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To investigate the influence of hole-perpendicularity error on stiffness of single-lap double-
bolt composite joints, a finite element model was first created and validated by using the ana-
logical mass-spring based model proposed by McCarthy et al. The model was then modified
by introducing hole-perpendicularity error, with which the influences of hole-perpendicularity
error, which is represented by hole-titling angle, hole-tilting direction, and bolt torque on the
joint stiffness are studied. It is found that the hole-tilting direction causes the joint stiffness
to either increase or decrease, which depends on the relation between the hole-tilting direc-
tion and the loading orientation. In addition, the hole-tilting angle strengthens the influence
of hole-tilting direction and the bolt torque plays the most important role among the three
factors in affecting the joint stiffness.
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1. Introduction

Carbon fiber reinforced plastic (CFRP) has been widely used in primary air-
craft structures in recent years. Although the bolted joints are of lower structural
efficiency when compared to adhesively bonded joints, they are still the major
method of assembling structural elements in the aerospace industry largely due



290 X. LIU et al.

to its facility to assemble, disassemble, and repair, as well as its tolerance to
environmental effects [1]. Unfortunately, the joints are often the weakest parts
of a structure, where damage often generates and evolves to cause final failure.
The increased stress-intensity factor at the surrounding of the bolt hole makes
the design and assembly process more critical in contrast to metallic components
[2]. In addition, the weight of the aircraft may significantly increase due to the
use of large number of bolted joints. It is essential to optimize the joint design
for the sake of weight saving. Therefore, the study of mechanical joints in struc-
tural composite components has received considerable attention [3]. A review of
the performance of bolted joints in composite materials is presented in [4].
Numerous reports have been presented on the mechanical response of com-

posite joints, all of which can be classified into three groups: experiment based
investigation [5–8], simulation based study [9–14] and analogical model based
research [15–22]. Only analytical models shall be discussed here, as this is the
configuration of interest in this work.
Mass-spring model had been used to predict joint stiffness and load dis-

tribution in composite joints for several decades. Recently, McCarthy et al.
have developed this model to study the effect of bolt-hole clearance, friction
coefficient, and torque level on multi-bolt composite joints [15]. The through-
thickness stiffness in tension-loaded composite bolted joints was investigated by
a variant in [19]. The mass-spring models have been applied preferentially to
composite bolted joints while considering the equivalent stiffness of the com-
posite plate. “The McCarthy model was modified to include the consideration
of different spring elements to reproduce the stiffness of plies with different ori-
entation. The bearing loads and displacements determined in the mass-spring
model were used to evaluate the bearing failure of each ply. When the failure
of any ply was verified, the corresponding spring element was removed from the
mass-spring model to reproduce the damage” [20]. An accurate prediction of the
load displacement response of single- and multi-fastener joints to complete fail-
ure can be done in a matter of seconds. Taheri-Behrooz et al. investigated the
effect of material nonlinearity on the load distribution in multi-bolt composite
joints [21]. They combined the traditional spring-mass model with a nonlin-
ear Tsai-Hahn formula to construct a new computational tool for joint design.
It was found that increasing the degree of material nonlinearity of the mem-
bers increased the amount of load transferred by the outer bolts of joint, while
it decreased that of inner bolts. Moreover, mass-spring system was extended
to hybrid composite joints. For example, Andriamampianina et al. proposed
a simple analytical method to describe the behavior of a hybrid load trans-
fer bolted joint assembly [18]. Bodjona et al. proposed a model to study the
load sharing in bonded/bolted composite joints [23]. Their model was confirmed
both by experiment and a finite element model. All the above mentioned studies
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prove that the mass-spring model can be used to predict the joint stiffness of
composite joints.
Geometrical imperfections often occur during not only the manufacturing

process of composite component like geometrical deviation but also in an as-
sembly process such as hole-location error, which consequently affect the me-
chanical performance of composite structure. Many researchers focused on the
problem occurring in manufacturing process like [24–26], while only in recent
years geometrical imperfections taking place in assembly process have attracted
the researchers’ special interest. For example, Lecomte et al. adopted mass-
spring model to investigate the effect of hole-location error on load distribution
in multi-bolted composite joints [27]. It has to be noted here that the influences
of geometrical variation are always studied in the design process by using, for
example, Monte Carlo-based method [28–30]. This method was only recently
used for analyzing the influence of fiber orientation and thickness on geomet-
rical variation outcome, and for predicting the stress levels for unidirectional
composites during assembly [31]. When the anisotropic properties of compos-
ite material are taken into consideration, the traditional finite element method
seems to be a good choice as it is shown in [32–34].
In this paper, the effects of hole-perpendicularity error on joint stiffness of

single-lap double-bolt composite joints were investigated. The hole-tilting angle,
hole-tilting direction and preload of fastener were studied. This paper is orga-
nized as follows. The construction and validation of the finite element model of
single-lap double-bolt composite joints are given in details in the second section.
The parameters of the studies joints are shown in the third section followed by
the results and discussion presented in the fourth section. Conclusions are drawn
in the last section.

2. Modeling of single-lap double-bolt composite joints

The model of single-lap double-bolt composite, used in this study, joint is
shown in Fig. 1. Both the laminates are fabricated using a carbon fiber/epoxy
composite material and protruding head joints are adopted. Laminates have
a quasi-isotropic lay-up with stacking sequence [45/0/− 45/90]5s. Each ply has
a nominal thickness of 0.13 mm and 5.2 mm, for each laminate. Geometrical
parameters of the joints are listed in Table 1.

Table 1. Geometrical parameters of joints [mm].

t l p e w φ1 φ2

5.2 40 36 24 48 8 15
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Fig. 1. Geometry and mass-spring model of a single-lap double-bolt composite joints.

The laminates are generally modelled in two ways. One approach involves the
laminates to be modeled layer by layer, so that the stresses in each layer can be
obtained, and this approach is usually used for the application of failure criteria
to determine material strength [35–38]. The other method is to model laminates
with homogeneous, orthotropic material properties, which is done for the sake
of reducing computational complexity [15, 27, 39]. In this study, the second
method was adopted as the macro-performance of joint is our concern and the
elastic parameters are listed in Table 2. Note that, Eyy = Exx, Gyz = Gxz and
νyz = νxz are not listed in Table 2. The bolt is made from Titanium alloy and it
is 8 mm in shank diameter and 15 mm for its head. Its properties are also given
in Table 2.

Table 2. Material properties [39].

Homogenised
laminate

Exx [GPa]
54.25

Ezz [GPa]
12.59

Gxy [GPa]
20.72

Gxz [GPa]
4.55

νxy
0.309

νxz
0.332

Titanium Eb [GPa]
110

Gb [GPa]
44

ν
0.29

2.1. Finite element modeling

With the geometrical parameters shown in Table 1, the finite element (FE)
model (Fig. 2) was created using eight-node brick elements with incompatible
modes, C3D8I in Abaqus. In this study, the bolt, the washer and the nut are con-
sidered to be one solid piece for the sake of simplicity and to avoid convergence
problem as well.
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Fig. 2. The FE model of double-bolt composite joints.

The contact between the surfaces in the joint is modeled using the general
contact algorithm. All neighboring surfaces are considered to come into a con-
tact during the analysis including (i) between the laminates, (ii) between bolts
(shanks and heads) and the holes, and (iii) between the nuts and the lami-
nates. Finite sliding with a surface-to-surface option is applied to all possible
contacts and the penalty approach is used to enforce the contact constrains,
and a Coulomb friction is assigned to all surfaces with a friction coefficient of
0.42 [15].
As shown in Fig. 2, the free end of the top laminate is clamped. To apply the

force on the free end of the bottom laminate, the motion of the surface was first
constrained to a reference point chosen from the surface by using the coupling
constraint available in Abaqus and the concentrated force was then applied to
the reference point, which is not shown in Fig. 2.
In addition, mesh refinement is performed to get rid of an influence of mesh

size on the simulation result. Considering the computation cost and accuracy,
seeds with 2 mm distance for edges in black, 0.5 mm for red and 1 mm for green
are assigned (Fig. 3) and the total number of meshes is almost 51k (Fig. 2).
It takes nearly 2.4 hours to complete one computation on a computer with
i7 CPU and 32G memory.

Fig. 3. Meshing strategy.
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2.2. Model validation

The FE model was validated using the analytical model proposed byMcCar-
thy and Gray, in which the bolted joints were considered as a simple mass-
spring system [15]. This approach has been proved and used by many researchers
including [20, 40, 41]. The mass-spring system corresponding to the one shown
in Fig. 1 is shown in Fig. 4. The stiffness of the region designated “Laminate 1”
is marked by Ke and Kc, which indicate the spring stiffness between mass 1 and
the free end, and masses 1 and 3, respectively. A similar convention is used for
the bottom laminate. The bolt stiffness is represented by Kb. The joint load F
is applied at mass 5.

Fig. 4. Mass-spring system of single-lap double-bolt joints.

In the mass-spring system, the masses are free to move only in x direction and
the springs have stiffness only in x direction too [40]. Based on these assumptions
and under a quasi-static loading, the stiffness equation for this system is given as

(2.1) [K]{X} = {F}.

Substituting the stiffness of each spring element into Eq. (1), the expression
of the mass-spring model for single-lap double-bolt composite joints is written as

(2.2)




Kb+Kc+Ke −Kb −Kc 0 0

−Kb Kb+Kc 0 −Kc 0

−Kc 0 Kb+Kc −Kb 0

0 −Kc −Kb Kb+Kc+Ke −Ke

0 0 0 −Ke −Ke


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0

0

0

0

P




.

In Eq. (2.2), Ke and Kc can be found by Eq. (2.3), and the parameters are
given in Tables 1 and 2:

(2.3) Ke =
Exx · w · t
L− φ1/2

, Kc =
Exx · w · t
p− φ1

.
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The bolt stiffness contains the bolt shear stiffness Ksh, the bolt bending stiff-
ness Kbn and the bearing stiffness of laminate Kbr, which is shown in Eq. (2.4)

(2.4) Kb =
1

Ksh
+

(
1

Kbn
+

2

Kbr

)
(1 + 3β).

The factor [1 + 3β] represents the fraction of the bending moment induced by
non-uniform contact stresses in the laminates and β = 0.15 is recommended for
the protruding head bolts [40].
Each element can be calculated according to Eq. (2.5), where Gb, Ab and

Eb refer to the shear modulus, crossing section area of the bolt and Young’s
modulus of the bolt, t is the thickness of the laminate, and Exx and Eyy are
the homogenized longitudinal and transverse modulus of the laminate given in
Table 2.

(2.5) Ksh =
3GbAb

4t
, Kbn =

Ebt

4
, Kbr = t

√
ExxEyy.

As introduced in [42], a finger-tight type bolt-torque is 0.5 N ·m and 16 N ·m
for the bolt-torque in-service type for the bolt with 8 mm diameter. This pre-
stress was implemented using a bolt pre-tension section in the 3D FE model.
Note that the normal compressive force Fb produced by the bolt torque is found
by the following equation

(2.6) Fb =
τ

k · φ1
,

where τ is the bolt torque and k = 0.2 is the torque coefficient [20].
Given P = 10 kN, the displacements of all masses are obtained by us-

ing Eq. (2.2), and are used as a benchmark to validate the FE model. Note
that in Eq. (2.2) the effect of friction is not considered. So in the FE analysis
the bolt-torque of 0.5 N ·m is adopted to get rid of the influence of friction. The
results of the completed simulation are given in Table 3, including the relative
error for each mass.

Table 3. FE model validation.

Mass 1 2 3 4 5

Analytical results [mm] 0.0266 0.1444 0.0369 0.1495 0.1764

FE analysis [mm] 0.0279 0.1318 0.0370 0.1407 0.1680

Relative Error [%] 4.9 −8.7 0.3 −5.9 −4.8

It can be seen that the displacements of masses 2, 4 and 5 are smaller than
that of analogical calculation, while masses 1 and 3 are greater. This is due to
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the fact that in the FE model contact between laminates has been taken into
consideration and the penalty approach is used to enforce the contact constrains.
Even though the pre-stress applied on bolt is finger-tight type, it must affect
the displacements of masses. Such an effect is ignored in the analogical model.
In addition, the parameters used in this study are mainly from [40]. But Gb is not
clearly reported and an alternative was used for this computation, which may
introduce errors. Finally, in the FE model masses are not defined as clear as in
the analogical model. Taking mass 3 as an example, the averaged displacement
of all nodes on the “Path for Mass 3”(small red circle in Fig. 3) is used to
represent the displacement of mass 3 in this study. Despite the many differences,
the relative errors between the corresponding masses are all less than 9% and
the relative error of mass 5 is less than 5%, which indicates that the FE model
can be used to investigate the stiffness of the joints.

3. Parametric study

During assembly bolt holes are often drilled from one side of joint components
to the other. When a hole perpendicularity error occurs, the bolt hole may tilt
along any direction in space. However, considering the potential influence of
hole-tilting direction on joint stiffness, two extreme cases are considered in this
study as shown in Fig. 5. To distinguish the difference between the two cases, the
angle α between the positive load orientation (blue arrow) and the positive hole
direction (red arrow in Fig. 5) is used, where the orientation from the matching
surface to the free surface of a component indicates the positive hole direction.
When α < 90◦, we say the hole tilts along the load direction. Otherwise, it is
against the load direction (α > 90◦).

a) b)

Fig. 5. Hole-tilting direction: the angle between the positive hole direction (red arrows)
and the load direction (blue arrows): a) negative longitude, b) positive longitude.

After taking the symmetry of the joints into consideration, there are totally
5 joint types for single-lap, double-bolt composite joints as shown in Fig. 6,
where red lines indicate the real hole axes, black lines represent the composite
laminates, dashed blue lines signify the ideal axes of bolt holes and the black
arrows are load orientations.
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a) b) c)

d) e)

Fig. 6. The joint types of single-lap double-bolt composite joints with hole-perpendicularity
error considered: a) T1, b) T2, c) T3, d) T4, e) T5.

Although hole-perpendicularity error is always used as an orientation con-
trol and defines how much the cylindrical surface of a hole may vary from be-
ing perpendicular to a specified datum, when t (in Fig. 1) is given the hole-
perpendicularity error can be represented by the angle θ between the real axis
of the hole OC ′, and the ideal OC in the cross-section defined by OC ′ and
OC (Fig. 7). In addition, bolt torques of different types are studied including
the recommended in-service type and finger-tight type. The parameters to be
investigated are shown in Table 4.

Fig. 7. Definition of hole-tilting angle: θ.

Table 4. Parameters.

Type of joint T1, T2, T3, T4, T5

Perpendicularity error θ [◦] 1, 2, 3, 4

Bolt torque τ [Nm] τ1 = 0.5, τ2 = 8, τ3 = 16
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Parametric study has been conducted to analyze the influences of hole-
perpendicularity error, bolt torque and joint types on the stiffness of single-lap,
double-bolt composite joints, and the results are shown in the following section.

4. Results and discussion

4.1. Effects of hole-tilting direction

The only difference between joint types T1 and T2, or T4 and T5 are the
tilting directions of the bolt holes. So the influences of hole-tilting direction on
joint stiffness can be obtained by analyzing the influences of joint types on joint
stiffness. Simulation results are shown in Fig. 8, where the vertical axis shows
the displacement of mass 5. Note that the bolt torques applied to both bolts
are similar (τ3) and for joint types T3, T4 and T5 the two bolt holes share
the same hole-tilting angle but different tilting directions. It can be seen that
among all the five joint types, T4 gains the maximum displacement of mass 5,
followed sequentially by T2, T3, T1, and T5, no matter how much the hole-tilting
angle is. In other words, T5 gets the maximum joint stiffness and the minimum
for T4. Therefore, it can be concluded that the hole-tilting direction has a great
effect on the joint stiffness. When the hole tilts in positive longitudinal direction
(α < 90◦), the joint stiffness is enhanced. Otherwise, it is weakened.

Fig. 8. The effect of joint type on joint stiffness.

The reason behind this phenomenon is that when the bolt is uploaded in
the hole with perpendicularity error, one side of the hole wall is compressed
due to the moment M caused by the load and the existence of hole-tilting
angle, and as a result the assembly components have the trend to move in
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opposite directions, which brings the variation of joint stiffness (Fig. 9). The
influence of hole-perpendicularity error on joint stiffness for joint type T5 is
illustrated in Fig. 10. When the holes are machined perfectly, the displacement∆
of the free end (mass 5 in Fig. 4) depends on the tensile load P . However,
when hole-perpendicularity error exists, the loads applied to bolts may bring
a displacement δ of the free end and this affects the macro-performance of the
joint, which depends on the hole-tilting direction. For joint type T5, the final
displacement of the free end is approximately (∆ − δ), which means a higher
joint stiffness. Once the hole-tilting direction varies, the joint stiffness will be
lower. As for joint type T3, the joint stiffness is hardly affected because the holes
tilt in opposite directions (green curve in Fig. 8).

Fig. 9. Tendency to move and deform caused by hole perpendicularity error.

a) b)

Fig. 10. Effect of hole-perpendicularity error on joint deformation: a) θ = 0, b) θ 6= 0.



300 X. LIU et al.

4.2. Effect of hole-tilting angle

Generally speaking, the effect of θ on joint stiffness is to enhance the influence
of hole-tilting direction. But the influence is first affected by joint type. In Fig. 8,
it can be seen that for joint type T4 and T5, the influence of θ on joint stiffness
is almost linear. But for T1 and T2, when θ > 2◦ the influence can almost be
disregarded. For T3, the influence can be ignored at all the time, due to the
reason given above.
In addition, the influence of θ on joint stiffness is affected by tightening

torques applied to joints. When the tightening torque is relatively high, the effect
is obvious (Fig. 8). However, as shown in Fig. 11, when the tightening torque is
finger-tight type, the influence of θ on joint stiffness can be disregarded.

a)

b)

Fig. 11. Effect of tightening torque on the influence caused by θ: a) τ1 − τ1, b) τ2 − τ2.
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4.3. Effect of bolt torque

It is well understood that the frictional force increases with increasing bolt
torque and consequently the relative motion between assembly components is
restrained, which results in increasing joint stiffness. When the holes are ma-
chined with hole-perpendicularity error, the situation changes. Taking joint type
T5 as an example, due to the existence of hole-perpendicularity error, when the
bolts are tightened the relative motion between assembly components occurs
(Fig. 10), which can also be judged by the orientation of the frictional force.
As given in Fig. 12 the legend ’τ2 − τ2 − 1’ means the bolt torques applied to
bolt 1 and 2 are both τ2 and θ = 1◦. It can be seen that when the bolt torque
equals τ3 and θ ≥ 2, the direction of frictional force keeps unchanged even after
the tensile load is applied. This means that the joint stiffness is highly strength-
ened. Nevertheless, when the bolt torque equals τ2, the direction of frictional
force alters. This indicates that for this joint type, the bolt torque has a greater
effect on joint stiffness than that of hole-titling angle.

Fig. 12. Effect of hole perpendicularity error and bolt torques on frictional force.

The effect of bolt torque is affected by the joint type too. The influence of
hole-tilting angle and bolt torque on joint stiffness of T2 is shown in Fig. 13.
When the bolt torque is relatively low (τ1), the increasing of hole-tilting an-
gle has hardly any effect on the displacement of the joint’s free end, namely,
the joint stiffness. After the bolt torque increases up to τ3, the effect of θ be-
comes apparent, especially when θ > 2. This indicates that the bolt torque has
a deciding influence on joint stiffness.
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Fig. 13. Influence of hole-tilting angle and bolt torque on joint stiffness of T2.

5. Conclusion

In this paper, a parametric study was conducted by using the FE models
to investigate the influences of hole-perpendicularity error on the joint stiff-
ness of single-lap double-bolt composite joints. First, a model without hole-
perpendicularity error was developed and validated by the analogical mass-
spring model. After the hole-perpendicularity error was introduced into the FE
model, the influences of hole-tilting angle, hole-tilting direction and bolt torque
on the joint stiffness were studied. From the results shown in this paper, the
following conclusions can be drawn

• The hole-tilting direction has a great effect on the joint stiffness. It may
cause the increasing or decreasing of the joint stiffness, which depends on
the relationship between the hole-tilting direction and the load orientation.
However, this influence can be ignored when two adjacent holes tilt in
opposite directions.

• The hole-tilting angle can only strengthen the effect of hole-tilting direc-
tion, but the influence is heavily affected by the bolt torques.

• The influence of bolt torque affects both the influences of hole-tilting di-
rection and hole-tilting angle on joint stiffness and has the deciding effect
on joint performance.
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