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1. Introduction 
 

Recently, perfobond connectors (PBLs) are increasingly 

applied in steel and concrete composite bridges due to their 

great shear capacity and fatigue resistance (Liu 2018). To 

transfer the huge load between steel and concrete 

components, PBLs are always in the arrangement with 

multiple rows and columns, such as the joints of composite 

beams (Hechler 2011), steel-concrete composite decks 

(Allahyari 2014), hybrid girder joints (Kim 2011), and 

anchorage joints between suspenders and girders (Liu 

2018). Fig. 1 shows two types of PBL groups in practices, 

including perfobond steel plates and perfobond ribs. The 

current design specifications assume that the shear 

distributions in shear connector groups are uniform and 

require that the number of shear connectors is no less than 

the total load divided by the design strength of a single 

connector. However, previous studies revealed that the 

shear distributions are uneven in both types of PBL groups 

particularly at serviceability stages (Oguejiofor 1994, 

Cândido-Martins 2010, Ahn 2010), and partial holes in PBL 

groups could be influenced by the local shear concentration,  
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which will lead to an unsafe design. 

Several researchers reported the uneven shear 

distribution in multiple PBLs by experimental studies. 

Oguejiofor (1994) conducted push-out tests for the 

specimens with different numbers of holes and concluded 

that the shear capacity of holes is affected by the adjacent 

holes. Ahn (2010) carried out push-out tests on the 

specimens with two ribs arranged side by side. The average 

shear capacity of the twin ribs decreased to 80% capacity of 

a single rib. Also, Liu (2018) investigated the shear 

distribution in multiple rows and columns of PBLs in 

suspender-girder composite anchorage joints. The PBLs 

with lower shear stiffness can distribute more loads to the 

middle and rear rows. The redistribution in shear requires 

the shear connectors to have sufficient ductility (Classen 

2018). Based on these concepts, a new type of rubber-ring 

perfobond connector (RPBL) was proposed to alleviate the 

shear concentration in PBL groups (Liu 2019). Rubber rings 

can postpone the shear resistance of the critical PBLs in 

groups so that other PBL holes undertake more shear in the 

early loading stage. However, the feasibility of employing 

rubber rings to redistribute shear loads in PBL groups 

should be proved by experimental studies. 

In addition to push-out tests, nonlinear finite element 

simulations provide a good alternative to investigate the 

inside failure modes and force distribution. (Kraus 1997, 

Nguyen 2009, Al-Darzi 2007, Pavlović 2013, Spremic 2017, 

Khorramian 2017, Kim 2019). Further parametric studies 

could save massive experimental costs and present the 

impacts of varibles on shear distribution. Besides, a 

practical and efficient expression to evaluate the uneven  
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shear distribution in multiple PBLs will be useful for design. 

Therefore, this paper documents the modified push-out 

tests for five specimens with four holes conducted to 

investigate the effects of rubber rings on the shear 

mechanism of PBL groups. Based on the test results, the 

failure modes, the load-slip curves, and the load-strain 

curves of steel plates and perforated rebars were discussed. 

Subsequently, 3-D nonlinear FEA models were established 

and validated by the test results. The redistribution of shear 

forces was presented by the plastic strains in concrete 

dowels. Furthermore, the effects of perfobond plate widths, 

spacing and numbers of holes, rubber ring thicknesses, and 

positions of rubber rings on the shear distribution were 

investigated by the FEA parametric study. Finally, an 

analytical model for PBL groups with rubber rings was 

proposed to predict the shear distribution at the 

serviceability stage. 

 

 

2. Modified push-out test 
 

2.1 Test specimens 
 

To validate the feasibility of improving shear 

distribution in PBL groups by partially setting rubber rings, 

the modified push-out tests for five specimens with four 

rows of holes were conducted. Table 1 and Fig. 2 show the 

specimen parameters and configuration. The hole diameter 

and center-to-center spacing are 60 mm and 200 mm, 

respectively. The diameters of the perforated rebars and  

 

 

 

distributed reinforcements are 20 mm and 16 mm, 

respectively. 

Six triangle stiffeners were welded between the loading 

plate and the top surface of the concrete block to prevent 

the perfobond plates from buckling. Before the concrete 

casting, six plastic foams were placed below the 

corresponding stiffeners, and one woodblock was located 

under the perfobond plate. The woodblock was removed 

after curing and before loading. The configuration of rubber 

rings and the material properties of concrete, steel, and 

rubber are the same as the previous series of tests (Liu 

2019). 

 

2.2 Test Setup and Instrumentation 
 
Fig. 3 shows the test setup and instrumentation. The 

servo-hydraulic machine used in the tests has a loading 

capacity of 20000 kN. Eight LVDTs with 1/1000 mm 

precision were positioned between the concrete blocks and 

the steel plates. Ahead of the loading, a lime layer with the 

thickness of 2 mm was paved on the top steel plate to keep 

the reaction force uniform. Subsequently, the preloading 

steps with the load range from 5% to 40% of the estimated 

ultimate capacity were performed, according to 

EUROCODE 4 (2005), followed by the formal monotonic 

loading controlled by displacement. The loading speed was 

0.2 mm/min. 

Five strain gauges were mounted along the steel plate 

cross-section above each hole. Meanwhile five strain 

gauges were used on each perforated rebar, as shown in Fig.  

Table 1 Parameters of specimens 

Specimen 
d 

(mm) 

ds 

(mm) 

n tr 

(mm) 
Pos. 

Vy 

(kN) 

sy 

(mm) 

Vu 

(kN) 

su 

(mm)  

MPB-1 60 20 4 - - 1607.5 1.42 1839.8 19.08 

MPB-2 60 20 4 4 1, 2, 3, 4 1091.1 6.50 1647.0 33.24 

MPB-3 60 20 4 2 1 ,4 1437.1 3.46 1789.5 24.11 

MPB-4 60 20 4 4 1, 4 1401.3 5.10 1711.7 22.11 

MPB-5 60 20 4 6 1, 4 1436.8 7.77 1739.7 26.64 

Loads

Concrete 

Blocks

Reaction Forces

Perfobond 

Steel Plate
Perfobond Ribs

Loads

Reaction Forces  
                  (a) Perfobond steel plates (b) Perfobond ribs                      

Fig. 1 Typical perfobond connector groups 
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Fig. 2 Specimen configuration. (mm) 
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Fig. 3 Test setup and instrumentation 
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Fig. 4 Strain gauges on perfobond plates and perforated rebars. (mm) 
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4. The horizontal cross sections for mounting strain gauges 

were 60 mm from the center of holes. Grooves with 2 mm 

depth and 20 mm diameter were set on steel plates to 

protect the strain gauges from damage. As for the strain 

gauges on the perforated rebars, three of them were parallel 

to the longitudinal direction of rebars, while the other two 

were perpendicularly arranged on the side. In the figure, the 

letter “x” denoted the number of holes. For example, 

“SP23” represented the third strain gauge above the second 

hole on the steel plate. 

 

 

3. Test results 
 
3.1 Failure modes 
 
Fig. 5 shows the crack distribution on concrete blocks 

after loading. The cracking mainly occurred on the side  

 

 

 

 

 

surfaces perpendicular to the perfobond plate and the top 

surface, while no cracks were found on the side surfaces 

parallel to the perfobond plate. Most of the cracks on the 

side surfaces were along the edges of the perfobond plates. 

Besides, the cracks on the top surface started from the 

perfobond plate and ended to the side surfaces. After the 

failure of specimens, the concrete blocks were separated 

into two parts by cutting along the perfobond plate edges. 

Fig. 6 displays the internal failure modes of concrete 

blocks. There were four prime horizontal cracks near the 

height of four holes extending to the side surfaces. The 

vertical cracking was also observed between adjacent holes 

except for the first two holes. The reason is that the total 

force in the cross-section of concrete increases with depth. 

However, these vertical cracks did not develop to the 

surfaces parallel to the perfobond plate. As for the failure of 

concrete dowels, the shear fracture planes formed along the 

surfaces of the perfobond plate. The upper regions of  

 

Fig. 5 Cracks on concrete blocks 

 

Fig. 6 Internal failure modes 
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concrete dowels were always compacted, and the rubber 

rings close to the loading side were utterly squashed. The 

nearby parts of side wings suffered from large shear 

deformation and were sheared off. 

When the applied load increased to the ultimate shear 

capacity, distinct fracture sounds of perforated rebars were 

heard one by one. Subsequently, the sheared off rebar were 

taken out from the concrete blocks, as shown in Fig. 7. All 

the perforated rebars in MPB-1 only had one fracture plane. 

The second and third perforated rebars in MPB-4 had two 

fracture planes, indicating that the holes at the second and 

the third row undertook more loads and were fully utilized 

in the PBL groups. The shear forces were successfully 

distributed to the middle holes. 

 

3.2 Load-slip curves 
 
In the following discussion, the yield load Vy and the 

yield slip sy are defined as the first local peak shear force 

and the corresponding slip on the curves. Besides, the shear 

capacity Vu and ultimate slip su represent the ultimate shear 

force and slip leading to the failure of specimens. The test 

results summarized in Table 1 illustrate that the rubber rings 

increased the deformation ability of multi-row PBLs. Both 

the yield slip and the ultimate slip increased with the 

number and thickness of rubber rings. Due to the reduction 

of confinement effects on concrete dowels, the yield loads 

 

 

 

 

 of MPB-3, MPB-4, and MPB-5 were respectively 11%,  

13% and 11% smaller than that of MPB-1. However, setting 

rubber rings had less influence on the shear capacity. The 

reason is that the ultimate load was dominated by ductile 

fracture of perforated rebars.  

Fig. 8 shows the load-slip curves of the specimens, 

where the slips equal the mean value of LVDTs in the first 

row. The load-slip curves generally consist of three stages, 

including the initial linear stage with high stiffness, the 

plastic stage with decreasing stiffness and the hardening 

stage ended by the shear fractures of perforated rebars. In 

the first stage, the loads were primarily resisted by the bond 

force and the concrete dowels without rubber rings. After 

the damage of bond, the loads were taken by the concrete 

dowels and the perforated rebars. The overall stiffness of 

the second stage decreased with the thickness of rubber 

rings. The stiffness recovered at a smaller slip in the cases 

with thinner rubber rings. As the slips grew further, the 

shear planes formed and the perforated rebars fell into the 

hardening stage, so that the loads approximately linearly 

rose to the ultimate capacity Vu. 

 

3.3 Shear load-strain relationship on perfobond plate 
 
Fig. 9 shows the shear load-strain relationships on the 

perfobond plates. The discussions mainly focus on the early 

loading stage since most of the gauges damaged when slip 

No.1

No.2

No.3

No.4

MPB-1 MPB-4

Fracture on one side Fracture on two sides
 

Fig. 7 Fracture characters of perforated rebars 
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(a) Overall curves (b) Early loading stages 

Fig. 8 Shear force – slip curves 
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rapidly increased. Overall, the strains on steel plates linearly 

grew with the shear loads except the strains at SPx3 in 

MPB-1. Due to the bond forces between perfobond plates 

and concrete blocks, the strains at the centerline of the steel 

plate (SPx3) were minimal. Subsequently, the concrete 

dowel started to undertake shear forces as the load 

increased, so that the compressive strains above circle holes 

significantly rose, as shown in Figs. 9(a) and 9(b). However, 

the shear resistance of the first concrete dowel in MPB-3 

was postponed by setting rubber rings. Thus, the shear load-

strain relationship at SP13 kept linear, as presented in Fig. 9 

(c). 

Fig. 10 compares the average strains on the perfobond 

plates at different rows in MPB-1 and MPB-3, where the 

curves are labeled by the specimen number and the row 

number (i.e., “MPB-a-b” denotes the bth row in specimen 

MPB-a). Overall, the strains decreased with the row 

numbers, and the shear load–strain relationship was 

approximately linear at each row. It is found that by 

employing a rubber ring on the first hole, the slope 

difference between the curves of the first two rows in MPB-

3 was less than that in MPB-1. It reflected that the shear 

force resisted by the first hole decreased after setting the 

rubber ring. On the contrary, that rubber ring arrangement 

enlarged the shear force of the second hole. 

 

3.4 Shear load-strain relationship on perforated 
rebars 

 
Fig. 11 compares the longitudinal and vertical strains of 

the first perforated rebar in MPB-1 and MPB-3, where the 

number in brackets denotes the specimen label. Since the 

bond forces resisted parts of the shear loads, the 

longitudinal strains on perforated rebars were relatively 

small at the early loading stage, as shown in Fig. 11(a). 

However, the strains increased rapidly after the bond 

damage occurred. The longitudinal strains of the first 

perforated rebars in MPB-3 were smaller than those in 

MPB-1. The reason is that the rubber ring reduced the 

contribution of the concrete dowel on the shear force. Fig. 

11(b) shows the strains perpendicular to perforated rebars 

near the shear planes. At the early loading stage, the vertical 

rebar strains were small and in tension. Then they turned to 

compressive strains and significantly increased with the 

growth of loads, indicating that the rebars presented 

primary bending or shear behavior at different loading 

stages. Fig. 12 shows the longitudinal strains on the bottom 

edges of perforated rebars in different rows. The strain at 

the first row was maximal among all the four perforated 

rebars in MPB-1, while the second rebar had the most 

substantial strain in MPB-3. That once again demonstrated 

that the rubber rings were effective to delay the shear force. 
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Fig. 9 Load – strain relationship on steel plates 
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Fig. 10 Comparison of strain distribution 
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Fig. 11 Comparison of perforated rebar strains 
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Fig. 12 Perforated rebar strains in different rows 
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4. Finite element analysis 
 
4.1 Finite element model 
 
The three-dimensional multi-hole models were built by 

ABAQUS / Explicit [17] to investigate the effects of rubber 

rings in PBL groups. The models consist of the perfobond 

plates, perforated rebars, rubber rings, concrete blocks, 

distributed reinforcements, and rigid grounds. Fig. 13 shows 

the geometry shape of the model and the element types used 

for each part. The boundary condition is consistent with that 

in the lab test. The modeling method, including the material 

modeling of concrete, steel, and rubber, and the interface 

properties, refers to the previous work (Liu 2019, CEB-FIP 

MC2010, Zheng 2016). 

 

4.2 Model validation 
 

Fig. 14 compares the shear load-slip curves from the 

finite element (FE) models with those from the tests. 

Overall, the numerical works can properly predict the yield 

shear loads and shear capacities of the PBL groups. The 

entire failure process of the experimental specimens, 

including the three stages above is successfully simulated 

by the FE models. Note that in the hardening stage, the 

stiffness of the models are higher than those of the test 

specimens. The ductile damage of the perforated rebars 

should be introduced in future studies. 

Moreover, the strains on the perfobond plates of the 

models with or without rubber rings were compared to the 

corresponding test results, as shown in Fig. 15. The trends 

of the shear load-strain relationship from the tests and FE 

models agreed well, indicating the modelling is valid to 

perform further analyses and discussions. 

 

4.3 Shear mechanism 
 

Fig. 16 shows the plastic principal compressive strains  

 

 

of the concrete dowels in the models with or without rubber 

rings. The X-shape region at the upper part of concrete 

dowels has the maximum principal compressive strains. 

Because of the confinement effects provided by perforated 

rebars and surrounding concrete, the concrete is under the 

complex multi-axial stress state. The shear planes show up 

between the corner points in concrete dowels under the 

yield shear load. 

Column (a) presents the results from model MPB-1 at 

the yield shear load Vy. The plastic compressive strains in 

the different holes decrease from top to bottom, indicating 

that the first hole undertook more shear forces than the 

average shear load. Secondly, Column (b) shows the plastic 

strain distribution in model MPB-3 under the same slip as 

model MPB-1. The rubber rings postpone the shear 

resistance of the first and the fourth holes so that these two 

concrete dowels are in the elastic state. As the slip 

increases, the plastic strains of the concrete dowels when 

the shear loads approach the yield shear load are shown in 

Column (c). By employing rubber rings on the top and 

bottom holes, the shear strength of holes in the middle rows 

can be sufficiently exerted. Based on the numerical results 

above, it is found that setting a rubber ring on the bottom 

hole is unnecessary in a perfobond connector group with 

four holes and a large concrete cross-section. The thickness 

of rubber rings smaller than 2 mm is more useful in 

practice. Furthermore, the parametric study performed to 

investigate the effects of rubber rings and plate dimensions 

on the shear distribution is presented in the next section. 

 

4.4 Parameter analysis 
 
The parameter study is performed to investigate the 

shear distributions and verify the effectivity of rubber rings 

in PBL groups. Based on the modeling methodology above, 

a total of 17 multi-hole PBL models with varying steel plate 

widths, hole spacing, hole numbers, rubber ring thicknesses 

and schemes are established, as shown in Table 2. Wherein, 

Reference Point

Loading 

Surface

Ground

(R3D4)

Concrete Block

(C3D8R)

Steel plate

(C3D8R)

Reinforcements

(T3D2)

Perforated Rebar

(C3D8R)

Rubber Ring

(C3D8R)  

Fig. 13 Finite element model of multi-PBL 
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n, w, a, tr denote the hole numbers, the steel plate width, the 

longitudinal center-to-center spacing of adjacent holes and 

the rubber ring thickness respectively. The typical spacing 

 

 

 

 

in applications is 200 mm for the PBLs with 60 mm 

diameter (Ahn 2010, Su 2014, Wang 2019, Zhang 2017) so 

that the reference width and hole spacing are set to 200 mm  
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Fig. 14 Comparison of shear force - slip curves 
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Fig. 15 Comparison of strains on perfobond plates 
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in the simulations. The models are denoted by the 

investigated parameters. For example, Model n6-tr1-p1 

represents a model with six holes and a 1 mm thick rubber 

ring on the first hole. 

Fig. 17 shows the shear force distributions during the 

loading process in the six representative models, where the  

 

 

 

 

x-axis is the ratio of the total shear force to the yield shear 

load. Overall, the shear distribution tends to be more even 

with the increase of the total shear load, which is consistent 

with the previous experimental results. The reason is that 

the shear stiffness of partial holes decrease with the loading 

so that the stiffness ratio of the holes to the perfobond plates  

<-0.060

Top

Bottom

 
                   (a) MPB-1 (Vy, MPB-1) (b) MPB-3 (sy, MPB-1) (c) MPB-3 (Vy, MPB-3) 

Fig. 16 Plastic strains of concrete dowels 

Table 2 Investigated models in parametric study 

No. Model n w /mm a /mm Pos. tr /mm Parameter 

1 n4-w150 4 150 200 - - 

Width 

2 n4-w200 4 200 200 - - 

3 n4-w250 4 250 200 - - 

4 n4-w300 4 300 200 - - 

5 n4-w400 4 400 200 - - 

6 n4-a150 4 200 150 - - 

Hole spacing 
7 n4-a250 4 200 250 - - 

8 n4-a300 4 200 300 - - 

9 n4-a400 4 200 400 - - 

10 n4-p1-tr1 4 200 200 1 1 
Thickness 

11 n4-p1-tr05 4 200 200 1 0.5 

12 n6 6 200 200 - - 

Number of holes 13 n8 8 200 200 - - 

14 n10 10 200 200 - - 

15 n6-p1-tr1 6 200 200 1 1 

Scheme 16 n6-p12-tr05 6 200 200 1 & 2 0.5 

17 n6-p12-tr1_05 6 200 200 1 & 2 1 & 0.5 
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reduces. Figs. 17(a) and 17(b) shows the effects of plate 

widths on the shear distribution. According to the concept 

of the stiffness ratio above, the unevenness of the shear 

forces dropped by increasing the cross-section area of 

perfobond plates, i.e., the stiffness of perfobond plates. 

Likewise, the first hole undertakes more loads when the 

longitudinal hole spacing is enlarged from 200 mm to 400 

mm, resulting from the smaller plate stiffness and the larger 

stiffness ratio, as shown in Figs. 17(a) and 17(c). 

 

 

Fig. 17(d) displays the shear distribution in the model 

with eight rows of holes. It is found that the first two holes 

resist much higher shear forces than the average loads. The 

difference in the shear percentages of the first hole and the 

holes in the rear rows is huge. Compared with the four-hole 

model, the shear percentage of the first hole is close, thus 

the shear unevenness increases with the number of holes. 

Furthermore, Figs. 17(a), 17(e), and 17(f) present the results 

of models without and with a rubber ring on the first hole to  
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Fig. 17 Various effects on shear distributions 
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reflect the effects of rubber ring thickness on the shear 

distribution. The hole with a thicker rubber ring holds a 

small shear percentage at the early loading stage, and 

participates fully in undertaking the shear load at a larger 

slip. Therefore, employing rubber rings on the critical holes 

in PBL groups can protect the holes that suffer from shear 

concentration. When the shear stiffness of the rubber-ring 

holes recover with the increase of slips, the shear 

percentages of the holes without rubber rings drop rapidly, 

indicating the shear redistribution occurs in the PBL groups. 

Fig. 18 shows the effects of rubber ring schemes on the 

shear distribution by the representative 6-hole models. The 

results above showed that the reasonable rubber ring 

thickness should be 1 mm and 0.5 mm. Since the shear 

force taken by the last hole was relatively small under the 

current dimensions, the rubber rings are arranged at the first 

one or two holes instead of the last hole. Fig. 18(b) shows 

the results of the model with a 1 mm thick rubber ring on 

the first hole. By employing the rubber ring, the shear 

percentages of the holes in the middle and rear rows rise, 

indicating that these holes are more efficiently configured. 

Besides, this rubber ring scheme achieves that the first hole 

resists the minor shear force at the beginning, and then 

undertakes approximate 1/6 of the total shear load with the 

increase of the applied load. However, the second hole 

 

 

undertakes considerable shear forces in the early loading 

stage, which should be optimized. 

Fig. 18(c) displays the shear force distribution of the 

model with two 0.5 mm thick rubber rings on the first two 

holes. Compared with the model configuring a 1 mm thick 

rubber ring on the first hole, the force percentage of the first 

hole without rubber rings (the third hole) reduces faster 

with the increase of shear loads. That is caused by the 

smaller rubber ring thickness. Between the two holes with 

rubber rings, the stiffness recovery and the shear percentage 

of the first hole are earlier and higher than those of the 

second hole, resulting from the larger slip at the first hole. It 

is noted that the shear distribution when the shear load is 

over 60% of the yield shear load is more even than that in 

Fig. 18(a). Finally, Fig. 18(d) shows the results of the 

scheme using rubber rings with two different thicknesses. 

Since the rubber ring on the second hole is thinner, the 

shear percentage of the second holes is larger than that of 

the first hole. Besides, the shear force distribution of the 

holes without rubber rings is close to the distribution in Fig. 

18(c), indicating that the shear force distribution is mainly 

controlled by the smallest thickness of rubber rings in the 

PBL groups. Consequently, reasonable arrangements of 

rubber rings can improve the shear distribution of PBL 

groups. 
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Fig. 18 Effect of rubber ring schemes on shear distributions 
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5. Theoretical analysis on shear distribution 
 

5.1 Mechanics model 
 
In this section, an analytical model for multi-row shear 

connectors is proposed. Compared to the previous works by 

Liu (2018), the reaction force at the bottom boundary of 

concrete blocks and the deformation of concrete are taken 

into account. By considering the effects of concrete 

deformation, the shear distribution could be saddle-like, as 

reported in the previous studies (Zhang 2016). Besides, 

holes with different shear stiffness (i.e., partially employing 

rubber rings) are allowable in the analysis. Fig. 19 shows 

the simplified mechanics model of multi-row PBLs. The 

following assumptions are claimed by considering practical 

applications. 

 The PBLs, steel plate and concrete block are in 

the elastic state. 

 The spacing between adjacent holes is identical. 

 The end bearing effect of the steel plate is 

neglected. 

Based on the simplified mechanics model, the vertical 

equilibrium equation is given as Eq. (1), where Vi is the 

shear force of the ith hole from bottom to top (kN); F is the 

total load applied on the top surface of the steel plate (kN). 

Since the displacement of one hole equals to the sum of the 

displacement at the previous hole and the elastic 

deformation of the steel plate (the concrete block) between 

the two adjacent holes, the deformation compatibility 

equations are established as Eqs. (2) and (3) 

1

0
n

i

i

V F


   (1) 

( 1) 1,    1s s s

i i i id d i n      (2) 

 

 

( 1) 1,    0 1c c c

i i i id d i n       (3) 

Where ds
i and dc

i are the displacements of steel plates 

and concrete blocks at the ith hole (mm); δs
i(i+1) and δc

i(i+1) 

are the deformation of steel plates and concrete blocks 

between the ith and (i+1)th cross-sections (mm). si represents 

the slip of ith hole (mm), which equals the difference 

between ds
i and dc

i. The constitutive equations for 

perfobond connectors, steel plates and concrete blocks are 

defined as Eqs. (5)-(7) 

s c

i i is d d   (4) 
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Where kpi is the shear stiffness of the ith hole (kN·mm-1); 

ks is the axial stiffness of the steel plate (kN·mm-1); kc is the 

axial stiffness of concrete block (kN·mm-1). If all the holes 

have the same stiffness (i.e., kpi = kp), the following 

equations can be obtained by Eqs. (2) to (7) 
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Fig. 19 Simplified mechanics model of multi-PBLs 
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To simplify the derivation process, the stiffness ratios of 

PBL to steel plates and PBL to concrete blocks are defined 

as ξs and ξc, respectively. The sum of them denotes as ξ. By 

substituting Eq. (10) into the difference between Eqs. (8) 

and (9), the slip relationship Eq. (11) can be written as 

,     ,     
p p

s c s c

s c

k k

k k
         (10) 

1

1 1

,    1 1
i n

i s j c j i

j j i

s s s s i n  

  

       (11) 

Through Eq. (11), when i > 2 the recursive formula of si 

can be described as Eq. (12), and the general formula is 

solved by using the characteristic equation. Since ξ is 

greater than zero, the characteristic Eq. (13) has two 

different roots, x1 and x2. The general formula of si can be 

expressed as Eq. (14) 

1 2(2 ) 0,    3i i is s s i n        (12) 

2 (2 ) 1 0x x     (13) 

1 1

1 2 ,    1i i

is Ax Bx i n     (14) 

By solving the characteristic Eq. (13), the expressions of 

x1 and x2 are obtained. Noted that dc
1 equals to F divided by 

kc. By substituting the Eqs. (11) and (1) into Eq. (17), the 

expression of s2 is simplified. The coefficients A and B can 

be calculated by the boundary conditions when i = 1 and 2, 

as shown in Eq. (18). 
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According to Eqs. (1), (5) and (11), Eq. (19) shows the 

relationship between the applied load and slips. Further, the 

slip of the first perfobond connector s1 can be calculated by 

substituting the general Eq. (14) into Eq. (19). Finally, all 

the slip si are obtained. 

 1(1 )s n nF k s s     (19) 

For the PBL groups with rubber rings, the holes have 

different shear stiffness. Based on Eqs. (8) and (9), Eq. (11) 

should be rewritten as the following Eq. (20). By 

calculating their difference, the simplified relationship 

between the slips and the stiffness Eq. (21) comes out. 
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A total of n equations, including the first and last 

equations in (20) and the n-2 equations of (21), can be used 

to solve the n unknown slips. The relative slip si can be 

solved by the homogeneous linear Eq. (22). Subsequently, 

the shear percentages are obtained by normalizing the 

product of the relative slip si, and the corresponding shear 

stiffness kpi. 
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(22) 

 

5.2 Stiffness parameters 
 

In the derivation above, the stiffness of PBL, steel plates 

and concrete blocks are the key parameters. The shear 

stiffness of PBLs without rubber rings can be calculated 

through the stiffness equation for a single hole (Eq. (23)) 

proposed by Zheng (2016), where the shear stiffness was 

defined as the secant slope at the slip of 0.2 mm on the 

shear-slip curves. Based on the parametric study (Liu 2019), 

6% and 2.5% of the shear stiffness of ordinary PBLs are 

taken for the holes with 0.5 mm and 1 mm thick rubber 

rings. The axial stiffness of steel plate and concrete block 

are expressed as Eq. (24). 

2(0.27 0.14 )p E d ck n n E d   (23) 

,   s se c c

s c

e e

E A E A
k k

a a
   (24) 

1
( )
150 3

e

a
a a d    (25) 

Where nE is Young’s modulus ratio between perforated 

rebar and concrete block; nd is the diameter ratio of 

perforated rebar to circle hole; Ec and Es are the elastic 

moduli of concrete block and steel plate (MPa); d is the 

hole diameter of perfobond connector (mm); Ase is the 

effective cross-sectional area of steel plates, Ase = t · (w – 

0.5·d) (mm2); Ac is the cross-sectional area of concrete 

blocks (mm2); ae is the effective hole spacing considering 

the length effect (mm). 
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5.3 Equations validation 
 
To verify the theoretical model, the shear distributions 

of PBLs calculated by the equations in this section are 

compared with those by the FEA results, as shown in Fig. 

20. Since the shear percentages in the FEA models vary 

with the loading process, the shear percentage is picked at 

the slip of 0.2 mm (Zheng 2016), which is consistent with 

the definition of the shear stiffness in Eq. (23). The x-axis in 

the figures is the hole number from top to bottom. The 

comparisons show that the theoretical and numerical results 

are in good agreement under the varying steel plate widths, 

hole spacings and the numbers of holes. The proposed 

equations are feasible to evaluate the shear distribution of 

PBL groups with identical or different shear stiffness in the 

serviceability stage. 

 

 

6. Conclusions 
 

This paper presents the modified push-out tests for five 

specimens with multi-row PBLs to investigate the effects of 

rubber rings on the shear mechanism of PBL groups. The 3-

D refined FE models were established and validated by the 

test results. Furthermore, the effects of the width of steel  

 

 

plates, spacing and numbers of holes, rubber ring 

thicknesses, and positions of rubber rings on the shear 

distribution were investigated by the parametric study. 

Finally, an analytical model for PBL groups allowing that 

the connectors have different stiffness was proposed to 

predict the shear distribution at the serviceability stage. The 

following conclusions could be addressed:  

 Employing rubber rings on partial holes can 

increase the slip ability of PBL groups. According to 

the strain difference of perfobond plates between the 

first two rows and the longitudinal strains of 

perforated rebars, rubber rings can postpone the shear 

resistance of partial holes in PBL groups. 

 The numerical results show that the shear strength 

of holes in the middle rows is fully exerted by using 

rubber rings on the top and bottom holes. When the 

concrete block has relatively large dimensions, setting 

a rubber ring on the bottom hole is unnecessary. The 

reasonable thicknesses of rubber rings are 1 mm and 

0.5 mm in practice. 

 Based on the parametric study, the unevenness of 

shear forces decreases by reducing the stiffness ratio 

of PBLs to perfobond plates and the number of holes. 

When the shear stiffness of holes with rubber rings 

recover, the shear percentages of the holes without 
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Fig. 20 Equations validation by FEA results. 
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rubber rings drop rapidly, indicating the shear forces 

redistribute in the PBL group. Reasonable rubber ring 

schemes can improve the composite behavior of PBL 

groups. 

 An analytical model for PBL groups allowing that 

the connectors have different stiffness is proposed. 

Furthermore, the shear force distribution equation of 

perfobond connectors at the serviceability stage is 

derived, which agrees well with the numerical results. 
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