bradscholars

Experimental investigation on flexural performance
of steel-UHPC composite beams with steel shear keys

ltem Type Article

Authors Zhang, Z.;Ashour, Ashraf;Ge, W.;Ni, Z.;Jiang, H.;Li, S.

Citation Zhang Z, Ashour A, Ge W et al (2024) Experimental investigation
on flexural performance of steel-UHPC composite beams with
steel shear keys. Engineering Structures. 313: 118275.

DOl https://doi.org/10.1016/j.engstruct.2024.118275

Rights © 2024 Elsevier. Reproduced in accordance with the publisher’s

self-archiving policy. This manuscript version is made available
under the CC-BY-NC-ND 4.0 license (http://creativecommons.org/
licenses/by-nc-nd/4.0/)

Download date

2026-05-20 07:35:24

Link to Item

http://hdl.handle.net/10454/19943



http://dx.doi.org/https://doi.org/10.1016/j.engstruct.2024.118275
http://hdl.handle.net/10454/19943

Experimental study on flexural performance of steel-UHPC composite beams

with steel shear keys

Zhiwen Zhang', Ashraf Ashour?, Wenjie Ge'”, Zenghao Ni!, Hongbo Jiang!, Yan Liu'

1. College of Civil Science and Engineering, Yangzhou University, Yangzhou 225127, China.
2. Faculty of Engineering and Informatics, University of Bradford, Bradford, BD71DP, UK.

Abstract: Test results of steel-ultra high performance concrete (UHPC) composite beams with
welded steel shear keys (SSK) under four-point bending are presented, aiming to reduce the self-
weight and cost of large span and heavy load structures. The effects of design parameters such as
concrete slab strength, type, spacing and size of SSK, and concrete slab height and width on flexural
performance of composite beams are studied. The experimental results show that increasing concrete
strength, reducing SSK spacing, increasing concrete slab size, as well as using large-size SSK can all
significantly improve the flexural performance of composite beams. Composite beams with welded
SSK exhibited a maximum relative slip less than 4 mm, while counterpart with welded bolts had a
maximum relative slip greater than 4 mm. Composite beams with SSK exhibited the highest load
capacity and flexural stiffness, while the epoxy-treated composite beam had the lowest, and the
welded bolt composite beam was in-between. The welded SSK is more effective in improving the
interface shear performance of composite beams than the welded bolts, and can also improve the
stiffness and load capacity of composite beams. Besides, a theoretical model is developed to calculate
the ultimate flexural capacity of composite beams, and the calculated flexural capacity results well
agree with the experimental results. It is expected that the research results can serve as a reference for

the design and construction of steel-UHPC composite beams.
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1 Introduction

Composite beams have gained considerable popularity in the construction industry because of
their exceptional load-bearing capacity and stiffness as well as their efficient use of materials and
cost-effectiveness. The composite action between steel beams and concrete slabs is generally created
using shear connectors, that are welded or mechanically fastened to the top flange of the steel beam
and then embedded in the concrete slab during casting, allowing the steel beam and concrete slab to
act together as a single unit, resulting in a stronger and stiffer composite element that can resist higher
loads and span longer distances than either material alone. Moreover, composite structures can reduce
construction workload and decrease steel section size, allowing more headroom in buildings and
reducing size and cost of foundations [1-2]. However, with the widespread use of long-span and
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heavy-duty structures, traditional steel-normal strength concrete (NSC) composite beams are
disadvantageous due to their inherent weight, high manufacturing costs, and waste of steel

performance [3-4].

Ultra high performance concrete (UHPC) is an advanced type of concrete that has superior
strength, durability, light weight and ductility compared to traditional concrete. [5]. It is widely used
in the construction of high performance structures, including high-rise buildings, bridges, offshore
structures, national defense engineering and other applications [6] as well as achieving high-rise,
light-weight, long-span, and long-life requirements [7]. Due to the widespread use of UHPC, steel-
UHPC composite structures have gradually attracted the attention of construction industry. The
combination of UHPC and section steel provides excellent mechanical properties and superior

ductility [8].

Studies on the flexural performance of steel-UHPC composite beams are limited in the literature.
The flexural performance of steel-UHPC-NSC composite beams in the negative moment zone was
experimentally investigated by Lu et al. [9]. The results show that the failure mode of the specimens
in the push-out test is crushing and spalling of the concrete at the stud root. Damage degree and
damage range of UHPC specimens, however, are significantly smaller than those of composite NSC-
UHPC specimens. Zhao et al. [10] investigated the shear properties of steel-UHPC composite beams
to take full advantage of the strong tensile properties of UHPC. Test results indicated that the shear
performance of composite beams was significantly related to the shear-span ratio, concluding that
shear capacity decreased by 30.5%, while ductility increased by 24.2%, as the shear-span ratio
increased from 1.33 to 2.33. Zhu et al. [11-12] investigated the flexural behavior of steel-UHPC
composite beams in waffle bridge deck, showing that the transverse reinforcement ratio does not
affect the bearing capacity of composite beams, but it has a profound effect on the ultimate
deformation. An experimental and numerical study was conducted on steel-UHPC-steel sandwich
composite beams with novel enhanced C-channel connectors, which was proposed by Yan et al. [13-
14]. According to the study, the new grooved connector has extremely high shear resistance and
bonding efficiency. The thickness of steel panels has a significant impact on the bearing capacity of

composite beams, while the spacing of groove connectors has a relatively small effect.

The advancements in production technology have led to a continuous improvement and
innovation of steel-concrete composite beams. The prefabricated assembly type has gradually
replaced the traditional cast-in-place composite beams due to its inherent shortcomings, such as wet
operations on site, the prolonged construction period, and the resulting negative effects on
construction quality caused by the environment. To ensure a stable combination and synergy between

steel beams and concrete slabs, shear bonds play an important role. To address the issue of uneven
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failure of bolt shear keys with a uniform arrangement [15], a clustered arrangement of bolt shear keys
has been implemented in composite beams instead of the conventional uniform arrangement [16-18].
Through the push-out test, Wang et al. [19] found that the group nail effect has a slight influence on
the ultimate shear strength of the bolt, but it clearly affects the interface slip. Prefabricated specimens
have a lower ultimate strength than cast-in-place specimens, while their interface slip is higher by 17%
[19]. UHPC replaces high-strength grouting material for post-filling, resulting in an increase in shear
strength of 16%, the 50% reduction in slip, and the occurrence of no obvious cracks. Fang et al. [20]
investigated the flexural performance of steel-prefabricated UHPC composite beams embedded in
UHPC shear pockets. The results indicated that the cracking and failure modes of composite beams
are greatly influenced by the type of precast concrete and degree of shear connection. The crack
resistance, ultimate strength, and ductility of composite beams constructed using UHPC panels are
higher than those constructed using NSC panels. Yoo et al. [21] studied the flexural performance of
eight steel-UHPC composite beams without upper flanges in order to improve the economy of
materials. The experimental results showed that specimens with a large bolt spacing generate a greater
number of axial cracks in the UHPC plate. Consequently, the strength, dimension and the degree of
shear connection of concrete and steel beam affect the failure modes and performance of steel-UHPC

composite beam.

Currently, the bolt shear key is the main method to enhance ductility of composite beams.
Nevertheless, the initial slip is often influenced by the allowable error of the bolt hole diameter,
resulting in low ultimate load and bending stiffness. Additionally, if the shear resistance of the shear
key is low, the composite beam will fail prematurely due to bolt shearing. In this paper, a novel steel-
UHPC composite beam with steel shear keys (SSK) is designed to reduce the self-weight and
engineering costs of long-span and heavy load structures, as shown in Fig. 1. Here, the bolt is replaced
with angle steel pre-welded on the top of the upper flange of the steel beam, preventing any damage
caused by pre-drilling of the steel beam as well as making construction straightforward. Four-point
bending tests were conducted to analysis the failure modes, load-deflection response, load-strain
response and load-slip response of the steel-UHPC composite beams with welded SSK. The effects
of design parameters such as concrete slab strength, spacing of SSK, height and width of concrete
slab, and types of shear keys on flexural performance of composite beams were investigated. Besides,
a theoretical model is developed to calculate the moment capacity of steel-UHPC composite beams.
It is expected that this study will provide technical support for the application of steel-UHPC
composite beams in engineering structures as well as provide a reference for their design and

construction.
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Fig. 1 Application of the steel-UHPC composite beam with SSK

2 Material properties

Here, NSC and UHPC are prepared in accordance with Chinese codes JGJ 55-2019 [22] and
GB/T 31387-2015 [23], respectively. Table 2 presents the mass ratios of various ingredients used in
NSC and UHPC. NSC and UHPC are both made with manufactured sand of an average particle size
of 50 mm, and Portland cement of grades PO 42.5 and PO 52.5 cements were used, respectively. In
NSC, stones with particle size of 5 mm to 20 mm were utilized as the coarse aggregate. The active
mineral admixtures employed in UHPC include 400 mesh silica fume, slag powder grade S95, and
fly ash grade II, with their respective chemical composition outlined in Table 1. Additionally, copper-
plated straight steel fibers having a diameter of 0.22 mm, a length of 13 mm, and a tensile strength
greater than 2850 MPa were also incorporated in producing UHPC. Local tap mixing water and
polycarboxylate superplasticizer with a solid content of 20% and a water reduction rate of 32% was

employed.

The UHPC paste was prepared by the cement paste mixer NJ-160. The cementitious materials,
including cement, silica fume, slag and fly ash, were initially accurately weighed by an electronic
scale (maximal measuring weight is 3.0 kg, measurement accuracy is 0.1 g). Then, the cementitious
materials were poured into the mixing pot and a solution of local tap water and water reducer was
added. The ingredients were mixed for 120 seconds at a low speed (rotation around its own axis at a
speed of 140+5 r/min and revolution around the axis of mixing pot at a speed of 62 + 5 r/min) and
held for 15 seconds, 120 seconds at a high speed (rotation around its own axis at a speed of 285+10
r/min and revolution around the axis of mixing pot at a speed of 125+5 r/min), and held for 15 seconds.
Then, the previous steps were repeated once again. Seamless metallic cone with smooth inner wall
having a height of 60 mm, lower diameter of 60 mm and upper diameter of 36 mm, was used to test

the fluidity of UHPC paste.
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Fig. 2 Raw material of NSC and UHPC

Tab. 1 Compositions of mineral admixtures (unit: %)

No. SiOz A1203 CaO MgO F6203 Nazo TiOz
Silica fume 96.74 0.32 0.11 0.10 0.08 0.09 /
Slag powder 32.80 15.36 37.12 8.52 0.74 / 1.95
Fly ash 54.76 24.56 4.85 0.10 6.54 / 1.85
Tab. 2 Mixture proportions by weight of NSC and UHPC
Slag Silica ps  Superplasticizer

No. w/b  Cement Sand Stone powder fume Fly ash (%) (%)
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 the water-binder ratio, ps is the volume fraction of steel fiber.

Mechanical tests of NSC and UHPC were conducted in accordance with Chinese codes GB/T
50081-2019 [24] and T/CBMF 37-2018, T/CCPA 7-2018 [25], respectively. Three cubic concrete
specimens (100 x 100 x 100 mm) were prepared for compression testing, along with three dumbbell-
shaped concrete specimens for tensile testing (Fig. 3b). These specimens were cured in the same
environment as the main composite beams. Table 3 shows the basic mechanical properties of UHPC
and NSC, where the cubic compressive strength f.u and the axial tensile strength f; are test values,
whereas the axial compressive strength f: and elastic modulus E. are calculated values in according

to [26-28].

The steel beam and SSK are made from Q235 steel, while the bolt shear keys are made from
M10 bolts. For the tensile tests of Q235 steel, three samples were taken from the flange and web of
the steel beam, and cut into standard dimension according to the Chinese code GB/T228.1-202 [29].
The uniaxial tensile test of the bolt shear key was carried out by using a smooth round screw with a
diameter of 10 mm and a length of 80 mm. Table 4 shows the basic mechanical properties of Q235

steel and M10 bolts, where, the yield strength f; and the ultimate tensile strength f, are determined



experimentally, while the elastic modulus Es values are calculated in accordance to [29].

(c) Tensile test for Q235 steel

Tab. 3 Mechanical Properties of NSC and UHPC

(d) Tensile test for M10 bolt
Fig. 3 Mechanical properties test

No. Jeu (MP2) fe (MPa) fi (MPa) E. (GPa)
C40 45.8 34.8 2.8 33.8
C50 57.5 43.7 32 35.7
UHPC 106.4 93.6 7.9 43.2
Tab. 4 Mechanical Properties of Q235 steel and M10 bolt
No. Thickness of steel (mm) Diameter of M10 bolt (mm) f, (MPa) f.(MPa) Es(GPa)
3 / 258.4 403.8 202
4 / 264.5 412.5 204
Q235 steel 5 / 2615 4172 203
8 / 278.8 406.9 206
M10 bolt / 10 405.8 467.2 208

According to the testing report provided by the manufacturer, the epoxy resin (E-44) has a tensile

strength of 40.5 MPa, a tensile elastic modulus of 3.4 GPa, a shear strength of 12.7 MPa, a bond

strength of 3.7 MPa with concrete (cohesive failure), and an elongation of 2.3%. It has a curing time

of 4 to 6 hours, and a temperature resistance of -60 °C ~ 120 °C.

3 Experimental programs

3.1 Design of test specimens



In total, ten composite beams were tested in this investigation, covering a wide range of
parameters including the concrete type of slabs, concrete slab flange width and depth, type and
spacing of shear connectors and the dimensions of SSK, as shown in Fig. 4 and listed in Table 5. All
specimens have a length of 1800 mm, with pure bending section spanning 400 mm, and bending-
shear sections spanning 650 mm. The size ratio of prototype to test model is 2:1. The dimensions of
the I-shaped steel beams for all the specimens are 184 x 100 x 5 x 8 mm (hw X bs X tw X tr). S1 is
considered as a control specimen, having a UHPC slab with a cross-sectional dimension of 60 x 200
mm (be x h¢), spacing and size of SSK of 200mm and 3 x 40 x 40 mm (# x bs x hs). Specimens S2 and
S3 are identical to S1 but the concrete slab was made from NSC having concrete class C40 and C50,
respectively. Specimens S1~S8 utilized welded SSKs with different size and spacing, while specimen
S9 employs bolt shear keys with a diameter of 10 mm and a spacing of 200 mm. In specimen S10,
the composite interface is wet-bonded using epoxy resin (E-44) [30]. The web of each specimen is
stiffened vertically by welding 8 mm thick steel plates with a 10 mm fillet weld throughout the stiffner
height.
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Fig. 4 Geometric details of steel-UHPC composite beams (unit: mm)
Tab. 5 Design parameters of steel-UHPC composite beams
Types of Types of shear be X he tssk X Dssk X Missk Spacing of shear keys
No.
concrete keys (mm) (mm) (mm)
S1 UHPC SSK 200 x 60 3 x40 x 40 200
S2 C40 SSK 200 x 60 3 x40 x 40 200
S3 Cs0 SSK 200 x 60 3 x40 x 40 200
S4 UHPC SSK 200 x 60 4 x50 x 50 200
S5 UHPC SSK 200 x 60 3 x40 x 40 100
S6 UHPC SSK 200 x 60 3 x40 x 40 300
S7 UHPC SSK 300 x 60 3 x40 x 40 200
S8 UHPC SSK 200 x 75 3 x40 x 40 200
S9 UHPC Bolts 200 x 60 / 200
S10 UHPC Epoxy resin 200 x 60 / /

3.2 Specimen fabrication

Figure 5 shows the fabrication procedures of steel-UHPC composite beams. First, steel beams
were cold welded with vertical stiffeners, angle steel, and bolt shear keys. Second, the upper flange
of the section steel was polished, then wiped by alcohol, and strain gauges were attached. For
specimens S1 ~ S9, concrete was poured following the completion of the formwork, whereas, epoxy
resin glue was applied to the upper flange of specimen S10, and concrete was poured before the glue

layer fully cured. The wet concrete was leveled after it has been poured. Finally, the formwork was

removed after 15 days of natural curing.



(c) Installing wood
templates
Fig. 5 Prefabrication procedure of composite beams

(a) Welding SSK (b) Pasting strain gauges

(d) Pouring concrete

3.3 Test setup and measurements

Figure 6 illustrates the loading arrangement of four-point bending test for all composite beams.
A hydraulic jack with a capacity of 1000 kN was adopted to apply the vertical load that was equally
distributed to the rollers 200 mm away from the middle span of the composite beam, using a load
distribution beam. To ensure that the loading device and measuring equipment being worked properly,
the test specimen was preload first. A load control method with a loading level of 20 kN was initially
adopted until the specimen cracked, subsequently increased to 40 kN. The loading process was
terminated once the specimen was damaged (fracture of bottom steel or crushing of upper concrete)

and the load dropped below 85% of the ultimate load.

Load sensor

Fig. 6 Test setup

The layout of all measurements is shown in Fig. 7. In this study, seven displacement transducers
were used to measure the deformation of the bottom of the composite beam along its length and the
settlement at the two supports. For the measurement of the relative slip between the concrete slab and
the steel beam, as well as the end slip of the concrete slab, a total of 10 dial gauges were used. During
the test, the data acquisition system "TDS 530" was used to record all measured data, including load,

displacements, and strains.
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Fig. 7 Layout of the measurements (unit: mm)

4 Experimental results

In this section, the failure modes, load-deflection, load-strain, and load-slip responses are
presented and comprehensively analyzed. Besides, the effects of design parameters such as strength
of concrete slab, spacing of SSK, height and width of concrete slab, and types of shear keys on

flexural performance of composite beams are discussed.
4.1 Experimental phenomenon

Figure 8 illustrates the crack patterns of all specimens. For specimens S1 and S9, the concrete
slab cracked first at the bottom of the pure bending section. As soon as the steel section had reached
the yield point, more cracks gradually propagated in the bending and shearing regions, and the number
of cracks significantly increased, resulting in a gradual reduction of the beam load resistance.
Following the concrete slab being crushed, the section steel yielded, and the load began to fall after
reaching the ultimate load, causing a typical flexural failure. The presence of vertical stiffeners in
composite beams prevented buckling of the steel beam web during the bending test. Despite the
crushing of concrete, composite beams exhibited good ductility. It is noteworthy that the welded shear
keys of all specimens did not fail during the bending test, indicating that the composite interfaces of
S1~S9 all have good shear performance and good composite action. Since the bridging connection
[31] was provided by the steel fibers in UHPC matrix, the cracking of UHPC-steel composite beams
S1 and S9 is effectively restrained. Because of the strain hardening behavior [31] of UHPC mixed
with steel fibers, the fibers slowly being pull out from the UHPC matrix before the composite beam

fails.

For specimen S10, the debonding failure along the interface between the concrete slab and steel
beam occurred before cracking of concrete. The concrete slab and steel beams are no longer acting
together as one composite element, and the internal forces are redistributed within the beam cross-
section. As a result, the concrete slab and the steel beam overlap each other, with both having

compression and tension zones, while the composite beam was still able to undergo a significant
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amount of deformation. It is evident that the relative slip between the concrete slab and the steel beam
becomes more apparent as the load increases. Vertical flexural cracks developed at the point of
loading until they penetrated the concrete slab, that was sheared at this point, causing the load to drop

suddenly, and the composite beam finally collapsed.

Concrete crushing :

Concrete cracki




(G) S10
Fig. 8 Crack patterns for composite beams

4.2 Load-deflection response
4.2.1 Load-deflection curve

The load-mid-span deflection curves of all specimens are shown in Fig. 9, and the test results
are listed in Table 6, where, P and d.: are cracking load and corresponding deflection; Py and dy are
yield load and corresponding deflection; Py and dy are the ultimate load and corresponding deflection;
SR and SL are the maximum slip at the left and right ends of the concrete slab. Here, the yield point of
the curve is determined according to the "farthest point method" proposed by Feng et al. [32]. As the
specimens was tested under load control, the load of the composite beam dropped rapidly, upon
crushing of concrete. Thus, the load and deflection corresponding to the peak point are directly

defined as the ultimate load and deflection, respectively.
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Fig. 9 Load-deflection curves

Tab. 6 Comparison of characteristic load and deflection, slip and failure pattern

No. Pe (kN) (Ifl;; ) PyN) 0y (mm) Pu(kN) - d (mm) (HSHLH) (rfl‘r‘n) Failure mode
SI 2029 2.9 2572 49 3410 195 2.6 2.7 Bending
2 922 15 2020 39 2648 8.7 1.3 1.2 Bending
S3 1295 1.9 2094 40 2875 120 1.7 1.7 Bending
S4  212.0 2.4 284.1 50 3722 187 2.7 2.6 Bending
S5 221.9 2.6 2622 48 353.0  17.8 2.3 2.4 Bending
S6  210.6 3.6 2470 5.1 3025 24.7 3.1 3.1 Bending
S7  214.0 3.0 269.3 50 3830 286 3.7 3.6 Bending
S8 2185 2.9 3074 50 4152 244 2.6 2.6 Bending
S9 1982 4.1 252.5 6.3 333.0 313 4.1 4.1 Bending
S10  175.9 5.2 1956 62 2469 445 4.8 4.9 Debonding, shear

Based on Figure 9 and Table 6, it can be seen that the bending load-deflection characteristics of
steel-UHPC composite beams can be divided into 3 stages as observed in other investigations [13-14]

and described below.
1) Elastic phase (0-A)

This phase spans from the initial loading to the cracking of the bottom flange of the concrete
slab.. The relative slip between concrete and steel beams is relatively small, and the load-deflection

curve is linear. At this stage, the composite beam exhibits a good composite action.
2) Nonlinear development phase (A-B)

As the load increased, the yield point of the bottom flange of the steel beam was gradually
reached. Because of the nonlinear behavior of concrete in compression, the load-deflection curve
exhibits a nonlinear characteristic, resulting in degradation of flexural stiffness. Vertical cracks
continuously developed at the bottom of the mid-span concrete in specimens S1-S9, and expanded

upward.
3) Hardening phase (B-C/D)

As the composite beam reached its yield point, the plastic strain at the bottom of the steel beam

continued to increase, causing the steel to exhibit hardening behavior. With the load slowly increasing,
13



the deflections and interface slips significantly increased, resulting in a further degradation of flexural

stiffness.

Generally, two types of load-deflection trend beyond point B were observed. Type I (B-D)
behavior was exhibited by test specimen S10, where the adhesive layer failed prematurely, leading to
delamination. As a result, the concrete slab and steel beam resisted the load independently, and the
load-deflection curve showed obvious yielding. The concrete slab at the loading point experienced
vertical cracks which extended throughout its depth, resulting in a decrease in beam stiffness and an
increase in deflection. However, there was hardly any increase in the load (B-D). When the vertical
cracks gradually penetrate throughout the concrete slab depth, the composite beam reached its

ultimate load, and the load-deflection curve is of Type L.

On the other hand, Type II (B-C) was exhibited by specimens S1~S9 due to the effective
composite action between concrete slab and steel beams as a result of the use of shear keys (SSK or
bolts). Although the composite beam experienced reduction in stiffness, the load increases nonlinearly
with the increase of deflection. The composite beam reached the ultimate load owing to the crushing
of the upper concrete, and the load-deflection curve is of type II. According to the Chinese code [33],
the deflection of the normal service state is defined as the mid-span deflection limit (Jiimit = 6 mm),
which equals 1/300 of the total span. The ultimate deflection of all specimens exceeded the deflection
limit, which indicates that the designed steel-UHPC composite beam with SSK is capable to meet the

limit state requirements for normal service.
4.2.2 Deflection distribution along the span of specimens

Figure 10 shows the deflection distribution along the longitudinal direction of specimens. The
deflection distribution of specimens S1-S9 appears to follow a half-cosine wave. Generally, for lower
loads (P < 0.8 Pu), the composite beams, overall, exhibited small deflection. However, when P = Py,
the composite beam deflections significantly increased, due to yielding of steel section. Even for
specimens S2 and S3 having concrete strengths of C40 and C50, respectively with small ultimate
deflections, the deflections are characterized by global rather than local deformations. This also
confirms that specimens S1~S9 fail due to flexure. When P < 0.8 Py, specimen S10 exhibited a
symmetrical deflection. Nevertheless, when P = Py, the concrete suffered shear interface failure as a
result of the premature delamination along combined interface. The deflection in the damaged area
(i.e. the loaded area where the through-crack occurs) is significantly greater than that on the other

side.
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Fig. 10 Deflection distribution along the span of specimens

4.3 Load-strain response
4.3.1 Load-strain curves for major points at mid-span

Figure 11 shows the load-strain curves of the main measuring points at the mid-span cross-

section, where, & is the peak compression strain of concrete (upper flange of concrete slab), and ¢y
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is the yield strain of steel beam (bottom flange of steel beam). When the specimens were in the elastic
stage, the strain is linearly distributed, illustrating a good connection between concrete slabs and steel
beam. During the nonlinear stage, the concrete and steel beam suffered greater strains, resulting in a
gradual yielding of the lower flange and web of the section steel. When subjected to the same load
during the hardening stage, the concrete experiences significantly less compressive strain than the

steel.

It can be seen from Fig. 11a, 11d to 11j that the strains of G3 and G4 (strains in concrete) and
G5 (strain in steel) are negative during the elastic stage. During the nonlinear development stage, it
gradually changes from negative to positive, whereas during the hardening stage, it keeps positive.
With the increase of load, the neutral axis moves from the steel web into the concrete slab. On the
other hand, the strains of G1, G2, G3 (strains in concrete) and G5 (strain in steel) of specimens S2
and S3 remain positive, while the values of G6, G7, and G8 (strain in steel) also remain positive,
suggesting that the neutral axis of specimens S2 and S3 consistently remained positioned at the steel
web during the entire bending process. Thus, compared to NSC, UHPC can significantly improve
bending stiffness of composite beams, utilize the tensile performance of section steel, and enhance

material utilization efficiency.

As shown by specimen S10, the strain gauges G1, G2 (strain in concrete) and G5, G6 (strain in
steel) stayed negative during the bending process. G1, which represents strain in concrete, is far from
reaching its peak strain, while G3, G4 (strains in concrete) and G7, G8 (strains in steel) remain
positive. Due to the destruction of the adhesive layer between the steel and concrete, the interface
delamination occurs prematurely, and the concrete and steel work independently. Thus, welding shear
keys (bolts and angle steel) are more effective than epoxy resin in enhancing the interface connection

and improving the flexural performance of composite beams.
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Fig. 11 Load-strain curves for major points at mid-span region

4.3.2 Strain distribution along the height of cross section at mid-span

0 T T T
-0.005 0.000 0.005 0.010 0.015 0.020

Figure 12 shows the strain distribution along the height at the mid-span section of composite
beams. As can be seen from the figures, the strain distribution along the cross-section height of
specimens S1~S9 is almost linear when P < 0.8P,. The strain in concrete slab at the combined
interface is approximately equal to the strain in the upper flange of section steel, and the strain
distribution at mid-span section conforms to the plane section assumption. Due to the redistribution
of stresses caused by the interfacial slip, the cross-section concrete strain along the height direction
shows nonlinear distribution when P = P,, illustrating that the mid-span section is no longer conforms
to plane section assumption, but the curvature of the concrete slab and section steel is almost the same.
The welded shear keys prevent the development of longitudinal bonding cracks parallel to steel
flanges. It is evident that the UHPC is well connected and works well with the steel beam, confirming

the efficiency of steel-UHPC composite beam with SSK. For specimen S10, as delamination between
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concrete slab and steel beam took place at early stages of loading, the compressive

concrete slab at the mid-span is relatively small.
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Fig. 12 Strain distribution along the height direction of cross section at mid-span

4.3.3 Strain distribution at the top

of concrete slab

Figure 13 illustrates the longitudinal strain distribution at the top of concrete slab. As can be seen

in the figure, when P < 0.8P,, the longitudinal strain of the concrete slab is evenly distributed. When
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P = P, the strain distribution exhibited a characteristic of "small at both ends and large in the middle".
Concrete in the center region bears greater compressive stresses than those in the edge region,
indicating the shear hysteresis effect [34]. Since the compressive stress acting on the concrete slab in
the middle of the section is transmitted to the steel beam below, and the edge of the concrete plate is
primarily used as a cantilever to distribute the external force. It is evident that specimen S7 exhibited
a greater degree of shear hysteresis effect than other specimens. With the increase of the width of

concrete slab, the shear hysteresis effect of the T-shaped composite beam becomes more evident.

0.000 0.000 0.000
O---0----6--=-©0----0 O---0----0--=-0----0 8- --8--<--8---8----8
At ittt Ve A by
S0.001 4 ey -0.001 -0.001
—_ —_ Kahiai R ARETTNOD SRR i K4 _
E 0.002 £ 0.002 E 00024 7o R
=)
g LSRR R S S Hepmrenans > E é
«”-0.003 «*-0.003 «*-0.003
-0.004 -0.004 -0.004
—o— 0.2P, -o| 0.4P, 0.6P, —o= [0.2P, - 0.4P, 0.6P, —o-10.2P, -0 04P, 0.6P,
-v- 08P, -» 1.0P, -v- 08P, - 1.0P, -v- 0.8P, > 1.0P,
-0.005 T -0.005 T -0.005 T
-120 -60 0 60 120 -120 -60 0 60 120 -120 -60 0 60 120
Position in concrete width direction (mm) Position in concrete width direction (mm) Position in concrete width direction (mm)
(a) S1 (b) S2 (©) S3
0.000 0.000 0.000
O -=-=Q~=-==-b-~--0Q+-=--0 O --=-0=-==-p—-==-0+—-=--0 T T 9=~ --0~---907-""
-0.001 o e -0.001 0001 4TI e e .
v TN W v Voes N R SRR
—_ —_ —_ Cahil Dl R i
£ 0002 £ 0002 g 0002 e
g g E
g KGR » 7 - E Hmemeene - B Rt » g
«”-0.003 e < -0.003 «*-0.003
-0.004 -0.004 -0.004
—o— 0.2P, -o 04P, 0.6P, —o— 0.2P, -o 04P, 0.6P, —o- 0.2P, o 04P, 0.6P,
-v- 08P, -~ 1.0P, -v- 08P, -~ 1.0P, -v- 0.8P, - 1.0P,
-0.005 T -0.005 T -0.005 + |
-120 -60 0 60 120 -120 -60 0 60 120 -120 -60 0 60 120
Position in concrete width direction (mm) Position in concrete width direction (mm) Position in concrete width direction (mm)
(d) S4 (e) S5 () S6
0.000 0.000
5 —0———8 ——— o0
S ----__g_---6----0 - p— Se—- p—- p——1
-0.001 - - -0.001
B 2N / -V LVREE s ALV POV e v
—_~ SN —_ ~ap
é -0.002 § -0.002
g g
E o, £
«*-0.003 < -0.003
Hmemnmen % P R >
Ry p
-0.004 -0.004
—o— 0.2P, - 04P, 0.6P, —o- 0.2P, - 0.4P, 0.6P,
-v- 08P, - 1.0P, -v- 08P, -» 1.0P
-0.005 -0.005 * —
-150 75 0 75 150 -120 -60 0 60 120
Position in concrete width direction (mm) Position in concrete width direction (mm)
(g) S7 (h) S8

19



- - -8 --—-§---8----8

0.001 1
E
g 00021, - 5 S
)
«-0.003

0.004

—o- 0.2P, -o 04P, 0.6P,
0.8P, -»- 1.0P,
-0.005 .
-120 -60 0 60 120

Position in concrete width direction (mm)

(i) S9

0.000
-0.001
E 0002
g
)
& -0.003
-0.004
—o= 02P, -0 0.4P, - 0.6P,
0.8P, > 1.0P,
-0.005 .
2120 -60 0 60 120

Position in concrete width direction (mm)

(i) S10

Fig. 13 Longitudinal strain distribution at the top of concrete slab

4.4 Load-slip response

4.4.1 Load-end slip

curve

Figure 14 illustrates the load-end slip curves for all specimens. It can be seen from Figs. 9 and

14 that the load-end slip curves follow a similar pattern as the load-deflection curves in all three stages.

During the elastic stage, the end slip is extremely small and increases linearly. During the nonlinear

development stage, the end slip increases nonlinearly, and the increasing rate gradually increases.

During the hardening stage, the end slip increases rapidly.
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Fig. 14 Load-end slip curves

During the elastic stage, concrete strength has little effect on the end slip, and the composite

interfaces of specimens S1, S2, and S3 have almost the same shear stiffness. During the nonlinear
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development stage, the end slip of the composite beam increases with the increase of concrete strength,
and the composite beam with UHPC slab exhibits a greater end slip than the composite beam with

NSC slab.

The end slip of the composite beam having SSK with spacing of 100 mm is the smallest, and the
shear stiffness is the highest; the end slip of the composite beam having SSK with spacing of 300 mm
is the largest, and the shear stiffness is the lowest; and those of composite beam having SSK with
spacing of 200 mm are in-between. It is evident that with the reduction of SSK spacing, the shear
performance of the combined interface gradually improves, consequently enhancing the collaborative
deformation capacity of composite beams and the overall bearing capacity, consistent with the test

results of Zhang et al. [35].

The end slip of specimen with concrete slab of 75 x 200 mm (height x width) is greater than that
of specimen with concrete slab of 60 x 200 mm, but smaller than that of specimen with concrete slab
of 60 x 300 mm. However, the specimen with concrete slab of 75 x 200 mm shows the greatest shear
stiffness, the specimen with concrete slab of 60 x 200 mm shows the lowest shear stiffness, the
specimen with concrete slab of 60 x 300 mm is in-between. Accordingly, increasing the area of
concrete slab can effectively improve the shear stiffness of composite interface and bearing capacity

of composite beam.

The epoxy-treated specimen exhibits the greatest end slip and the lowest interfacial shear
stiffness. The specimen with welded SSK has smaller end slip and greater interfacial shear stiffness
than the specimen with welded bolts. It indicates that the welded SSKs provide better interfacial shear
resistance than welded bolts, as well as improving the bending resistance and cooperative deformation
ability of composite beams. The specimen having SSKs with size of 4 x 50 X 50 mm has a smaller
end slip and a greater interfacial shear stiffness than specimen having SSKs with size of 3 x 40 x 40
mm. With the increase of the size of SSK, the contact surface between the SSKs and concrete or upper

flange of steel becomes larger, and the connection performance improves.
4.4.2 Horizontal interfacial slip distributions along the beam length

Figure 15 shows the horizontal interfacial slip distributions along the beam length for all
specimens. From Figs. 10 and 15, it can be seen that the deflection and relative slip of specimens
S1~S9 are extremely small before 0.6P,, gradually increased from 0.6Py to 0.8Py, and significantly
increased from 0.8Py to 1.0P.. Clearly, composite beams exhibit a good overall performance during
the elastic stage. In addition, the relative slip gradually increases from the midspan to both ends, with
an almost sinusoidal distribution curve along the beam length [36]. The maximum relative slip of the
specimens with welded SSK is less than 4 mm, whereas the maximum relative slip of the specimens
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with welded bolts is greater than 4 mm. The results demonstrate that welded SSK improves interface
shear performance and composite action of beams more effectively than welded bolts. Since specimen
S10 displays premature interface delamination, the midspan bending effect of concrete is minimal.
The relative slip of specimen S10 is mainly distributed in the shear span section, while relative slip

in the bending-shear section is very small.
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Fig. 15 Horizontal interfacial slip distributions along the beam length
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4.5 Discussion of designed parameters

The effect of design parameters, such as strength of concrete, spacing of SSK, size of concrete
slab and types of shear keys, on flexural performance of steel-UHPC composite beams are analyzed
in this section. The cracking, yield and ultimate loads (Per, Py and Py) and corresponding deflections
(Jer, 0y and 0u), cracking, yield and ultimate stiffnesses (Ker, Ky and Ky, as presented in Eq. 1), ultimate

energy dissipation (Ey) and ductility («, as shown in Eq. 2) are compared.

P
Kcr :5_0r (1'1)
P,-P,
K, = (1-2)
5}’ _5()1’
PP
K, = (1-3)
5, -0,
é‘u
ﬂ=5— 2)

4.5.1 Effect of concrete strength

Figure 16 illustrates the effect of concrete strength on flexural performance of composite beams.
With the increase of concrete strength, the cracking, yield and ultimate loads, as well as the
corresponding deflection of the composite beam, significantly increase. The ultimate load and
deflection of UHPC composite beams are 28.8% and 124.1%, respectively, higher than those of
specimen with C40, and 19.8% and 62.5%, respectively, higher than those of specimen with C50.
With the increase of concrete strength, the compression zone of specimen with high strength concrete
withstands greater pressure when compared with that of specimen with low strength concrete. At
failure state, the tensile strain in the bottom flange of specimen with UHPC is greater than that of the

specimen with NSC, leading to greater ultimate section curvature and deformation [37].

During the elastic stage, specimen with C40 has the lowest cracking stiffness K, specimen with
UHPC has the highest, and specimen with C50 is in-between. The "bridging effect" between the fibers
and matrix causes UHPC to have a stronger tensile strength than NSC, delaying UHPC concrete slab
cracking [38] and enhancing the cracking load of composite beams. During the nonlinear
development stage and hardening stage, the yield stiffness Ky and ultimate stiffness Ku of specimen
with C40 are the smallest, those of specimen with UHPC are the largest, and those of specimen with

C50 are in-between. Because the yield and ultimate deflection of specimen with NSC are less than
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those of specimen with UHPC, the composite beams with lower concrete strength crushed earlier.

Consequently, the degradation of flexural stiffness is not obvious, and composite beam still has

significant reserve of flexural strength.
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Fig. 16 Effects of concrete strength on flexural performance

4.5.2 Effect of SSK spacing

Figure 17 illustrates the effect of SSK spacing on flexural performance of composite beams.
With the increase of SSK spacing, the characteristic loads (Pcr, Py and Py) of the composite beam
gradually decrease, while the characteristic deflections (dcr, dy and du) increase, indicating that the
smaller the SSK spacing, the better the interface bond between concrete and steel, and bearing
capacity improves accordingly. As the spacing between SSK decreases, the flexural stiffness (Kcr, Ky
and Ku) also increases, while the corresponding deflection decreases. The ductility of specimen with
SSK spacing of 300 mm is 25.6% and 32.4%, respectively, higher than that of the specimen with SSK
spacing of 200 and 100 mm, and the ultimate energy dissipation increases by 15.6% and 22.9%,
respectively, indicating that the specimen with SSK spacing of 300 mm have the most superior

ductility and energy dissipation capabilities.
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Fig. 17 Effects of SSK spacing on flexural performance

4.5.3 Size effect of concrete slab

Figure 18 illustrates the size effect of concrete slab on flexural performance of composite beams.
With the increase of height or width of concrete slab, the characteristic loads (Pcr, Py and Py) and
corresponding deflections (Jder, dy and du), as well as ductility and ultimate energy dissipation of
composite beams increase. With the increase of height or width of concrete slab, the moment of
resistance resulted from concrete compression and steel beam tension increases (the value and arm
of force increase simultaneously) and therefore, the moment capacity increases. The tensile strain at
the bottom flange of specimen with large concrete slab is greater than that of specimen with small

concrete slab, leading to a greater ultimate curvature and deformation.

The ultimate load and deflection of specimen having concrete slab with size of 60 x 300 mm
(height x width) are greater than those of specimen having concrete slab with size of 60 x 200 mm,
respectively, while the ultimate load and deflection of specimen having concrete slab with size of 75
x 200 mm are greater than those of specimen having concrete slab with size of 60 x 200 mm by 21.7%
and 25.1%. Accordingly, the height of concrete slab has a greater effect on bending capacity and
flexural stiffness (Kcr, Ky and Ky) of composite beams, whereas the width of concrete slab has a greater
effect on ultimate deflection, ductility and energy dissipation. Therefore, specific design of concrete

slab cross-section can be used in engineering applications to achieve different structural performance.
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Fig. 18 Effects of concrete slab size on flexural performance

4.5.4 Effect of SSK types

Figure 19 illustrates the effect of SSK type on flexural performance of composite beam. As
observed that the specimen with large size of SKK has higher characteristic loads (Per, Py and Pu),
flexural stiffness (Ko, Ky and Ku), and ultimate energy dissipation, but smaller characteristic
deflections (Jer, dy and du) and ductility than the specimen with small size of SSK. It is evident that
the large-size SSK has stronger interface connection, significantly promoting the interfacial shear

resistance of composite beam and overall composite action.

When examining the specimens with small size of SSK, welded bolts and epoxy resin, it
becomes apparent that the composite beam with SSK has the largest characteristic loads (Per, Py and
P,) and flexural stiffness (Kcr, Ky and Ky). On the other hand, the epoxy-treated specimen have the
smallest characteristic loads and flexural stiffness, while that with welded bolts fall somewhere in
between. However, the characteristic deflections (Jer, dy and du) and ductility display an opposite trend.
Thus, specimen with welded SSK exhibits superior interfacial shear performance and is the most
effective in improving flexural capacity and stiffness of steel-UHPC composite beams when

compared to counterparts with other types of shear connectors.
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Fig. 19 Effects of shear keys' types on flexural performance

5 Flexural capacity prediction of steel-UHPC composite beams
5.1 Failure mode and boundary failure

The failure modes of all specimens can be classified into four types (A, B, C, and D). Below are
further descriptions of these modes of failure, where, &, &s and 7 are the compressive strain of UHPC,
tensile strain of steel beam and horizontal shear stress, respectively; &cu, &y and & are the ultimate
compressive strain of UHPC, yield and ultimate tensile strain of steel beam, respectively; 7, are the

ultimate horizontal shear stress.

1) Failure mode A: & = &cu, & < &sy. The compression UHPC reaches its ultimate compressive
strain, but the maximum tensile strain of section steel has not yielded. This failure mode is similar to
the failure mode of over-reinforced RC beams, and is not recommended in practice due to its

brittleness.

2) Failure mode B: &c = &cu, &sy < & < &su. The compression UHPC reaches its ultimate compressive
strain after the yielding of section steel; however, the maximum tensile strain of section steel is less
than its ultimate strain. This failure mode is similar to the failure mode of under-reinforced RC beams,
and is recommended in practical purposes due to its ductility and efficient utilization of materials

strengths.

3) Failure mode C: & < &cu, & = &su. The maximum tensile strain of section steel reaches its

ultimate strain while the compressive UHPC does not attain the ultimate compressive strain. Namely,
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the section steel fractures before the crushing of UHPC. This failure mode is brittle, hence not

recommended in engineering structures.

4) Failure mode D: & < &cu, 7= 7u. The horizontal shear stress of the composite interface reaches
the ultimate shear stress, while the compressive UHPC does not attain the ultimate compressive strain.
Specifically, the composite interface fails completely before UHPC crushing, resulting in concrete
slab and steel section no longer functioning together as a composite section, leading to significant

slip in the composite beam.

Based on the analysis of the three flexural failure modes (A, B, and C), it can be found that there
are two boundary failures, as shown in Fig. 20, where, x¢1 and x> are the height of compression zone

at boundary failure states 1 and 2, respectively.

1) Boundary failure 1: & = €cu, & = &sy; that is crushing of UHPC and yielding of section steel

occur simultaneously. Here, the height of compression zone xc1=¢cu/(&cutésy)h.

2) Boundary failure 2: & = gcu, & = &su. The compression UHPC and maximum tensile strain in
section steel reach their respective ultimate strain at the same time. That is the crushing of UHPC and

fracture of section steel occur simultaneously. Here, the height of compression zone xco=gcv/(&cutesu) .

So, if the height of compression zone x. > xc1, failure mode A occurs; if xe2 < x¢ < xc1, failure

mode B occurs; if x¢c < xc2, failure mode C occurs.
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Fig. 20 Strain distribution of cross-section under two types of boundary failure

5.2 Calculation formula for flexural capacity

Based on the analysis of the failure modes and basic assumptions, the bearing capacity of
composite beams is proposed. Here, the following assumptions have been considered. 1) No slip
occurs between the steel beam and UHPC slab. 2) The strain in the cross-section consistent with the
plane-section assumption. 3) The specimens considered to be failed when either the extreme tensile
steel or compressive UHPC reaches their respective ultimate strain. As S10 exhibited signs of loss of

bond between the steel beam and concrete flange and failed prematurely, it has not been taken into
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account in this theoretical analysis.
5.2.1 Material constitutive models

Figure 21 shows the compressive stress-strain curves of NSC and UHPC. The compressive and
tensile stress-strain curves of NSC are referred to the Chinese code GB 50010-2010) [26], which is
not described here. The tensile strength f., compressive strength f;, and elastic modulus E. of NSC
and UHPC are calculated obtained from the test results presented in Table 3. According to Zheng et

al. [27], the compressive stress-strain constitutive relationship of UHPC can be expressed as follows:

1.55x—1.2x" +0.65x
x/[6(x—1)" +x]

,0<x <1

€)

,x2>1

where x = ec/eco, ¥y = oclfe, oc and & are the stress and the corresponding strain of concrete under

compression.

Figure 22 shows the simplified tensile stress-strain curves of Q235 steel beam that is given below:
Esgs
O =
S fy

where o5 and ¢ are the tensile stress and the corresponding strain of steel beam, respectively; fy

0<eg <¢

(4)

JE > E,

and ¢y are the yield stress and corresponding strain, respectively.
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Fig. 21 Compressive stress-strain curves of concrete Fig. 22 Tensile stress-strain curve of steel beam

The calculation of section forces for equilibrium consideration depends on the location of the neutral
axis, namely inside or outside the UHPC slab. Therefore, there are two cases to be analysed as

explained below.
5.2.2 Section type I (xc < A¢)
This case occurs when the height of compression zone x. is smaller than that of UHPC slab, 4.,
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that is the neutral axis is in the UHPC slab. The cross-section strain and simplified stress distributions

are shown in Fig. 23.
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Fig. 23 Cross section strain and simplified stress distributions of type I

Equation (5) can be obtained according to the force equilibrium of cross-section, where 4 is the
area of I-steel; x is the height of the equivalent compressive UHPC zone, x = fcxc; ac and f. are
coefficients related to the mechanical properties of UHPC, which may be taken as 0.885 and 0.75
[39-40], respectively. And it is assumed that the lower flange and web of section steel are all yielded,

and the tension of upper flange is neglected.

o f.bx = f,4, (5)
Solving for x, Eq. (6) can be obtained.
A
xX= SiA (6)
aCbC-f;

As the height of compression zone should be smaller than the height of UHPC slab (x. < &) and
X = fexc, S0, the obtained x should be less than fche, that is x < fche. Taking the resultant point of
UHPC compression zone as inertia axis, the moment capacity M, can be obtained as below.

h_x

M, =fAh-
« = 1A 2 2

) (7

5.2.3 Section type II (xc > A¢)

When the height of the compression zone x. exceeds the height of UHPC slab /., leading to the
neutral axis being located in the section steel, the specimen experiences section type II failure mode.

The cross-section strain and simplified stress distributions are shown in Fig. 24.
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Fig. 24 Cross section strain and simplified stress distributions of type II

Equation (8) can be obtained by utilizing the force equilibrium of cross-section, where the upper
flange under compression and bottom flange under tension, web of section steel under compression

and tension are all assumed to be yielded.
ab. fh+f,[bt, +1,(x—h —t)]= f,[bt, +1,(h—x—1,)] (8)

Solving for x, Eq. (9) can be obtained.
1 ab f.h
x——[h%—hc—Lf”} 9)

Taking the resultant point of steel beam tensile zone as inertia axis, the moment capacity M, can

be obtained as below.

h—x h—x h—h, —t,

M, = a fbh =" =2k fa =" h =5y f v 1) ) a0

5.3 Comparisons between experimental and theoretical capacities of composite beams

Figure 25 shows the comparison between the experimental and predicted values of ultimate load,
and Table 7 summarizes the tested and calculated results, where Pyexp and Pucal are the tested and
calculated ultimate loads, respectively. All specimens except S10 occur section type I failure mode,
which are consistent with the experimental results. The experimental failure load of S10 is expected
to be far much less than the prediction from Eq. (7) or (9), as the interface bond between concrete
slab flange and steel beam prematurely failed. The predicted failure loads of S1, S4, S5, S6 and S9
are the same as they had the same beam section and materials. Since the average and coefficient of
variation, CoV, of Py exp/Pucaare 1.06 and 0.12, respectively, confirming the validity of the proposed

formula to be used in the prediction of composite beams similar to those presented in this paper.
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Fig. 25 Comparison between the tested and the calculated ultimate loads

Tab. 7 Summary of experimental and predicted values

No. Pyexp (KN) Pycal (KN) Section type Puexp ! Pugal
S1 341.0 311.7 I 1.09
S2 264.8 318.8 I 0.83
S3 287.5 333.9 I 0.86
S4 352.2 311.7 I 1.13
S5 353.0 311.7 I 1.13
S6 320.5 311.7 I 1.03
S7 383.0 327.3 I 1.17
S8 415.2 3453 I 1.20
S9 333.0 311.7 I 1.07
Avgerage 1.06
CoV 0.12

6 Conclusions

In this paper, a novel steel-UHPC composite beam with welded SSK is proposed and tested in

four-point bending. Based on the research results, the following conclusions may be drawn.

1) All steel-UHPC composite beams with welded SSKs or welded bolts exhibited flexural failure,
signified by slab concrete crushing and yielding of steel beam. However, composite beam treated

with epoxy resin has failed due to the premature delamination of concrete slab and steel beam.

2) The strain distribution along the mid-span cross-section height of steel-UHPC composite
beams with welded SSKs or welded bolts conforms to the plane section assumption before failure.
However, close to the ultimate load, the strain distribution deviates from the plane section assumption
because of the significant relative slip. For the composite beam treated with epoxy resin, the concrete
slab and steel beam worked independently due to the premature delamination and therefore,
compressive strain of mid-span concrete is extremely small, and the strain distribution along the full
section never followed the plane section assumption. With the increase of width of concrete slab, the

shear hysteresis effect of the T-shaped composite beam becomes more evident.

3) The end slip of composite beams increased with the increase of concrete strength, and the
UHPC composite beam exhibited a greater amount of end slip than the composite beam with NSC.

The ultimate load and deflection of composite beams with UHPC slab were 28.8% and 124.1%,
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respectively, higher than those of specimen with C40 concrete slab, and 19.8% and 62.5%,
respectively, higher than those of specimen with C50 concrete slab. With the increase of concrete

strength, composite beams have an enhanced ductility and ability to dissipate energy.

4) Increasing the size of concrete slab can effectively improve the shear stiffness of composite
interface. The height of concrete slab has a greater effect on bending capacity and flexural stiffness
of composite beam, whereas the width of concrete slab has a greater effect on ultimate deflection,
ductility and energy dissipation of composite beam. Therefore, specific design of cross-section can

be used in engineering applications to achieve different structural properties.

5) With the decrease of SSK spacing, the shear performance of combined interface gradually
improved. The cracking, yield, and ultimate load of composite beams gradually decreased with the
increase of SSK spacing, while their corresponding displacement increased. The composite beam

with SSK spacing of 300 mm exhibited the largest ductility and energy dissipation.

6) The effect of welding SSK is significantly greater than that of welding bolts when it comes to
improving the interfacial shear performance and interoperability of composite beams, and the larger
the size of SSK, the larger the effect. The welded SSK is most effective in improving the flexural
capacity and stiffness of composite beams when compared to specimens with other types of shear
keys. The large-size SSK has stronger capacity to promote the interfacial shear performance and

overall working performance of composite beam.

7) Formulas for bearing capacity of steel-UHPC composite beams are developed based on
simplified materials constitutive model and reasonable basic assumptions. The predicted results are
in good agreement with the tested results, serving as a reference for the design and construction of

steel-UHPC composite beams.

Compared to traditional steel-concrete composite beams, the steel-UHPC composite beams with
welded SSK proposed in this study have superior structural performance (e.g. flexural capacity,
interfacial shear performance, ductility and energy dissipation), thus tackling the challenge of large

self-weight and high structure costs.
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