
Open Access

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original 
author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third 
party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the mate-
rial. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

ORIGINAL INNOVATION

Wang et al. Advances in Bridge Engineering             (2024) 5:7  
https://doi.org/10.1186/s43251-024-00118-4

Advances in
Bridge Engineering

Methodology for calculating load capacity 
reduction and slip relationship of clustered 
group nail connectors
Shichao Wang1*   , Chenhao Tang1, Yanqing Fu2, Jianrui Zhu1, Jianping Di1 and Guodong Li3 

Abstract 

Clustered group nail connectors are key connecting components for the full lifecy-
cle construction and safe operation of steel–concrete composite structural bridges. 
To thoroughly investigate the stress mechanism of clustered group nail connectors 
in steel–concrete composite structures, this paper conducts a detailed numerical 
analysis on 100 sets of such connectors. It analyzes the stress mechanism of individual 
nail connectors and quantitatively calculates the group nail effect under the coupled 
action of multiple factors (nail spacing between layers, number of nail layers, concrete 
strength). Based on clarifying the force transmission patterns of nails and concrete 
in different layers during the loading process, this paper proposes a method for cal-
culating the average bearing capacity reduction coefficient and the load-slip curve 
of single nails in clustered group nail connectors under the coupled action of multiple 
factors, which has been validated by experimental data. This research provides a theo-
retical basis for the design and calculation of group nail connectors in steel–concrete 
composite structural bridges.

Keywords:  Steel–concrete composite structure, Clustered group nail connectors, 
Bearing capacity reduction, Load-slip relationship

1  Introduction
Shear connectors play a crucial role in steel–concrete composite beams, where they are 
responsible for transferring longitudinal shear forces between the steel beam and the 
bridge deck (Wang et al. 2019a; Classen 2018; Yang et al. 2018). The effective combina-
tion of steel and concrete is a key factor in ensuring the safe operation of composite 
structural bridges (Zhang et al. 2023a, 2023b). Among various types of shear connectors, 
nail connectors are widely used due to their ease of welding and excellent mechanical 
properties, making them a superior type of flexible shear connector (Wei et  al. 2021; 
Zhang et al. 2018). Particularly in steel truss-concrete composite beams, where the con-
tact surface area between the steel truss’s upper chord and concrete is relatively small, it 
necessitates concentrating multiple nails in a limited area, thus forming clustered group 
nail connectors (Shi 2021). These group nail locations may be subjected to extreme shear 
forces, therefore, comprehensive and detailed research on the load-bearing performance 
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of clustered group nail connectors is especially important. Wuhu Yangtze River Bridge is 
China’s pioneering composite bridge, featuring prestressed concrete bridge panels and 
steel girders. Embracing the development concept of bridge industrialization and the 
trend of structural assembly, China has successfully constructed a multitude of prefabri-
cated steel–concrete composite bridges, exemplified by the Hong Kong-Zhuhai-Macao 
Bridge. Extensive research has demonstrated that densely arranged cluster nailing joints 
exhibit distinct mechanical properties compared to single nailing. The force distribu-
tion among shear nails is non-uniform, resulting in a notable group nailing effect across 
all stud layers. The average load-carrying capacity of intensive cluster nailing is lower 
than that of single nailing (Xu et al. 2012). However, the current "Steel Structure Design 
Standard" (GB50017-2017) (Tong 2019) does not specify any reduction in shear bearing 
capacity for studs influenced by the group nail effect. Consequently, designing based on 
the calculation formula for single nails may compromise safety standards. Therefore, it 
is imperative to conduct a comprehensive study on uneven load transfer between layers 
of clustered nail joints and establish principles governing reductions in shear bearing 
capacity. These findings will provide valuable guidance for practical engineering design.

In response to the impact of the group nail effect on bearing capacity reduction, the 
academic community has proposed various calculation methods. For instance, (Zhou 
et al. 2014) Zhou et al. analyzed the force characteristics of steel anchor box group nail 
shear connectors through several finite element models and proposed a formula for the 
reduction coefficient of shear bearing capacity considering the group nail effect (Deng 
et al. 2022). Deng et al., through the analysis of 10 push-out specimens and 25 finite ele-
ment models, found that the load-slip curves of clustered connectors are longer than 
those of individual nail connectors, with uneven shear forces between the nails and 
the average shear bearing capacity varying with the spacing and arrangement of nails 
(Ding et al. 2021). Ding et al. investigated composite nail connectors in Ultra-high per-
formance concrete (UHPC) and found that the nail diameter significantly affects shear 
performance, while a reduced spacing between nails diminishes performance (Fang et al. 
2022). Fang et al. conducted a static analysis of shear connectors in steel-precast UHPC 
composite structures, explored the impact of nail diameter and plate thickness on shear 
bearing capacity, and proposed a more accurate strength calculation formula (Zhang 
et al. 2020). Zhang et al. experimentally investigated the shear resistance of longitudinal 
double-row nails in self-compacting concrete beams and developed corresponding bear-
ing capacity formulas (Wang et  al. 2019b). Although existing research provides quan-
titative analysis methods for the group nail effect, most national standards, including 
China’s ’Design Code for Steel–Concrete Composite Bridges’ (Tong et al. 2020; (GB/T 
10433–2003), largely do not incorporate the group nail effect in calculations. The reduc-
tion coefficients in current standards, mainly based on (Okada et  al. 2006) Okada’s 
research, consider only the spacing between nails and the strength of concrete, neglect-
ing the layers of nails along the direction of shear action. This omission could lead to sig-
nificant errors in estimating the bearing capacity of group nail connectors with multiple 
layers of nails, impacting practical engineering applications.

Current research commonly employs finite element software to establish numerical 
models, combined with results from push-out tests, for a comprehensive analysis of the 
shear bearing capacity and load–displacement behavior of nail connectors. For instance, 
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Yu et al. (Yu et al. 2020) used a refined three-dimensional nonlinear finite element model 
to investigate the mechanical behavior of grouped nail shear connectors embedded in 
hybrid fiber reinforced concrete (HFRC). Shi et  al. (Shi and Fan 2022), through finite 
element model analysis of prefabricated-assembly group nail shear keys, compared the 
mechanical properties of single and double key groups, thereby deriving a formula for 
the reduction coefficient of the bearing capacity of multiple key groups. Wang et  al. 
(Wang et al. 2021a) investigated the interaction between nails and UHPC through vali-
dation of finite element models and proposed a formula for predicting the shear bear-
ing capacity of nails. Xu et al. (Xu et al. 2022) explored the shear resistance of nail and 
PBL connectors based on finite element models. Ding et al. (Ding et al. 2017) established 
detailed finite element models through reverse push-out tests to assess structural shear 
resistance. Wang et al. (Wang et al. 2021b) used three-dimensional nonlinear finite ele-
ment models to investigate the multi-bolt effect. However, in the actual engineering 
design and calculation of steel truss-concrete composite beams, it is necessary to use 
the load-slip curves of the connectors. Although many standards specify methods for 
calculating the bearing capacity of nail connectors, they do not provide standard load-
slip relationships. Engineers often rely on regression analysis of experimental data or use 
relationship formulas proposed by other scholars for calculations. For densely arranged 
clustered group nail connectors, their mechanical properties significantly differ from 
those of individual nail connectors. When there are multiple layers of nails in the group 
nail connectors, their initial shear stiffness may experience some reduction. In such 
cases, using relationship formulas designed for individual nail connectors might overes-
timate the shear stiffness of group nail connectors, thereby affecting the accuracy of the 
design.

This paper builds on existing research and uses the finite element simulation method 
for push-out specimens, comprehensively considering the effects of nail spacing between 
layers, the number of layers, and concrete strength on the reduction effect of shear 
bearing capacity. Through regression analysis, a formula for calculating the reduction 
coefficient of the average bearing capacity of a single nail is derived, and an applicable 
load-slip relationship expression for clustered group nail connectors is proposed. These 
achievements not only enrich the theoretical foundation in the field of group nail con-
nectors but also provide an important reference for practical engineering applications.

2 � Simulation model
2.1 � Finite element model building

2.1.1 � Finite element push‑out test design

In this paper, we utilized the large-scale spatial finite element software ANSYS 2021 to 
construct a numerical model of the push-out test. The simulation results were compared 
with experimental results from other researchers in existing literature to verify the accu-
racy of the established numerical model. In addition, we conducted a detailed analy-
sis of the force conditions of group nail connectors in the push-out test. The design of 
the specimens referenced the standard specimen form proposed in the European Code 
(EC4) (EUROCODE 2004), with adjustments made to the dimensions to accommodate 
the arrangement of group nails, as shown in Fig. 1.
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The push-out test specimen consists of an I-beam, to the outer surfaces of which nails are 
welded, and concrete is poured to encase the nails. For materials, Q345qD grade steel was 
used for the I-beam, and ML15 material for the nails. The size and related requirements 
of the welding nails were chosen according to the Chinese standard GB/T 10433–2002 
(GB/T 10433–2003). In the finite element model, nails and I-beams were simulated using 
3D 8-node solid elements SOLID 45, with three degrees of freedom. Concrete was modeled 
using SOLID 65 elements, which can simulate reinforced concrete structures with cracking 
and crushing capabilities, and can mimic the behavior of steel bars in concrete. Ordinary 
reinforcement bars and stirrups in concrete were simulated using LINK 8 elements, which 
are 3D truss elements capable of bearing tension and compression but not bending.

The meshing of the model was done flexibly, with densification in key areas and com-
plex shapes, such as at the connection of the nails and the steel plate, and the holes in the 
concrete slab, where the mesh size was reduced to as small as 1 mm. The mesh size in 
other parts was kept above 10 mm. Due to the model’s bi-axial symmetry, only 1/4 of the 
model was established, and symmetric constraints were applied at the symmetry plane. 
The mesh division of the model is shown in Fig. 2.

Using the aforementioned numerical simulation method, a model of the push-out 
specimen for clustered group nail connectors was established. In the process of setting 
up the numerical simulation model, three major factors significantly affecting the group 
nail effect were primarily considered: the spacing between the layers of nails (nr), the 
number of nail layers (nd), and the strength grade of concrete (fck). Various combina-
tions of these factors resulted in a total of 100 numerical simulation models, as shown 
in Table 1. For ease of description, we have assigned codes to the three parameters of 
nail connectors: the number of nail layers, the spacing between nail layers, and the con-
crete strength. For instance, ’6R-5D-C30’ refers to a clustered group nail connector with 
6 layers of nails (6R), a nail layer spacing of five times the nail diameter (5D), and using 
concrete grade C30.

2.1.2 � The selection of constitutive relation

The specimen’s stud is made of ML15 steel in accordance with specification require-
ments, featuring a yield strain εy = 0.002, yield strength fy = 420  MPa, ultimate strain 

Fig. 1  Dimension of push-out specimen (Unit: mm)
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εu = 0.063, and ultimate strength fu = 495  MPa. The Q345 steel has a yield strength 
fy = 345  MPa and an ultimate strength fu = 480  MPa. In the finite element model, the 
constitutive relationship of materials is described using bilinear follow-up strengthening 
model BKIN and Mises yield criterion with two broken lines having different slopes. The 
ordinary steel bar used in concrete is HRB335 grade steel bar with ideal elastic–plastic 
material properties featuring a yield strength fy = 335 MPa as shown in Fig. 3.

2.1.3 � Simulation of contact relationship between steel and concrete

The model takes into account the friction between the stud and concrete, as well 
as between the steel beam and concrete. The contact behavior is simulated using the 
TARGE170 target unit and CONTA175 contact unit, with a friction factor of 0.4. Since 
the bond between steel and concrete fails at failure time, it is not considered, and the 
contact gap is closed using element option. In practical engineering, bolts and steel 
beams are typically connected through welding. In this model, however, the studs and 
steel beams are treated as a tightly connected entity. When establishing the numeri-
cal model, separate mesh models for perforated steel beams and studs are first created 
respectively. Then, the studs are embedded in predrilled holes of the steel beams while 
merging repeated nodes to ensure their connection as a whole.

2.1.4 � Failure pattern of stud connectors

According to numerous experimental studies and numerical simulation tests, it has been 
observed that there are two primary failure modes of stud connectors: concrete damage 
and stud failure.

Fig. 2  Mesh generation of finite element model
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The failure of concrete typically occurs when its strength is relatively weaker compared 
to the material strength of the stud. Concrete failure mainly manifests in two forms: 
compression failure and splitting failure. During the push-out test, significant compres-
sive stress is exerted by the stud on the concrete in front of the loading direction. This 
stress primarily concentrates near the root of the stud, eventually leading to localized 
crushing or splitting of concrete in that region. Shear failure is commonly encountered 

Table 1  Push-out test models

Concrete No Models Concrete No Models Concrete No Models Concrete No Models

C30 1 3R4DC30 C40 26 3R4DC40 C50 51 3R4DC50 C60 76 3R4DC60

2 3R5DC30 27 3R5DC40 52 3R5DC50 77 3R5DC60

3 3R6DC30 28 3R6DC40 53 3R6DC50 78 3R6DC60

4 3R7DC30 29 3R7DC40 54 3R7DC50 79 3R7DC60

5 3R8DC30 30 3R8DC40 55 3R8DC50 80 3R8DC60

6 4R4DC30 31 4R4DC40 56 4R4DC50 81 4R4DC60

7 4R5DC30 32 4R5DC40 57 4R5DC50 82 4R5DC60

8 4R6DC30 33 4R6DC40 58 4R6DC50 83 4R6DC60

9 4R7DC30 34 4R7DC40 59 4R7DC50 84 4R7DC60

10 4R8DC30 35 4R8DC40 60 4R8DC50 85 4R8DC60

11 5R4DC30 36 5R4DC40 61 5R4DC50 86 5R4DC60

12 5R5DC30 37 5R5DC40 62 5R5DC50 87 5R5DC60

13 5R6DC30 38 5R6DC40 63 5R6DC50 88 5R6DC60

14 5R7DC30 39 5R7DC40 64 5R7DC50 89 5R7DC60

15 5R8DC30 30 5R8DC40 65 5R8DC50 90 5R8DC60

16 6R4DC30 41 6R4DC40 66 6R4DC50 91 6R4DC60

17 6R5DC30 42 6R5DC40 67 6R5DC50 92 6R5DC60

18 6R6DC30 43 6R6DC40 68 6R6DC50 93 6R6DC60

19 6R7DC30 44 6R7DC40 69 6R7DC50 94 6R7DC60

20 6R8DC30 45 6R8DC40 70 6R8DC50 95 6R8DC60

21 7R4DC30 46 7R4DC40 71 7R4DC50 96 7R4DC60

22 7R5DC30 47 7R5DC40 72 7R5DC50 97 7R5DC60

23 7R6DC30 48 7R6DC40 73 7R6DC50 98 7R6DC60

24 7R7DC30 49 7R7DC40 74 7R7DC50 99 7R7DC60

25 7R8DC30 50 7R8DC40 75 7R8DC50 100 7R8DC60

Fig. 3  Selection of constitutive relation of steel (a) Constitutive relationship of ML15 and Q345 steels (b) 
Constitutive relation of ordinary reinforcement
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as a mode of stud failure. When the material strength of the stud is comparatively lower 
than that of concrete, shear failures occur due to substantial shear forces acting on the 
root area of studs. Additionally, other types of damage may also arise including weld 
damage, steel beam base metal damage, and bolt pulling out damage; these should be 
avoided during design and construction processes. Poor welding quality can result in 
premature fracture at welds before reaching material strength while good welding qual-
ity leads to shear failures within studs themselves. Increasing length-to-diameter ratio 
for studs can help prevent pullout damages.

2.2 � Finite element analysis model verification

2.2.1 � Shear bearing capacity and load‑slip curve

The results obtained by the finite element model will be verified in this section. The 
parameters and test sources of the selected specimens are presented in reference (Luo 
2008; Li 2015; Zhang 2021; Lin and Liu 2015). The numerical model was established 
based on the modeling method described in Sect. 2.1 of this paper. The material size and 
parameters of the model were all referenced from Table 1, while the load-slip curve of 
the specimen was extracted and compared with test data from reference (Huang 2015; 
Xu 2013) for validation purposes. The corresponding results are presented in Fig. 4.

As can be seen from Fig. 4, the load-slip curve obtained by the numerical simulation 
test in this paper is in good agreement with the test results, and there is no significant 
deviation in the curve during the loading process, which indicates that the numerical 
simulation model established in this paper can accurately simulate the test process of 
connector ejection.

3 � The force mechanism of clustered group nail connectors
3.1 � The group nail effect of clustered group nail connectors

Clustered group nail connectors exhibit significant differences in mechanical perfor-
mance compared to traditional connectors with uniformly distributed individual nails, 
mainly due to the so-called ’group nail effect’. During the loading process, the distribu-
tion of loads among the nails in different layers of group nail connectors is uneven. This 
results in a reduction in both shear stiffness and shear-bearing capacity compared to 

Fig. 4  Comparison of finite element model and experimental load-slip curve
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single-row nail connectors. Particularly in the failure stage, group nail connectors may 
exhibit a cascading failure effect similar to ’falling dominoes’ (Lian 2015).

3.1.1 � Load‑slip relationship under group nailing effect

Figure 5 presents the load-slip curves of push-out specimen models with different num-
bers of nail layers, based on specific model parameters (nail diameter 22 mm, nail height 
200 mm, layer spacing 5D, i.e., five times the nail diameter). This curve clearly reveals 
the two main stages in the loading process of the nail connectors: the elastic stage and 
the elasto-plastic stage. In the initial phase of loading, the curve exhibits a linear trend, 
indicating small slip amounts and suggesting that the material of the connector is in the 
elastic state. As the loading continues, the connector gradually enters the elasto-plastic 
stage. The rate of increase in slip amount accelerates, and although the connector has 
not yet reached the yield point, it already exhibits certain ductile characteristics.

3.1.2 � Reduction of load bearing capacity of group nail connectors

By synthesizing experimental data from multiple scholars (Deng et  al. 2022; Su et  al. 
2014), we have compiled information on the average shear bearing capacity and shear 
stiffness of individual nails in Table 2, and conducted a comparative analysis with clus-
tered group nail connectors. It is observed that the average bearing capacity of individual 
nails in clustered group nail connectors significantly decreases compared to individual 
nail connectors, and this decrease is positively correlated with the number of nail layers. 
Specifically, as the number of nail layers increases, the reduction in the average shear 
bearing capacity of individual nails gradually intensifies. Similarly, the shear stiffness of 
group nail connectors also decreases with an increase in the number of nail layers.

Fig. 5  Load-slip curve of cluster nail connectors with different numbers of nail layers
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3.1.3 � Mechanical characteristics of group nail connectors

In the experiment, the loading point is located at the top of the steel beam, and the ver-
tical force F is applied to the top of the steel beam, causing shear forces at the base of 
the nails in the concrete. This shear force is transmitted to the concrete in the form of 
a vertical force. The lower end of the concrete is constrained, and under the action of 
shear force in the nails and the bonding force with the steel beam, it undergoes certain 
compressive deformation. Since the bottom end of the steel beam is not constrained, 
there is no vertical compression deformation, causing the distances between the weld-
ing points of each layer of nails and the distances between the nail heads to be unequal. 
This results in a certain ’arch-shaped’ deformation of the steel plate, where the deforma-
tion of the steel plate leads to the nails bearing a portion of additional force, resulting in 
a decrease in shear force in the upper nails and an increase in shear force in the lower 
nails, as shown in Fig. 6.

Using ANSYS 2020, the shear forces borne by each layer of nails in each loading stage 
are calculated. Taking the example of a 7-layer clustered group nail connector with a 

Table 2  Load-bearing capacity and shear stiffness reduction of cluster nail connectors

No shear stiffness 
(kN/mm)

reduction factor Average shear bearing 
capacity(kN)

reduction factor

Ks η Ps η

Single nail 170.99 1 169.9 1

3R5DC50 142.22 0.832 163.8 0.964

4R5DC50 127.04 0.743 160.0 0.942

5R5DC50 106.90 0.625 157.1 0.924

6R5DC50 99.51 0.582 152.9 0.901

7R5DC50 87.76 0.513 148.2 0.871

Fig. 6  "Arch" deformation of push-out specimen
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diameter of 19 mm and a height of 200 mm, by selecting all the nodes at the bottom of 
the nails in the solid model and calculating the sum of the forces in the y-direction, the 
shear force value borne by each nail is obtained. Figure 7 shows the load values borne by 
each row of nails at different stages.It can be noted that from top to bottom, the shear 
force values borne by the nails first decrease and then increase, exhibiting a ’saddle-
shaped’ distribution. The bottom layer of nails bears the maximum shear force, which is 
consistent with the analytical results of the ’arch-shaped deformation’ theory. Therefore, 
the bottom layer of nails is the first to shear during failure.

Furthermore, in the initial loading stage, the uneven distribution of forces among the 
nails in each layer is high, but as the load increases, the forces among the nails in each 
layer tend to become more uniform. For example, at a load of 0.2P, the sum of the shear 
forces borne by the first, sixth, and seventh layers of nails compared to the sum of the 
shear forces borne by all layers of nails shows that 42% of the nails bear 48% of the over-
all shear force, indicating a relatively uneven force distribution."

The unevenness coefficient is introduced to quantitatively describe the unevenness of 
the forces on each layer of nails in the clustered group nail connector. This paper adopts 
the method from reference (Li 2017), leveraging the calculation principle of the Gini 
coefficient G, to define a method suitable for calculating the unevenness of the forces on 
each layer of nails. The arrangement of each layer of stud in ascending order according 
to the load borne is illustrated in Fig.  8.The horizontal axis represents the cumulative 
proportion of the number of stud layers, while the vertical axis represents the cumula-
tive load proportion corresponding to the cumulative number of layers, with each point 
being connected. η denotes the ratio between the area of part B and the sum of areas for 
parts A and B in the Fig. 8.

Fig. 7  Shear distribution of nails in different layers under different loads
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The unevenness coefficient for the clustered group nail connector is calculated at 
five load levels. Taking examples of 5R-6D-C50, 5R-8D-C50, as well as 7R-5D-C40, 
and 7R-5D-C50, the variation curves are plotted, as shown in Fig.  9. In the stages 
before 0.6P, due to the delayed transmission of the load, the nails at the loading end 
bear a larger load, and the distribution of forces on the nails along the shear direc-
tion shows a ’saddle-shaped’ pattern. When the load reaches 0.8P, as the volume of 
the material in the plastic stage continues to increase, the stress redistribution effect 
becomes more pronounced. At this point, the forces on each layer of nails are gen-
erally uniform, with the layer experiencing the maximum force located on the side 
away from the loading end.

(1)η =
SB

SA + SB

Fig. 8  Influencing factors of non-uniformity coefficient. a The impact of nail layer spacing on the unevenness 
coefficient. b The influence of concrete strength on the unevenness coefficient

Fig. 9  Calculation diagram of uneven force coefficient of stud
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3.2 � The force transmission mechanism of clustered group nail connectors

3.2.1 � Load‑slip relationship under group nailing effect

During the loading process of the specimen, the concrete region near the base of the 
bolts experiences high triaxial compressive stress. Shear, bending moment, and eccen-
tric normal forces reach equilibrium at a certain distance from the steel–concrete inter-
face. Taking a 22 mm diameter, 5D spacing, and 7-layer clustered group nail connector 
as an example, Fig. 10(a) shows the front view of the principal stress cloud. The gray area 
indicates the concrete reaching the limit of principal compressive stress in that region 
and being crushed. As the load increases, the load is gradually transmitted from the top 
layer of bolts to the bottom layer of bolts. Due to the restraint at the bottom of the con-
crete, the gray stress area of the bottom layer of bolts increases accordingly. Figure 10(b) 
is the profile principal stress cloud map of the concrete-bolt axis. The contour lines of 
vertical stress on the bolt form a triangle, with a larger high-stress area near the base of 
the bolt, and the stress values gradually decrease away from the bolt base. The area of the 
crushed zone also shows a similar changing pattern. Overall, the crushed zone on the 
profile map appears as a triangle that gradually increases with the increasing load.

3.2.2 � The stress state of the nails

Taking the example of a 7-layer bundled nail connection with a nail diameter of 22 mm 
and a nail layer spacing of 5D, the failure test was conducted. From Fig.  11, it can be 
observed that the maximum shear stress occurs at a position approximately 10 mm from 
the nail root, with a value of up to 271 MPa. Beyond this position, the shear stress rapidly 
decreases. Simultaneously, the maximum axial stress occurs near the nail root. The criti-
cal section for nail failure is within approximately 10 mm from the root, where failure 
typically occurs. At a distance of around 50 mm from the nail root, the stress direction 
changes, reaching another extreme point. This is due to the application of downward 
vertical force at this stage, and the concrete beneath the nail has already been crushed, 
lacking effective restraint. The stress state at this point is similar to that of a cantilever 
beam with one end fixed and the other end subjected to a concentrated downward force, 
causing compression on the lower side and tension on the upper side of the nail.

Fig. 10  Nephogram of principal compressive stress in normal and profile of concrete (Unit: MPa). a 
Nephogram of principal compressive stress in normal concrete. b Nephogram of principal compressive stress 
in profile of concrete
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4 � Parametric analysis of clustered group connections
4.1 � Layer arrangement of clustered group connections

Using a bolt diameter of 19 mm as an example, Fig. 12 compares the average shear force 
of a single bolt under different bolt layer numbers. The increase in bolt layers results in 
a decrease in the average load-carrying capacity of a single bolt, and the correspond-
ing reduction coefficient also decreases. When the nail layers increase from 3 to 7R, the 
reduction ratio increases from 3.6% to 13.5%. Therefore, the influence of nail layers can-
not be ignored. Figure 13 shows the variation of the unevenness coefficient for connec-
tors with different numbers of layers. The increase in nail layers leads to a decrease in the 
unevenness coefficient, indicating a more pronounced uneven force distribution. With 
the increase in load value, the unevenness coefficient becomes larger, suggesting a ten-
dency towards uniform loading. When the load reaches its limit, the force distribution 
becomes relatively uniform.

According to the provisions of the European standard (EC4) regarding shear stiffness, 
which is the ratio of the shear carrying capacity multiplied by 0.9 times the safety factor 

Fig. 11  Diagram of axial distribution of shear stress and axial stress of nail

Fig. 12  Influence of number of nail layers on load-slip curve
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to 0.7 times the slip value, Fig.  12 reveals that the increase in nail layers has a signif-
icant impact on shear stiffness. Combining the above conclusions, it is evident that a 
few nails bear the majority of the load, leading to an overall reduction in the stiffness of 
bundled nail connections. Due to the premature yielding of the nail root, which bears a 
significant shear force in the initial stage, and subsequent internal force redistribution, 
the force gradually becomes more uniform, making this phenomenon particularly pro-
nounced in the initial stage.

Table  3 quantifies the ratio of uneven force distribution to shear stiffness, using the 
tangent stiffness at 0.9 × 0.7P, primarily reflecting the average stiffness in the initial 
stage. It can be concluded that the higher the uneven force distribution, the smaller 
the shear stiffness. Therefore, the average shear capacity of bundled bolt connections is 
lower than that of single-bolt connections in the initial loading stage.

4.2 � Spacing of clustered group connections

Taking d = 22  mm, a fixed number of layers as 5 layers, and C50 concrete as an 
example, the influence of different bolt spacings on shear bearing capacity and 
uneven force distribution is analyzed. Figures  14 and 15 provide a comparison of 
the load-slip curves and unevenness coefficients for different bolt spacings, while 
Table  3 presents the variation of reduction coefficients. From Fig.  14 and Table  4, 

Fig. 13  Variation of uneven coefficient of stress on connectors with different layers

Table 3  Influence of the number of nail layers on shear stiffness

Types of models Single nail 3R 5R 7R

Shear stiffness (kN/mm) 163.33 142.22 106.90 81.42

Stiffne reduction factor 1 0.871 0.654 0.499

Uneven coefficient λ at 0.2P 1 0.96 0.95 0.918

Uneven coefficient λ at 0.4P 1 0.972 0.969 0.953
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Fig. 14  Load-slip curves under different nail spacing

Fig. 15  Influence of spacing between nail layers on non-uniformity coefficient

Table 4  Influence of nail spacing on bearing capacity

Types of models Nail diameterd = 22 mm

Single nail 4D 5D 6D 7D 8D

Average bearing capacity 
of single nail (kN)

169.9 156.31 156.99 159.03 160.90 162.93

Reduction factor η 1 0.920 0.924 0.936 0.947 0.959
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it can be observed that a too-small bolt spacing will decrease the average bearing 
capacity of a single bolt. When the bolt spacing is reduced from 8 to 4d, the bearing 
capacity of a single bolt decreases by 4%. Figure 15 shows a significant variation in 
the unevenness coefficient before 0.6P, and a larger spacing results in a more une-
ven force distribution. As the load approaches the limit, the force gradually becomes 
more uniform.

Table  5 illustrates the impact of bolt spacing on shear stiffness. It can be seen that 
shear stiffness is positively correlated with uneven force distribution. The initial uneven 
force distribution causes more load to be distributed to a few bolts, leading to a reduc-
tion in the average shear stiffness of the bundled bolt connection in the initial stage.

4.3 � Influence of concrete strength grade

Figure  16 illustrates the variation in load-slip curves for different concrete strength 
grades. It can be observed that the concrete strength grade is negatively correlated with 
the reduction coefficient; the higher the concrete grade, the lower the corresponding 
reduction. Taking d = 22 mm, a bolt spacing of 4D, and a 3-layer bundled bolt connec-
tion as an example, when the concrete grade increases from C30 to C60, the reduction 
coefficient decreases from 10.7% to 3.8%. With an 8D bolt spacing, using C30 concrete 
results in only a 1.3% reduction compared to C60. This implies that in engineering, not 
only can the utilization of bolts be improved by using high-strength concrete, but a part 
of the reduction in stiffness due to lower concrete strength can also be compensated for 
when the bolt spacing is larger.

Table 5  Influence of nail spacing on shear stiffness

Types of models Single nail 5D 6D 7D 8D

Shear stiffness (kN/mm) 163.33 106.90 100.50 94.87 89.85

Reduction factor η 1 0.654 0.615 0.581 0.550

Uneven coefficient λ at 0.2P 1 0.953 0.939 0.935 0.928

Fig. 16  Load-slip curves under different concrete strength grades. a 3 layer group nail connectors. b 7 layer 
group nail connectors



Page 17 of 24Wang et al. Advances in Bridge Engineering             (2024) 5:7 	

Figure 17 shows the influence of concrete strength grades on the uneven force distribu-
tion coefficient. It can be seen that before 0.6P, the impact of concrete grades on uneven 
force distribution is significant, but becomes negligible when approaching the limit. In 
Fig.  18, taking a 5-layer bundled bolt connection with an 8D bolt spacing as an exam-
ple, at the ultimate bearing capacity, the principal stress cloud diagram under each con-
crete strength grade reveals that the crushing area for the connection using C30 concrete 
is 50.72% larger than that using C60 concrete. Using higher strength concrete effectively 
reduces the crushing area, avoiding complete crushing before the bolt shearing occurs. In 

Fig. 17  Influence of concrete strength grade on uneven coefficient

Fig. 18  Influence of concrete strength grade on principal compressive stress of concrete with group 
nail connector. a principal compressive stress of C30. b principal compressive stress of C40. c principal 
compressive stress of C50. d principal compressive stress of C60
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summary, increasing the concrete strength grade helps reduce the main stress in concrete, 
decrease the crushing area, and enhance the bearing capacity of bundled bolt connections.

5 � Calculation methods for bearing capacity and slip of connections
5.1 � Reduction coefficient calculation

The calculation of the reduction coefficient for the group bolt effect, considering the cou-
pling effects of bolt spacing and bolt layers at multiple levels, based on concrete strength 
classification, yields the shear capacity reduction coefficient. Figure  19 presents a three-
dimensional surface, where the Z-axis represents the shear capacity reduction coefficient, 
and the X and Y axes represent the bolt layers and bolt spacing, respectively, with con-
crete strength as a fixed parameter. The three factors listed have a significant impact on the 
reduction coefficient values. As the concrete strength grade increases, the surface is posi-
tioned higher in the coordinate system, emphasizing the importance of considering con-
crete strength as an influencing factor.

This paper conducted a multivariate regression analysis using MATLAB 2020 software to 
fit a formula incorporating the three factors mentioned above. Here is the definition of this 
formula:

(2)y = a1x1 + a2x
2
1 + a3x2 + a4x

2
2 + a5x3 + a6x

2
3 + a7

Fig. 19  Fitting surface with reduction coefficient under multifactor coupling. a Concrete strength C30. b 
Concrete strength C40. c Concrete strength C50. d Concrete strength C60
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In Eq. (2), x1,x2,x3 and serve as the three independent variables, y is the dependent vari-
able, and a1, a2 are unknown parameters.

The results obtained from the least squares fitting are as follows:
a1 = -0.0076, a2 = 0.0088, a3 = 0.0090, a4 = -0.0016,a5 = 0.0001, a6 = -0.0001, a7 = 0.7020, 

The residual value is 0.0085, and the error is within an acceptable range. Substituting the 
calculated results into Eq. (2) and simplifying, the obtained results are as follows:

In Eq.  (3), it was observed that the influence of the independent variable on the result 
can be negligibly small. Therefore, removing this term still yields a good fit. The coefficients 
obtained from the re-fitted least squares method are:

a1 = -0.0076, a2 = 0.01, a3 = 0.0090, a4 = -0.0016, a5 = -0.0001, a6 = 0.6985,
Substituting the calculated coefficients into Eq. (3), we obtain:

The independent variables x1, x2 and x3 are respectively brought into the number of bolt 
layers nr, the spacing of the layer of the bolt nd, and the compressive strength fcu,k of the 
concrete cube, respectively, to obtain the formula of the reduction coefficient of the shear 
bearing capacity of the cluster group nail:

5.2 � Calculation methods for shear bearing capacity and slip of clustered connection

The original load-slip curve proposed for single-nail connectors has a certain deviation 
when applied to the cluster group nail connectors, which will overestimate the shear stiff-
ness in the initial stage of loading. Therefore, this section intends to refit a load-slip rela-
tionship suitable for cluster group nail connectors based on the existing research results in 
this paper and the load-slip curve data of various types of cluster group nail connectors. It 
is pointed out that the number of nail layers and the spacing of the nail layers will affect the 
initial shear stiffness of the cluster group nail connector, and the influence of the number of 
nail layers nr and the spacing of the nail layer nd on the load-slip curve will be considered in 
this section.

Taking the concrete strength of C50 as an example, combined with the load-slip curve 
data obtained by the number of bolt layers and the spacing of bolt layers, the calculation 
is carried out for many times, and it is considered that the fractional form of the Buttry 
formula is simple and the fitting effect is good, so the proposed formula form is as follows:

Given the initial values a = 1 and b = 1, 12 sets of typical data are substituted into (6), 
and the least squares method is used to fit and iterate repeatedly, and the following data 
are finally obtained, as shown in Table 6:

(3)y = a1x1 + a2x2 + a3x3 + a4x
2
1 + a5x

2
3 + a6

(4)y = −76x1 + 100x2 + 90x3 − 16x21 − x23 × 10
−4

+ 0.6985

(5)η =

(

−76nr + 100nd + 90fcu,k − 16n2r − f 2cu,k

)

× 10
−4

+ 0.6985

(6)Q =
bS

1+ aS
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a is taken as the dependent variable, and the number of nail layers and the spacing of 
the nail layers are taken as independent variables, and the relationship is determined 
after trial calculation:

If a1 = 1, a2 = -0.11123, a3 = 2.666, a4 = -0.051, a5 = 2.5, then a is denoted as:

Then b is determined by b-a, and through the linear relationship of nr, the following is 
proposed:

In summary, it can be obtained that the load-slip full curve relationship of the cluster 
group nail connector:

Which is also suitable for 3 ~ 7 layers of bolts, 4d ~ 8d bolt layer spacing and C30 ~ C60 
concrete. where: S represents the amount of slip in mm; Q represents the shear force of 
the nail in kN; Qu is the design value of the shear bearing capacity of the nail, and the 
unit is kN; nr represents the number of bolt layers of cluster group nail connectors; nd 
represents the relative layer spacing of the nails, i.e., nd =

ld
d

 , in mm.
This formula is applicable to the range of 3 ≤ nr ≤ 7, 4 ≤ nd ≤ 8, concrete strength 

C30 ~ C60.

(7)a = a1 − a2nr +
a3

nr
− a4nd +

a5

nd

(8)a = 1− 0.11123nr +
2.666

nr
− 0.051nd +

2.5

nd

(9)� = b− a = 0.09561+ 0.01351nr

(10)Q = Qu
bS

1+ aS

(11)a = 1− 0.11123nr +
2.666

nr
− 0.051nd +

2.5

nd

(12)b = a+� = 0.09561+ 0.01351nr

Table 6  Fitting value of formula coefficient

3R5DC50 5R5DC50 7R5DC50 3R6DC50 5R6DC50 7R6DC50
b 1.95689 1.38823 1.0096 1.77517 1.24431 0.89903

a 1.85343 1.22017 0.8260 1.61997 1.06921 0.71535

b-a 0.10346 0.16806 0.1836 0.1552 0.1751 0.18368

3R7DC50 5R7DC50 7R7DC50 3R8DC50 5R8DC50 7R8DC50
b 1.68823 1.15505 0.8111 1.60598 1.05619 0.67428

a 1.55352 0.99049 0.6294 1.46321 0.88131 0.51468

b-a 0.13471 0.16456 0.1817 0.14277 0.17488 0.1596
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5.3 � Verification

The data from reference (Deng et al. 2022) was used for validation with parameters as 
shown in Table 7. A selection was made for 3 layers and C50 concrete with 4d to 8d 
spacing for the connection. Figure 20 presents a comparative graph between experi-
mental data from Table 6 and calculated results using the proposed formula. The load-
slip relationship curves, obtained by the formula provided in this paper, align well with 
the experimental data, showing minimal deviation. Table 8 provides the shear stiffness 
results for each test group along with their corresponding curves. Due to accidental 
factors, the data of GS2 specimen is significantly higher than that of other specimens. 
It can be observed that, except for GS2, the errors are within 10% for the other three 
groups, with a mean value of 8.22%.

Table 7  Parameters of push-out specimen used to verify formula

No Data source Nail size (diameter 
mm × height) (mm)

Nail layers Nail layers 
spacing (D)

Concrete 
strength 
grade

GS1 Deng (Deng et al. 2022) 16 × 150 3 4D C50

GS2 Deng (Deng et al. 2022) 16 × 150 3 6D C50

GS3 Deng (Deng et al. 2022) 16 × 150 3 8D C50

GS4 Deng (Deng et al. 2022) 16 × 150 5 4D C50

Fig. 20  Verification result of curve formula. a Verification result of GS1. b Verification result of GS2. c 
Verification result of GS3. d Verification result of GS4
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6 � Conclusions

(1)	 The phenomenon of group effect significantly impacts the load-carrying capacity 
and shear stiffness of individual bolts within bundled connections. For bolt num-
bers ranging from 3 to 7 in rows and 4 to 8 in columns, and with concrete strengths 
varying between C30 and C60, the ultimate load capacity’s reduction coefficient 
spans from 0.781 to 0.982. This effect leads to a decrease in connection shear stiff-
ness by as much as 50%. It is imperative for design considerations to adequately 
address the diminished bolt shear capacity and stiffness due to the group effect.

(2)	 The root cause of the group effect lies in the uneven force distribution among bolts 
positioned on different layers. The load is transmitted in a stepwise manner, ini-
tially placing a greater shear force on the upper bolts because of the sequence of 
load transmission. The constraints imposed by the concrete’s bottom surface sig-
nificantly restrict bolt displacement, culminating in increased shear forces on both 
upper and lower bolts, while intermediate bolts experience lower forces. This une-
ven distribution is particularly noticeable at the onset of loading but becomes more 
uniform as the load intensifies, eventually leading to plastic deformation in both 
steel and concrete.

(3)	 The decrease in average load-carrying capacity for bolts in bundled connections 
exhibits a direct positive correlation with the number of bolt layers and a nega-
tive correlation with both bolt spacing and concrete strength. Similarly, the force 
distribution’s unevenness and the reduction in shear stiffness within bundled con-
nections are positively correlated with the number of bolt layers and spacing, and 
inversely correlated with concrete strength. Among these factors, bolt layers exert 
the most significant influence on the reduction of load capacity, with bolt spacing 
and concrete strength playing comparable roles.

(4)	  Numerical simulations have yielded 100 sets of coefficients pertinent to the reduc-
tion in bundled connection capacities, facilitating the establishment of a compre-
hensive load-slip expression tailored for bundled connections. The derived shear 
stiffness curve demonstrates an average deviation of 8.22% from experimental val-
ues, underscoring the simulation’s accuracy.

(5)	 Despite delving into the mechanics of forces and group effects in bundled connec-
tions, there remains a clear need for further research. Specifically, more detailed 
investigations are required to quantify the group effect in the context of new con-
crete materials and to develop a refined slip relationship.

Table 8  Comparison of shear stiffness (Unit: kN/mm)

No Test result Formula calculation result calculation error

GS1 95.36 98.76 3.57%

GS2 124.76 101.52 18.63%

GS3 90.43 88.2 2.47%

GS4 59.25 64.10 8.19%
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