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The composite-aluminum hybrid bolted structures are widely used in aircraft. Due to low molding accuracy of composite
components, gaps always occur between components during assembly. In this case, the bolt connection can cause a complex
strain and stress state of component. It may adversely affect the mechanical properties or cause local damage of the structure. A
simplified model of the composite-aluminum assembly structure was established in this paper. Then, the influence of forced
assembly, liquid shim, and peelable fiberglass shim on the strain and stress state of the composite-aluminum hybrid bolted
structure was studied. A bolt connection experimental device was designed to apply a preload to the specimen. The strain field
on the specimen surface was measured using the 3D-DIC strain measurement system. The finite element model was established
to study the interlaminar stress and damage state of composite laminates. It is found that the strain of specimen in the X
-direction is mainly affected by the bending deformation, while the strain in the Y-direction is mainly affected by the
compression of bolt head. For composite laminates, the strain value in the X-direction can be reduced by 8.31%-70.97% with
shims. As for the strain value in the Y-direction, the liquid shim can only reduce it up to 23.93%when the gap is large. In
addition, the liquid shim and peelable fiberglass shim cannot reduce the stress value of all interlaminar elements, but it can
make the stress distribution more uniform and improve the stress state of the interlaminar element when the shim was more
than 0.8mm.

1. Research Background

Composite materials have been widely used in aircraft struc-
tures due to their excellent mechanical properties. The pro-
portion of composite materials used in the Boeing 787 is as
high as 50%, while that of Airbus A350 can up to 52% [1].
The widespread use of composite materials can significantly
reduce weight and improve performance of aircrafts. There-
fore, the proportion of composite materials has become an
important indicator of the advanced aircraft. Despite the
increasing use of composite materials, there are still a large
number of metal structures in existing aircraft structures,
including aluminum alloys and titanium alloys. Therefore, a
large amount of the composite-metal hybrid bolted structure
exists in the aircraft. For example, the hybrid connections
exist between metal lug and composite spar between the wing

and fuselage. What is more, they also exist in metal ribs and
composite panel in the wing box.

The metal structure is mainly manufactured by the CNC
(computer numerical control) machine, which has high geo-
metric and dimensional precision and surface quality. Com-
posite components are mostly formed using autoclave. The
thermal expansion coefficients of fiber and resin are inconsis-
tent, and that of composite and molds are also quite different.
Therefore, the composite components tend to have a large
deformation after molding, and interference or gap is often
generated between assembly components [2]. The interfer-
ence between components can be eliminated by milling the
metal component or sacrificial layer of composite. As the
gap is generated, the gap filling method should be determined
according to the size of gap. Finally, the hole drilling opera-
tion and bolt connection are performed. During the bolt
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tightening process, the components are connected as a whole
structure by applying a preload by fasteners. So, a significant
bending deformation appears in components under preload
when there is a gap in assembly structures. This may cause
local stress concentration around the bolt hole, and interlam-
inar stress can increase in some areas. Sometimes, it may
even cause local delamination of composite laminates. It
can lead to a reduction in stiffness and load bearing capacity
and affect the safety and reliability of assembly structure. This
situation can be alleviated by applying shims. However, the
shim material is different from assembly components, and
their structural characteristics and mechanical properties
are quite different. Therefore, the gap filling may have com-
plicated effects on the strain and stress state of assembly
structures.

At present, the research on gap filling in assembly of air-
craft composite components mainly focuses on the following
aspects: gap prediction and 3D model establishment, analysis
of stress and strain state during assembly, and the influence
of gap filling on the mechanical properties of structures.

Manohar et al. [3] proposed a shim prediction technique
based on machine learning and sparse sensing for the com-
plicated and cumbersome problem of gap filling work.
Lacroix et al. [4] developed a numerical method to predict
the size and distribution of the gap before assembly by mea-
suring the shape of components. Falgarone et al. [5] devel-
oped ANATOLEFLEX software and used it to simulate the
assembly process of nonrigid parts. Ehmke et al. [6] proposed
an automatic gap filling method used in the assembly of large
composite components for aircraft. The operation process
includes component surface scanning, virtual assembly, 3D
model calculation of gaps, and gap filling. Schmick et al. [7]
proposed an algorithm for generating solid shim using 3D
printing technology in automated assembly processes.
Zaitseva et al. [8] developed ASRP software for simulation
and process optimization of aircraft assembly. This software
can analyze the point cloud of initial gap between the compo-
nents and calculate the size and distribution of the gap after
assembly, so as to determine the gap filling method. Bakker
et al. [9] developed a new general method to predict the
assembly gap between components and estimates the num-
ber of shims required. Wang et al. [10] proposed a gap filling
method based on scan data and finite element analysis for the
uneven gaps appearing during the assembly of aircraft wing
box. Liu et al. [11] developed a numerical method for predict-
ing gaps. Each assembly components are scanned, and scan
data are used to generate a finite element mesh. The geometry
of the assembly gap is obtained through virtual assembly. D’
Angelo et al. [12] used eddy current testing (ECT) to measure
the gaps between composite components due to molding and
assembly deviations. Wang et al. [13] proposed an optimal
posture evaluation model to control the gaps in the assembly
work. As the gap reaches the minimum value and it is within
the tolerance range, the component reaches the optimal
posture [4].

Dong et al. [14] established a parametric finite element
model for the assembly problem of composite and metal
structures. The distribution of assembly stress was obtained
by Monte Carlo analysis. Söderberg et al. [15] used the influ-

ence coefficient method to establish a response model
between composite wing rib assembly stresses and part
manufacturing deviations. The Tsai-Hill failure criterion
was used to characterize the magnitude of assembly stress.
Chang et al. [16] studied the effects of different bolt tighten-
ing sequences and installation torques on the stress distribu-
tion of composite using a composite wing box with gap. The
article points out that it is not possible to completely elimi-
nate the gap by relying on the bolt preload without a shim.
Chang et al. [17] investigated the influence of assembly gap
on the final deformation of the assembly structure. Experi-
ments showed that hybrid shim has a better effect of sup-
pressing deformation, and the maximum strain can be
reduced by about 20%. Attahu et al. [18] and Ye et al. [19]
studied the influence of gap and shims on stress and strain
of composite-aluminum alloy assembly structures during
bolted connections. The results showed both liquid shim
and peelable shim can significantly reduce assembly stress
and strain.

Zhai et al. [20] studied the effect of gap filling on the
mechanical properties of composite-aluminum, single-lap,
single-bolt joints in experiments. They compared the differ-
ences between forced assembly and different shims. Zhai
et al. [21] also used a finite element method to study the
three-dimensional stress distribution of the bolted joint
under tension in forced assembly and gap filling. Liu et al.
[22] used experimental and simulation methods to study
the influence of liquid shim on the mechanical properties of
composite-titanium joints. Liu [23] also pointed out that
the influence of liquid shim on the performance of the
assembly structure depends not only on the thickness and
mechanical properties of liquid shim but also the stiffness
of substrate. Comer et al. [24] studied the influence of
aviation-grade liquid shim on the mechanical properties of
composite-titanium, double-bolt, single-lap joints. Studies
showed that the stiffness of liquid shim do not decrease in
experiment while the contact surface do not fail. Hühne
et al. [25] used finite element simulation to study the
influence of liquid shim on the mechanical properties of
composite single-lap single-bolt joints. Dhôte et al. [26]
studied the influence of liquid shim on the mechanical proper-
ties of composite single-lap joints and composite-aluminum
single-lap joints. Yang et al. [27] studied composite single-
lap joints containing gaps and shim. An improved spring-
mass model is proposed for the prediction of joint stiffness.
Yang et al. [28] also investigated the influence of gap and shim
on bending properties of composite joints. The effects of fac-
tors such as the gap size, shim material, shim percentage,
and the gap between bolt and hole were studied. Cheng et al.
[29] pointed out that shim can reduce the assembly stress of
aluminum joints and improve stiffness and load carrying
capacity. Attahu et al. [30] found that liquid shim can prolong
the service life of the structure within a certain thickness range.
Landström [31] used a finite element method to study the
effect of liquid shim on the bearing capacity of composite
bolted structures. Stocchi [32] studied the mechanical proper-
ties of double-bolt single-lap CFRP joints with countersunk
holes, including tensile properties and fatigue properties. A
detailed 3D finite element model was established during
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research. On this basis, some scholars carried out research on
composite-metal hybrid bolted joint structures and delamina-
tion of composite laminate. Sellitto et al. [33] studied the ten-
sile mechanical properties of metal-composite stiffened panel.
The results show that the Omega stringer joints can inhibit the
expansion of debonding, thereby avoiding the sudden reduc-
tion of the structural bearing capacity. Matsuzaki et al. [34]
studied the effect of the bolted/cocured hybrid jointing
method on the mechanical properties of composite-
aluminum joints. Compared with bolted connection, the new
connection method can reduce stress concentration and fiber
damage. Riccio [35] studied the effect of delamination on the
compressive mechanical properties of composite laminate
through experiments and simulations. Studies show that fiber
bridging phenomenon is a natural toughening mechanism
that can improve the interlayer strength of composite lami-
nates. Davim et al. [36] analyzed the cutting parameters of
drilling holes in composite laminates. The relationship of cut-
ting velocity and feed rate with delamination of composite
laminates was established using the Taguchi method and anal-
ysis of variance. Russo [37] studied the effect of fiber bridging
on the delamination of reinforced composite stiffened panels.
The results of the three-point bending experiment show that
fiber bridging can significantly slow down the debonding
between the skin and reinforcements.

Many researchers have studied the problem of gap filling,
but there are still many issues need to be investigated. At
present, most researches of gap filling have focused on the
influence of shims on mechanical properties of assembly
structures, including tensile and fatigue properties. However,
there is a lack of research on the assembly process, especially
the bolt tightening process. Preload is introduced to the
assembly structures in the bolt tightening process, and it
results in assembly strain and stress. They have a significant
impact on the performance of the assembly structure. There-
fore, it is necessary to study the strain and stress generated in
assembly work.

The composite-aluminum hybrid bolted assembly model
was built in this paper by analyzing a typical aircraft wing box
structure. A bolt connection experimental device was
designed to apply preload to the assembly model. The strain
and stress state of the specimen under forced assembly, liquid
shim filling, and peelable fiberglass shim filling were studied.
Strain gauges were used in the experiment to measure the
strain values in key points around the bolt hole, and the
strain field on the surface of specimen was measured using
a 3D-DIC strain measurement system. The finite element
model was established using ABAQUS to study the damage
state of interlaminar layers. This paper analyzes the influence
of the gap filling method on the strain and stress state of the
composite-aluminum hybrid joint structure and provides a
reference for the formulation of the gap filling method.

2. Problem Description

Figure 1 shows the basic structure of an aircraft composite
wing box. It is composed of an upper panel, a lower panel,
a front spar, a rear spar, and three wing ribs. Wherein, the
panel and the spar are composite laminate, while the ribs

are aluminum alloy. Composite panels were formed using a
female mold and deformed after demolding, while the
aluminum ribs were machined by CNC, and they had high
dimensional accuracy. Therefore, a gap was easily generated
between panels and ribs during assembly.

In this paper, the irregular gap was simplified to a uni-
form gap, as shown in Figure 1. The steel gasket was placed
between composite laminate and aluminum plate to create
a gap. Three holes were machined on the specimen, and the
holes at both ends were used to fix the specimen on the
experimental device, while the hole in the middle was used
to apply preload of the bolt. This experiment simulated the
bolt tightening process of the composite aluminum hybrid
bolted structure, and it studied the strain and stress state of
composite and aluminum plates with preload. On this basis,
the applicable range of various gaps filling method was
determined.

3. Experimental Research

3.1. Design of Experimental Device and Specimen. The
experiment was based on a simplified assembly model, and
it simulated the preload by a specially designed experimental
device. The experiment included forced assembly and vari-
ous types of shim filling.

The experimental device was composed of a loading
screw, a sliding block, an S-shaped force sensor, a pressing
head, and a frame, as shown in Figure 2. The wrenches were
used to rotate the loading screws on both sides of the speci-
men in experiment. The loading screw cannot move because
the screw head was against the frame. Then, the sliding block
started to slide down. At this time, the rotation of the loading
screw was converted into the sliding of the sliding block. The
pressing head was indirectly connected to the sliding block by
a force sensor. So, the load was measured by force sensor in
real time, and the value was displayed via the monitor. When
the loading screw pushed the sliding block moving down-
ward, it controlled the sensor and pressing head to move
toward the specimen. As the pressing head was in contact
with the composite laminate, the change in load can be read
by the monitor.

The geometry of the specimen must satisfy the bolted
conditions firstly, and the dimensions refer to ASTM
D5766/5766M [38]. The diameter of the bolt shank should
be 6.3246mm-6.3373mm (0.2490 in-0.2495 in), while that
of the bolt hole was 6.35mm-6.38mm. The measurement
results showed that both the diameter of the bolt shank and
bolt hole meet the requirements. The results of nondestruc-
tive testing (NDT) showed that no obvious damage was
found inside the composite laminate, and no delamination
occurred around the hole in composite laminate. The thick-
ness of composite laminate and aluminum plate was
3.76mm and 4.00mm. The strain gauges 1 and 4 measured
the tangential strain around the bolt hole, and the strain
gauges 2 and 3 measured the radial strain around the bolt
hole. The dimensions of the test piece and the arrangement
of the strain gauges are shown in Figure 3. The experimental
specimens were divided into three types, including a matched
group without gap, a forced assembly group with gap, and a
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shim-filling group with liquid shim and peelable fiberglass
shim. Among them, the gap size and the thickness of various
shims was set to 0.2mm-2.0mm, and the interval was
0.2mm. Each experimental group was subjected to 5 replicate
specimens in the strain gauge measurement experiment.

3.2. Preparation of Liquid Shim and Peelable Fiberglass Shim.
The liquid shim used in the experiment was the Henkel Loc-
tite Hysol EA9394 two-component structured paste adhesive
which cured at room temperature. EA9394 maintains high
compressive strength at high temperatures of 180°C. As the
liquid shim was prepared, the mass ratio of the matrix resin
to the curing agent is 100 : 17 [39, 40]. The steel gaskets with
a standard thickness were firstly put both ends of the speci-
men to control the gap thickness before applying liquid shim.
The liquid shim was then applied to the surface of composite
laminate, and the other side of liquid shim was covered with a
plastic film. Finally, the composite laminate was assembled

with the aluminum plate to remove excess liquid shim. It
can be cured after 168 hours at room temperature. The peel-
able fiberglass shim was a laminated glass fiber fabric, which
was cut according to the gap size in application. Finally, it
was adhered to the composite laminate using an adhesive,
as shown in Figure 4.

3.3. Strain Gauge Measurement Experiment. The gap was
controlled by steel gasket with standard thickness to both
ends of the specimen in experiments. The specimen and steel
gaskets were connected to the experimental device with bolts.
The preload of the bolt used in the experiment was 8 kN.
During the loading process, a wrench was used to rotate the
loading screw counterclockwise, and the load can be
recorded in real time through the monitor. After the loading
was completed, the strain data was recorded by the strain
gauge. Through the above operations, the strain values in
four measuring points can be obtained.
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Figure 1: The basic structure of the composite wing box and the establishment of the research model.
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3.4. 3D-DIC Measurement Experiment. The 3D-DIC strain
measurement system can measure the strain field of the
entire outer surface of the component, so this technique is
widely used in experimental research [20, 26]. The 3D-DIC
technology is based on the image processing algorithm. By
monitoring the change of the speckle pattern on the surface
of specimen under load, the displacement and strain of spec-
imen can be obtained, and the deformation rules of each
region on the component can be analyzed.

The 3D-DIC system used in the experiment was provided
by Correlated Solutions Inc. (CSI). The strain field of the

composite laminate and aluminum plate was measured dur-
ing the application of the bolt preload by the experimental
device. The measurement system mainly included two CCD
cameras (12 million pixels, frame rate 30), two 28mm
short-focus lenses, a tripod, two light sources, a calibration
board, the camera control software, and image processing
software. The tripod was mainly used to fix the cameras
and adjust the pose of them. The light source was used to
increase the brightness of the measured object to obtain a
high quality picture. The calibration plate was used to accu-
rately calibrate the camera position so that the optical axes
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of the two cameras intersected at the same point onmeasured
object. The camera control software was used to control the
camera to capture images, which can be manually or auto-
matically acquired at a certain frequency. Image processing
software was used to calculate the displacement and strain
fields of the components under test.

Speckle should be made on the specimen before the
experiment. The specimen should be cleaned with acetone
to remove dust and grease in the surface firstly. Then, a white
matt paint was evenly sprayed on the surface. Finally, a black
speckle was made on the specimen using a speckle making
tool. According to the size of the measurement field of view
and the basic parameters of the camera, the speckle diameter
was selected to be 0.33mm, and the density is 50%, as shown
in Figure 5.

The bolt preload was applied to the specimen through the
experiment device in the experiment. During this process, the
camera was controlled to capture images at a frequency of
1Hz. After the experiment, the photos were calculated using
image processing software to obtain the displacement field
and strain field of the specimen. Due to the obstruction of
force sensor, only a portion of the area around the bolt hole
can be measured using the 3D-DIC measurement system.
However, the strain field in this area can reflect the stress dis-
tribution around the bolt hole and the deformation of speci-
men. Based on these experiments, the influence of each gap
filling method on the strain and stress of the assembly struc-
ture can be analyzed.

4. Finite Element Analysis

4.1. Elements, Contact Pairs, and Boundary Conditions. The
FEMmodel was established in ABAQUS/Standard, as shown
in Figure 6. In order to simplify the model and improve the
calculation efficiency, the bolt, nut, and washer were com-
bined into a whole part in the model. The use of reduced inte-
gral elements can avoid the problem of shear self-locking. So,
the reduced, linear eight-node, three-dimensional, solid ele-
ment, C3D8R was used for each component part. The con-
tact area of the bolt and specimen was the stress
concentration area. A circle with a radius of 18mm was cut
around the hole in order to improve the analysis accuracy.
The number of seeds in the circle radius was increased, and
the local mesh was refined. Each layer of the composite lam-
inate corresponds to one element in the thickness direction.

The bolt shank was in contact with the composite lami-
nate, aluminum plate, and shim in the finite element model.
The bolt head and nut were in contact with the upper surface
of composite laminate and the lower surface of the aluminum
plate, respectively. In the gap filling process, one side of the
shim was directly bonded to the component, and the other
side was separated from the specimen by a film. Therefore,
there was a contact relationship between the shim and the
aluminum plate, and the shim was tied with the composite
laminate. Bolts and assembly components such as composite
laminate, aluminum plate, and shim did not undergo large
relative displacements in bolt tightening. So, there was only
a small relative sliding between the two contact surfaces.
Therefore, the small sliding contact was used to describe

the relative sliding between contact surfaces. During the
whole analysis, the contact and relative sliding between the
accessary surface node and the master surface node did not
change. So, this model had high computational accuracy.
The surfaces in contact with each other in the model were
all set as surface-to-surface contact. The penalty friction
was used to define the tangential behavior, while the hard
contact method was used to define the normal behavior. Fric-
tion was considered in each contact area, the metal-to-metal
friction coefficient was set to 0.2, and the rest was set to
0.1 [41, 42].

The load and boundary conditions are shown in
Figure 6(c). The bottom surface of the holes at both ends
was completely fixed to simulate the installation of specimen
on the experimental device. The light springs were used in
bolt heads and nuts to constrain their three translational free-
doms of UX , UY , and UZ . They were also used in two end
faces of the composite laminate to constrain the three trans-
lational freedoms of Ux, Uy, and Uz. This setting can
guarantee the convergence of the finite element model. A sec-
tion was provided in the middle of the bolt shank for preload
application. In the first analysis step, a preload of 10N was
applied to the two bolts at the edges to simulate the two ends
that are fixed. In the second analysis step, a 10N preload was
applied to the middle bolt separately. In third analysis step,
the middle bolt was applied to a preload of 8 kN.

4.2. Material Properties. A carbon fiber epoxy resin compos-
ite laminate was used in the study named 977-2. The thick-
ness of a single layer was 0.188mm, the stacking direction
is [45°/90°/-45°/0°/90°/0°/-45°/90°/45°/-45°], and 20 layers
were symmetrically stacked. The thickness of laminate was
3.76mm. Its material properties are shown in Table 1 [43].
The bolt fastener was made of Ti6Al4V, whose Young’s mod-
ulus is 110GPa and Poisson’s ratio is 0.29. The aluminum
plate was 7050-T7, and its Young’s modulus is 72GPa, and

CCD
camera

Experimental device

Light
source

Specimen

Speckle in
specimen

Figure 5: 3D-DIC system to measure the strain field of the
specimen.
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Poisson’s ratio is 0.33. The liquid shim is an epoxy material.
Its property is between elastic solids and viscous liquids,
and the stress and strain show a nonlinear relationship. Liu
[23] provided the stress-strain curve of the liquid shim, as
shown in Figure 7. The peelable fiberglass shim is glass fiber
fabric, and its material properties are similar to composite
laminate. The thickness of a single-layer peelable shim was
about 0.05mm, and the layup direction was orthogonal layup
at 0° and 90°. In the specific setting, the number of layers was
determined according to different thicknesses. The material
parameters are shown in Table 2 [21].

4.3. Setting of Cohesive Zone Elements. The interlaminar
strength of composite laminate is lower than that of the intra-
laminar strength. So, the resistance to delamination of the
interlaminar element is relatively poor. The forced assembly
can cause significant bending deformation of composite lam-
inate and affect the mechanical properties of the structure.
The cohesive zone element is a special element in ABAQUS
which is used to simulate the bonding interface. It can be
used to investigate the interlaminar stress and damage of
composite.

There are many constitutive models describing the stress
displacement of cohesive zone elements, including exponen-
tial models, polynomial models, trapezoidal models, and
bilinear models. Alfano [44] conducted a comprehensive
comparative analysis of various cohesive models and found
that the form of the bilinear constitutive model was simple.
What is more, the accuracy and convergence of this model

were excellent. It can be applied to interlaminar elements
research of composite laminate. In this paper, the cohesive
zone element with a bilinear constitutive model based on
the traction-separation criterion in ABAQUS was used.

The relationship of stress σ and displacement δ in the
bilinear model is shown in Figure 8. The normal stress σn
and two tangential shear stresses τs and τt were defined as
follows:

ðδmax
n

0
σn δð Þdδn =Gn

ðδmax
s

0
τs δð Þdδs =Gs

ðδmax
t

0
τt δð Þdδt =Gt

9>>>>>>>>>=
>>>>>>>>>;

: ð1Þ

In the formula, Gn, Gs, and Gt were the area enclosed by
the curve and the abscissa in Figure 8 and represent the crit-
ical strain energy release rate. As the displacement was
between 0-δ0, the interlaminar element was not damaged.
And the stress σ reached the maximum σmax when the dis-
placement reached δ0. After exceeding this value, the element
started to be damaged. And the damage continued to deepen
as the displacement increased. The interlaminar element was
completely ineffective when the displacement reached δr . If
the thickness of the cohesive zone element was T0, then it

Bolt

Composite

Shim

Aluminum Steel gasket

(a)

Bolt

Master surface
Accessary surface
Tie

Shim

Composite

Aluminum 

Steel gasket

(b)

Clamped surface
(Ux = Uy = Uz = 0)

Springs

(c)

Figure 6: The finite element model. (a) The mesh of model, (b) The contact pairs in model, and (c) The boundary conditions of model.
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was divided by the initial thickness of the cohesive zone
element in all directions and obtained the strain value:

εn =
δn
T0

, εs =
δs
T0

, εt =
δt
T0

: ð2Þ

When δ < δ0, it was the phase of linear elasticity.

σn

τs

τt

8>><
>>:

9>>=
>>;

=
knn

kss

ktt

2
664

3
775

εn

εs

εt

8>><
>>:

9>>=
>>;

=
knn

kss

ktt

2
664

3
775

δn
T0

δs
T0

δt
T0

8>>>>>>>><
>>>>>>>>:

9>>>>>>>>=
>>>>>>>>;

:

ð3Þ

When δ < δ0, σ reached the maximum σmax. The second-
ary stress criterion was used as the damage onset criterion of
the element [45]. The criterion is

σnh i
σmax
n

� �2
+ τs

τmax
s

� �2
+ τt

τmax
t

� �2
= 1: ð4Þ

When δ > δ0, the cohesive element was damaged, and the

damage continued to expand as the displacement increased.
The evolution of the damage was judged based on the power
law:

Gn

Gc
n

� �α

+ Gs

Gc
s

� �α

+ Gt

Gc
t

� �α

= 1: ð5Þ

Gc
n, G

c
s , and Gc

t were critical fracture toughness.
In order to study the damage between layers of the com-

posite laminate, a layer of the cohesive zone element was
added between layer 1 and layer 2 on the upper surface of
the composite laminate, as shown in Figure 9. The type of
the cohesion element was COH3D8, and the mechanical
properties are shown in Table 3 [46].

4.4. Mesh Sensitivity Analysis. The mesh sensitivity analysis
was performed firstly as the FEM model was built. In order
to obtain more accurate calculation results, the mesh density
of the area around the hole in composite laminate was greater
than that of other areas. Therefore, the radial size of the ele-
ments in this area was selected to analyze the mesh sensitiv-
ity. The radial size of the element was set to 0.1mm-1.0mm,
and the strain value in the X-direction of the element integra-
tion point around point 1 was extracted. Then, the difference
between the finite element results and the experimental
values was analyzed. In addition, the computation time (with
4 CPU processors computer) of each model was compared.
The analysis result is shown in Figure 10. Considering the
simulation accuracy and computation time, the final radial
size of the selected element was 0.35mm.

5. Results and Discussion

5.1. Model Verification. There were two kinds of experiments
designed in the research, including strain gauge measure-
ment experiments and 3D-DIC measurement experiments.
The purpose of the strain gauge measurement experiment
was to study the changes of strain in X- and Y-directions
around the hole under preload of the bolt and to analyze
the influence of gap and shims on strain and deformation
of specimen. The purpose of the 3D-DIC measurement
experiment was to study the strain field distribution charac-
teristics around the hole. Due to the obstruction of force sen-
sor, only a part of the specimen can be measured during the
experiment. However, with the results from strain gauges
experiments, the analysis of the measurement area can be
used to study the strain distribution and deformation of the
component. In the finite element model, the cohesive zone
element was used at the interface between the layers. On this
basis, the interlaminar stress and damage of the composite
laminate near the bolt head can be studied. Experimental
research and finite element simulation were used to analyze
the influence of gap and shims on the strain and stress of
composite-aluminum assembly structures in multiple angles.

The experimental group with a gap of 2.0mm was
selected to compare the results from strain gauge measure-
ment experiments, 3D-DIC measurement experiments, and
finite element simulations, as shown in Figure 11. The mea-
suring point 1 measured the strain in the X-direction around

Table 1: Composite material properties of 977-2.

E11
(GPa)

E22
(GPa)

E33
(GPa)

G12
(GPa)

G13
(GPa)

G23
(GPa)

ν12 ν13 ν23

156 8.35 8.35 4.2 4.2 2.52 0.33 0.33 0.55

0.00 0.05 0.10 0.15 0.20 0.25 0.30
0

30

60

90

120

150

180

St
re

ss
/M

Pa

Strain/𝜀

EA9394

Figure 7: Stress-strain relationship of EA9394.

Table 2: Material properties constants of peelable fiberglass shim.

E11
(GPa)

E22
(GPa)

E33
(GPa)

G12
(GPa)

G13
(GPa)

G23
(GPa)

ν12 ν13 ν23

20.1 20.1 8.1 3.3 3.3 3.3 0.18 0.18 0.18
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Figure 8: Bilinear model of the cohesive element.
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Figure 9: Schematic diagram of the cohesion element.

Table 3: Mechanical properties of the cohesive element.

Property Value Property Value

Normal stiffness, Kn (N/mm3) 1 × 105 Interlaminar strength, tn (MPa) 60

Tangential stiffness, Ks (N/mm3) 1 × 105 Interlaminar strength, ts (MPa) 80

Tangential stiffness, Kt (N/mm3) 1 × 105 Interlaminar strength, tt (MPa) 80

Critical fracture toughness, Gc
n (N/mm) 0.352 Density, ρ (g/mm3) 2 × 10−9

Critical fracture toughness, Gc
s (N/mm) 1.45 Viscosity coefficient, μ 1 × 10−5

Critical fracture toughness, Gc
t (N/mm) 1.45
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Figure 10: The mesh sensitivity analysis of element in composite laminate (specimen with gap 2.0mm).
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Figure 11: Comparison of the results of strain gauge measurement experiments, 3D-DIC measurement experiments, and finite element
analysis when the assembly gap is 2.0mm. (a) Strain gauges experimental results, (b) DIC experimental results, (c) FEM results, and (d)
comparison of the results obtained by the three methods (C1: point 1 in composite; C2: point 2 in composite; A1: point 1 in aluminum;
A2: point 2 in aluminum).
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the hole, and the measuring point 3 measured the strain in
the Y-direction. Figure 11(a) shows the average results of
strain in the strain gauge measurement experiment.
Figure 11(b) shows the strain value measured by 3D-DIC.
Figure 11(c) shows the strain values in element integration
points around measuring points 1 and 3 in finite element
results. Figure 11(d) shows the comparison of the strain
values measured by the three methods, in which the average
value and standard deviation of 5 replicate specimens in
strain gauge measurement experiments were considered. It
can be found that the results obtained from the 3D-DIC
experiment and finite element model were within the devia-
tion range of the results obtained from the strain gauge mea-

surement experiment. Therefore, it can be determined that
the results obtained by the three methods were credible.

5.2. Strain Analysis

5.2.1. Strain State without Assembly Gap. Figure 12 shows the
deformation of the assembly structure under the preload.
Figure 13 shows the properties of strain at each measuring
point of the composite-aluminum connection structure
under the action of the surface compression in the bolt head
and bending deformation of specimen. Among them, the
specimen without gap only considered the compression of
the bolt head and did not consider the bending of specimen.

Bolt

Steel gasket

Aluminum

Composite

left: before bolt tightened right: after bolt tightened

Gap

Shim

No
gap

Bending deformation: negligible
Surface compression: large

Bending deformation: moderate
Surface compression: large

Bending deformation: large
Surface compression: small

Shim

Figure 12: Deformation of the specimens under the preload.
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Figure 13: Strain properties of various measurement points around the hole under preload.
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In the specimens with gap and shims, these two factors need
to be considered together. Figure 14 shows the variation of
the strain value with different gaps and shims. Since each
experimental group in the strain gage measurement experi-
ment requires 5 replicate samples, Figure 14 contains the
average value and standard deviation of each group of exper-
iments. Various errors in the experiment can cause differ-
ences between measurement results. These errors include
molding defects and dimensional deviations of composite
laminates, shim size deviations, and the errors of sensor. It
can be seen from results that the standard deviation of each
experimental group was relatively small, and the consistency
of results was great. Therefore, the results can be used to ana-
lyze the change behavior of the strain value in each measur-
ing point. The experimental results show that compression
of the bolt head can cause serious deformation on the surface
of specimen. This phenomenon affects the surface strain dis-
tribution of the component, as shown in Figure 13. In both
composite laminate and aluminum plate, the strain values
at measurement points 1 and 4 are negative while the strain
values at measurement points 2 and 3 are positive. The mea-
suring points 1 and 4 are distributed along the circumferen-
tial direction of the bolt hole, and the measuring points 2
and 3 are distributed along the bolt hole radius. Under the
action of preload, the material around the bolt hole is greatly
deformed due to compression. The radial direction of the
bolt hole is in a tensile state so the strain value is positive,
such as measuring points 2 and 3, while the circumferential
direction of the hole is in a compressed state so the strain
value is negative, such as measuring points 1 and 4.

5.2.2. Strain State in Forced Assembly. Under the preload of
bolt, the composite-aluminum assembly structures undergo
bending deformation due to existence of assembly gap, as
shown in Figure 12. Bending deformation causes compres-
sive strain in the measuring points 1 and 2 while it causes ten-
sile strain in the measuring points 3 and 4. Therefore, the
bending deformation generated under forced assembly can
make the strain values at measurement points 1 and 2 to be
negative and the strain values at 3 and 4 to be positive. The
bending deformation of the component increases with the
gap, at the same time the strain value at each measuring point
gradually increases.

It can be seen from Figure 14 that measuring points 1 and
3 have the same strain change tendency under preload and
bending deformation of specimens while that of measuring
point 2 and 4 are different. In the case of preload compres-
sion, the measuring point 2 is in tensile state and the strain
is positive. In the case of bending deformation, it is in com-
pressed state and the strain is negative. The trend of measure-
ment point 2 in Figure 14 is negative so it can be concluded
that the influence of the bending deformation of the compo-
nent is greater than that of the surface compression in the
measuring point 2. The strain caused by bending deforma-
tion plays a major role in X-direction of specimen. Contrary
to measuring point 2, measuring point 4 has a negative strain
under preload compression. While it is in a tensile state and
has a positive strain in bending deformation. In Figure 14, the
strain value at test point 4 is negative, and the strain value

increases with the gap. So it can be concluded that the strain
caused by preload compression is greater than the strain
caused by bending of the specimen at test point 4. In the
Y-direction of the specimen, preload compression plays a
major role.

5.2.3. Strain State of Specimens with Liquid Shim and Peelable
Fiberglass Shim. In case of adding liquid shim or peelable
fiberglass shim to assembly gap, the curve of the strain at each
measuring point is shown in Figure 14. For measuring point
1, the strain is greatly reduced after the shim filling compared
with forced assembly. In the gap of 0.2mm, the strain of
composite laminate with liquid shim and peelable fiberglass
shim filling is reduced by 13.38% and 8.31%, respectively,
and that of the aluminum plate is reduced by 50.68% and
36.44%, respectively. In the gap of 2.0mm, the strain of the
composite laminate with liquid shim and peelable fiberglass
shim is reduced by 70.97% and 64.03%, respectively, and that
of the aluminum plate is reduced by 70.25% and 63.54%,
respectively. The addition of the shim greatly reduces the
strain caused by the bending deformation of the composite
laminate and the aluminum plate. The reduction of the strain
value increases with shim thickness. Comparing the effect of
liquid shim and peelable fiberglass shim, it can be seen that
the strain value is lower when using the liquid shim. There-
fore, the liquid shim has achieved a better filling effect than
peelable fiberglass shim in measuring point 1.

Analysis of measuring point 2 shows that the area around
measuring point 2 is mainly affected by preload compression
around the hole without assembly gap, and the strain value is
positive. Due to bending deformation of the specimen, the
strain value of measuring point 2 changes from positive to
negative with assembly gap. After the shim is filled, the strain
value at each measuring point is also greatly reduced due to
reduced bending deformation, which is in positive values.
When the gap is 0.2mm, the strain of the composite laminate
with the liquid shim and the peelable fiberglass shim filling is
little increased by 8.93% and 29.44%, respectively, and the
corresponding aluminum plate is reduced by 40.41% and
35.84%, respectively. When the gap is 2.0mm, the strain of
the composite laminate with the liquid shim and the peelable
fiberglass shim filling is reduced by 44.23% and 21.20%,
respectively, and the corresponding aluminum plate is
reduced by 78.17% and 76.28%, respectively. When the liquid
shim is used, the strain value of each measurement point is
slightly lower than using peelable fiberglass shim. So, a better
effect can be obtained with liquid shim in measuring point 2.

The strain value of measuring point 3 is positive when the
gap is 0mm. Due to the bending deformation of the speci-
men, the area near the measuring point 3 is still affected by
the tensile strain, and the strain value increases with the
gap. There are some differences in the influence of shims
on composite laminate and aluminum plates in gap filling.
By analyzing the strain of composite laminate, it can be seen
that when the thickness of the liquid shim is in the range of
0.2mm-1.0mm, the strain value at the measurement point
3 is higher than that in forced assembly. When the thickness
of the liquid shim is within the range of 1.2mm-2.0mm, the
strain value at is lower than that of the forced assembly. As
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the thickness of shim is 1.2mm, the strain value can be
reduced by 4.41%, and it can be reduced by 23.93% in liquid
shim thickness of 2.0mm. The effect of liquid shim filling can
be better with larger gap. As peelable fiberglass shim is used,

the strain value in the range of 0.2mm-1.6mm is greater than
that in forced assembly, and only in the range of 1.8mm-
2.0mm is slightly lower than the strain value in forced assem-
bly. It can be seen that the peelable fiberglass shim can hardly
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Figure 14: Variations of strain values at measuring points with gap and shim thickness.
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reduce the strain value in the area near the measurement
point 3 in composite laminate, and the liquid shim can
reduce the strain value only in the range of 1.2mm-2.0mm.
Analysis of the strain in aluminum plate shows that when
the gap is in the range of 0.2mm-1.0mm, the shim filling
leads to increase in the strain value. In the range of 1.2mm-
2.0mm, the shim filling reduces the strain value of the mea-
surement point 3. Among them, the strain value decreases
by 6.43% when the thickness of the shim is 1.2mm and
decreases by 27.02% when shim is 2.0mm.

Analysis of measuring point 4 shows that the strain value
is negative when there is no gap. The bending deformation of
the specimen generates a positive strain at the measuring
point 4 with assembly gap. However, since the compression
effect of the bolt at this position is dominant, the strain value
at measuring point 4 is still negative, and it increases with the
increase of the gap. After filling the liquid shim, the strain
value at measuring point 4 decreases. At a gap of 0.2mm,
the strain value of the aluminum plate is reduced by 13.08%
after the liquid shim filling, and that of composite laminate
is reduced by 9.53%. However, after filling the peelable fiber-
glass shim, the strain value of each measuring point almost
increases, and the effect of reducing the strain value is not
achieved.

Figures 15 and 16 show the strain field on the surface of
composite laminate and aluminum plate, respectively. It
can be seen from the figures that the specimen has obvious
bending deformation in forced assembly. In the X-direc-
tion, both ends of specimen are in tensile strain since there
are bolts to fix the specimen. Due to bending deformation
of specimen and preload of bolt, the middle part of specimen
is in compressive strain. In the Y-direction, the specimen has
compressive strain at both ends and tensile strain in the mid-
dle part. Shims reduce the bending deformation of specimen,

and they can reduce the strain value in most areas of the spec-
imen surface. Therefore, the strain distribution on the surface
of specimen is more uniform, which improves the assembly
stress distribution of the structure.

By analyzing the strain values at the above four measur-
ing points, it can be seen that shims can significantly reduce
the bending deformation of the specimen. The bending
deformation mainly affects the strain value in the X-direc-
tion. Therefore, the strain value of the measurement points
1 and point 2 is greatly reduced with the shim filling. The
stiffness of peelable fiberglass shim in the thickness direction
is greater than that of the liquid shim. Therefore, the bending
deformation of the specimen is small using peelable fiberglass
shim. At the same time, the surface compression effect is
more serious. As the shims are used, the strain state in the
area around each measurement point is similar to the case
without gap. The strain value of each measuring point is
mainly affected by the compression of the bolt head, so the
strain value of the peelable fiberglass shim filling is greater
than that of the liquid shim filling.

During forced assembly, the specimen is less affected by
bending deformation in the Y-direction, and it is more
affected by the compression of the bolt head. Although the
shim filling can reduce the bending deformation of the spec-
imen, it cannot guarantee that the strain values of the mea-
surement points 3 and 4 are smaller than that of forced
assembly in all cases. Under the residual bending deforma-
tion and severe bolt compression, the phenomena that a
strain value larger than that of forced assembly can appear
with peelable fiberglass shim. The stiffness of liquid shim in
the thickness direction is small, which weakens the com-
pression effect to a certain extent. Therefore, in most cases,
the strain at 3 and 4 measuring points can be reduced with
liquid shim.
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Figure 15: Surface strain field of composite laminates in different experimental groups.
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By analyzing the experimental results, it can be seen that
as shim increases, the magnitude of its reduction in the strain
value also increases, and the effect of gap filling is more obvi-
ous. Liquid shim filling can reduce the strain values in mea-
suring points in most cases. The peelable fiberglass shim
has a reducing effect on the strain value in the X-direction
of the specimen, but in most cases, it causes an increasing
strain value in the Y-direction. Since the thickness of the alu-
minum plate is larger than that of the composite laminate,
the stiffness of the aluminum plate is greater than that of
the composite laminate in the experiment. The strain value
of each measurement point in the aluminum plate is smaller
than that in the composite laminate. However, the change
behavior of the strain values at each measuring point is sim-
ilar in these two plates.

5.3. Stress Analysis. The composite laminate is compressed by
the bolt head as assembled structures is tightened, resulting
in localized stress concentration. Local damage in interlami-
nar element may occur during the tightening process with a
gap or unreasonable gap filling method. It was found that
the surface of the composite laminate may be damaged when
the assembly gap is too large. The area where the bolt head
pressed is prone to have delamination damage. Therefore, a
zero thickness cohesive zone element was established
between the first and second layer of composite laminate
close to the bolt head. The stress and damage state of the
cohesive zone element under different gap filling methods
were analyzed.

Figure 17 shows the distribution of the QUADSCRT and
SDEG value of the cohesive zone element around the hole.
QUADSCRT indicates the stress state of the cohesive zone
element while SDEG indicates the damage state of the cohe-

sive zone element. As can be seen from the figure, the
QUADSCRT value is obvious in two areas, including the hole
circumference of the composite laminate (r1 = 3:175mm)
and the position where the edge of the bolt head is directly
pressed (r2 = 5:565mm). The composite laminate has geo-
metrical discontinuities due to the bolt hole, so it is easy to
have stress concentration and damage around the hole dur-
ing bolt connection. At the same time, the compressing effect
of the bolt head edge area is serious which is easy to form a
stress concentration area on composite laminate.

Figures 17(a), 17(d), and 17(g) show the distribution of
QUADSCRT values around the hole (r1) in forced assembly.
It can be seen from the figure that there are two peaks in the
circumferential direction of the hole when the gap is 0.1mm-
0.6mm, which are located in the area of 90° and 240°. When
the gap is 0.8mm-2.0mm, there are 4 peaks in the circumfer-
ential direction of the hole, which are located at 0°, 90°, 180°,
and 240°. This indicates that the distribution of QUADSCRT
values along the circumference of the hole is not uniform
when the gap is greater than 0.8mm, and the change behav-
ior is more complicated. The QUADSCRT value distribution
becomes more uniform after filling the liquid or peelable
fiberglass shim. There are two peaks along the circumference
of the hole, which are located in the vicinity of 90° and 270°,
and the peak values are close to or equal to 1. The difference
of QUADSCRT is not obvious with the two kinds of shims.
Filling shims cannot reduce the stress value of the interlami-
nar elements, but it can make the stress distribution more
uniform and improve the stress state of interlaminar element.

Figures 17(b), 17(e), and 17(h) are the distribution dia-
grams of QUADSCRT at radius r2 of composite laminate.
It can be seen from the figure that during forced assembly,
a total of 4 peaks appear along the hole circumference,
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Figure 16: Surface strain field of aluminum plates in different experimental groups.
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located at 0°, 90°, 180°, and 270°, respectively. The peak value
of QUADSCRT increases with the gap. Among them, the
value is larger in the direction of 0° and 180° than other
degree, and the maximum value exceeds 0.7 when the gap
is 2.0mm. The use of liquid shim or peelable fiberglass shim
can significantly reduce the QUADSCRT value. The
QUADSCRT does not change significantly in different thick-
ness of shim, and the maximum value does not exceed 0.4.

Figures 17(c), 17(f), and 17(i) are the distribution dia-
grams of SDEG at the radius r1 of composite laminate. It
can be seen from the figure that in case of forced assembly,
the SDEG is relatively small when the gap is less than
0.4mm, and two peaks appear at 90° and 240° when the gap
is greater than 0.4mm. When the gap is greater than
1.4mm, other two peaks appear around 0° and 180°. As liquid
shim and peelable fiberglass shim are used, the peaks only

appear in the two regions of 90° and 240°, and the peak value
is smaller than that of forced assembly. The obvious stress
concentration is produced in the r1 position of composite
laminate during bolt connection, and the damage factor of
the local area in forced assembly is close to 0.8, so delamina-
tion damage may occur prematurely during service and
affecting the bearing capacity of the bolted structure. After
using liquid shim or peelable fiberglass shim, the damage fac-
tor of each area is reduced to about 0.4, thereby greatly reduc-
ing the risk of interlaminar element damage at the edge of
hole and ensuring the bearing capacity of bolted structure.

6. Conclusions

This paper studied the influence of assembly gap and shims
on the strain and stress state of the composite-aluminum
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Figure 17: The distribution diagram of QUADSCRT and SDEG in the cohesive zone element of composite laminates around the hole.
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assembly structure. An experimental device was designed to
simulate the application of the bolt preload, the strain gauge
measurement experiment and 3D-DIC measurement experi-
ment were performed, and the surface strain information of
specimen was obtained. A finite element model was estab-
lished in ABAQUS, while the interlaminar stress and damage
state of composite laminate were analyzed using zero thick-
ness cohesive zone elements. The conclusions include

(1) During forced assembly, the strain of composite lami-
nate and aluminum plate is mainly affected by bending
deformation and bolt head compression. With the con-
tinuous increase of gap, the strain value of eachmeasur-
ing point continues to increase. The strain of the
specimen in the X-direction is mainly affected by the
bending deformation, and the strain in the Y-direction
is mainly affected by the compression of the bolt head.
The strain value on the surface of the composite lami-
nate is greater than that of the aluminum plate, so the
deformation of the composite laminate is more serious

(2) The shim filling has increased the deformation of the
compression zone, but significantly decreased the
strain caused by the bending deformation of the speci-
men. The shims can smooth the strain distribution in
the gap filling area. Shims can significantly reduce the
strain value in the X-direction of the specimen. As
the thickness of shims increase, the magnitude of the
strain reduction also increases significantly. When the
shim thickness is 0.2mm, the strain value of composite
laminate can be reduced by at least 8.31%. As the shim
thickness is 2.0mm, the strain value can be reduced by
70.97% at most. For the strain value in the Y-direction,
the liquid shim can only reduce it when the gap is large,
and the surface strain of the composite laminate can be
reduced by up to 23.93%. Peelable fiberglass shim
increases the surface strain of specimen in most cases

(3) The zero thickness cohesive zone elements were estab-
lished between the first and second layer of composite
laminate close to the bolt head. The stress and damage
state of the cohesive zone element under different gap-
filling methods were analyzed. It can be seen that the
QUADSCRT value is obvious in two areas, including
the hole circumference of the composite laminate
(r1 = 3:175mm) and the position where the edge of
the bolt head is directly pressed (r2 = 5:565mm).
The SDEG value is obvious in the hole circumference
of the composite laminate (r1 = 3:175mm). The liquid
shim and peelable fiberglass shim cannot reduce the
stress value of the interlaminar elements, but it can
make the stress distribution more uniform and
improve the stress state of the interlaminar element
after 0.8mm. After using liquid shim or peelable fiber-
glass shim, the damage factor in each area is reduced
to about 0.4, and the distribution is more uniform.
Thereby, the shim can greatly reduce the risk of inter-
laminar element damage at the edge of hole and ensur-
ing the bearing capacity of bolted structure
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