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Abstract: This paper presents the static and fatigue tests of hybrid (bonded/bolted) glass fiber reinforced poly-
mer (GFRP) joints. Nine specimens of single-lap hybrid GFRP joints have been fabricated to study the static and
fatigue behaviors in the experimental campaign. The static tests of uniaxial tension loading are first conducted,
from which the static ultimate bearing capacities of the joints are obtained. High-cycle fatigue tests are subse-
quently carried out so that the fatigue failure mode, fatigue life, and stiffness degradation of joints can be obtained.
The measuring techniques including acoustic emission monitoring and three-dimensional digital image correlation
have been employed in the tests to record the damage development process. The results revealed that the static
strength and fatigue behavior of such thick hybrid GFRP joints were controlled by the bolted connections. The
four stages of fatigue failure process are obtained from tests and acoustic emission signals analysis: cumulative
damage of adhesive layer, damage of the adhesive layer, cumulative damage of GFRP plate, and damage of GFRP
plate. The fatigue life and stiffness degradation can be improved by more bolts. The S-N (fatigue stress versus
life) curves for the fatigue design of the single-lap hybrid GFRP joints under uniaxial tension loading are also
proposed.
Key words: glass fiber reinforced polymer (GFRP) joint, hybrid bonded/bolted connection, fatigue behavior,
acoustic emission, digital image correlation
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0 Introduction

Fiber reinforced polymer (FRP) has been a type of
new material with a rapid development in the past few
years in the field of civil engineering, owing to its ad-
vantages of lightweight, high strength, and good corro-
sion resistance. Compared to the conventional concrete
and steel structures, the FRP structures can achieve a
prior mechanical property; however, their application
is impeded by the connecting techniques between FRP
plates, which remains an important issue to be further
solved. The FRP plates or components in the engi-
neering structures are mainly connected with the types
of the bonded, bolted, and hybrid solutions (i.e., com-
bining bonded and bolted)[1]. The bonded connection
has the advantages of no drilling and the convenience
in construction; however, the bonding strength in this
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type of connection was found to be discrete due to the
defects formed in the construction stage. The bolted
connection commonly has relatively high bearing ca-
pacity and reliability, while the bolt holes may cause
the local damages of FRP material near the holes and
thus reduce the overall strength of the joint. The con-
cept of hybrid joint combines the advantages of both
bonded and bolted connections, which is thought to be
a promising solution for the connections in the FRP
structures.

In recent years, numerous studies have been per-
formed by researchers to investigate the mechanical
properties of the FRP bolted joints. McCarthy et al.[2-3]

studied the influence of bolt clearance on the strength
and stiffness of bolted carbon fiber reinforced polymer
(CFRP) joints, from which it was found that bolt clear-
ance has limited effect on the joint strength while the
joint stiffness would decrease with the increase of the
clearance. By experimental study, Sun et al.[4-5] found
that there is not a clear relationship between the bolt
preload and the failure mode of CFRP joint; however,
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it was found that the preload has a remarkable impact
on the failure strength of joint. By conducting static
loading tests, Khashaba et al.[6] and Sen et al.[7] stud-
ied the effects of ply sequence, preload and washer size
on the mechanical properties of glass fiber reinforced
polymer (GFRP) bolted joints. The results indicate
that the bearing strength of joints can be improved
with increasing the preload, the reduction of washer
size would lead to an increase of joint stiffness, and
the failure mode of joint is significantly affected by the
ply schemes. Iorio et al.[8] conducted an experimental
study on the stiffness degradation of double-lap CFRP
bolted joints under the cyclic load with constant ampli-
tude, where the slippage between the connected plates
was adopted to evaluate the degradation of joint stiff-
ness, and from the results it was found that joint stiff-
ness would decrease sharply when the joints approach
to failure. By conducting a fatigue test of FRP bolted
joint under tensile loading, Herrington and Sabaghian[9]

found that the direction of the outer ply has a limited ef-
fect on the fatigue life of CFRP joint, while an increase
in the bolt torque would result in an improvement of
fatigue life.

Regarding FRP bonded joints, research work has
been reported in litareture. A static finite element anal-
ysis (FEA) of CFRP bonded joints was conducted by
Huang et al.[10], from which it was revealed that the
effect of adhesive layer thickness on the joint force is
quite insignificant, which even can be neglected. Read
and Shenoi[11] studied the stiffness degradation and the
residual strength of single-layer GFRP T-shape bonded
joints based on a fatigue test of constant loading am-
plitude, the maximum and minimum deflections in-
creased steadily before failure, and there was a sud-
den drop at the failure stage. By experimental in-
vestigation, Quaresimin and Ricotta[12] carried out a
two-dimensional FEA to predict the crack initiation in
the composite cemented layer of bonded CFRP joint
(1.65mm) under fatigue loading, and it was found
that increasing the lapping length can remarkably im-
prove the fatigue life of joint. The crack propagations
of single- and double-lap FRP bonded joints under
constant-amplitude fatigue loading have been experi-
mentally investigated by Zhang et al.[13], from which it
can be observed that two kinds of GFRP joint cracks
were initiated near the edge of adhesive layer. Kim et
al.[14] compared the failure modes of single-lap bonded
CFRP joints with different fabrication processes, by
which it was also found that the initial cracks occurred
at the edge of adhesive layer, and there could be a re-
markable dispersion for the bearing capacity when the
thickness of adhesive was smaller than 0.2mm.

For the mechanical characteristics of hybrid
bonded/bolted FRP joints, several studies have been
reported in literature. Sarkani et al.[15] presented
a linear damage accumulation model for predicting

the fatigue life of GFRP bonded, bolted, and hybrid
bonded/bolted joints under constant-amplitude load.
The fatigue resistance of CFRP hybrid bonded/bolted
joints has been assessed by Kelly[16] and it was found
that the bolts can significantly improve the fatigue life
of the hybrid CFRP joints. Through finite element
simulation, Hoang-Ngoc and Paroissien[17] studied the
fatigue bending performance of the single-lap hybrid,
from which it was found that the fatigue life of hybrid
joints is longer than the fatigue life for corresponding
bolted joints. Focusing on the single- and double-lap
CFRP hybrid joints, Chowdhury et al.[18-19] investi-
gated the difference among bolted, bonded, and hybrid
joints on the fatigue life of CFRP hybrid joints. The
fatigue life of the hybrid joint is almost twice that of
its corresponding bonded joint, and bolts can delay the
initial crack and improve the fatigue life of the joint.
By experimental study, Raju et al.[20] compared the
bearing capacities of the bonded/bolted hybrid CFRP
joints with the interference fit bolts and ordinary
bolts, and the result showed that the strength of the
improved joint had been increased by 10%. The static
test results indicated that the bonded-connection
failed with the seperation of adherends, and the
bolted-connection failed with the compressive failure
of fiber, but the details of damage process and failure
mode of fatigue tests were not mentioned.

To sum up, many studies have been conducted to in-
vestigate the mechanical properties of FRP joints; how-
ever, most of the investigations are limited in the pure
bonded or bolted connections with the FRP thin plates
of 2—10mm in thickness[2-20]. Research on hybrid con-
nection was limited, and monitor methods during fa-
tigue loading are still a problem to be conducted. The
studies regarding the static and fatigue performance of
FRP joints with thick plates (e.g., greater than 10mm)
have rarely been reported. The existing fatigue tests fo-
cusing on the hybrid joint mainly adopted a constant-
amplitude loading, which is suitable for the joints with
relatively thin FRP plates where the strength values
of adhesive failure and bolted failure are comparable.
For the hybrid joints with relatively thick FRP plates,
the difference of the strength between the two stages
would be remarkable and thus using the loading scheme
with different load amplitudes is beneficial for reveal-
ing the damage process in every loading stage. In order
to promote the applications of GFRP structures, it is
necessary to investigate the fatigue performance of the
GFRP hybrid bonded/bolted joints subjected to vari-
ous loading conditions.

In this study, the fatigue performance and mecha-
nism of the single-lap GFRP joints under tensile load-
ing condition are experimentally investigated via high
cyclic fatigue tests. Nine specimens of single-lap GFRP
hybrid bonded/bolted joints are fabricated and tested
considering different loading amplitudes. Advanced
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measuring technologies including the acoustic emission
(AE) and three-dimensional digital image correlation
(3D-DIC) are adopted to accurately capture the dam-
age process of the test specimens.

1 Specimens

1.1 Fabrication of GFRP Plates
The detailed geometric dimensions of the test spec-

imens are shown in Fig. 1. The test specimens of the
single-lap GFRP hybrid bonded/bolted joint are fab-
ricated by two GFRP plates that are relatively thick,
which can reflect the joint properties of the actual en-
gineering structures such as all GFRP bridge girders.
The geometric sizes of GFRP plates for all the test
specimens are identical: 20mm in thickness, 160mm in
width, and 480mm in length. All the plates are fabri-
cated by the 600 g/m2 unidirectional E-glass fiber and
the unsaturated polyester resin with vacuum pouring
method. The fiber architecture of the fiber ply for the
plates is shown in Table 1, noting that the fiber plies are
0◦ dominated to bear tensile load. The test specimens
are labeled as HTY -i, where H represents the hybrid
connection, T indicates the tensile loading condition, Y

means the number of bolts, and i is the sequence num-
ber of the test specimens in each group. Nine specimens
in total are prepared in the current study, and they are
divided into three groups according to the number of
bolts, which are respectively single bolt, four bolts, and
nine bolts, as listed in Table 1. The mechanical proper-
ties of the fabricated GFRP plates are tested based on
the specification GB/T 3354—1999[21], and the relevant
values are given in Table 2. Herein, E and G respec-
tively represent the elastic modulus and shear modulus
and the subscripts 1 and 2 respectively denote the lon-
gitudinal and transverse directions of the fibers; fx, fy

and τ are respectively the strength of the fibers in the
longitudinal, transverse and shear directions, and the
subscripts c and t respectively denote the compressive
and tensile.

The fabrication of the test specimens is illustrated in
Fig. 2. Before fabrication, the raw materials and equip-
ment including the glass mold, glass fiber cloth, guided
net, release cloth, guided pipe, vacuum bag, air pump,
release agent, and resin are prepared in advance. The
test specimens are fabricated through several stages
which are as follows:

(1) The release agent is applied on the mold.
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Fig. 1 Dimensions of specimens (mm)

Table 1 Dimensions and ply scheme of specimens

Specimen Number of bolts Size of GFRP plate/(mm × mm × mm) Ply scheme Load

HT1-1 1

480 × 160 × 20 [(0/0/+45/-45/90/0/90/0)2 ]S

Static

HT1-2, HT1-3 1 Fatigue

HT4-1 4 Static

HT4-2, HT4-3 4 Fatigue

HT9-1 9 Static

HT9-2, HT9-3 9 Fatigue
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Table 2 Mechanical properties of GFRP

Parameter Value/GPa Parameter Value/MPa

E11 26.8 fx,t 727.31

E22 4.0 fx,c 727.31

G12 4.5 fy,t 70.98

τ12 35 fy,c 142

Resin
Glass fiber ply

Vacuum box

Pump

Fig. 2 Fabrication of specimens

(2) The glass fiber cloth, which had been cut into ap-
propriate size by electric scissors, is laid on the bottom
mold according to the designed ply scheme.

(3) The spiral guided pipe and injection supports
near the inlet and outlet of the mold, the guided net,
and the molding cloth are placed.

(4) The top mold is installed above the glass fiber
cloth.

(5) The vacuum bag is sealed with sealant, and the
conduit is inserted to the vacuum bag, connecting with
the vacuum pump. The quality of sealing is thought to
be acceptable if the air pressure in the vacuum bag had
not changed obviously within 2 min.

(6) The conduit connected to the inlet is inserted into
the prepared resin for extraction. Once the resin fills up
the vacuum bag and outflows from the outlet conduit,
the vacuum pump will be turned off and the conduit
will be tightened.

(7) As the resin has been solidified, the mold and the
relevant equipment are removed, and then the GFRP
plate is cut and perforated according to the designated
dimensions of the test specimens.
1.2 Assembly of Joints

To assemble the hybrid GFRP joint specimens, the
overlapping surfaces of the GFRP plates are first
bonded by using the structural adhesive lica-201 pro-
duced by Nanjing Haituo company, and then bolted by
the stainless steel outer hexagon bolts A2-70 with a
diameter of 16mm. The material properties of the ad-
hesive and bolts, which are given by the manufacturers,
are given in Table 3, where the E and σ represent the
elastic modulus and strength of materials, respectively.
For each specimen, before bonding the two plates with
the structural adhesive, the bonding surfaces are first
cleaned up by using acetone in order to optimize the
bond quality. Subsequently, steel bolts are applied to
bolt the bonded joint before the structural adhesive is

cured, tightened with a torque of 20N ·m. For the final
joint specimens, the average thickness of the adhesive
layer is measured to be 1 mm. In general, an increase in
the tightening torque can improve the resistance of the
plate to the eccentric bending moment, while excessive
torque would cause the plate damages in the thickness
direction[4].

Table 3 Mechanical properties of adhesive and
bolts

Bolt (steel) Adhesive

Properties Value Properties Value

Ebolt/GPa 210 σadhesive/MPa 25

σbolt/MPa 700 — —

One of the specimens in each group is tested under
static loading to obtain the static strength, while the
other two specimens are expected to be tested under
cyclic loading for the investigation of fatigue perfor-
mance. The specimen number, dimension, load con-
dition, and fiber ply scheme of the test specimens are
presented in Table 1.

2 Experimental Setup

2.1 Test Rig
The tensile test in the study is carried out on the

structural fatigue loading system IST PL-630 in the
Test Center of Civil Engineering at Shanghai Jiao Tong
University. As illustrated in Fig. 3, the upper clamp of
the loading system is directly connected with the fa-
tigue actuator, and the lower clamp is fixed to a bottom
girder. The test specimen locates between the upper

Reaction
frame Actuator

Clamp

Specimen

DIC camera

Mudsill

AE detector

Fig. 3 Test rigs
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and lower tensile clamps fastened by bolts. The cyclic
load is applied with the vertical displacement of the fa-
tigue actuator, leading to a cyclic tensile force acting
on the tested specimens.
2.2 Nondestructive Measurements

The AE detectors are employed in the study to mon-
itor the whole fatigue failure process of the specimens,
as the damage of the adhesive layer can be reflected by
the recorded acoustic emission signals. The AE is the
transient elastic waves emitted from the material due to
the rapid release of energy as the material is externally
excited. A sampling frequency of 1MHz is adopted for
the AE recording in the current test campaign, and the
preamplifier gain is set to be 34 dB. For each specimen,
four AE detectors are arranged on the outer surface
in the overlapping region as shown in Fig. 3, and each
detector is attached with an L-shape support. The dis-
tance between the center of detector and the edge of
the overlapping region is 20mm. The area surrounded
by the four detectors covers all bolts, ensuring that the
damage signals of the adhesive layer and the edge of
each bolt hole can be detected. The recording of the
AE signals and the loading system are synchronized so
that the loading parameters match well with the AE
data.

In the previous research works, the failure modes
of FRP joints were mainly measured by the follow-
ing methods: � using the strain gauges to detect the
surface strain and the initial position of the crack[13],
� using the X-ray to detect the internal failure of the
adhesive and plates[9],�� adopting the optical micro-
scope to monitor the failure state of the section[16],
and� using thermal imaging technique to visualize the
surface deformation[18]. The above measuring meth-
ods have difficulties in quantificationally illustrating the
distribution and development of damages during the fa-
tigue loading. The AE technique used in this study
has the ability to monitor and illustrate the variation
process of damages in the joints during the fatigue
test. Additionally, the adopted 3D-DIC non-contact
measurement method can precisely record the defor-
mations, which has rarely been used in the previous
studies. Compared with the previous studies, the pre-
sented research establishes a novel monitoring system
for detecting the joint damages, providing a referable
measuring strategy for the laboratorial fatigue test.
2.3 Fatigue Data Measurement

The fatigue life and stiffness degradation of the test
specimens are recorded during fatigue loading tests.
The fatigue life of the specimens is divided into two
stages, which are the fatigue life corresponding to the
complete failure of the adhesive layer (i.e., N1), and
the fatigue life corresponding to the complete failure of
the GFRP joint (i.e., N2). The fatigue life of the ad-
hesive layer is defined as the loading cycles correspond-
ing to the occurrence of apparent separation between

the lapping plates, while the whole fatigue life of the
GFRP joint is reached when the test specimens have
been completely failed under the cyclic loading. The
vertical displacement of the actuator is automatically
recorded by the fatigue loading system, which is used
to evaluate the stiffness degradation of the test speci-
mens as the cyclic loading progresses. Additionally, the
real-time loading cycle is denoted by n.
2.4 Loading Scheme

Before fatigue loading, static test is first conducted
by using the first specimen of each group, in which the
specimen will be statically loaded until failure. The
corresponding failure mode and ultimate load can be
obtained, which provides a reference for determining
the fatigue load amplitude for the rest two specimens
in each group. The static loading is controlled by dis-
placement, and the loading rate is set to be 1 mm/min.
It is found in the static test that the strength corre-
sponding to the failure of adhesive layer is significantly
less than that of the failure of bolted connection. Due
to the relatively large difference between the bearing
strength values of the two failure stages, different load-
ing amplitudes are adopted for the two stages in the
fatigue tests. In the first loading stage, a low load
amplitude is applied until the adhesive layer has been
failed. After that, the load amplitude will be increased
for the second loading stage corresponding to the bolted
connection failure, and the loading will finish until the
GFRP joint is completely damaged. The applied fa-
tigue load ranges for the fatigue test specimens are de-
termined based on the corresponding failure strengths
in the static loading, which are listed in Table 4, and the
loading frequency is set equal to 3 Hz. Herein, Pf,a and
Pf,f represent the static strength of joints correspond-
ing to the adhesive failure and the bolted connection
failure, respectively; Pmin,a and Pmax,a are respectively
the minimum and maximum values of cyclic load in the
first stage of fatigue loading (i.e., the adhesive failure);
Pmin,f and Pmax,f denote the minimum and maximum
values of cyclic load in the second stage of fatigue load-
ing (i.e., the bolted connection failure). It is worth
noting that, the first stage corresponds to the adhesive
loading stage, which would end as the adhesive layer
has completely damaged and lost the bearing capacity
(i.e., the bonded failure). After that, the loading enters
to the second stage in which the applied load is trans-
ferred to be borne by the bolts. At this stage, the joint
performs mostly like a bolted connection and results in
a bolted failure in the final state. The transition be-
tween the loading stages can be recognized during the
loading process based on the AE signals and the loading
curves.

Due to the different strength of plies at different
angles in the tensile direction, in order to avoid pre-
mature failure of the weaker plies, the peak load at
the GFRP loading stage was set to be less than 50%
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Table 4 Static strength and fatigue life of specimens

Specimen

Static Fatigue

Pf,a/kN Pf,f/kN
Adhesive (bonded) GFRP (bolted)

Pmin,a/ kN Pmax,a/kN N1 Pmin,f/kN Pmax,f/kN N2 − N1

HT1-1 62 100 — — — — — —

HT1-2 — — 4.8 48 — 4.8 48 150

HT1-3 — — 2.2 22 8 339 3 30 226 609

HT4-1 60 270 — — — — — —

HT4-2 — — 4 40 31 303 5.8 58 136 949

HT4-3 — — 5.8 58 21 827 52 122 85 488

HT9-1 130 460 — — — — — —

HT9-2 — — 8 58 275 230 40 210 3 152

HT9-3 — — 54 124 157 541 90 160 44 052

of the GFRP static strength. In addition, due to the
limited number of test specimens, different fatigue load
amplitudes are selected for the two loading stages of
each group of joints to obtain the corresponding fa-
tigue life. For single-bolt joints, the fatigue load ratio
R (defined as the ratio of the minimum to the maxi-
mum of the cyclic load) is set to be 0.1, and the fatigue
performance of joints under different load amplitudes
will be compared. For four-bolt joints, the fatigue load
ratio R of specimen HT4-2 is set as 0.1 for both loading
stages, and the cyclic load of the adhesive failure stage
of HT4-3 is designed the same as that of the second
failure stage of HT4-2, so as to compare the fatigue per-
formance of adhesive failure stage under different load
amplitudes, and investigate the difference between the
adhesive failure stage and the bolt failure stage under
the same cyclic load. For the nine-bolt specimen, the
fatigue load amplitude of HT9-2 is taken as a relatively
small value in the adhesive layer loading stage to ob-
tain more detection data of adhesive layer. At the same
time, the load amplitude in the GFRP stage is taken as
a larger value to avoid being unable to obtain the final
failure mode due to too long loading time. The fatigue
load amplitude of HT9-3 is set to be the same as that
of the four-bolt specimen HT4-3, studying the effect of
bolt number on the joint’s fatigue performance. The
fatigue life N1 of HT1-2 is not available since the adhe-
sive layer of HT1-2 failed imitatively when the fatigue
loads were applied. It is because the fatigue loading will
have a sudden change which will lead to an overload at
the initial loading while the strength of the adhesive
layer is relative small. The value of N2 −N1 for HT1-2
is smaller compared with the other specimens, which is
probably because the load amplitude of HT1-2 is rela-
tively large compared with HT1-3. Moreover, the load
values of HT1-2 are relatively small compared with the
loading range of the test rig (±500 kN), which leads to
the problem of excessive transient load at the begin-
ning of loading and thus the fast failure of HT1-2. In

the adhesive layer loading stage, when there is a sud-
den change in displacement, acoustic emission signal,
or obvious separation between node plates is observed;
it is considered that the adhesive layer is completely
damaged and the GFRP loading stage is entered.

3 Results and Discussion

3.1 Static Load-Displacement Curves
The load-displacement curves of the specimens under

static tension loading of the specimens with different
numbers of bolts are shown in Fig. 4. It can be seen that
the variation features of the curves of the three joints
are relatively similar. Once the tensile loads reach the
bearing capacity of joints, the failures occur suddenly
as a rapid drop can be seen in the curves after reaching
the maximum load values. Additionally, there is a no-
ticeable drop of load during the loading process for each
curve, which is caused by the complete destruction of
the adhesive layer. To be specific, as the bonded con-
nection is completely damaged, the adhesive layer will
no longer bear the load and a sudden increase of dis-
placement will occur due to the gap between the hole
walls and the screw, which leads to a drop in the tensile
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Fig. 4 Static load-displacement curves of specimens
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load. Since the hole walls contact with the screw, the
bolts begin to resist shear forces and the applied load
can further increase. The slope of the curve (i.e., the
stiffness of the specimen) after the failure of the adhe-
sive layer drops compared with that before the failure.

The adhesive failure and ultimate failure loads of the
three types of specimens are given in Table 4 and Fig. 5.

Adhesive
500

400

300

200

100

0

GFRP

Single-bolt Four-bolt
Specimens

L
oa

d/
kN

Nine-bolt

Fig. 5 Static failure loads of specimens

It is observed that the adhesive failure strength would
become greater as the number of bolts increases, which
is due to the greater preload between the lap plates pro-
vided by the bolts. The greater preload in the thickness
direction, on the one hand, can mitigate the damage of
the adhesive layer; on the other hand, it can enhance
the static friction between the GFRP plates, which is
beneficial for increasing the adhesive bearing strength.
The ultimate bearing capacity of the nine-bolt and four-
bolt specimens is 4.6 and 2.7 times higher than that
of the single-bolt specimen, respectively, which can be
interpreted by the fact that the shear forces beared by
each bolt would be smaller for the joint with more bolts.
3.2 Progressive Fatigue Damage of Adhesive

Based on the recorded AE signals, the damage pro-
cesses of the adhesive layer during the first stage of fa-
tigue loading are shown in Figs. 6—8, respectively for
one-bolt, four-bolt and nine-bolt specimens. In the fig-
ures, the x and y axes are respectively perpendicular
and parallel to the tensile loading direction, and the
small black points represent the AE signals correspond-
ing to the damage locations. For the joint specimens,
the initial damage of adhesive (at 0.1N1) occurs mainly
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Fig. 6 Damage distribution in the adhesive layer of single-bolt specimen (HT1-2)
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Fig. 8 Damage distribution in the adhesive layer of nine-bolt specimen (HT9-2)

at the corner of the rectangular adhesive area. Then,
the damage developed gradually inward; however, it
should be mentioned that the central part of the ad-
hesive area is less damaged due to the preload effect
provided by bolts. As the adhesive layer is completely
damaged, the damage signals distribute all over the ad-
hesive area with the most severe damage occurring at
the corners. The detailed damage processes of the three
types of joint are observed as follows:

(1) For the single-bolt specimens, the fatigue cracks
first occur at the corners of the upper end of the adhe-
sive area, and with increasing the load cycles, the fa-
tigue cracks appear near the lower end of the adhesive
area. After that, the cracks at both ends propagated
gradually inward and finally gather in the center of the
overlapping area. During this process, apparent sep-
aration between the two bended GFRP plates can be
observed.

(2) Regarding the four-bolt specimens, the fatigue
cracks of the adhesive layer also appear first at the up-
per end of the lapping area, and then extend quickly
to the middle region of the adhesive layer. It is noticed
that the crack growth rate decreased when the crack
propagated near the bolt area, which can be attributed
to the pressures induced by bolts. At this time, obvi-
ous bending deformation and the separation between
GFRP plates in the overlapping area can be found. A
loud noise can be heard when the adhesive layer is fully
damaged.

(3) For the nine-bolt specimens, the fatigue cracks
also present first at both ends of the adhesive layer,
and further extend to the middle of the overlapping
area. Like the situation of four-bolt specimens, the
crack propagation rate is also found to be decreased as
the cracks develop near the bolts. Considering that the
adhesive layer has completely failed when the cracks ex-
tended through the adhesive area, there is no apparent
separation between the two GFRP plates.

Figure 9 further presents the relationship between the
number of adhesive damage points (which is detected
by AE during fatigue loading process) and the fatigue
load cycles, where Dn and DN1 are the number of ad-
hesive damage point corresponding to the load cycle n
and N1 respectively. From the figure it can be seen
that, the damage points, to some extent, increase lin-
early as the loading process goes forwards, indicating
that the damages develop steadily during the adhesive
failure stage. Fluctuations can be seen in the curves
in the middle period of the loading (0.3N1 to 0.7N1),
which is correlated with the dispersions induced by the
fabrication flaws in the specimens.

0 0.2 0.4

HT1-3
HT4-2
HT4-3
HT9-2
HT9-3

0.6
n/N1

D
n/
D
N

1

0.8 1.0 1.2

1.2

1.0

0.8

0.6

0.4

0.2

Fig. 9 Variation of adhesive damage with the load-
ing cycles

3.3 Fatigue Failure Modes
Like the static failure process, the fatigue failure of

GFRP hybrid joints can also be divided into two stages,
which are the adhesive layer failure and the GFRP
bolted plate failure.

Figure 10 illustrates the typical fatigue failure modes
of the test specimens, in which the DIC measurement
results are also provided. From the final failed spec-
imens, it can be apparently observed that the adhe-
sive layers have been thoroughly damaged. The fatigue
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Fig. 10 Fatigue failure modes and maximum out-of-plane deformation of specimens

cracks of the adhesive layer initiate at the upper and
lower ends of the bonding area and extend to the center
region. The adhesive layer will be fully damaged and
invalid once the cracks initiated at the upper and lower
ends intersect. After that, the external load is entirely
resisted by the bolted connection, which will eventually
lead to extrusion failure of the GFRP plate at the bolt
holes, as well as the overall inclination of the bolts. It
should be noted that the most severe damage occurs at
the bolts close to the loading end (i.e., the upper end
of the specimen). Due to the eccentric load of single-
lap joint, out-of-plane bending deformation of different
degrees can be seen for the GFRP plates in the fail-
ure joints. The final failure modes are found different
for the specimens of the three groups (i.e., specimens
with different bolt numbers). Specifically, the single-
bolt and four-bolt specimens fail mainly with the bolt
extrusion near the bolt holes, while for the case of nine-
bolt specimens, the failure mode combines the tensile
and delamination damages of the GFRP plates, as well
as the shear failure of GFRP at the bolt holes. In
the failed nine-bolt specimens, the bolt inclination is
much more insignificant than those found in the single-
bolt and four-bolt specimens. The DIC results indi-
cate that the local maximum out-of-plane deformation
of the GFRP plate in the nine-bolt specimens is 2.4mm,
which is remarkably smaller than that of the single-bolt
and four-bolt specimens whose maximum out-of-plane
deflections are respectively 5.2mm and 5.3mm.

3.4 AE Parameters Analysis

The characteristic parameters of acoustic emission in-
clude the energy, ring count, frequency, amplitude, du-
ration, and rise time[22], which can reflect the damage
situation of the monitored materials. In the current
study, the damage propagation of the hybrid GFRP
joints is analyzed based on the parameters of energy,
ring count, and peak frequency.

The mentioned energy parameter of AE measurement
means the elastic energy released by the acoustic emis-
sion events and its value is equal to the area enclosed
by the waveform curve and coordinate axis. The energy

indicates the intensity of the AE signal and is hardly
affected by a threshold or the propagation character-
istics. It can be used to distinguish the type of wave
sources, defined as follows:

Ej =
∫ t1

t0

Vj(t)2dt, (1)

where, j denotes the channel for the recorded acoustic
emission voltage V (t); t0 and t1 are the time corre-
sponding to the start and end of the voltage recording.

Ring counts refer to the number of oscillations ex-
ceeding a threshold. It can be used to evaluate the
activity of acoustic emission, which simply reflects the
strength of continuous and sudden signals. The fre-
quency refers to the peak frequency value correspond-
ing to the maximum value of a pulse wave, representing
the frequency of the harmonic wave component with the
most vital energy among all the simple harmonic mem-
bers of the pulse wave. The peak frequency can charac-
terize different types of damage of the FRP materials.
Generally, the low- and medium-frequency signals cor-
respond to the damages of matrix cracking and delam-
ination, respectively, while the high-frequency signals
correspond to fiber fracture and extraction[23].

The variations of these three parameters (i.e., energy,
ring count, and peak frequency) with the load cycles are
given in Figs. 11—13, where the damage development
process of the specimens can be roughly divided into
the following four stages:

(1) Stage I: steady development of adhesive damage.
In this stage, the displacement increases slowly; in ad-
dition, the developments of the energy and ring count
are quite stable. The energy values concentrate in a
range of (0—1)×108 eu (1 eu = 1 ms × 1mV), while
the ring counts ranges from 0 to 5×105, which actually
are all at a low level. Some specimens show the sudden
displacement change, high energy and ring count at the
beginning of loading, which is due to the gap between
the fixture and the specimens that are clamped since
loaded, and thus a noise signal has been produced. At
this stage, the range of frequency is 90—160kHz, and
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few high-frequency signals can be seen. Therefore, it can
be concluded that the main damage within this stage
is the adhesive layer fatigue cracking.

(2) Stage II: rapid development of the adhesive dam-
age. The energy and ring counts increase rapidly in
this stage and their values are significantly higher than
those in Stage I. The peak values of the energy locate
in a range of (2—3)×1010 eu, while the ring counts are
concentrated in (2—4)×106. The duration of Stage II
is quite short compared with Stage I since the adhesive
damage develops rapidly before it has been completely
cracked. In addition to the original frequency band, the
frequency signals of 50—80kHz have increased as the
matrix damages of GFRP material start to be matured
in this stage.

(3) Stage III: steady progressing of GFRP damage.
As the adhesive layer has been completely damaged,
the fatigue load amplitude is adjusted, resulting in a
sudden change in the specimen’s displacement (red line
in Fig. 12). After that, the specimen enters a stage
of steady development of the GFRP damage, and the
displacement increases slowly. Meanwhile, the values
of the energy and count are similar to those of Stage
I. In this stage, the energy values locate in a range of

(0—1)×109 eu, and the ring counts are concentrated
in (0—1)×106, which are slightly higher than the val-
ues in Stage I. The values of the signal frequency are
within ranges of 50—80kHz and 80—200kHz, which
are respectively regarded as the low-frequency and
medium-frequency ranges. The corresponding damage
types in this frequency ranges are matrix cracking and
delamination.

(4) Stage IV: rapid development of GFRP damage.
In this stage, the displacements increase quickly and the
joint specimens are gradually destroyed. The growth
rates of energy and ring count are accelerated and the
corresponding curves finally reach the peak values when
the joints are completely failed. The energy peaks are
concentrated in (1—3)×1010 eu and the ring counts lo-
cate in a range of (3.5—6)×106. In this stage, the fre-
quencies are found in all the low-, medium-, and high-
frequency ranges, which are 50—80kHz, 80—200kHz,
and 300—360kHz, respectively. The corresponding
damage types include matrix cracking, delamination,
fiber fracture, and fiber pulling.

The ranges of the acoustic emission characteristic pa-
rameters and the corresponding damage types of joint
specimens in the aforementioned four stages are further
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Table 5 AE characteristic parameters

Stage Energy/eu Ring count Frequency/kHz Failure mode

I (0—1) × 108 (0—5) × 105 90—160 Adhesive crack

II (2—3) × 1010 (2—4) × 106 50—80, 80—180 Matrix crack and adhesive crack

III (0—1) × 109 (0—1) × 106 50—80, 80—200 Matrix crack and fiber layer’s delamination

IV (3—4) × 1010 (2—6) × 106 50—80, 120—180, 300—360 Matrix crack, fiber layer’s delamination, fiber
crack, and pullout

3.5 Stiffness Degradation
To investigate the stiffness degradation of the test

specimens during fatigue loading and its relationship
with the final failure mode, the correlation curves be-
tween the vertical displacement of test specimens and
the number of load cycles are analyzed and shown in
Fig. 14. Since the variation of the specimen stiffness be-
fore the adhesive failure is insignificant, the normalized
load cycle in Fig. 14 is defined as (n − N1)/(N2 − N1),
that is, the ratio of the actual loading cycles after the
adhesive failure to the fatigue life after the adhesive
failure. The normalized displacement is expressed as
the ratio of the initial vertical displacement d0 to the
current vertical displacement d.
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Fig. 14 Stiffness degradation of specimens

As can be found from Fig. 14, the vertical displace-
ments of the test specimens increase steadily in the
whole loading process, and as reaching the final fail-
ure, the displacements increase sharply. The number
of bolts shows an obvious effect on the stiffness degra-
dation of specimens. Specifically, the stiffness degra-
dation of nine-bolt specimens is relatively moderate at
the early fatigue loading, and becomes faster near the
final fatigue failure. However, the stiffness of single-bolt
and four-bolt specimens decreased rapidly throughout
the fatigue loading, especially for the single-bolt speci-
men, significant degradation may occur soon after the
adhesive failure. The stiffness degradation of nine-bolt
specimens near failure is calculated to be 15%—20%,
while those of single-bolt and four-bolt specimens are
greater than 40%. The results indicated that the in-

creasing number of bolts can effectively improve the
performance of GFRP hybrid joint’s stiffness degrada-
tion resistance.
3.6 Fatigue Life

It can be seen in Table 4 that the fatigue life of spec-
imen HT1-2 in the second loading stage (i.e., N2 −N1)
is relatively small compared with those of other speci-
mens, which can be interpreted regarding the load re-
sisted by the single bolt, and the constraint on the
plates provided by the single bolt. First, compared with
the bolts in the four- or nine-bolt specimens, the sin-
gle bolt of specimen HT1-2 bears a relatively high load
during the fatigue loading, which can lead to a more
significant local damage in the GFRP plates. On the
other hand, for the second fatigue loading stage of the
single-bolt specimens, since the unique bolt can provide
limited constraint to the connected GFRP plates, and
that the cyclic loading is controlled by load but not dis-
placement, it is found during the loading process that
as the specimens approach to failure, the displacement
can be relatively large, which would cause a significant
dynamic impact on the hole wall of GFRP plates, lead-
ing to an acceleration of damage in the GFRP mate-
rial. This phenomenon was found more severe in the
specimens HT1-2 than HT1-3, since the load amplitude
and the maximum value of the cyclic load for HT1-2 are
quite greater than those of the HT1-3.

For the same type of joints, the smaller the fatigue
load amplitude is, the greater the fatigue life of each
loading stage will be. Except for the nine-bolt joints,
the fatigue life of the bolted connection is higher than
that of the bonded connection even if the fatigue load
amplitudes used in bolted connection failure stage are
greater. This may be because the nine-bolt specimens
have an excellent integrity so that the bolted connection
has worked together with the bonded connection during
the adhesive layer failure stage.

Under the condition of higher fatigue load amplitude,
for the joints with more bolts, the fatigue life of the
bonded connection will be higher, and so does the final
fatigue life of the joints. By comparing the nine-bolt
specimen (HT9-3) with the four-bolt specimen (HT4-
3), it can be found that under the same load amplitude,
the fatigue life of the bonded connection of the nine-
bolt specimen is higher than the overall fatigue life of
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the four-bolt specimen. However, the fatigue life of
the bolted connection of nine-bolt specimen is lower
than that of the four-bolt specimen, which shows again
that the bolted connection of nine-bolt specimen has
involved in the previous loading stages.

Since there is lack of the S-N fatigue design curves
of the single-lap GFRP hybrid joint in the existing
specifications, based on the test results, the relevant
S-N curves are proposed in this section, as presented
in Fig. 15. In the figure, the test data are marked by
the points representing the relationship between the fa-
tigue stress S and the fatigue life N of the test speci-
mens under tensile loading condition. Herein, the ten-
sile stress is calculated by S = Fr/(wb), where Fr is
the fatigue load range amplitude, and w and b are the
width and thickness of the GFRP plate, respectively.
Since the fatigue stress amplitudes before and after the
adhesive layer failure are different, in order to properly
consider the adhesive fatigue life N1 in the proposed
S-N curves, it is equivalent to a fatigue life N ′

1, with
which the equivalent overall fatigue life of the GFRP
hybrid joints in the S-N curves can be calculated as
N = N2−N1 +N ′

1. For each group of specimens, N ′
1 is

obtained by an extrapolation based on the fatigue test
data. For each specimen group, the linear relationship
between N1 and S is determined based on results of the
two fatigue-load specimens, and then, the equivalent fa-
tigue life N ′

1 of the adhesive failure stage is determined
as the value of N1 corresponding to the enlarged stress
amplitude S in the following GFRP failure stage, based
on the abovementioned linear relationship.
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Fig. 15 Fatigue S-N curves of specimens

The least square method is used for fitting the S-
N curves in this study, and the curve expression is as
follows:

lg N = A + B lg S − 2σlg N , (2)

where, A and B are the data fitting parameters; σlg N

is the standard deviation of lg N . The lower bound
equation with 95% confidence is used as the S-N de-
sign curve. In Fig. 15, three types of fitting curves are

provided, which respectively are: Mean; Mean+2SD;
Mean-2SD, where the SD is the standard deviation.

Based on the fitting analysis, the mean curves of the
fatigue life of the GFRP hybrid joints are obtained as
follows:

lg N = 5.944− 1.303 lg S, (3)

Limited by the test data, the constructed S-N curve
model ignores the influence of bolt size, bolt spacing,
GFRP plate thickness, fiber ply, and so on. How-
ever, the presented curves can provide a reference
for the fatigue design of the single-lap GFRP hybrid
bonded/bolted joints.

4 Conclusion

In this paper, the static and fatigue performance of
the GFRP hybrid bonded/bolted joints under tensile
loading condition has been experimentally investigated.
Based on the test results, the following main conclu-
sions can be drawn:

(1) For static loading, the variation trends of load
with the displacement of different types of specimens
are similar. The ductility of the adhesive layer and the
overall stiffness would increase for the joints with more
bolts. The static strength of GFRP hybrid joints is
dominated by the bolted connection. For the nine-bolt
specimens, the ultimate strength of the bolted connec-
tion is about 3.5 times of the strength corresponding to
the adhesive failure.

(2) The fatigue failure process of the GFRP hy-
brid joints can be divided into four stages, which are:
� cumulative damage of adhesive layer, � damage of
the adhesive layer, � cumulative damage of GFRP
plate, and � damage of GFRP plate. The AE char-
acteristic parameters can be used to recognize the oc-
currence of failure, as the parameter values correspond-
ing to the adhesive failure stage and the GFRP failure
stage would change significantly. For the joints with
few bolts, the final failure mode is shown to be extru-
sion failure at the bolt holes. The fiber tensile and
shear failures would occur as more bolts are used for
the joints.

(3) The stiffness degradation of nine-bolt specimens
is relatively moderate at the early fatigue loading, and
becomes faster near the final fatigue failure. For single-
bolt and four-bolt specimens, the stiffness decreased
rapidly throughout the fatigue loading. The total
degradations of the nine-bolt specimens are read to be
15%—20%, while it is found to be greater than 40% for
single- and four-bolt specimens. The increasing num-
ber of bolts can effectively improve the performance of
GFRP hybrid joint’s stiffness degradation resistance.

(4) The fatigue life corresponding to the adhesive fail-
ure and bolted connection failure can be improved with
increasing the bolt number. For the joint with more
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bolts (e.g., the nine-bolt specimen in this study), the
bolted connection has participated in the load bearing
before adhesive failure, due to which the fatigue life of
bolted connection failure is lower than the that of adhe-
sive failure for such joints. Based on the fitting analysis
with test data, the S-N curves for the single-lap GFRP
hybrid bonded/bolted joints under tensile loading con-
dition are proposed, which provide a reference for the
fatigue life design of such type of joint.
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