E 

(kN) 

Pcr,F 

(kN) 

Pcr,E 

/ 

Pcr,F 

ŭcr,E 

(mm) 

ŭcr,F 

(mm) 

ŭcr,E 

/ 

ŭcr,F 

Py,E 

(kN) 

Py,F 

(kN) 

Py,E 

/ Py,F 

ŭy,E 

(mm) 

ŭy,F 

(mm) 

ŭy,E / 

ŭy,F 

Pu,E 

(kN) 

Pu,F 

(kN) 

Pu,E 

/ Pu,F 

ŭu,E 

(mm) 

ŭu,F 

(mm) 

ŭu,E / 

ŭu,F 

S1 202.9 199.1 1.02 2.88 2.97 0.97 257.2 246.6 1.04 4.93 4.85 1.02 341.0 330.9 1.03 19.5 19.8 0.98 

S2 92.2 155.1 0.59 1.51 2.42 0.62 202.0 204.7 0.99 3.87 3.38 1.15 264.8 265.2 1.00 8.7 8.72 1.00 

S3 129.5 162.8 0.80 1.94 2.51 0.77 209.4 216.9 0.97 3.96 3.72 1.06 287.5 279.3 1.03 12.0 11.8 1.01 

S4 212.0 205.8 1.03 2.36 2.36 1.00 261.1 252.9 1.03 5.04 5.11 0.99 352.2 336.2 1.05 19.7 19.1 1.03 

S5 221.9 201.4 1.10 2.58 2.90 0.89 262.2 249.2 1.05 4.04 4.60 0.88 353.0 344.7 1.02 18.8 18.0 1.04 

S6 210.6 195.2 1.08 3.58 3.15 1.14 230.0 240.3 0.96 5.06 5.13 0.99 320.5 324.3 0.99 19.7 21.6 0.92 

S7 214.0 229.2 0.93 3.03 3.25 0.93 269.3 273.5 0.98 5.04 5.28 0.96 383.0 380.3 1.01 28.6 24.8 1.15 

S8 218.5 223.3 0.98 2.94 2.80 1.05 307.4 275.0 1.12 4.98 4.80 1.04 415.2 386.0 1.08 24.4 18.8 1.30 

AVG   0.94   0.92   1.02   1.01   1.03   1.05 

COV   0.17   0.16   0.05   0.07   0.03   0.11 

3.2 Failure mode 201 

The failure modes of all beam specimens are virtually identical. Specimen S1 is taken as an 202 

example here. At the elastic stage, cracks initially occurred at the bottom of concrete slab in pure 203 

bending span. When the bottom flange of section steel exceeded yielding strain, the specimen yielded. 204 

With the increase of load, multiple transverse cracks occurred on the surface of concrete slab in 205 

bending-shear span (as exhibited in Fig. 8a). At this time, slip occurred between the end of concrete 206 

slab and steel beam, and load growth rate slowed down. Significant slip occurred at the end of 207 

specimen (as exhibited in Fig. 8b), and the amount and width of cracks at mid-span increased 208 

significantly. The load reached its peak value when concrete slab began to crush, resulting in a 209 

subsequent decrease in load, ultimately leading to a typical flexural failure. The provision of vertical 210 

stiffeners to the web of the steel beam prevented any local buckling. As a result of SSK installation, 211 

no longitudinal bonding cracks parallel to the steel flange were detected on the surface of each 212 

specimen at the point of failure, indicating effective interaction and coordination between UHPC and 213 

steel beams, further demonstrating the excellent overall performance of SSK reinforced steel-UHPC 214 

composite beams. 215 
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(a) Cracking at shear span of concrete slab ̂b̃End slip 

Fig. 8 Failure phenomenon 

Figure 9 illustrates the comparison of crack distribution between the simulation and 216 

experimental results. The crack is displayed by using the tensile damage factor (DAMAGET). When 217 

the tensile damage factor reaches 1.0, the crack is displayed in red, indicating the concrete has fully 218 

cracked [26-27]. As illustrated in Fig. 9, the predicted crack patterns fit well with the experimental 219 

results, demonstrating the ability of the finite element model in effectively predicting cracking 220 

behavior and crack distribution. In addition, the cracking range of steel-NSC composite specimens 221 

(S2 and S3) is larger than that of steel-UHPC composite counterpart (S1) as the randomly distributed 222 

steel fibers play a "bridging effect" that delays the development of cracking. The UHPC with 223 

randomly distributed steel fibers has strain-hardening characteristics and good toughness, improving 224 

the deformation capacity and ductility of beam specimens. 225 
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(c) S3 

 
(d) S4 

 
(e) S5 

 
(f) S6 

 
(g) S7 
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