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1. Introduction

With the development of industrial technology, new civil 

engineering structures are emerging (Wei et al., 2019; Xu et al., 

2019). As a new way of structural composition, composite 

structure is becoming more and more popular (Zeng et al., 2020). 

Steel-concrete composite bridge is a new type of bridge structure 

that maximizes the material advantages of steel and concrete 

through reasonable mechanical distribution principle (Chen et 

al., 2013). Compared with steel bridges, the height and the 

deflection of steel-concrete composite bridge are also reduced. 

At the same time, the advantages of cost, large span and fast 

construction make steel-concrete composite bridges world used 

widely (Nie et al., 2012). In order to maximize the performance 

of the two materials, it is critical to ensure a reliable connection 

between the steel and concrete interface (Tian et al., 2019). As 

one of the effective and convenient construction methods, the 

stud connector has received a lot of researches and applications 

at this stage. However, the stud connectors have lower bearing 

capacity and poor fatigue performance, and the anchoring ability 

is insufficient for areas with large stress amplitudes (Shariati, 

2012).

In the 1980s, Prof. Leonhardt of the University of Stuttgart, 

Germany, first proposed the concept of Perfobond strip (PBL) 

connector by welding open-hole steel plates on steel flanges and 

using concrete dowel to resist shear flow (Leonhardt et al., 1987). 

Due to its excellent bearing capacity and fatigue performance, 

PBL shear connectors have low requirements for installation 

equipment, and soon replaced the stud connectors as the main 

conveyor for the steel-concrete bridge connection section and 

anchorage zone. For example, the PBL shear connectors were 

used in the Nanjing third Yangtze river bridge, Nanjing fourth 

Yangtze river bridge, and Nujiang bridge.

In order to study the mechanical behavior of PBL shear 

connector, many scholars have conducted experimental research 

and numerical simulation analysis. Oguejiofor and Hosain 

(1997) firstly studied the factors affecting the bearing capacity 

through 61 test specimens. The conclusion that the optimal 
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spacing between the holes is 2.25 times the diameter of the holes 

was given. Nishiumi et al. (1999) defined the effect of the 

transverse rebar as a lateral constraint, and the yielding of the 

steel bar was effective when the lateral restraint force is maximum. 

Medberry and Shahrooz (2002) took into account the influence 

of the thickness of the perforated steel plate, the width of the 

flange plate and the length of the steel concrete connection 

segment on the bearing capacity of the PBL specimens. Existing 

studies have shown that the PBL shear connector and the stud 

connector work the same way. The external load is converted 

into shear deformation of the shear bond to achieve the purpose 

of transferring load (Zhang et al., 2017b). The biggest difference 

between them is the difference in the force transmission 

mechanism. Except for the effect of the transverse reinforcing 

bar, the concrete dowel also plays a big role in the shear 

resistance of the PBL shear connector (Di et al., 2018). In recent 

years, the PBL shear connector are investigated by different 

researchers. Wang et al. (2017) designed 33 push-out specimens, 

and the test results showed that the shear capacity of these 

connectors increased with an increase in the diameter of the 

transverse reinforcing bar, an increase in the size of the rib holes, 

and an increase in thickness of the perforated rib plate. Di et al. 

(2018) indicated that, under a high level of confinement of a 

concrete dowel, increasing the geometrical size of the hole can 

improve its bearing capacity significantly without weakening its 

ductility. Al-Shuwaili (2018) studied the effect of size effect on 

the static performance of PBL shear bond. The results show that 

the overall size of the test piece has little effect on the ultimate 

bearing capacity of PBL shear bond, and the open hole has the 

highest influence on shear capacity. Zhang et al. (2017a; 2018) 

have done some researches on PBL shear connector group and 

fatigue performance. This provided an efficient way for analyzing

and designing a PBL shear connector group. Li et al. (2018) 

proposed an analytical model based on the physical tests to 

describe the mechanical behavior of multi-hole PBL shear 

connectors with the assumption of a Lorentzian distributed strain 

on the perforated steel plate and surrounding concrete. Zhao et 

al. (2018) concluded that the bearing capacity of the PBL shear 

bond is mainly derived from the adhesion force, the interface 

friction force, the dowel effect and the end support force.

In order to further improve the mechanical properties of PBL 

shear connector, some researchers tried to improve performance 

from the perspective of structure. Su et al. (2014) investigated 

the influence of hole diameter by 7 groups of 21 new structured 

PBL shear connectors, and analyzed the mechanism of shear 

failure. In summary, for such shaped PBL shear connectors, the 

main features can be understood as the spatial change of the shape 

of the perforated steel plate, thereby increasing the mechanical 

occlusal area of the perforated steel plate and concrete, and 

improving the shear capacity. However, this type of structure is 

cumbersome to construct compared to the traditional PBL shear 

connector, the bearing capacity is not improved significantly, and 

the economy is insufficient. Chung et al. (2016) studied the failure

mode of T-shaped PBL shear bond and gave the calculation 

formula of shear capacity. Kim et al. (2018) conducted a large 

number of static tests and hysteresis test analysis on Y-shaped 

PBL shear bonds, and established a new structure of shear 

connector system. 

With the breakthrough of new cement-based materials and the 

improvement of manufacturing process, Ultra High Performance 

Concrete (UHPC) has gradually been applied to the construction 

of bridge engineering. Compared with the mechanical properties 

of the PBL shear connector from the structural point of view, the 

use of UHPC as a casting material can significantly improve its 

bearing capacity and durability, and has little effect on the 

constructability. Currently, Sakata-Mirai Footbridge in Japan 

(Tanaka et al., 2010), Sun-Yu Pedestrian Arch Bridge in Korea 

(Huh and Byun, 2014) all use the UHPC as construction material. 

FHWA has conducted extensive research on UHPC bridges since 

2001, optimized the development of UHPC “waffle” bridge decks, 

and published the design guide for UHPC bridge decks in 2013 

(Aaleti et al., 2013). Li et al. (2015) and Shao et al. (2018) 

studied steel-UHPC composite beams, in which the shearing 

connectors were in the form of studs and steel meshes. Studies 

have shown that the composite cracking stress of composite 

beams using UHPC is significantly improved, and their ultimate 

bearing capacity and fatigue performance are both improved. He 

et al. (2017; 2018) used UHPC as the PBL shear connector’s 

grouting slurry. The test results show that the bond strength of 

the specimen and the concrete “dowel effect” are significantly 

improved.

The bridges currently used by UHPC are usually small-span 

bridges, and the incorporation of coarse aggregates is avoided. 

But with the development of the economy and the improvement 

of social needs, there will be more and more large bridges. For 

the anchorage zone or the joint section of a large bridge, the coarse 

aggregate has an advantage for improving the local mechanical 

properties. At the same time, there is a large shear force in these 

regions, making the PBL shear connector more suitable for the 

system, thereby also causing the complex stress distribution.

This paper intends to study the shear mechanism of PBL 

shear bond in the steel-UHPC composite structure using coarse 

aggregate from the perspective of multi-factors. The study will 

be conducted in the following order:

1. The material test analysis of UHPC formation and force 

mechanism could give the foundation of superiority and 

members of UHPC.

2. Through the experimental study, the failure mode, load-slip 

curve characteristics and bearing capacity of PBL shear 

connector in steel-UHPC components will be studied.

3. The finite element method is used to verify the optimal 

hole distance between the PBL shear connectors to make 

up for the lack of experiments, and to provide ideas for the 

calculation formula of bearing capacity.

4. From the mechanism point of view, the calculation formula 

of shear stiffness of PBL shear connector considering shear 

deformation will be derived, and the theory of calculation 

formula of existing bearing capacity is improved.



KSCE Journal of Civil Engineering 1257
2. Test Overview

2.1 Specimen Size
According to EUROCODE 4 (2014), 4 sets of 12 PBL shear 

connector specimens were designed and manufactured, which 

were divided into 1 set of specimens with 1 single hole and 3 sets 

of specimens with 4 holes. The specific dimensions are shown in 

Table 1, Figs. 1 and 2. Q345 bridge steel with a thickness of 12 

mm was adopted by the perforated steel plate while the I-section 

was adopted by the steel structure. Q345 bridge steel has better 

impact toughness than normal Q345 steel and is widely used in 

steel structure bridge construction. The perforated steel plate and 

steel structure was welded with each other. The diameter of the 

hole was designed to be 60 mm. HRB400 and HPB300 were 

adopted as the transverse reinforcement and lateral reinforcement 

with a diameter of 8 mm, respectively.

The I-section beam was ribbed in order to prevent local 

buckling. Moreover, the lubricating oil was applied to the flange 

plate at the intersection of the I-beam and the concrete to 

eliminate the influence of the cohesive force before the specimen 

was poured.

2.2 Loading and Measurements
The standard concrete specimen was tested for compressive 

strength by a high-stiffness loading instrument with the compress 

loading of 3,000 kN. The tensile strength is tested by an electronic Fig. 1. Schematic Diagram of the Specimen in Push-Out Test (mm)

Table 1. Dimensions of PBL Shear Connectors

Specimen  

number

Diameter of transverse 

reinforcement/mm

Hole diameter/

mm

Number of holes 

on each side

SB21 φ20 60 1

SB12 φ16 60 4

SB22 φ20 60 4

SB32 φ25 60 4

Note: SB represents specimen; the first number represents diameter, 1/2/
3 corresponding steel bars of 16/20/25 mm; the second number rep-
resents the type of holes, 1 to one hole, 2 to four holes. 

Fig. 2. Schematic Diagram of the Perforated Steel Plate (mm): (a) Specimen
with 1 Single Hole, (b) Specimen with Four Holes

Fig. 3. Test Equipment: (a) High Stiffness Rock Press, (b) Electronic Universal Servo Testing Machine, (c) Servo Long Column Tester
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servo test machine with the tension loading of 2,000 kN. The 

push-out specimen was loaded by a servo long column test 

machine with the loading of 5,000 kN. The instruments are 

shown in Fig. 3. The loading of the test was divided into three 

stages. The first stage was preloaded to 50 kN to ensure that the 

surfaces of the specimen were tightly fitted to each other. After 

that the testing instruments were reset to zero and then loaded to 

100 kN by force control at the rate of 1.2 kN/s. Then the 

specimen was loaded to 350 kN, cycled three times to eliminate 

the effect of elastic strain. Force control was used to accurately 

control the load increment and prevented the force from rising 

too fast due to displacement control. During the second stage, 

displacement control with 0.012 mm/s was adoptee to a 

displacement of 30 mm. Finally, displacement control with 1 

mm/min was adopted again to failure during the third stage.

The ultimate load of the concrete specimen was directly 

obtained by the test machine, and then substituted into the 

formula to calculate the concrete compressive strength and 

tensile strength. The applying load and the relative slip of the 

steel plate and the concrete were tested during the push-out test. 

The applying load can be directly obtained from the testing 

machine, while the relative slip was obtained by the four 

displacement monitor metrically arranged before and after the 

specimen and connected to the data acquisition instrument. 

2.3 Materials Properties
The mix proportion of UHPC is shown in Table 2. The coarse 

aggregate made of basalt with a particle size of less than 13.5 

mm was provided by an asphalt mixing plant in Jurong, China. 

This is supported by the study which showed that the basalt can 

reinforce the strength of the concrete (Liu et al., 2013). The fine 

aggregate was medium sand with a particle size of less than 5 

mm and the fineness modulus of sand was 0.19. The silica fume 

was nano-silica, the cement of PII grade Portland cement, the fly 

ash of grade I ash. The diameter of steel fiber that made of 

copper-plated microfilament was 0.28 mm with the length of 35 

mm and the test report provided by vendor showed that the 

tensile strength of steel fiber can reach 2850 MPa. To improve 

the performance of concrete, a high-performance poly carboxylate

water reducer was adopted.

Fluidity measurements were required before each pouring.

In this paper, the section of UHPC is compared with the 

general concrete by MATLAB through binary image method, as 

shown in Fig. 4. Among the figures, the black solid irregular 

mass in Figs. 4(a) and 4(b) is coarse aggregate, and the blank is 

cement slurry. As shown in the figure, the UHPC coarse aggregate

has a smaller particle size and a uniform distribution, and the 

steel fibers are also dispersed in various corners of the cement 

slurry. In the general concrete, the coarse aggregate has relatively 

larger particle size and the aggregate is not active. It only relies 

on the “unilateral growth effect” to form the ITZ zone, and the 

“boundary” effect is more obvious, which makes it easy to form 

the concentration gradient of the cement slurry, and make the 

ITZ zone less dense. UHPC can reduce the influence of the 

“boundary” effect effectively due to the addition of silica fume-

assisted cementitious materials. Therefore, compared to general 

concrete, UHPC has higher compressive strength, tensile strength 

and better performance to inhibit crack growth and expansion.

3. Test Results

3.1 Failure Modes
In this test, specimens with a single hole and specimens with four 

Table 2. Mix Proportion of UHPC

Water-binder  

ratio

Water

(kg/m3)

Cement

(kg/m3)

Steel fiber

(%/m3)

Silica fume

(kg/m3)

Sand

(kg/m3)

coarse aggregate

(kg/m3)

Admixtures

(kg/m3)

0.18 135 670 1.5 80 750 875 15.0

Table 3. UHPC Properties

Specimen  

number

Compressive strength

/MPa

Tensile strength

/MPa

Elastic modulus

/MPa

SB-1 152.3 14.2 5.1 × 104

SB-2 148.6 14.8 5.1 × 104

SB-3 155.4 14.3 5.1 × 104

Average 152.1 14.4 5.1 × 104

Fig. 4. Comparison of UHPC and Normal Concrete Sections: (a) Sectional View of UHPC Specimen in This Paper, (b) Sectional View of Normal 
Concrete
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holes shared similar failure modes. Before loading to 70% of the 

ultimate load, the specimen only showed a slight rustle sound. 

As the load gradually approached the ultimate load, the rustle 

sound gradually became louder. Meanwhile, the concrete dowel 

is mainly subjected to shear force, and the rustle sound indicated 

the sound of the concrete squeezing. When approaching the 

ultimate load, the rustle sound is further louder. At this time, it 

can be considered that the concrete dowel has failed, the 

transverse rebar mainly offered the shear resistance. However, 

the load will not increase dramatically due to the decrease of the 

overall stiffness. The bearing capacity of the specimen was 

basically stable, fluctuating within an interval called the holding 

phase. At this stage, due to the steel fiber inside, the UHPC 

depressed new internal cracks so that no cracks appeared on the 

surface. Meanwhile, the strain energy accumulated inside the 

specimen cannot be released due to the crack being suppressed. 

As the test continued, the strain energy accumulated on the steel 

bars that depressed the relative slip of the test piece. As the 

transverse rebar reached the ultimate strength, a loud noise 

occurred with the first transverse rebars nipped. Due to the chain 

effect and the stress concentration, the residual transverse rebars 

were cut through one by one within a short time, and the strain 

energy is released at the crack end resulting in a new crack. This 

is the mechanism that when UHPC is tested, the crack generally 

appeared after the transverse rebars were cut through. As more 

transverse rebars were cut through, the cracks spread faster. As is 

shown in Fig. 5, cracks mainly appeared on the top and bottom 

of the specimen, and the corresponding failure mode showed a 

longitudinal splitting failure trend.

Because the development trend of cracks was similar, and 

most of the cracks appeared in the same part, which showed that 

the influence of other minor factors can be excluded, and the 

most critical failure modes can be presented. Therefore, UHPC 

can be used as an ideal material to study the most basic force 

transfer mechanism of PBL shear connectors. It can also be seen 

from Fig. 5(c) that although the specimens showed obvious 

relative slip, the cracks were of small amount and the occurrence 

is the same, which showed that UHPC could suppress the 

development of cracks efficiently. When used in engineering 

practice, these small cracks can be reinforced in advance to 

extend the service time of the construction.

3.2 Load-Slip Curve
The load-slip curves of the specimens are shown in Fig. 6, and 

the relative slips were obtained by the average of the four 

displacement meters.

The specimen with a single hole is the basis for studying its 

mechanical properties, and its load-slip curve also provides a 

theoretical model basis for the subsequent finite element 

analysis. As shown in Fig. 6(a), the load of the specimen with a 

single hole increased linearly to the peak load at the initial stage. 

After that the load was reduced to 50% of the ultimate capacity 

and kept. Therefore, the shear stiffness provided by the shear 

connector was mainly effective within the initial stage. The load 

corresponding to the slip of 0.5 mm was the ultimate load, which 

can be used as a reference for the conservative design of the 

shear connector. However, it is infeasible to carry shear force 

only by a single shear connector in engineering practice. Therefore, 

it requires the study based on the shearing mechanism and the 

force transmission mode of the specimen with a single hole, and 

then extended to reasonable design based on the specimen with 

several holes.

Except for the single-hole SB21 specimen, the curves of the 

other three sets of specimens with four holes were relatively 

similar, which could be divided into four stages: I-the linear 

elastic stage, II-the initial plastic stage, III-the yield strengthening

stage and IV-the post peak stage. The load-slip curve of the 

maximum ultimate bearing capacity of each group of specimens 

is taken as an example, and the division of four stages is shown 

in Fig. 6. The initial plastic stage corresponds to approximately 

between 75% and 85% of the peak load and each specimen has a 

different value. When the initial slip was small, the load increases 

linearly and rapidly, and the shear stiffness maintained a high 

level. Once the initial plastic stage is reached, the load growth 

rate slowed down until the yield strengthening stage was reached 

when the load growth further significantly slowed down. When 

the ultimate load was reached, the curve began to decrease 

slowly until the specimen is destroyed completely. Considering 

Fig. 5. Test Situation of Specimens: (a) Top Cracks, (b) Side Cracks, (c) Slip Interface 
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that the specimen is no longer applicable in engineering practice 

when it reaches the post peak stage, the curve is selected from 

outset to a small section after reaching the post peak stage. It can 

be seen from the figure that the ultimate bearing capacity of the 

specimen with four holes was approximately 2,000 kN, which 

was only 42.8% higher than the specimen with a single hole. 

Because perfobond rib shear connector with UHPC acquired a 

balance between the concrete dowel and the transverse rebar, the 

increase of the diameter of the transverse rebar lead to a reduction

in the area of the concrete dowel, so a larger diameter of the 

transverse rebar did not always perform more effectively. The 

force transmission mechanism is more complicated for UHPC, 

therefore the relative increase of bearing capacity of the specimen

with four holes was not as remarkable as expected. Besides, the 

spacing between adjacent holes providing shear was smaller, and 

the probability of mutual influence of each factor will be dramatically 

increased, making the shear connector could not be fully utilized, 

and failure occurred in advance.

Due to the failure of the test machine, the SB21-3 specimen 

and the SB32-1 specimen are not described here.

4. Calculation Formula of Ultimate Capacity 

The study of the ultimate capacity formula has always been an 

important part of the PBL shear connectors. For example, 

Oguejiofor and Hosain (1997), Medberry and Shahrooz (2002), 

Vianna et al. (2013), Hosaka et al. (2002), Zhu et al. (2019) and 

other scholars have proposed corresponding bearing capacity 

calculation formula. These formulas have one thing in common, 

that is, the bearing capacity of perfobond rib connector is provided

by concrete dowel, transverse rebar and stirrups. Therefore, the 

calculation formula is generally composite of three parts, as 

shown in the Eq. (1).

 (1)

where Atr is the area of the transverse reinforcement, fy is the 

yield strength of the transverse reinforcement, Atr′ is the area of 

the lateral reinforcement, fy′ is the yield strength of the lateral 

reinforcement, Ac is the area of the concrete dowel, and fc is the 

compressive strength of the cylinder concrete, Among them, α, β 

and γ are the influence coefficients obtained by regression 

analysis.

The formulas above are all for general concrete. The selected 

parameters of concrete can be considered as the critical state of 

concrete dowel crushing. At this time, certain cracks have been 

generated in the concrete. For PBL shear connectors with UHPC,

the concrete dowel as well as the steel fibers both contributes to 

shear resistance. For general concrete, the concrete dowel is 

squeezed to produce cracks and then rapidly expands into brittle 

fractures through the cracks. However, there are steel fibers with 

uniform and irregular distribution in UHPC, which dramatically 

influence the capacity of inhibition of cracks. When the concrete 

u tr y c c tr y
Q A f A f A fα β γ ′ ′= + +

Fig. 6. Load-Slip Curves: (a) SB21, (b) SB12, (c) SB22, (d) SB32
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Fig. 7. Load-Slip Curve of Each Specimen Fig. 8. Comparison of Ultimate Bearing Capacity of Each Specimen

dowel can no longer carry the load, the steel fiber is tightly 

restrained by the bonding force with the concrete, which delays 

the further cracking of the concrete dowel.

The role of the stirrups is to limit the local cracking of the 

concrete and maintain the integrity of the concrete. However, it 

can be seen from the above test phenomenon that the crack 

appeared on the concrete surface after the limit load reached. In 

the early stage, the steel fiber is more resistant to cracking, so the 

contribution of the stirrup to the shear is negligible relative to the 

steel fiber.

Based on the improvement of the existing formula, this paper 

carries out fitting analysis on the measured peak load in this paper.

Based on modification of the existing formula and in view of 

the contribution of steel fiber shear resistance, the following 

formula is carried out by fitting analysis on the measured data in 

this paper.

 (2)

where ξ is the hole characteristic coefficient, which shows that 

the bearing capacity of specimen with several holes is not 

accumulation of bearing capacity, and a certain reduction 

appears. ξ = -0.55n + 3.2, where n is the number of single-sided 

holes; Atr, Ac, fc, fy have the same meaning as before, but they are 

all correspond to single hole; ffr is the resistance of steel fiber 

tensile strength; Afr is the converted cross-sectional area of steel 

fiber in single hole, which can be calculated by the following 

method.

Oguejiofor and Hosain (1997) shows that the “interlocking 

effect” of the PBL shear connector can be eliminated when the 

hole spacing of the two holes is greater than 2.25 times of the 

diameter of the holes. To verify this, the influence of the hole is 

analyzed by ABAQUS. The half-side PBL shear connector is 

adopted to construct the specimen. The hole spacing is increased 

by a step of 15 mm from 15 mm to 120 mm, totally 8 specimens. 

The specimens are named P1 − P8. The hole spacing here refers 

to the distance between the outermost edges of the two holes. 

The purpose of modeling is to obtain the influence of hole 

spacing on ultimate bearing capacity. Therefore, in order to 

simplify the calculation, the elastic model is used and the young’s 

modulus is measured by experiments. At the same time, the effect 

of steel fibers on concrete is not considered conservatively. The 

effect of through reinforcement is also ignored, because the 

insertion of through reinforcement will increase the overall 

bearing capacity and stiffness, and the region of influence on the 

surrounding concrete will be smaller.

The ultimate bearing capacity of each specimen is shown in 

Fig. 8. It can be seen clearly that the bearing capacity reaches a 

maximum value when the hole spacing is 75 mm, and the 

bearing capacity increases obviously with the increase of spacing 

when the distance is less than 75 mm. But the improvement is 

relatively less unconspicuous after the 75 mm space.

The finite element calculation results are consistent with the 

results of the Oguejiofor’s study, which indicate that the shear 

connector affects the surrounding concrete range of 1.125 times 

of the diameter of the hole. In this paper, it is a sphere with a 

diameter of 67.5 mm as the origin of the hole center, so the first 

calculation is the volume Vc, which is the volume of the concrete 

minus the volume of the perforated steel plate therein. The 

calculation formula is then shown as Eq. (3).

 (3)

where ρ is the volume fraction of the steel fiber and L is the 

diameter of the sphere, which is equivalent to simplifying all the 

steel fibers in this volume range to be gathered in a straight line 

along the direction of the through-bar, thereby suppressing the shear 

failure of the concrete dowel. After that, divided by the diameter L of 

the sphere, the converted cross-sectional area of the steel fiber is 

obtained. Fig. 9 shows the schematic diagram of the formula. 

In order to demonstrate the feasibility of the formula, the 

calculation models of ultimate bearing capacity proposed by 

some scholars are selected in this paper (Table 4).

As shown in Table 4, it is found that the calculation results 

calculated in this paper agree well with the experimental values. 

The equation proposed by Oguejiofor overstates the contribution 

of concrete, as the strength of concrete increases, the ultimate 

bearing capacity increases linearly. This is also due to the little 

attention on high strength concrete in the early period. The rest of the 

( )u c c tr y fr fr0.52 0.12 0.13Q A f A f A fξ= + +

c

fr

V
A

L

ρ
=
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Fig. 9. Hole Influence Finite Element Calculation Cloud Figure (MPa): (a) P1, (b) P2, (c) P3, (d) P4, (e) P5, (f) P6, (g) P7, (h) P8
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formulas underestimate the results, mainly for the following 

reasons:

1. All of them are based on normal concrete and the contribution

of steel fibers are ignored. In fact, the tensile strength of 

concrete improved by steel fiber have a significantly influence

on cracking performance.

2. Medberry and Vianna consider the contribution of steel 

plate, concrete dowel and transverse steel bars. However, 

the bond performance is not shown in these equations. If 

the influence of steel plate is mentioned, the bond 

performance should not be ignored because of the large 

contact surface between concrete and steel plate. Moreover, 

Eq. (5) underestimate the contribution of concrete. As we 

can see in the last item, the order of magnitude is too small.

3. Hoska take consider of the contribution of concrete dowel 

and transverse steel bars. This formula takes too few factors

into account and it is easy to underestimate the ultimate 

bearing capacity. Zhu simplifies the traditional equation 

model and only consider the influence of steel plate. He 

thinks that the fracture of steel plate causes the failure of 

PBL shear connector. This formula works well for specimens 

with holes close to the edge of the steel plate, but there is a 

deviation for calculation results under other types of PBL 

specimens.

5. Calculation Formula for Shear Stiffness Based 

on Timoshenko Beam

The ultimate bearing capacity calculation formula can only 

calculate the bearing capacity under the limit state. In order to 

evaluate the performance during the service period, the member 

during the service period can be approximated considered as the 

elastic stress state. Therefore, the initial shear stiffness can 

calculate the corresponding bearing capacity of any displacement.

Yang and Chen (2018) derived the initial shear stiffness 

formula from the micro-segment angle using the Euler-Bernoulli 

beam element. Euler-Bernoulli beams are usually used for beams 

of large depth-span ratio, but the concrete dowels of this paper 

are 400 mm in length and 60 mm in diameter, which is no longer 

a “shallow beam”. At this time, the shear force of the beam will 

produce shear deformation, which causes additional deflection 

so that the plane section assumption is not fully applicable. The 

Timoshenko beam element can effectively solve this problem, 

So the Timoshenko beam element is used to calculate the full 

curve in order to obtain a more accurate solution.

Table 5. The Comparison of Calculation Formulas between Some Scholars
and This Paper

Specimen  

number

Test 

value

/kN

Medberry/

kN

Vianna

/kN

Oguejiofor

/kN

Hosaka

/kN

Zhu

/kN

Proposed 

formula

/kN

SB12-1 260.5 138.2 151.9 442.9 174.2 198 277.6

SB12-2 259.3

SB12-3 268.0

SB21-1 665.0 223.1 503.6 1203.9 755.7 648 731.4

SB21-2 716.0

SB22-1 262.3 178.9 175.8 484.0 188.9 198 276.0

SB22-2 252.6

SB22-3 226.3

SB32-2 261.1 242.5 213.3 548.4 211.9 198 273.6

SB32-3 250.4

Table 4. Perfobond Connector Calculation Formulas Proposed by Different Authors

Authors Models Equation

Medberry (4)

Vianna (5)

Oguejiofor (6)

Hosaka (7)

Zhu (8)

(9)
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Fig. 10. A Schematic Diagram of Eq. (3)
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The concrete dowel and the transverse reinforcement are 

considered as separators, and the separator is subjected to vertical 

shearing force at the hole. The supporting reaction force is 

provided by the surrounding concrete. Through the analysis of 

the experimental phenomena, it can be seen that the failure of 

PBL shear connector is mainly the shearing of the transverse 

rebar, and the slight deformation only occurs in the elastic stage. 

The capacity of this deformation to diffuse to both ends is limited,

so it can be equivalent to an infinite length elastic foundation 

beam. The schematic diagram of the model is shown in Fig. 11.

The surrounding outer concrete is a continuous elastic material, 

therefore the support stiffness per unit length can be defined as 

k = CEc, where C is the undetermined constant 1. The assumptions 

are made before calculating the shear stiffness as follows:

1. The stiffness of the equivalent spring is proportional to the 

modulus of elasticity of the concrete.

2. The influence of the adhesion between the perforated steel 

plate and the concrete is neglected.

3. The reaction force of the concrete is proportional to the 

deformation of the insulation.

4. The transverse rebar and concrete dowel only carry the 

concentrated shear force transmitted through the upper end.

5. The section perpendicular to the neutral axis remains flat after 

deformation but is not perpendicular to the neutral axis.

The element micro-section of Timoshenko beam is shown in 

Fig. 12. In addition to the rotation angle θ caused by the bending 

deflection, it considers the section rotation angle caused by the 

shear deformation of the beam. The deflection y corresponds to 

the external load q, and the corner angle ψ corresponds to the 

distribution moment m, of which direction is positive clockwise.

(10)

where EI is the bending stiffness, μGA is the shear stiffness and μ

is the shear correction coefficient of beam section.

Two basic equilibrium equations can be derived as follows:

 (11)

Substituting the various parameters of this paper, Eq. (12) is 

available.

 (12)

where Ks is the shear stiffness of the comparison beam, K is the 

bending stiffness of the comparison beam, and ω is the deflection 

of the comparison beam.

After calculation, the analytical solution of the comparative 

beam internal force can be obtained as follows:
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Fig. 12. Micro-Segment Model of Elastic Foundation Beam Using 
Timoshenko Beam Theory

Fig. 11. Theoretical Model and Deformation Curve of Elastic Foundation 
Beam
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According to the Timoshenko beam theory, the deflection of 

the shear beam is composed of bending and shearing. Therefore, 

in order to obtain the shear stiffness, the formula of the deflection 

curve can be obtained. When the shear force V acts directly above

the perforated steel plate, i.e. x = 0, the relative slip between the 

concrete and the perforated steel plate is as follows:

 (16)

It can be seen from Eq. (16) that the relationship between the 

deflection of the beam and the shear force is related to K
s
, 

therefore the shear stiffness can be calculated by: 

 (17)

The shear stiffness in the hole is mainly provided by concrete 

dowel and transverse reinforcement. The bending stiffness is 

calculated by the inertia moment calculation formula analogy of 

the elastic foundation beam.

 (18)

Further rewriteable as:

 (19)

where nE is the ratio of the elastic modulus Es of the transverse 

reinforcement to the elastic modulus Ec of the concrete, and nd is 

the ratio of the diameter of the transverse reinforcement and the 

diameter of the hole of the perforated steel plate.

Substituting Eq. (19) and α into Eq. (17), the shear stiffness of 

the perforated steel plate connector can be calculated by:

 (20)

Based on the assumption that the concrete is compared to the 

elastic foundation, the stiffness is mainly related to the elastic 

modulus of the concrete, while the stiffness of the composite 

beam is mainly provided by concrete and steel. When UHPC is 

applied, the elastic modulus of the two is in the same order of 

magnitude, but the number 4096 of the middle root number in 

Eq. (20) is already three orders of magnitude larger than the 

previous one, so Eq. (20) can be approximately rewritten as:

 (21)

Equation (19) be converted to Eq. (20), where .

 (22)

The constant term in Eq. (22) can be replaced by β1, and 

β1 = 13868 is calculated. Therefore, the final expression of the 

shear stiffness K
s
 based on Timoshenko beam can be calculated 

by:

 (23)

In this calculation, only the elastic stage and the curve reaches 

about 2.5 mm after the peak load are considered, as can be seen 

in Fig. 5(a).

Analogous to the initial shear stiffness of open-walled steel 

joints, the concept of final shear stiffness can be defined at this 

point. The shear stiffness of the last-time perforated steel plate 

is mainly provided by the concrete dowel. The combined 

bending stiffness of the elastic foundation beam can be 

calculated by:

 (24)

Substituting Eq. (24), k = CEc, and α into Eq. (17), and using 

C instead of the constant term in the shear stiffness equation, the 

shear stiffness of the perforated steel plate joint is as follows:

 (25)

C1 = -7.3 × 10−3, C2 = 1270 are obtained by linear fitting of the 

data measured in the Nanjing Forestry University civil engineering

laboratory, so the final shear stiffness is: 

 (26)

Therefore, the load-slip full curve model expression of the 

perfobond rib connector with UHPC is Eq. (27).

 (27)

The calculated results are in good agreement with the 

experimental data (Fig. 13). Considering that the elastic limit 

state is generally considered in practical applications, this formula

can determine the ultimate bearing capacity from the stiffness 

angle and has practicality.
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Fig. 13. Comparison between Tested Stiffness and Calculations
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6. Conclusions

This study presents a summary of experimental and theoretic 

results of PBL shear connectors consisting of two types of 

specimens with UHPC. Based on experimental load-slip curves, 

numerical analysis, and an analytical model based on the 

Timoshenko beam. The following conclusions can be drawn: 

1. The pull-out test of PBL shear connector with UHPC can 

be divided into four stages: elastic, initial plastic, yield 

strengthening, post peak. PBL shear connector with UHPC 

has higher redundancy because of a long period of yield 

strengthening. 

2. The PBL shear connecter using UHPC is mainly disable 

for concrete crushing and the fracture of transverse bars. 

Few surface cracks are occurred on the surface and are all 

concentrated on the plate axis. In the actual project, the 

crack development trend can be directly judged and the 

designated location can be strengthened in advance.

3. The steel fiber in UHPC takes on more shear resistance, 

this paper proposes the calculation formula of ultimate 

capacity based on the concept of steel fiber conversion 

cross-sectional area. 

4. According to the elastic foundation beam method, the 

initial shear stiffness of the single-hole PBL shear bond is 

calculated by Timoshenko beam element, and the load-slip 

relationship calculation formula is obtained.
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