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Abstract: Composite laminated bolted joints are increasingly used in the aerospace industry, and most
researchers are involved in the study of the failure behavior of composite bolted joints” structures.
Because of the complexity and stability of the structure, precisely predicting the damage evolution
and failure behavior of the composite laminated bolted joint becomes rather difficult. In this paper,
an asymptotic damage model is proposed to predict the failure behavior of the composite bolted joint
structure. The model is based on the frame of mainstream criteria and some improvements are made
to adapt to the particularity of composite laminated bolted joints. Combining the damage model with
the finite element method, the failure behavior of single-lap and double-lap bolted joint structures
are predicted and analyzed. In order to guarantee the reliability of the model, the corresponding
experimental study is conducted, and the results show that the simulation curve and the experimental
data are in good agreement. This damage model can further predict the failure behavior of various
types of complex composite laminated bolted joints effectively.

Keywords: progressive damage; failure behavior; FEM; composite laminates; bolted joint

1. Introduction

Advanced fiber-reinforced composite structures have been increasingly applied in
aerospace, vehicles, astronautics and other various industrial fields due to their excellent
performance, including high specific stiffness, high specific strength and good resistance to
fatigue and corrosion coupled with excellent structural integrity [1]. Many research results
have reported on the mechanical properties of composite materials [2-4]. Meanwhile, the
composites exhibit various and complex failure behaviors. Especially, the failure behavior
of composite laminated bolted joints is very complicated and important. In many cases, a
composite laminated bolted joint is the vital and dangerous part in composite structure
analysis. The existence of the stress concentration and the boundary effects may result in
the damage and failure of the composite laminated bolted joint.

Different theories have been used to predict the failure behavior of composite struc-
tures. However, a set of complete and validated methods for predicting the progressive
damage and failure behavior of composite laminated bolted joints has not been fully
achieved yet. This paper mainly focuses on the failure behavior of the composite laminated
bolted joint under quasi-static loading by combining the damage model and the finite
element method.

Researchers have extensively investigated the mechanical properties of composite
bolted structures, combining experimental and simulation methods. Wang et al. [5] studied
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the bearing failure of double-lap bolted composite joints through experimental characteri-
zation and analytical prediction, respectively. Vadean et al. [6] developed a fast and precise
numerical calculation method to deal with the bolted joint for very large bearings. Both
numerical and experimental studies were carried out by Veisi et al. [7] to study the strength
and the bearing damage propagation of composite double-bolted joints. The effects of
different moments and assembly clearances on the structural load-bearing mechanism of
composite single-lap bolted joints were investigated by Liu [8] using a combination of
theory, experiments and simulations.

Liu et al. [9] proposed a variable stiffness spring surface mode, calculated the strain
and kinetic energy of the composite plate based on the classical laminate theory, derived
the equations of motion of the structure by the Rayleigh-Ritz method and verified the
efficiency of the model by comparing the results of experimental and 3D finite element
model calculation. A model capable of predicting the ultimate strength of composite
laminates with arbitrary layup orientation in tensile or shear failure modes was proposed
by Chang et al. [10]. Ehk [11] investigated the effects of secondary bending on composite
bolted structures and found that it may cause changes in ultimate strength and failure
modes. Montagne et al. [12] analyzed single-layer bolted structures with different end
distances by XR computed tomography (XR-CT) and digital image correlation (DIC). The
results are compared with a three-dimensional finite element progressive damage model.

Catalanotti [13] proposed a method to predict the tensile failure of composite bolted
structures. The critical initial damage load is predicted by a three-dimensional finite
element model and the delamination is simulated with cohesive elements.

A damage analysis model based on the Puck/LaRC criterion and the nonlinear stiff-
ness degradation method was developed by Li et al. [14] and experimentally verified. In
addition, a method that can determine the fracture angle more accurately and quickly
was proposed. Qin [15] described the strength, stiffness and failure modes of composite
bolted structures with convex and countersunk, and revealed the influence of different
fasteners on the mechanical behavior of composite bolted joints. Gray [16] experimentally
investigated the effects of thickness, laminate taper and secondary bending on the stiffness,
strength and failure modes of composite laminated bolted joint.

Models were proposed for the study of composite bolted joint structures. Xiao et al. [17,18]
proposed a progressive damage model based on Hashin and Yamada-Sun’s hybrid failure
criteria and a degradation model to predict the experimental result. Dano et al. [19]
developed a finite element model to predict the response of pin-loaded composite plates.
Thomas [20] developed three-dimensional finite element models capable of predicting
stress distribution near bolt holes in composite bolted structures.

Wang et al. [21] developed a three-dimensional progressive damage model considering
the orientation of the matrix crack, the closure effect of the matrix crack and the longitudinal
compression response of the material under transverse restraint that has high accuracy and
precision. Ahmad [22] developed a three-dimensional finite element damage and fracture
model for woven composites using the extended finite element method, considering the
effects of laminate lay-up, joint geometry, hole size and bolt clamping torque on structural
strength and toughness, which were also tested experimentally. Stocchi [23] presented a
finite element model of a single-ply composite bolted joint. The stress states of the composite
and bolts, as well as the variation of the contact between the bolts and the holes under
static tensile loading, was analyzed and compared with experimental results. Egan [24]
formulated a three-dimensional composite damage model including the Puck criterion,
nonlinear shear law and crack zone model, which improved the prediction of failure.

Mehmood et al. [25] developed two progressive failure damage models using Abaqus
and Fortran to determine the failure of single and double nailed composite bolted structures
with different geometric parameters according to the Maximum Stress failure criterion and
the Yamada-Sun failure criterion.

There are various methods to study material fracture, and some scholars also devel-
oped phase-field models and validating peridynamic models to study the damage and
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destruction of brittle materials by the crack propagation approach [26]. A failure prediction
method for composite bolted double-lap structures considering the influence of multiple
factors was proposed by Li [27], which was based on a single-parameter spring-based
method, a failure envelope method and a Monte Carlo simulation.

Generally, the failure modes of composite laminated bolted joints include net tension,
shear-out, bearing and so on. The net tension and shear-out failure modes are both sudden
catastrophic ones and tensile and shear failure is known as a brittle failure mode. Bearing
failure, by contrast, is a slow and gradual failure process which is known as the plastic
failure mode. Usually, designers expect the bearing failure mode to occur eventually in
bolted joint structures. The bearing failure mode of composite laminated bolted joint
structures can be detected in advance, thus obtaining a higher certain safety factor and
avoiding catastrophic accidents. In view of this, bearing failure mode is very typical in
practical engineering, which is the concentration in this paper.

The bolted lap laminate joints’ bearing failure mode can be represented by double-lap
and single-lap laminate bolted joints. The stress in the vicinity of the bolt hole of double-lap
laminate bolted joints should be more uniform than that of the single-lap. The non-uniform
stress distribution in the vicinity of the bolt hole through the thick direction of the laminate
can lead to a lot of difference between two joint ways.

In this paper, a set of three-dimensional detailed finite element progressive damage
modeling methods is developed to predict the failure behavior of the composite laminated
bolted joint structure. In addition, the experimental study of single-lap and double-lap
bolted structures under tensile load is carried out, and the experimental data are compared
with the model prediction results to verify the reliability of the proposed model. The model
is divided into two parts, namely, the initial damage model and the progressive degradation
model. The Max Stress criteria and Puck criterion are combined and used in the initial
damage accumulation model. The progressive degradation model is applied to describe the
process from initial damage onset to eventual failure. The continuous degradation factor is
used to describe the failure behavior of the laminates. When the initial damage onset is
detected by the initial damage criterion, the degradation of the property of the damaged
element occurs, leading to the gradual loss of bearing capacity of the bolted joint structure.

The three-dimensional progressive damage finite element model established in this
paper can effectively predict the damage and failure behavior of the composite laminate
bolted structure. The use of Puck’s criterion makes it consider the influence of the fracture
surface in judging the material damage, which provides a new perspective for studying the
mechanical properties of the composite laminate bolted structure.

2. Initial Damage Model
2.1. Damage Variable

In this paper, the damage factor is introduced to characterize the damage degree. When
the material is undamaged, the damage factor is zero. Then, the damage factor becomes
greater than zero as the material’s initial damage appears. As the damage accumulates, the
damage factor increases and reaches one, when the material fails completely.

Composite single-layer plates can be regarded as a kind of transverse isotropic material.
The constitutive equation can be written as:

‘C'f = Sf(d)(ff (1)

where S¢(d) is flexibility matrix, which has the following form:
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where subscript 1 represents the longitudinal direction of fiber, subscript 2 represents the
transverse direction of fiber. Ef1, Efp, Er3, Gr12, Gro3, Gra1, V12, Vf3, V23 are elastic
constants of fiber, ds;(i =1 ~ 6) are damage factors of different damage forms [28,29].
Damage factor dy 1 is relative to the longitudinal rupture of fiber. d, and dy 3 are relative
to the transverse rupture of the single-layer plate. df 4 and d ¢ are relative to fiber rupture
and inter-fiber rupture of the single-layer plate. dy 5 is influenced by the inter-fiber rupture
of the single-layer plate.

2.2. Initial Damage Criteria

Although unavoidable initial defects such as micromechanical voids or cracks always
exist in a composite material, it will not lose its loading capacity immediately. However,
the initial damage will develop and result in catastrophic failure with sustained increasing
load. Therefore, it is essential to propose a reasonable and accurate initial damage criterion
to predict the damage position of the composite. In this paper, Puck’s theory [30] is selected
as the initial damage criteria of the single-layer plate to characterize the damage in different
positions and directions of the plate.

The loading function is a measurement of the damage, the value of which is zero
when the material is undamaged and one when the initial damage occurs. The stress in the
expression is not a damage stress unless the left part of the loading function is equal to one.
The left part of the loading function ¢ is a risk parameter means that the stress vector taken
with the reciprocal of ¢ can lead to initial damage. The load equations generally have the
following forms:

P11 = ;L;t if 7 >0 @3)
P1e = —;’—11, if <0 (4)
C

Composite monolayers can be considered to be transversely isotropic at the macro
scale, although they are constituted by an epoxy resin matrix and distributed fibers at the
micro scale. The longitudinal and transverse damage behaviors of composite single-layer
plates need to be considered in the initial damage criteria. The transverse moduli E; and
Ej are equal, namely E; = E3. The composite materials have different properties between
the tensile and compressive loadings both in the longitudinal and transverse orientations.

The loading function is concluded as follows:

2 2 2
4’t(9):\/[0n(512,—ps";)] + (%) + (s2) +(7n%‘

S» ®)
gim (') = max{¢{},6 € 0, 7)
c(0) = \/(;;;)2 + ()" + (anl%;,f)2 + ol ®)

¢pIm>(¢') = max{¢f},0 € [0, 7)
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The loading function of the composite material in direction 2 and direction 3 can be
expressed as follows Zhong [28].

¢or = 1+ [0 (0') — 1] cos? @’ . S

L L ) ey 20 7
Poc = 1+ [oM(0') — 1] cos? 0’ .

{4’3c =1+ [o/*(¢') — 1] sin® ' oo <0 ®

where Sy1; and Sy, are the longitudinal tension and compression strengths of fiber, separately.
The ¢’ is the angle of the most dangerous plane of fiber transverse damage. Therefore,

¢Pmax(9') and ¢m=(9') is the load equation in this most dangerous scenario. Details refer
to [28].

3. Progressive Degradation Model

The progressive damage model means that the material damage is an asymptotic
process rather than an instantaneous process. The initial damage criterion is just the
beginning; the more significant issue is the evolution of the damage. In many cases, the
damage evolution laws determine the final strength and failure modes of the composite
materials. In this paper, a combination of linear and exponential damage evolution and
degradation laws are developed.

3.1. Expression of Evolution Law

The fiber damage threshold factors ry are written as follow:
rny = max{1l, max{¢yn}}, N = {1t,1c, 2t,2¢,3t,3c}, T € [0, 1] )

where ¢y is the loading equation. From the Equation (9), we can know whether the
materials are undamaged or not, and damage accumulates when inequality g < 1. In
the equation, the subscripts t and c represents tension and compression, respectively. The
formulation of the damage factors is expressed as following:

1
dey=1- vl [Af,N (1 - rf,N)},N = {1t,1¢c,2t,2¢,3t, 3¢} (10)

where Ay y is damage degeneration factor which is obtained through a complex calculation
process. Ay y is affected by many material properties which are difficult to confirm. An
exponential damage evolution model is used to describe the degradation of the fiber bundle
properties, and the damage factors expression of the fiber bundle are as follows:

=1 exp A (1-15,) a

dpn =1-exp|Apn (1= rpn) | N = {16,2t,26,3¢, 3¢}

The damage of composite material is not independent in each direction, such as trans-
verse damage of will lead to the degradation of longitude material properties. Therefore,
considering the interaction of the performance damage in each direction, the damage
factors can be written as follows:

dy = max(dyt, dic) + D12da + Di3ds
dy = max(dy, dac) + Dyydy + Dosds (12)
d3 = max(dg,t, dgc) + D31d1 + Dgzdz

where the parameter D;; represents the damage of j direction contributing to the damage of
i direction. The damage influence parameter D;; can be determined by the combination of
experiment and experience.
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As introduced previously, the damage factor, d4, d5 and ds, can be written as:

dy = —didp +di +dp
ds = —dpds +dy +ds (13)
de = —dzdi +ds +dy

3.2. Damage Evolution Termination Condition

As the damage evolves, the damage factor increases monotonically with the increasing
load. The damage factor increasing to one means that the material loses its bearing capacity
completely. Actually, the damage factor cannot be one, because the denominator of the
elements in the softened matrix cannot be zero, which is meaningless. On the other hand,
the damage factor is not always increased to one since the composite material in transverse
orientation can still bear the compressive load after crushing, where the damage factor is
not increased to one and the stiffness of materials is not zero [8,30]. As greater degradation
of stiffness occurs, the material will experience greater deformation, which is inconsistent
with the actual material properties. Therefore, it is assumed that when material damage
accumulates to a certain extent, the material properties will remain constant for a certain
period of time due to the redistribution of stress. After that, with further increase in load,
the material properties continue to degrade and finally fail completely, at which point
the material is considered to have completely lost its load-bearing capacity and the unit
is removed.

Of course, the property and morphology of the material have already changed after
crushing. In order to simulate the behavior of the material during the full process, the
residual stiffness is used to describe the properties of the material after crushing. The
material will eventually maintain certain properties regardless of the applied load.

The damage factors d; and the damage threshold factors R; are used to control the
damage process of the material, as shown in Figure 1. For the material under compressive
loading, property degradation can be divided into two stages. In the first stage, the material
property degrades increasingly to a critical value and keeps the property at a constant
value [30,31].

damage factors

N

1
i i2 i
damage threshold factors ?
Figure 1. Damage factors evolution process.
Stage 1:
di < d first (14)

In stage 2, the stiffness of the material reaches the maximum d; f;5; and remains. When
the load increases, the stiffness of the material will continue degrading.
Stage 2:
di = djsecond - *when Rje > Rjey OrRjr > Rigy (15)
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where R;c; and Ry, is the second critical condition. d;second > d; first represents further
degradation of the material property.

After failure, the stiffness of the material will completely lose and decrease to zero,
while in the damage model, a set of relatively small values are used instead of zero to
express the material property. The crucial parameters in the damage evolution laws are
given in Table 1. These sensitive parameters in Table 1 are related to the damage process in
the late stages of material destruction and were obtained empirically based on the results
of limited previous extrusion and pull-off experiments combined.

Table 1. The critical parameters in the damage evolution laws.

din dip Ri1 Rj> Rj3
0.75 0.90 20 25 30

4. Modeling and Finite Element Implementation

The schematic diagram of the laminate in the bolted joint structure is shown in Figure 2.
The single-lap and double-lap laminate bolted joints are investigated in this paper. A
double-lap single bolt joint (DS]) model and a single-lap single bolt joint (SS]) model are
constructed, respectively, as shown in Figures 3 and 4.

| 135 :
o |
=1 | |
N |
|
|
|
|
|
|
90°A 2.38 | -
AL N N .
i e a 7; ********************** - Q
R
00

15

Figure 2. Laminate size schematic diagram.

In order to meet the analytical accuracy, a three-dimensional body element is used to
compute the stress through the laminate, which significantly influences the failure process.
The contact between the laminate and the bolt was taken into consideration.

In the analysis process, we need to consider the contact between the bolt and the
composite plate, and the adjacent layers of the composite plate, and use General contact in
ABAQUS to simulate these contacts. Considering the normal and tangential interaction of
the contact surface, “Hard” Contact is used to simulate the normal contact between the bolt
and the composite plate and the adjacent layers of the composite plate; Penalty is used to
define the tangential interaction between the bolt and the composite plate and the adjacent
layers of the composite plate.

The boundary condition is reproduced according to the standard experimental method.
The rotational degrees of freedom in all directions of the nodes at one end of the model
are set to zero. Only one direction of displacement at the other end of the model is set
according to the standard test, and the other two directions of displacement are set to zero.
The displacement loads of the SSJ and DSJ models are applied along the x direction only.
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Bolt Fixture Clamp end

Laminate

(b)

Figure 3. Double-lap bolted laminate joint schematic diagram; (a) front view; (b) top view.

] Bolt
Clamp end Laminate

O

(b)

Figure 4. Single-lap bolted laminate joint schematic diagram; (a) front view; (b) top view.

The main concerning point of this model analysis is the failure processes of laminates,
s0 a tie constraint is set between the bolt and nut, which means there is no displacement
between them and the damage to them is ignored. On the other hand, the interface between
single-layer plates was simulated by a cohesive model. Additionally, the contact between
the fastener and composite plates and the contact between composite plates are defined
using general contact embodied in ABAQUS. The material properties are shown in Table 2.
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No [ judge failure mode and ]

4-[ calculate element stress ]—

Table 2. Materials properties of laminate [14,19].

Material Property Numerical Value

Longitudinal Young’s modulus, E; (GPa) 175
Transverse Young’s modulus, E; (Gpa), E3 (Gpa) 8.05
Poisson’s ratio, vy, V13, V23 0.32

Shear modulus, Gy, (Gpa), G13 (Gpa), G (Gpa) 4.37
Longitudinal tensile strength, S; (Mpa) 2737
Longitudinal compressive strength, S1. (Mpa) 1602
Transverse tensile strength, Sy; (Mpa) S3; (Mpa) 86.4
Transverse compressive strength, Sy. (Mpa) S3. (Mpa) 212.8

The initial damage model and progressive degradation model are implemented into a
user-defined material subroutine VUMAT in ABAQUS. The calculation method and the
process of the program are shown in Figure 5.

[ calculate the local stress strain of component materials ]

fiber damage matrix damage

degrade stiffness

[ degrade stiffness ]

No

displacement loading
completed

Figure 5. Calculation method and process.

5. Result and Discussion

To verify the reliability of the model developed in this paper, both single-lap and
double-lap bolted joint composite materials are experimentally investigated according to
ASTM D5961. The experimental data are recorded and results are analyzed.

5.1. DS] Model

A comparison between the experimental and numerical load-displacement curves
of the DSJ model is shown in Figure 6, which shows that the calculation curve is in good
agreement with the experimental curves. The mean value of the tested bearing force is
21.30 kN and of the numerical simulation results, it is 21.93 kN. The standard deviation is
6.30%. It can be concluded that the progressive damage model established in this paper
can well describe the failure behavior of double-lap composite laminate bolted joints.
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— — Numerical
—— Experiment 1
Experiment 2

Load(KN)

0 T T X T . ! =
0.0 0.5 1.0 15 2.0 25

Displacement (mm)

Figure 6. Load versus displacement curve of a double-lap bolted joint under tension (experimental
and numerical).

Resulting from the assembly gap between the composite plate and the fasteners, the
initial stage of the load displacement curve shows a certain bending fluctuation. Then, the
two gradually coincide and the load starts to grow steadily. When the load reaches a certain
critical value, the slope of the curve begins to decline, at which time the failure criterion
determines that the initial damage to the material occurs, and the overall performance
of the material begins to decline. When the slope of the curve gradually decreases to
zero, the load reaches the ultimate bearing capacity of the structure. When a few units
are damaged, the overall performance of the structure is not affected much. The gradual
accumulation of damaged units will eventually lead to a change in the entire structural
mechanical performance, the most important change is the integral stiffness of the structure.
Throughout the loading process, the damage to a single element gradually accumulates
and eventually causes the overall failure of the structure.

As shown in Figure 7, the damage modes of the finite element model and the exper-
iment sample are in good agreement, and when the structure finally fails, damage and
failure occur in a large number of units around the hole. As the laminated plates are made
of different layers in the direction of stacked layers, material damage is associated with
the layer order. The failure of the main bearing layer is especially serious, so a reasonable
layered design has very important significance to improve the overall performance of
the structure.

Figure 8 represents the damage of the element around the hole during the loading
process of the double-lap bolt joint structure. In the process, the stress distribution at the
hole is relatively uniform, and the loading direction is perpendicular to the surface of the
composite plate. After the stage of initial damage, under zero-degree directional loading,
the first damage occurs on the zero-degree layer. As the damage gradually accumulates,
the zero-degree layer is damaged and the bearing capacity decreases, at which time the
stresses are redistributed and the remaining layers also burden the load. The material
eventually fails due to extensively damaged elements appearing on the contact zone. The
damage occurs mainly on the side with the larger hole load. The damage associated with
d; appeared at the beginning of the initial stage of the damage (Figure 8c), and as the load
grew, damage associated with dy, d3, d4 and d¢ gradually appeared, but the process was
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always dominated by the damage associated with dy. The ultimate failure modes are fiber
bundle compression failure associated with d; and fiber bundle shear failure associated
with dy and dg.

(b) 10.21 kN

(d) 14.84kN, d,, d, (e) 16.77kN, d,, d, (f)18.79kN, d,, dj

Figure 8. Cont.
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(8) 2020 kN, d,, d, (h)21.93kN, d,, d, (i) 20.85kN, d,, d,, d,

Figure 8. Damage evolution around the hole (double-lap joint).

5.2. SS] Model

A comparison between the experimental and numerical load-displacement curves
of the SS] model is shown in Figure 9, which shows that the calculation curve is in good
agreement with the experimental curves. The mean value of the tested bearing force is
11.15 kN and of the numerical simulation results, it is 11.89 kN. The standard deviation is
6.64%. It can be concluded that the progressive damage model established in this paper
can well describe the failure behavior of single-lap composite laminate bolted joints. The
eventual damage and failure diagram is shown in Figure 10, and it can be seen that the
damage modes of the FEM of the single-lap bolt joint structure and the experiment sample
are basically the same.

= = Numerical
Experiment 1
—— Experiment 2

Load (KN)

00 05 10 15 20 25 3.0
Displacement (mm)

Figure 9. Load versus displacement curve of a single-lap bolted joint under tension (experimental
and numerical).
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+5.775e-01
+4.950e-01
+4.125e-01
+3.300e-01
+2.475e-01
+1.650e-01
+8.250e-02

+0.000e+00

Loading direction

(@) (b)
Figure 10. Eventually damage and failure diagram (single-lap joint); (a) FEM; (b) experiment sample.

The damage and failure processes of single-lap and double-lap bolted joints are quite
different. In the loading process of a single-lap joint structure, the contact with the hole
side is incomplete contact due to the rotational displacement of the bolt. When the material
contact surface is not perpendicular to the loading direction, the composite plates on
both sides of the hole cannot be loaded at the same time. As the damage accumulates,
the stresses are redistributed and the structure can continue to carry the load. Since the
material is extruded, the composite material near the bolts gradually fails from near to far,
resulting in a significant increase in material plasticity. The maximum bearing capacity
of the single-lap bolted structure is reduced compared to the double-lap joint. It can be
seen that relatively non-uniform load distribution can improve the structural plasticity
compared with the double-lap bolt joint structure, but at the same time, it also reduces the
ultimate bearing capacity of the structure. Thus, single-lap and double-lap joints represent
two typical modes of extrusion failure in bolted structures. In actual bolted joint structure
failure, most cases are a mixture of two kinds of bolted joints. Damage evolution around
the hole of a single-lap joint is exhibited in Figure 11. Therefore, a reasonable design of
the ratio of the two connection forms can obtain better plasticity and better structural
strength. The damage associated with d; appeared at the beginning of the initial stage of
the damage (Figure 8c), and as the load grow, damage associated with d, d3, d4 and dg
gradually appeared, but the process is always dominated by the damage associated with
dy. The ultimate failure modes are fiber bundle compression failure associated with d; and
fiber bundle shear failure associated with d4 and dg.

On the other hand, secondary deflection of the bolt will cause extrusion failure on the
surface of the composite laminated plate in the process of loading. Therefore, appropriately
increasing the contact area of the nut and the surface of the composite laminate, or adding
a gasket, can reduce the stress concentration to a certain extent, thus further improving the
ultimate bearing capacity of bolted joint structure, while keeping the good characteristics
of plasticity. Figure 12 gives the diagram of a secondary bending effect in the single-lap
bolted joint.

In summary, as the load increases, damage starts from one side of the composite
laminated plate, then gradually expands to the other side. When the composite laminated
bolted joint finally fails, the other side of the laminated plates has almost no damage and
the performance of the material is not fully played out, which also leads to the ultimate
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bearing capacity of the single-lap bolt connection structure being lower than that of the
double-lap bolted joint.

(a) 7.62 kN (b) 8.53 kN (¢)9.16 kN, d,

(d)9.85kN, d,, d, (e)1021kN, d,, d, (f) 10.61 kN, d,, d,

(g) 11.27 kN, d,, d, (h) 11.89 kN, d, (i) 11.35kN, d,, d,, d,

Figure 11. Damage evolution around the hole (single-lap joint).

Figure 12. The secondary bending effect in the single-lap bolted joint.
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6. Conclusions

A set of three-dimensional detailed finite element progressive damage modeling
methods is proposed to predict the failure behavior of the composite laminated bolted
joint structure. In addition, the experimental study of single-lap and double-lap bolted
structures under tensile load is carried out, and the experimental data are compared with
the model prediction results to verify the reliability of the proposed model. Some valuable
conclusions can be drawn as follows.

1.  The proposed model can effectively predict the progressive damage and failure
behavior of composite single-lap and double-lap bolted structures.

2. For double-lap bolted joints, as the load increases, the damage that first appears in the
zero-degree layer gradually extends to the other layers due to stress redistribution,
and eventually the material fails. The damage of the main bearing layer at failure is
obviously more serious than the other layers, so the reasonable design of composite
laminate lay-up can improve the structural mechanical properties.

3. During the failure process of a single-lap bolted joint, the bolts rotate, resulting in
non-uniform stresses on both surfaces of the composite plate. The structure can
continue to carry loads after the accumulation of damage leads to stress redistribution.
Eventually, damage occurs near the hole from near to far because of extrusion. For
the single-lap joint bolt connection, the secondary deflection of the bolt has a great
influence on the failure process of the structure.

4. The double-lap bolt lap structure has better ultimate strength than the single-lap joint
structure, and the single-lap joint structure has better performance of plastic.
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