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ABSTRACT 

Bolted joints are a common method for joining FRP structures. The main advantage of 
bolted joints is their detachability, but they bring along shortcomings, such as low joint 
efficiency, which is even more pronounced in the presence of clearances, and inability 
to rely on the beneficial effects of bolt preloads due to the considerable losses of bolt 
preload caused by the creep deformation in the FRP. To tackle these problems, a 
solution utilising metallic inserts in the hole is proposed in this paper. A series of 
experimental tests have been conducted to investigate the effect of inserts on the bolt 
preload relaxation, the stiffness and the load-bearing behaviour of joints. Finite element 
analyses were also employed. The study demonstrates several benefits of the inserts: the 
bolt preload relaxation is minimised, the load transfer by friction can be utilised and the 
joint efficiency is increased in terms of stiffness and strength. 

Keywords: B. Stress relaxation; C. Numerical analysis; D. Mechanical testing; E. 
Joints/joining 

 

1. Introduction 

Fibre reinforced polymer (FRP) composite materials are gaining widespread application 
in bridge construction. The light weight and opportunity to prefabricate FRP elements 
offer the advantages of modular construction and swift on-site assembly. The on-site 
assembly of FRP bridge members is commonly performed using mechanical fasteners, 
mainly bolted. Bolted joints are easy to use on site and offer the potential for 
disassembly and ease of visual inspection. Investigations into the use of bolted joints for 
composite structures began in the mid-1960s in the aerospace industry [1]. Research on 
bolted joints in civil engineering applications started in the early 1990s, focusing 
primarily on pultruded glass fibre reinforced polymer (GFRP) profiles [2, 3]. One of the 
major goals of the research into bolted joints has been to determine the effect of various 
parameters on the mechanical performance of the joints, including: (a) material 
parameters, such as fibre type, ply orientations and stacking sequence [4-6], (b) fastener 
parameters, such as fastener type [7, 8], bolt preload [7-9], clearances between bolt and 
hole [10, 11] and friction between members [12-14], and (c) design parameters, such as 
joint type and geometric factors [15-17]. 

Bolted joints can ultimately fail in a number of failure modes, the most common being 
net-tension, shear-out, bearing or cleavage failure, see Fig.1. Bearing failure is a 
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preferred failure mode for composite joints due to its progressive and non-catastrophic 
mode. Owing to its importance, emphasis is placed on bearing failure in the existing 
research, as well as in this study. 

 

Fig.1. Common failure modes for composite plate-to-plate, single-bolted joints 

A study of the literature shows that the research work on FRP mechanical joints focuses 
on the strength of joints, presented in terms of joint capacity as a function of joint 
geometry or bolt torque. Less attention is paid to the stiffness of mechanical joints. 
Stiffness is a crucial requirement in the design of bridges and it is even more important 
for GFRP bridges due to their stiffness-driven design [18]. One of the main parameters 
affecting the stiffness of bolted joints is the presence of clearances, which are inevitable 
to facilitate on-site assembly. Clearances reduce the stiffness and the damage initiation 
load of joints and can induce slip between the connected members which needs to be 
controlled during the service life of the bridge. Slip due to clearances can also cause a 
reduction in the fatigue life of composite bolted joints, as demonstrated in [11, 19]. Slip 
can be delayed by the application of preload in the bolts and by taking advantage of 
friction to transfer loads between connected elements. However, the viscoelastic 
behaviour of FRP composites makes them susceptible to creep, as a result of which the 
bolt preload could be relaxed over time. The creep phenomenon in FRPs is more 
pronounced at high temperature and in moist environments [20]. For this reason, any 
load transfer by friction is ignored in the design of composite bolted joints and the load 
transfer mechanism relies solely on bearing in the FRP material. One solution to 
minimise the slip in FRP bolted joints, which has been proposed by Qureshi and 
Mottram [21], is to inject resin into the clearance between the hole and the bolt and 
research on this solution is on-going. 

The efficiency of bolted joints, defined as a percentage of the ratio of the joint strength 
to the strength of the weakest joined member, is low, due to high stress concentrations 
created by the presence of the hole in the laminate while loading. Hart-Smith [19] 
demonstrated that the maximum attainable efficiency of bolted composite joints is 40% 
of the strength of the base material. This limit is not usually relevant for GFRP bridges, 
due to their stiffness-driven design. The stresses in the serviceability limit state are low 
and they are additionally limited to 20% of the material strength for creep rupture 
reasons [22]. This design has its benefits when it comes to robustness, lack of ductility 
of the material and low joint efficiency. On the other hand, it pinpoints the importance 
of joint stiffness in the service life of the bridge. 

In order to increase joint efficiency, several researchers have proposed the use of 
metallic inserts, either bonded or interference fit, in the hole between the bolt and the 
composite laminate. Metallic inserts help to reduce the stress concentrations around the 
hole in the composite, as observed numerically [23-26] and experimentally [27, 28]. 
They help to distribute the stresses and strains around the entire hole as long as the 
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adhesive bond does not fail. The joint efficiency of bolted joints with inserts is 
increased compared with only-bolted joints and the increase in strength is reported to 
vary from 10% to 100% in the literature [23, 26, 28, 29]. Inserts with laps have been 
more efficient than straight circular inserts (see Fig. 2). 

 
Fig. 2. Different types of inserts 

The research performed on bolted joints with inserts is focused primarily on the ultimate 
strength of the joints where the bolts are pretensioned as “finger-tight”. To the authors’ 
knowledge, no research has been conducted on the performance of bolted joints with 
inserts with preloaded bolts. In addition, there is a lack of knowledge of the effect of 
clearances between the bolt and insert on the performance of the joint. 

In this regard, it was of interest to study bolted joints with inserts with bolt preload and 
clearances. One of the main objectives was to obtain bolted joints in which load transfer 
by friction is utilised and any slip in the joint in the serviceability limit state (SLS) is 
prevented. Steel inserts were designed for the purpose of the study, performing the 
functions of: (i) minimising the relaxation of bolt preload and (ii) resisting the service 
loads without slip via friction between the insert faces.  

A series of experimental tests was conducted to examine the behaviour of these joints. 
The experimental programme included several types of test to characterise the relevant 
material properties and to examine different aspects of the joints which were related to 
the main aim of testing. In addition, numerical analyses were carried out to aid in the 
understanding and interpretation of various phenomena in the experimental results. 

 

2. Experimental procedure and numerical models 
2.1 Material characterisation 

The composite material used in the tests consisted of stitched combo mats, which had E-
glass rovings in the directions of 0/90 deg or +/–45 deg and polyester as a matrix. The 

fabric lay-up of the composite laminate was [0/90, +/–45, 0/90, +/–45, 0/90  ]S, giving a 

material with the same longitudinal and transverse in-plane properties. The laminates 
had a fibre volume fraction of approximately 50% and were manufactured using the 
resin infusion process. The thickness of the laminates varied between 7.0 and 7.5 mm. 
The material properties were determined by conducting tests on coupon samples in 
tension, compression and in-plane shear according to ASTM standards [30-32]. The 
average results of these tests (± standard deviation) are summarised in Table 1. Two 
elasticity moduli (referred to as E1 and E2, in which E1 corresponds to the first linear 
region of strain range 0-0.2% and E2 corresponds to the second linear region of strain 
range 0.8%-1.5%) have been determined for the tensile tests due to the non-linear 
stress-strain behaviour of the material, see Fig. 3. The tensile stiffness is substantially 
reduced at a strain of approximately 0.25%, which is the strain limit of irreversible 
damage for this material and is attributed to the micro-cracking of the resin. It has also 
been reported in the existing literature that matrix cracking, which occurs at an early 
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loading stage in the off-axis plies of the composite material, is the main source of 
stiffness changes while loading composite laminates [33, 34]. 

 
Fig. 3. Typical tensile stress-strain behaviour of the composite material 

The Poisson ratio was measured for only two coupons for the tensile tests and the 
average value was measured as 0.225. For in-plane shear tests, only two specimens 
could be loaded to failure and the average ultimate strength and strain are given in Table 
1. 

Table 1. Average properties of the GFRP laminates 

Test type No. 
of 
tests 

Ultimate 
strength 
[MPa] 

Ultimate 
strain (%) 

Elasticity modulus [GPa] Shear modulus 
[GPa] 

E1 E2 

Tensile 6 350 ± 8.4 2.24 ± 0.20 25.83 ± 2.19 14.92 ± 0.61 - 

Compressive 5 241.4 ± 8.7 1.02 ± 0.05 25.65 ± 0.45 - 

In-plane shear 5 185.2 3.42 - 8.2 ± 0.42 

 

2.2 Joint geometry and test set-up 

The type of joint chosen for testing was a double-lap, single-bolted joint to be loaded in 
shear. The double-lap configuration was selected in order to subject the joint to a 
concentrically applied load and minimise the secondary bending effects. The joint was 
designed to promote bearing failure by following the guidelines and recommendations 
given in the D5961 ASTM test standard [35] and the EuroComp Design Code [22]. The 
geometry is expressed in terms of ratios between four variables, width (w), bolt hole 
diameter (d), edge distance (e) and laminate thickness (t) such as: (i) w/d≥6, (ii) e/d≥3 
and (iii) d/t= 1.5-3. The selected geometry of the joint laminates and the test set-up are 
illustrated in Fig. 4. It should be noted that the specimen dimensions were also dictated 
by the laboratory testing machine. 
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Fig. 4. Illustration of the joint geometry and test set-up 

Linear variable differential transducers (LVDT) were used to measure the displacement 
of the joints. It was observed that the difference between the measured LVDT1 
displacements and the relative displacements, LVDT1-LVDT2, was negligible due to 
the relatively small elongation of the specimen between the grip on the left and the 
LVDT. The displacement measured from LVDT1 was therefore taken into 
consideration in the load-displacement curves shown in the following sections. The load 
was applied in a displacement-controlled manner at a rate of 0.25 mm/min. 

Standard steel bolts M10, class 8.8 (i.e. yield strength of 640 MPa and ultimate strength 
of 800 MPa) were used in all joints. A clearance of 1 mm was chosen for the joint tests 
based on the common range of clearances used in steel bridges for bolt diameters lower 
than 14 mm. As a result, a hole of 11 mm was drilled in the only-bolted joints, whereas, 
in the joints with inserts, the hole was 16 mm in diameter in order to fit the insert (see 
insert geometry in Section 2.3). In joints without inserts, washers with an outer diameter 
of 22 mm and a thickness of 1.9 mm were used. 

An overview of the different types of investigated joint, together with their respective 
designations and objectives in the study, is given in Table 2. Additional necessary 
specifications and the results of all the tests are given in Section 3. 

Table 2. Overview of the experimental tests 
Set Test type Designa-

tion 
No. of 
tests 

Bolt preload 
(kN)  

Objective 

1 
Only-bolted joint B 3 Finger 

tightened 
Reference test 

2 Bolted joint with insert BI 3 Finger 
tightened 

To check the effect of inserts and for the 
sake of comparison with the specimens with 
insert and bolt preload 

3 Bolted joint with pre-
tensioned bolts 

BP 5 ̴ 25kN To examine the change in strength and 
stiffness when bolt preload is applied and to 
compare with the other joint types 

4 Bolted joint with insert 
and bolt preload 

BIP, 
BIPF* 

10 ̴ 25 kN To examine the behaviour of the joints with 
inserts when bolt preload is applied 

5 Relaxation tests of 
bolted joints without 
and with insert 

RBP, 
RBIP 

6 ̴ 25 kN To examine the relaxation of the bolt 
preloads of the joints with and without 
inserts 

*BIPF specimens have insert surfaces with higher coefficients of friction 
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2.3 Metallic insert geometry and bolt preload selection 

The geometry of the inserts designed for the purpose of this study is shown in Fig. 5. 
Steel material class S355 was used. Inserts with laps were selected for use in this study. 
As mentioned in the introduction, existing research shows that inserts with laps are the 
most effective geometry for increasing the efficiency of joints. In addition, the laps are 
necessary, because it is the friction between the insert surfaces which is utilised to 
transfer forces when bolt preload is provided. The geometry and dimensions of the 
metallic inserts were based on preliminary numerical analyses and the potential for 
production. The assembly of the inserts was made possible by threads, as shown in Fig. 
5. The inserts were designed to bear a load of at least 30 kN in compression without 
yielding. Preliminary testing of the inserts showed that the insert was able to support a 
load of up to 40 kN before yielding. 

 

Fig. 5. Configuration of the steel inserts and their dimensions in mm 

Regarding the bolt preload, it was a question of how much bolt preload could be applied 
to the composite joints. One factor that limits the maximum applicable bolt load is the 
damage to the composite material due to the induced clamping pressure from the bolt 
preload, which is directly related to the through-thickness compressive strength of the 
composite material. In aerospace/aircraft applications, the bolt preload values of the 
threaded fastener joint are limited to 30% of the fastener yield strength for typical 
preloaded composite structural assemblies in tension [36]. However, Thomas and Zhao 
[37] demonstrated that this is a very conservative approach and bolt preloads equivalent 
to the ones used in steel structures can be used. In the EuroComp Design Code and 
Handbook [22], it is recommended that the clamping pressure on GFRP laminates 
should not exceed 68 MPa or 1/3 of the through-thickness compressive strength.  

In the experiments in this study, it was decided to use bolt preloads in the same range as 
that recommended in the EuroCode EN1993-1-8 for steel joints [38], which is 70% of 
the ultimate strength of the bolt. Using standard steel bolts M10, class 8.8, the 
maximum permissible clamping force is around 32 kN. Due to tightening difficulties, it 
was decided that the final bolt preload should be 25 kN in all the tests with bolt preload. 
The clamping pressure to the FRP material was calculated as 86 MPa using equation (1) 
in a joint without an insert for a bolt preload of 25 kN. No damage was observed in the 
clamping area for the maximum clamping pressure of 86 MPa. There was only a slight 
impression of the washer in the laminate due to the thickness waviness in the material. 

)(*
4

22
iw

bolt
press

DD

F

−

=
π

σ      (1) 

where Fbolt is the bolt preload, Dw is the outer diameter and Di is the inner diameter of 
the washer. 
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In the event of joints with inserts, the bolt preload is mostly accommodated by the insert 
and any possible clamping pressure to the laminate is negligible. The bolt preload was 
controlled by strain gauges installed in the bolts. A hole with a 2 mm diameter was 
drilled in the centre of the bolt head down into the shank to a depth of 23 mm, where a 
strain gauge was installed in the hole, which was then filled with adhesive. Once the 
strain gauges had been installed, the bolts were calibrated to measure the tensile force 
via the strain gauges within the elastic range of the bolt. 

 

2.4 Numerical modelling 

All experimentally investigated joints were numerically modelled using the FEA 
package, ABAQUS v6.13-3. The modelling technique was kept simple by using only 
linear-elastic material properties for the composite material, excluding any material 
degradation schedules. For this reason, the FE analysis was only used to identify failure 
zones and to understand the load transfer mechanisms and not to predict the ultimate 
joint failure load. The joints are modelled in three-dimensional order with solid 
elements, in order to accurately capture the stress components in the model. Thanks to 
the symmetry, only half the joint was modelled.  

The bolt was modelled as an elastic-perfect plastic material with a yield strength of 640 
MPa. The nut and fastener shank were merged and assembled as one part in order to 
reduce the contact surfaces and ensure the shortening of the running time. The threads 
in the bolt and the inserts were ignored in the FEA models. The steel material for the 
inserts was also modelled as an elastic-perfect plastic material with a yield strength of 
355 MPa. The FRP laminates were modelled as a linear-elastic, orthotropic material 
based on the data from the material characterisation tests and the literature. The second 
tensile elasticity modulus was considered and approximated to 15,000 MPa. The 
material properties are those listed in Table 3. 

Table 3. Material properties used for the FE model  

Material 
Elasticity modulus (MPa) Poisson’s ratio Shear modulus (MPa) 

Ex Ey Ez νxy νxz
 νyz

 Gxy Gxz
 Gyz

 

FRP* 15,000 15,000 4,000 0.225 0.40 0.40 8,200 3,000 3,000 

Steel  210,000 0.3    

* x, y and z coordinates represent longitudinal, transverse and through-thickness properties, see Fig. 6. 

The laminates were modelled with the same dimensions as in the test but without the 
grip areas. One end of the model was held fixed in the translational directions 
(Ux, Uy and Uz). The other end had an equation constraint with a reference point (RP), 
which makes it possible to constrain the motion of regions of the assembly to the 
motion of the reference point. In this way, the motion of the right end surface, which 
was held fixed in two translational directions (Uy and Uz), was governed by the motion 
of the reference node, where x-displacements, representing the moving jaw of the test 
machine in a displacement-control mode, were applied, see Fig. 6. 
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Fig. 6. Boundary conditions of the finite element model 

In the models with bolt preload, the load was introduced in two steps. Firstly, the bolt 
preload was defined using the bolt-load option in ABAQUS. This preload was 
simulated in Abaqus/Standard by defining a “cutting surface” in the bolt shaft and 
subjecting it to a normal load along the bolt axis. Once the bolt was pretensioned, the 
applied bolt load was modified to a “fixed” boundary condition by selecting the “fix at 
current length” option in step 2. This specifies that the change in the length of the bolt at 
the “cut surface” remains fixed, while the remainder of the bolt is free to deform in 
response to the loads on the assembly. In step 2, the displacement-controlled load was 
also introduced on the specimen. 

The contacts between the bolt, insert and FRP laminates were surface-based, with hard 
contact as normal behaviour and with the classical Coulomb friction model with penalty 
friction simulation as the tangential behaviour. Surface-to-surface discretisation was 
employed for the contacts and the finite sliding approach was adopted to track the 
contact condition. The friction coefficients were set at 0.3 for the laminate-to-laminate 
surfaces, as measured in the tests described in the next section. Between the insert faces, 
the coefficient of friction varied between 0.1 and 0.7. The friction coefficient for the 
remaining contact pairs, such as bolt-to-insert or insert-to-laminate, was set at 0.2, 
which was adopted from the literature [14, 39]. 

Clearances of 1 mm were included in the models. In order to solve convergence 
problems related to the initial no-contact conditions due to clearances, elastic springs 
with a stiffness of 1N/mm were introduced between the bolt and a fixed point in the 
“ground”, see Fig. 6. In addition, automatic stabilisation of 1 x 10-5 was utilised in the 
step module to prevent numerical instabilities. 

Linear eight-node brick (first-order hexahedral elements) elements with reduced 
integration, C3D8R, were employed to mesh the composite joints. The contact 
interaction analyses are very sensitive to the mesh type and the use of quadratic 
elements is discouraged due to convergence problems. A fine mesh schedule was 
designed at the bolt hole for accurate and converged numerical predictions, while coarse 
meshes were utilised far away from the fastener hole to reduce the computational costs. 
The results of the finite element analyses will be given in the following section, together 
with the experimental results where necessary. 

 

3. Results and discussion 
3.1 Non-pretensioned bolted joints with and without inserts 

The load-displacement curves of the bolted joints with and without inserts (three 
replicas each), with a clearance of 1 mm and finger tightened, are shown in Fig. 7. In 
the initial stage of the load-displacement curves, slip due to the clearances is observed. 
In the B2 test, the slip takes place after taking some load, which is attributed to some 
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unintended clamping force as a result of finger-tightening the bolt. The difference in the 
amount of slip between the tests is due to the position of the bolt in relation to the hole, 
which was not controlled during the assembly of the joints.  

After slip, the load-deflection response of only-bolted joints (B tests) has a region that 
appears to be linear up to a load of around 15 kN, followed by unstable non-linear 
behaviour and a reduction in stiffness, which indicates the unstable development of 
internal damage. Slight cracking sounds were also heard at a load level of around 15 kN 
during the tests.  

  

Fig. 7. Load-displacement curves for bolted connections without (B) and with inserts 

(BI) 

The load-displacement behaviour of bolted joints with inserts (BI tests) is almost linear 
up to a load of 30-35 kN, after which a reduction in stiffness is noted until a sudden load 
drop. It indicates that, at this load level, bearing damage to the material begins. Small 
audible cracking sounds were heard at this load level and they were continuous up to the 
sudden load drops. After initial damage, the joints with inserts manage to accommodate 
additional load in a stable manner. This is attributed to the insert laps, which act as 
lateral constraints, preventing the delamination of the FRP laminates and through-
thickness expansion around the hole in the insert area. The damage in the laminate is 
therefore delayed until it splays outside the diameter of the insert lap, where an 
expansion of the through-thickness of the laminate occurs (see Fig. 8). During the 
occurrence of the through-thickness expansion, load drops in the load-displacement 
curves are observed. After the load drop, the joints continue to support lower loads and 
damage in the laminate expands outside the insert region. 

 

Fig. 8. Failure mode of the bolted joints with inserts (BI tests) 

The inserts are efficient in spreading the radial bearing stresses to the laminates and 
consequently reducing the high stress concentrations occurring in the bearing plane in 
the laminate. In Fig. 9, the distribution of the bearing stresses in the mid-thickness of 
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the insert and the laminate is shown for a load of 9.2 kN, resulting from the finite 
element analyses.  

 

Fig. 9. Radial bearing stresses in the insert and the laminate as a result of FE analyses 

The insert also modifies the distibution of the bearing stresses through the thickness, see 
Fig. 10. Unlike the bearing stresses through the thickness of the insert, the peak bearing 
stresses through the thickness of the laminate are somewhat in the centre of the 
laminate. This is due to the lateral constraint effect of the insert laps, which exert 
compressive stresses on the laminates in the through-thickness direction, thereby 
modifying the results of the bearing through-thickness stress distributions. 

 

Fig. 10. Finite element bearing stress results through the thickness of the laminate and 

insert 

The initial average stiffness of the only-bolted joints and the bolted joints with inserts 
was computed from the load-displacement curves as 20.9 kN/mm and 21.3 kN/mm. The 
stiffness of the joints with inserts is slightly higher, but the difference is negligible.  

The failure mode was bearing for all the only-bolted joints. Through-thickness 
expansion, also referred to as “brooming” failure, at the bolt bearing surface was also 
observed as depicted in Fig. 11. 
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Fig. 11. Failure of only-bolted (B) joints 

In the bolted joints with inserts, the typical “brooming” type failure and the through-
thickness expansion was prevented by the insert laps. Instead, through-thickness 
expansion around the outer edge of the insert in the bearing area was observed, as 
shown in Fig. 8. In addition, yielding of the inserts and the bolts was observed. In bolted 
joints with inserts, the bolt diameter-to-thickness ratio (dbolt/t) was increased due to a 
higher thickness bearing to the bolts (thickness of the laminate plus the insert laps), thus 
permitting bolt bending.  

According to the FE analysis, the bolt starts to yield at a load of 26 kN and the insert in 
the centre laminate at a load of 11 kN, see Fig. 12. The position of the bolt relative to 
the laminates was modelled in the middle, yielding a slip of 1 mm. It should be borne in 
mind that the FRP material was modelled as linear elastic and the results might not be 
totally representative. However, they give an indication of the load levels at which 
yielding occurs.  

 

Fig. 12. Comparison of test results with the FE results for bolted joints with insert 

 

3.2 Bolted joints with pretensioned bolts 

Five bolted joints with pretensioned bolts were tested. Two of the joints were not loaded 
to failure in order to prevent yielding and damage to the instrumented bolts. The 
nominal bolt load was also monitored and is given in the load-displacement curves in 
Fig. 13, up to the elastic range of the bolt. The displacement represents those measured 
from LVDT1 in Fig. 3; it thereby includes any extension of the laminate during loading. 
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Fig. 13. The applied load and bolt load versus displacement of BP tests 

As expected, the joint carries the load through static friction forces (linear initial part of 
the load-displacement curves) before any slip. At this stage, the joined laminates deform 
only elastically and no relative displacement between the laminates occurs. Once the 
applied load exceeds the static friction force, the stage of slip, in which the static 
friction forces are transformed to kinetic friction forces, begins. The load which causes 
slip is called the slip load. The slip load is dependent on the bolt preload and the 
coefficient of friction between the laminates in the following form. 

nFF TPS ××= µ      (2) 

where FS is the slip load, FP is the bolt preload at the time of slip, µT is the friction 
coefficient of the joint member interfaces and n is the number of friction surfaces, 
which is two in these tests. 

The slip load in these tests is regarded as the peak load before any slip occurs. Based on 
Equation 2, the coefficient of friction between the laminates is computed and reported in 
Table 4. The laminates in the BP1 test had a smoother surface than in the other tests and 
a lower coefficient of friction was justifiable. If the mid-laminate is initially in contact 
with the bolt, any additional load from bearing is supported by the bolt before any 
visual slip. This might be the case for the BP3 test, which carries higher loads before 
any visible slip, yielding, according to the calculations, a higher coefficient of friction 
compared with the other tests. The coefficient of friction calculated for BP3 might 
therefore be erroneous. 
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Table 4. Data and results of the bolted joint tests with preload 

Specimen BP1 BP2 BP3 BP4 BP5 

Initial bolt preload (kN) 24.0 24.1 23.5 24.3 25.0 
Clamping pressure (MPa) 82.7 82.9 80.9 83.8 86.0 
Slip load: Fs (kN) 12.2 16.3 18.0 13.9 15.9 
Bolt preload at slip: FP (kN) 22.76 22.0 22.3 22.8 22.57 
Coefficient of friction 0.27 0.37 0.40 0.31 0.33 

During the slip stage, the loads are transferred purely by kinetic friction or a 
combination of kinetic friction and bearing resistance, depending on the bolt position. 
For instance, in the BP1 test, the mid-laminate slips before coming into contact with the 
bolt shank (point A in Fig. 13) and it starts carrying the load in bearing and kinetic 
friction until the bolt comes in contact with the other two edge laminates (point B in 
Fig. 13). In the BP2 test, the loads are only transferred via kinetic forces during the slip 
stage (parts C-D in Fig. 13). Because the kinetic forces are lower than the static ones, a 
load drop during the slip stage is observed.  

After the slip stage is completed, the plates are loaded in bearing and the loads at this 
stage are carried by bearing and kinetic friction. 

In Fig. 13, the change in bolt load versus the displacement is also given. The plots 
indicate that the bolt load is decreased at least until the bolt comes fully into contact 
with all the laminates, after which an increase takes place, as observed in the BP1, BP2 
and BP3 tests. One contributory factor to the decrease in bolt load is creep in the 
laminates. Relaxation tests demonstrate that the bolt preload relaxes considerably in the 
first few hours, see Section 3.4. In Fig. 14, the bolt preload change in the relaxation 
tests, in which static loading is not present (see Section 3.4), is compared with the bolt 
preload in the BP1 test. It can be seen that the bolt preload changes significantly when 
the specimens are loaded statically and the bolt preload loss is more than the preload 
loss due only to laminate creep. 

 

Fig. 14. Comparison of the bolt preload in the relaxation test with the preloaded bolt in 

the BP1 test 

Other contributory factors to the bolt preload reductions include laminate thinning due 
to in-plane tensile stresses (i.e. from the Poisson effect), which cause a reduction in the 
elongation of the bolt. The plastification of the bolt in the threaded part of the engaged 
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shank and bolt thread slip are two other possible effects that cause the relaxation of the 
initial bolt preload.  

Once the bolt comes into full contact with all the laminates, it starts elongating, due to 
the bending of the bolt shaft, adding to the elongation of the bolt due to the preload; the 
axial bolt load thus begins to increase. During the onset of damage in the material, 
which can be seen in Fig. 13, the increase in the bolt load continues. Similar results 
were also obtained by Tong [9].  

The failure mode of all joints was similar. The BP3 test was continued to higher 
displacements in order to further observe the failure mode shown in Fig. 15. The failure 
was progressive in nature, spreading out in the entire area of the end distance of the 
joint. Delaminations and the shear-out of the plies were observed in the through-
thickness of the laminate in the end distance. Due to friction, part of the mid-laminate 
was shoved and attached to the other laminate, referred to as block shear-out in Fig. 15. 
The failure mainly occurred in the laminate and only slight plastic deformation of the 
bolt could be seen with the naked eye.  

 

Fig. 15. Failure in the BP3 test 

In all the tests, surface disintegration in the form of fibre breakage was observed due to 
friction. The same type of surface disintegrations was reported by Herrington and 
Sabbaghian [40] when joints with high clamping forces were tested. 

 

3.3 Bolted joints with inserts and pretensioned bolts 

A series of tests was conducted on bolted joints with inserts in which the bolts were pre-
tensioned to approximately 24-25 kN. Initially, tests were conducted on joints with 
inserts as received from the workshop. Subsequently, the inserts were processed through 
thermal spraying in order to increase the coefficient of friction between the insert 
surfaces. Layers of tungsten carbide with a thickness of 0.1 ± 0.03 mm were sprayed 
onto the surfaces of the inserts. The tests with untreated inserts are designated as BIP 
and the ones with treated inserts as BIPF. 
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The load-displacement curves of the joints with untreated inserts are given in Fig. 16. 
The behaviour of these joints is similar to that of the bolted joints with preload. 
However, the slip load is less than in the BP joints. This is due to the low coefficient of 
friction between the steel inserts. They were computed to vary between 0.1 and 0.2. In 
order to verify the coefficient of friction between the inserts, additional tests were 
conducted with various bolt preloads and the results confirmed that the coefficient of 
friction between the inserts varied between 0.1 and 0.2. 

 

Fig. 16. Load-displacement curves of the bolted joints with untreated inserts with 

preload 

Due to the low coefficient of friction between the inserts, the inserts were modified to 
increase the coefficient of friction and five tests with the same configuration and 
instrumentations were carried out, two of which were loaded to final failure.  

The results indicate that the loads that can be carried prior to slip are increased, which is 
related to a much higher coefficient of friction between the insert surfaces, see Fig. 17. 
The static coefficients of friction for the treated inserts were computed in the same way 
as that described in Section 3.2 and were found to vary between 0.41 and 0.7. This 
demonstrated that the thermal spraying method with tungsten carbide was effective 
when it came to increasing the coefficient of friction.  

 

Fig. 17. Load and bolt load versus displacement curves for BIPF tests 

The displacement at which slip occurs for the bolted joints with inserts and bolt preload 
is higher than in the only-bolted joints with preload (BP joints in Fig. 13). This is 
attributed to the force transfer mechanism for each case. The composite laminates are 
clamped in the BP tests, whereas, in the BIP tests, the bolt preload is taken by the 
inserts and barely any clamping force is imposed on the laminate. In the BP tests, when 
the mid-laminate is initially pulled, the load is resisted by friction forces between the 
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laminates. In the BIP tests, as soon as the laminate is pulled, it bears instantly on the 
insert, while the insert resists the load through static friction forces due to the clamping 
force. Because the laminate bears on the insert, it elongates, yielding higher measured 
displacements in the LVDT1 transducer. The mechanism of the load transfer for both 
cases is illustrated in Fig. 18. 

 

 

Fig. 18. Mechanism of load transfer before slip for BP and BIP/BIPF joints  

The failure mode of the bolted joints with inserts (treated and untreated) with preloaded 
bolts was similar to those of bolted joints with inserts (BI tests). At the first peak load 
drop, through-thickness expansion outside the insert outer diameter occurred. In the 
BIPF4 joint, failure continued to progress in the FRP laminate; the hole elongated, 
accompanied by delamination and the tearing off of the first plies of the laminates, see 
Fig. 19. In the BIP5 test, the hole elongation was not as pronounced, but the bolt 
deformed more than in the BIP4 test. It should also be noted that the BIP4 test was 
loaded to higher displacements than the BIP5. 

 

Fig. 19. Failure pattern of BIPF4 and BIPF5 tests 

In addition, the inserts in the mid-laminate were plastically deformed. The other tests 
were not loaded to failure, but slight plastic deformation of the mid-insert occurred.  

The finite element analyses showed that for a coefficient of friction of 0.15 between the 
inserts, the yielding of the insert and bolt starts at a load level of 14 kN and 18 kN 
respectively. When the inserts have a coefficient of friction of 0.5, yielding begins at a 
load level of 17 kN and 28 kN respectively, see Fig. 20. The reason for the higher 
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yielding load in the case of a higher coefficient of friction is attributed to the fact that a 
larger part of the tensile load is carried by friction and the bending of the bolts and 
bearing on the inserts is therefore less significant. 

  

Fig. 20. Finite element results for joints with inserts with a preload with a different 

coefficient of friction between the insert faces 

Before the peak load drop in all the tests, the load-displacement curves show some non-
linearity. This is attributed to the accumulation of internal damage under the insert area. 
During testing, continuous small cracking sounds were audible before the peak load 
drop. The loads that could be carried in the tests of bolted joints with inserts and 
preloads are higher than the loads in the tests with inserts without any preload. This 
additional load is attributed to the additional transfer of forces through kinetic friction. 
Moreover, the confinement effect of the insert laps (described in Section 3.1) in these 
tests is even greater, due to the bolt preload. This is the reason that no damage initiation 
load is as pronounced in these tests as in the BI tests. 

 

3.4 Bolt preload relaxation tests 

To analyse the relaxation of the bolt preload in bolted joints with and without inserts, 
six double-lap, bolted joints were prepared and monitored for approximately 29 days at 
room temperature in dry conditions. The bolts were tightened at an initial clamping 
force of 25 kN.  

The results for the bolt preload relaxation are given in Fig. 21. RBP1 and RBP2 
represent double-lap, only-bolted joints that were re-tightened to 25 kN after 24 hours, 
RPB3 and RBP4 represent the double-lap, only-bolted joints and RBIP1 and RBIP2 
represent the double-lap, bolted joint with inserts. The data logging took place every 
second during the first hour, every minute during the next 23 hours and every hour 
during the remainder of the test. Three of the tests (RBIP2, RBP2 and RBP4) were 
stopped a few days before the final conclusion of the test.  
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Fig. 21. Bolt load relaxation for composite bolted joints with and without inserts 

The fluctuations in the measured bolt load are due to slight temperature fluctuations in 
the room conditions, which affect the reading on the strain gauge instrumented in the 
bolt. The results indicate approximately 40% relaxation in the bolt preload for room-
temperature-dry conditions after 29 days for only-bolted joints. Even if the bolts are re-
tightened to the same clamping force after 24 hours, the relaxation was still significant 
up to 30%. As expected, the bolt preload relaxation for the joints with inserts is much 
less and a maximum relaxation of around 15% is recorded. The relaxation is less 
because the bolt load is mainly accommodated by the steel inserts, while very little to 
almost nothing is supported by the laminate. According to the FE-analyses, a clamping 
pressure of a maximum of 9 MPa is exerted on the laminate in the joints with inserts. 

The differences between the bolt preload relaxation for the same type of joints could be 
due to small variations in the amount of the given bolt preload and in the laminate 
thickness. 

The results in Fig. 21 indicate that a considerable amount of the bolt preload loss occurs 
during the initial hours. After the short term relaxation the first few hours, the long term 
relaxation continues asymptotically at a nearly constant rate. 

It should be noted that these results only relate to the specimens without any external 
load. External loading can change the bolt preload relaxation and, in reality, external 
loading will always be present in a structure. As observed in the static tests of the joints 
with bolt preload, the bolt preload loss is higher during static loading. It is therefore 
important to take account of the bolt preload loss due to static loading in the design of 
joints.  

 

4. Concluding remarks 

Static tests have been conducted on single-bolted, double-lap composite joints loaded in 
shear. In addition to a conventional bolted joint configuration, joints with metal inserts 
were studied. In both cases, the effect of possible bolt pretensioning on the performance 
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of the joint was studied. In addition, bolt relaxation tests were performed on joints with 
and without inserts. The conclusions of this study are summarised below. 

• The use of metallic inserts in this study offers two main benefits compared with 
the only-bolted joints. First, the inserts are able to spread and distribute the 
radial bearing stresses to the laminates. As a result, the high stress concentration 
occurring in the bearing plane of the laminates is reduced, thereby delaying the 
damage initiation. These findings are in agreement with those of previous 
studies in the literature. In addition, the damage in the laminate is delayed by the 
suppression of the through-thickness expansion in the FRP laminate due to the 
confining effect of the insert laps, making this the second benefit of the insert. 
These benefits of the insert make it possible to achieve higher loads before any 
damage occurs in the laminate compared with the only-bolted joints. These 
features of the insert also change the through-thickness bearing stress 
concentrations. In the only-bolted joints, the bearing stresses are concentrated at 
the edges of the laminate in the hole, whereas, in bolted joints with inserts, the 
bearing stresses tend to be greatest in the middle of the through-thickness of the 
laminate. Regarding the stiffness, the effect of the insert is negligible compared 
with the only-bolted joints. 

• The advantages of the bolt preload in terms of stiffness and damage load could 
be seen in the bolted joints with preload. However, due to high bolt preload 
relaxation, it is not possible to rely on these benefits. The bolt preload relaxation 
is fairly significant in the only-bolted joints due to the viscoelastic nature of the 
composite material. The bolt preload relaxation can be considerably reduced 
using steel inserts in bolted joints, because the bolt preload goes through the 
inserts and hardly through the laminates. This makes it possible to rely on the 
bolt preload benefits, which are ignored in the case of only-bolted joints. 
However, the bolt preload losses were fairly significant in the statically loaded 
joints. This should be taken into account in the design of joints if the bolt 
preload is accounted for. 

• Depending on the coefficient of friction between the inserts, the load carried by 
the joint before any slip can be increased considerably in the serviceability limit 
state. In addition, the stiffness of the bolted joints with inserts and preloads is 
considerably higher compared with the joints without any bolt preload.  

• Bolted joints with inserts and preloads were the most efficient in terms of initial 
damage load and the ultimate maximum load. These joints are promising when it 
comes to providing slip-resistant joints in the service state of FRP bridges. 
However, additional tests are required for these joints to further validate the 
conclusions that are drawn.  

The number of tests performed in this paper was not extensive enough to evaluate the 
data statistically, but they gave strong indications of the static behaviour of the different 
kinds of joint. All the tests were performed in laboratory conditions and any effect of 
temperature or moisture was not taken into account. It is suggested that future work 
should focus on studying the behaviour of the proposed joints in different service 
conditions. 
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