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various sectors due to their excellent properties. However, they present complex
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. failure criteria were evaluated using a finite element method software - FEMAP
Compogt'es; 2021.2 educational version - through simulation. Numerical simulations were
Bo.ltedjomts;. conducted on a 2D model of a carbon/epoxy composite bolted joint under
F"’/U'je criteria; multiaxial loads, following ASTM D5661 dimensions. The failure criteria were
Hashin; compared to determine the most appropriate one for this type of component.
LaRC04; Among the evaluated criteria, the Hashin criterion showed an intermediate level,
Puck while the Puck criterion was the most conservative and the LaRC04 criterion was

the least conservative. It is recommended to use the Hashin criterion for general
analyses. For analyses that require a detailed examination of compression failure
modes, it is recommended to use the LaRC04 criterion. The Puck criterion is
suggested for more conservative analyses.
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1. Introduction

Carbon fiber reinforced polymer composites (CFRP) are widely used in the industrial
sector due to their excellent properties, such as outstanding strength, high stiffness, and
low weight [1, 2]. A notable example can be observed in the aerospace industry, where the
Boeing 787 Dreamliner is composed of approximately 50% composite materials. As a
result, the aircraft’s weight is reduced, which consequently enhances its fuel efficiency [3,
4]. Moreover, these materials represent 40% of modern aircraft with a variety of
applications, including interiors, engine blades, fuselage, wings, rotors, brackets, and
others [1,4]. However, the failure modes for composite materials are complex due to the
anisotropy and heterogeneity of the material, which depend on various factors such as the
combination of fiber and matrix properties, the orientation of the fibers, and the number
of plies in the component. As a result, they can present various types of damage
mechanisms, such as delamination, fiber breakage, pull-out, matrix cracking, and other
mechanisms, which makes it a challenge to identify the start of the failure [5, 6].

Therefore, it is necessary to take great care when manufacturing composite parts,
especially bolted joints. Due to their ease of assembly and disassembly, bolted joints are
crucial components in the aeronautical industry. However, despite this, more than 70% of
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structural failures occur at the joints [7,8]. In addition to the complexity of composite
materials, the hole in their structure generates stress concentration in this region, making
the components more susceptible to failures [7]. Thus, among the factors that can influence
the failure mode of these components are the preload, the clearance of the screw hole, the
type of screw head, and the geometric relationships between the hole diameter, width,
thickness, and distance from the edge [9,10].

Generally, these components can fail in three main ways, varying based on the dimensions
of the laminate: net-tension, shear-out, and bearing [10]. Net-tension and shear-out
failures are the most catastrophic failure modes. While net-tension failure occurs at a low
value for the ratio between the width of the plate to the diameter of the hole and a high
value for the ratio between the distance from the hole to the edge of the joint by the
diameter of the hole, shear-out failure occurs for reasons inverse to net tension, i.e., a high
value between the width by the diameter and low value between the edge distance by the
diameter [10]. However, unlike other failure modes, bearing failure produces a progressive
failure. This failure is initiated by the compressive force applied to the inside of the hole by
the bolt shank and a small value of the width-to-diameter ratio [9]. Due to the progressive
failure behavior of bearing, bolted joints are designed to fail in this mode [7].

It is important to note that the application of torque is directly related to the resulting
tension in the bolts and plates. Therefore, it is crucial to consider torque when studying
bolted joints [7]. Torque generates a preload in the bolt, which aims to restrict the hole
region and enable the transfer of external loads between plates through fixation [11]. The
torque value should be defined based on the bolt strength, the material of the clamped
parts and the type of installation so that the preload increases the strength of the bolted
joint. Otherwise, if the torque is not properly applied, it could cause premature failure of
the composite component due to the low resistance to out-of-plane stresses of these
materials [7,9,10].

Furthermore, due to the wide range of factors that influence the failure modes of these
components, the number of experimental tests has increased considerably, making
material analysis costly, time-consuming, and analytically challenging [5,8]. This is
particularly evident in the aerospace industry, due to the considerable costs and labor
associated with the composites applied to this sector and the tools used in their production
[3]. However, with increasingly powerful computers and the evolution of numerical
modeling, simulation in software such as those using the finite element method (FEM)
significantly reduces the number of tests, proving to be a cost-effective alternative when
experimentally validated [2,3].

In conjunction with FEM simulation models, failure criteria for composite materials can be
used to identify and predict the modes and onset of failure in the component being
analyzed [5]. These criteria can be classified into macroscopic and microscopic aspects,
with the macroscopic group being the most widely used due to their ease of application
[12,13]. Within this group, there is a further classification grouping the criteria as follows
[5,14]:

o C(riteria that neglect the interactions between the different stress components, such
as the maximum stress criterion and the maximum strain criterion.

e (Criteria that include total stress interaction and have only one inequality, so they
do not predict the initial failure mode, such as the Hoffman, Tsai-Wu, and Tsai-Hill
criteria.

e Phenomenological criteria address the physical aspects of fracture and distinguish
between different failure modes, such as the Hashin, Puck, and LaRC04 criteria.
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The criteria in the third group, which deal with phenomenological models, are the closest
to reality. Therefore, the study of these criteria is crucial for enhancing numerical analysis
with accurate and realistic failure modes, especially in the industry, such as aircraft
components, where the mechanical qualities are high and safety is of main concern. As the
majority of commercial finite element software only provides the most traditional criteria,
including Hashin, Tsai-Wu, Tsai-Hill, a limited number of studies have demonstrated the
implementation of the Puck criterion used in the aeronautical sector [1,15]. Consequently,
in addition to incorporating new criteria into the software, it is essential to validate them
through experimental tests and identify the criterion that most closely aligns with reality
for each component and specific conditions, with aim of reducing costs, time, materials and
tests [1,13].

Good results using phenomenological criteria can be found in the literature. Zheng et al.
[12] conducted a comparative study of failure criteria for predicting the onset of failure,
concluding that the Hashin criterion provides reasonable results in a good execution time
while the Puck and LaRCO3 criteria offer more accurate results but with a longer execution
time. Kober and Kiithhorn [16] used the Tsai-Hill, Puck, and LaRC04 criteria to analyze,
determining that the Puck criterion generates more realistic results. On the other hand, the
LaRCO04 criterion achieves results like the Puck criteria but from a mechanical point of view
of the fracture. Marques et al. [13] carried out a comparative analysis between various
criteria such as Hashin, Puck, Tsai-Hill, Tsai-Wu, Hoffman, and maximum stress, resulting
in coherent results, but with an advantage for the Puck criterion due to the distinction
between fiber and inter-fiber failure modes.

It is clear from the literature that the Puck criterion correlates well with experimental
results, making it a reference for others [16]. The World-Wide Failure Exercise (WWFE)
identified this criterion as one of the most effective in failure assessment [5]. In addition,
several studies analyzing the results of FEM simulations of failure criteria for composite
models compared to experimental results are available in the literature [1,15,17-20].
These studies present models with satisfactory results compared to their experimental
tests.

In this context, a comparative analysis is proposed between the Hashin, Puck, and LaRC04
criteria, applied to a 2D model of a carbon/epoxy CFRP bolted joint in the FEMAP 2021.2
educational version software to determine the one best suits to this type of component.
The model is a simple shear, two plates, and a bolt, subjected to multiaxial loads and
dimensions according to ASTM D5961 [21].

2. Failure Criteria

The failure criteria employed in this study were consulted from the literature [5,13,15,
16,22], leading to the creation of Tables 1, 2, and 4, encompassing the equations for each
criterion. In addition, some failure criteria depend on other constants and equations that
may vary depending on the material and specimen analyzed.

In the equations, o1, 02, and o3 are the normal stresses in the principal axes of the specimen,
T12, T13 and T23 are the in-plane and out-of-plane shear stresses, Xt and Xc are the
longitudinal tensile and compressive strengths, Yt and Yc are the transverse tensile and
compressive strengths, S12, S13 and Sz3 are the in-plane and out-of-plane shear strengths, €1
is the normal strain, y12 is the in-plane shear strain, m is the stress magnification factor, €1t
and €1c are the longitudinal strain in tension and compression respectively.

Moreover, the failure modes are categorized as follows: fiber failure in tension (FFT), fiber
failure in compression (FFC), matrix failure in tension (FMT), matrix failure in
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compression (FMC), inter-fiber failure in transverse tension (IFF-A), inter-fiber failure in
in-plane shearing (IFF-B), and inter-fiber failure in large transverse compression (IFF-C).

2.1. Hashin Criterion

Table 1. Hashin criterion equations [5,13]
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2.2. Puck Criterion

Puck [23] determined the value of the inclination parameters (for further details, see [23]),
and the parameters for CFRP materials are presented in Table 3. It should be noted that
the parameter P, exhibits a specified variation set at 0.30. Another constant, defined by
the Puck criterion is the stress magnification factor (m), which accounts for the mismatch
of elastic properties between the fiber and the matrix. For CFRP materials, its value is 1.1
[13].

Table 2. Puck criterion equations [13,15]
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The longitudinal linear degradation index (o0,p) is obtained experimentally, but as
experimental tests will not be conducted, it will not be possible to obtain the linear
degradation index, so two situations will be evaluated: the linear degradation index having
a numerical value equal to the longitudinal stress (o;), with the ratio between the
unknowns being equal to one; and the linear degradation index being significantly greater
than the stress, with this ratio tending to zero.
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Table 3. Inclination parameters [13]

Parameter Value
Py, 0.25-0.30
Py 0.30
P 0.35

Elt = E_1 (10)
_X
glC - E_1 (11)

The terms R{, and T1,,. represent, respectively, the in-plane failure strength due to
transverse or shear stress and the shear stress at the critical point where the transition
between Mode B and Mode C occurs [15]. They can be calculated from the following
equations [15]:

s , _ Y
R{, = 2;3( 1+ 2P o 1) (12)
Tize = S124/1+ 2P[} (13)

2.3. LaRCO04 Criterion

Table 4. LaRC04 criterion equations [16,22]

0y

FFT X_t =1foro; =20 (14)
(Tlm#)z =1foro, <0ando <0 (15)
FFC Sizts — 1 Comzm ! amam
(1) pm g g (Bpmm St i) _ (16)
FFC! Yus Yus x(r)
for 012 <0 e(1)nd azszm >0 )
FMT 1- g)% +g (;—2> B3 Tay” + X{112) T2(3 u+')(()/12) =1foro, =0 (17)
] is , tis . X Y12/lS)
e (ﬁ) + (m) =1foro, < 0and o, > —Y, (18)
Tm 2 Thm
v <m> + <m> =1foro, < 0ando; < -V, (19)

1 Tensile failure of the matrix under longitudinal compression (with eventual fiber-kinking).

2 Failure of the matrix under biaxial compression.

For the LaRC04 criterion, it is necessary to make some considerations regarding the
behavior and dimensions of the specimen. According to Dvorak and Laws [22], the
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transition between a thin and thick ply is between 0.7 mm, about 5 or 6 plies. Therefore,
for the analysis, it was assumed that the specimen has a thick ply and is subjected to linear
shear behavior. Knowing the laminate thickness, the transverse tensile strength (Y;;5) and
the in-plane shear strength (S;,;5) under the in-situ effect are calculated from the following
equations [22]:

S12is = \/7512 (20)
Yis = 1.12V/2Y, (21)

Additionally, for matrix failure under tension, the toughness ratio (g) was calculated using
the Equation (14):

0 v2
_ A2V

== 22
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The fracture angle (a) can be analytically calculated, so it was considered equal to 0¢
according to Pinho et al. [22], and the angle of fracture under uniaxial compression (o)
based on experimental tests is generally equal to 53 * 22 for composite materials, being
defined as 53¢ for the application of the equations. These angles are applied to calculate
some of the unknowns used in the equations of the LaRC04 criterion and are presented in
more detail in Pinho et al. [22].

3. Failure Criteria Code

For the application of failure criteria in the FEMAP 2021.2 software - educational version
- it was necessary to write the equations according to the software’s programming. To
achieve this, we used the guidelines described in the Function Reference document,
accessed from the Help Topics option in FEMAP [25].

Table 5. Coding example: Hashin criterion - tensile fiber failure

Format Written
. 01\? | (1° +15%) _
Equation (X_:) —512 =
Coded: (SQR(VEC(!case;01;1i)/Xt))+(((SQR(VEC(Icase; T12;1i)))+(SQR(VEC(!ca
ode se;T13;11))))/SQR(S12))
Coded ‘Qf‘th (SQR(VEC(!case;1000020;1)/1006))+(((SQR(VEC(Icase; 1000023;1i)))
?;fri‘:rpl‘;; +(SQR(VEC(!case;1000025;11)))) /SQR(68.1))

101=0y; 71,=T12; 7,3=T13.

Initially, the properties of the composite material have been defined as parameters to make
it possible to apply the coded equations to different materials. In addition, the stresses and
strains were defined as vectors, because as they are associated with the model tested by
the software, it is necessary to know the positions of the vectors for each of the stresses
and strains generated by the software in post-processing. The parameters for vector
positions and property values were substituted into the software. An example of the coding
of the equations is in Table 5. The mechanical properties used in the analysis are of a
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carbon/epoxy CFRP material produced by Gurit, SE 84LV RC416T [26] and are detailed in
Table 6.

Table 6. Material and carbon fiber properties [13, 27]

Property Value

Longitudinal modulus, E1 (GPa) 59.1
Transverse modulus, E2 (GPa) 58.9
Transverse modulus, E3 (GPa) 3.9
In-plane shear modulus, G12 (GPa) 4.2
Out-of-plane shear modulus, G13 (GPa) 4.2
Out-of-plane shear modulus, G23 (GPa) 22.7

Longitudinal tensile strength, XT (MPa) 1006
Transverse tensile strength, YT (MPa) 858
Longitudinal compressive strength, XC (MPa) 649
Transverse compressive strength, YC (MPa) 659
In-plane shear strength, S12 (MPa) 68.1
In-plane shear strength, S13 (MPa) 55.8

Major Poisson’s ratio, v12 0.037
Elastic modulus of the fiber, Ef1 (GPa) 231
Major Poisson’s ratio of the fiber, vf12 0.28

The bolted joint was dimensioned according to the specifications of the ASTM D5961
standard, considering a simple two-piece shear test specimen without a fixing bracket [21].
The specimen was defined as having a thickness of 2.58 mm, divided into six plies of 0.43
mm each, and oriented [02/452/90%]s. The dimensions are shown in Table 7 and illustrated
in Fig. 1.

L 4d—
h ‘O—G—D S h
4 — } 4
|T L flfl T _T_
3 -—4d—4-—ea‘ h
L
]' +90° '
45° w/2
v |/ @
| o

Fig. 1. Dimensions of the specimen [21]
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Table 7. Dimensions of the specimen (mm) [21]

Hole diameter [d] Length [L]  Width [w] Edge distance [e] Tab length [s]
6.35 135 36 18 75

The hole diameter was determined based on the NAS6204-4 standard [28]. According to
the same standard, the bolt material was defined as AISI 4340 steels, and the mechanical
properties of the material are in Table 8. To simulate the contact region, a washer with an
outer diameter of 12.70 mm was used, following the NAS1149F0416P standard [29].

Table 8. AISI 4340 Steel property [30]

Property Value
E1 (GPa) 210
v12 0.28

To conduct the simulation, it was developed a 2D model of the bolted joint using FEMAP.
The specimen’s material was specified as 2D orthotropic, and the model property was
divided into three sections: the left tab, the right tab, and the plate. Although the laminate
plate property was defined in all three cases, the tab region, containing twice the number
of plies, required specific definition and adjustment to accurately represent the specimen.

The left tab represents the region of the clamped end, while the right tab represents the
region subjected to loading. Despite being a 2D model, it is possible to visualize the model
considers the thickness of the specimen. Fig. 2 illustrates the model with the colors
according to each property, and Table 9 shows the properties defined for each region of
the model.

Fig. 2. Specimen model

Table 9. Properties applied to the model

Number  BondSh Allow

Color of plies (Mpa) Ply configuration
6 55,8 0°/45°/90°/90°/45°/0°
12 55,8 0°/45°/90°/90°/45°/0°/0°/45°/90°/90°/45°/0°
12 55,8 0°/45°/90°/90°/45°/0°/0°/45°/90°/90°/45°/0°
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The surface was discretized into 1.5 mm elements, resulting in 4604 elements and 14371
nodes after mesh refinement around the hole. Subsequently, two rigid elements (RBE2)
were used to connect all nodes of each plate to a radius of 6.35 mm from the center of the
hole to represent the washer in contact with the plates and the bolt. The bolt was
represented by a beam element, which connected the RBE2s through the central node of
each one.

However, the connections alone are not enough to represent the specimen, and it is
necessary to establish a connection between them. The connection was made between the
washers to link one plate to another. The connection type was set to contact, and
properties were defined as standard by the software, with a coefficient of friction set to 0.3
[27]. Further details of the contact are illustrated in Fig. 3.
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[[JGenerate Contact Preview File
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Fig. 3. Contact properties

Loadings were applied to a node outside the part, which transmits the load via an RBE2 to
the nodes at the right end of the specimen. Eight loading cases were defined: 8000, 10000,
12000, 14000, 16000, 18000, 20000 and 22000 N. In addition, as the bolted joint is
subjected to multiaxial loadings, a preload of 13124N was also applied in all loading cases.
In order to calculate the pre-load using Equation (25) [10] the torque is set at 25 N.m and
the torque coefficient at 0.3, based on the study by Marques [27], which showed that a
torque of 25 N.m increases the mechanical strength of the joint without causing damage to
the laminate.

T (25)

F=—o
k.d
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Where F is the preload, k is the torque coefficient, T is the applied torque and d is the bolt
diameter [10]. After simulating and adding the failure criteria equations to FEMAP, the
failure indexes (FI) analysis was conducted, considering failure in the first ply. For each
failure mode of each criterion, the element with the highest failure index in each ply was
chosen. Then, the highest failure index among all plies was identified. Using the
interpolation technique, loadings that closely approach the onset of failure were
determined, with the failure index approaching the value 1. Consequently, the load values
and the plies that failed were compared between the criteria to determine the criterion
that best suits the behavior observed in the specimen.

4., Results and Discussion

After analyzing the failure index, Tables 10, 11, and 12 were generated, which show the
loads at which the onset of failure was observed for each criterion in question, considering
the failure of the first ply. In addition, no specific element in the model was considered, but
rather the element that achieved the highest failure index, with the data interpolated to
obtain a failure index equal to 1. The data was then put together in a line graph, illustrated
in Fig. 4, providing a clear visual representation of the results obtained. For criteria with
more than one compression failure mode, the lowest failure index was considered in the
graphical representation.

Table 10. Hashin criterion - Loadings

Failure modes Load (N) Ply
Fiber failure in tension 15761 1
Fiber failure in compression 26032 6
Matrix failure in tension 18252 3
Matrix failure in compression 24904 2

Table 11. Puck criterion - Loadings

Failure modes Load (N) Ply
Fiber failure in tension 13839.07 6
Fiber failure in compression 26115.14 6
Inter-fiber failure in transverse o1 = o1: 1000* 3
tension (Mode A) o1p >>>01: 4103.8
Inter-fiber failure in in-plane shearing o1 = o1: 1000* 1
(Mode B) o1 >>> o1: 5400.6

Inter-fiber failure in large transverse

compression (Mode C) 4134.72 2

Failure occurs at loads less than 1000N

Notably, the failure exhibits similar behavior between the criteria analyzed, such as Hashin
and Puck. In plies 1 and 6, oriented at 0 degrees, fiber failure is observed, while in plies 2
and 3, at 45 and 90 degrees, respectively, matrix failure occurs. This is due to the fibers in
the 0-degree direction being more resistant and supporting higher loads while in the 45
and 90-degree orientation, the matrix plays a supporting role, as the fibers are less
resistant in these directions.

Furthermore, it was observed that tensile failures occur at lower loads compared to
compressive failures. This behavior is related to the crushing failure mode of these
components, as it generates compression in the region between the end and the edge of
the hole. Therefore, as it is a progressive failure mode, it propagates slowly until failure

10
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occurs. As tensile failure is a catastrophic failure mode, it is expected to occur at lower
loads than compressive failure. Fig. 5 illustrates the mapping of stresses in the component,
allowing precise identification of the areas where each type of failure occurs.

Table 12. LaRC04 criterion - Loadings

Failure modes Load (N) Ply
Fiber failure in tension 18229.3 1
Fiber fallulje in 39519 35 6
compression
Fiber fallu.re 1{1 46210.36 1
compression
Matrix failure in tension 31037.45 1
Matrix fallu_re in 2945334 1
compression
Matrix failure un(.ier biaxial 4213217 1
compression

1 Tensile failure of the matrix under longitudinal compression (with eventual fiber-kinking);

*For Puck: Inter-fiber failure in transverse tension (Mode A)

** For Puck: Inter-fiber failure in large transverse compression (Mode C)

40000 +—

/
35000 + S/
30000 + ; /
- /6 =——Fiber failure in tension
~ 25000 +
=,
2 20000 + ~—Fiber faih!re in
= compression
Q /
— 15000 + TN e———7 Matrix failure in tension*
10000 -+
Matrix failure in
5000 + compression**
0 4
Hashin Puck LaRC04

Failure criteria

Fig. 4. Failure loads comparison

Similar results with experimental analysis are found in the literature, but it is important to
highlight that are some differences due to the mechanical properties, orientations and the
analysis method. Montagne et al. [31] studied the main parameters leading to the failure
of joints based on an experimental database that included single-shear tests with
countersunk head screws on various composite materials. They used Hashin’s criterion for
fiber failure and, based on the experimental results, found that some specimens failed in
the net section, corresponding with Hashin’s fiber failure criteria computed in the 0° plies.
Additionally, the bearing failure mode was related to fiber failure in compression,
delamination, or matrix damage, corresponding to failures in 02 or 452 plies due to fiber
compression.

Park, Jeon, and Choi [32] studied the bearing strength of bolted joints in Carbon Fiber
Reinforced Plastic (CFRP) with unidirectional weave fabric. They varied the specimen

11
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width-to-hole diameter ratio and the distance between the hole center and specimen end-
to-hole diameter ratio. For a width-to-hole diameter ratio of 6 and a distance-to-hole
diameter ratio of 3, similar to the present work, the specimens experienced bearing failure.

965,05 !
= an)
. -
104 ‘ o ’ I
=\
k | )
1311
-35,691 Y
t Tensile failure Compression failure
-202,48 %

Fig. 5. Longitudinal stress map in ply 1 (02), 18000 N and TO model

Marques [27] studied the torque coefficients applicable to bolted joints in single shear
overlays with two protruding head screws of carbon fiber reinforced epoxy matrix
composite materials. The study examined the effects of different torque values on the
laminate and demonstrated the relationship between bolt proofload and preload. Hashin’s
failure criteria was applied, which revealed interlaminar failure in the matrix, confirming
the crushing effect and fiber failure in the longitudinal direction of the specimen due to
traction. The results showed good correlation with the experimental tests.

About the criteria, Fig. 4 highlights that the matrix failure index for the Puck criterion
occurs at significantly lower loads compared to the other criteria analyzed. Table 11 shows
that for mode A and mode B the loads vary based on the value assigned to the linear
degradation index, a material parameter that can be experimentally obtained. However, in
the absence of experimental tests, the value was considered analytically. In the first case,
it assumes that the linear degradation index value equals the longitudinal stress;
consequently, the ratio between the parameters is 1. In the second case, the linear
degradation index is considered much greater than the longitudinal stress, so the ratio
between the parameters tends to be zero.

As aresult, it is observed that for mode A, the tensile failure mode, in the first case, failure
occurred at loads below 1000 N, while in the second case, failure was recorded at 4103.8
N. This type of failure, originating between the fibers, is associated with delamination
between the plies and represents an initial failure mechanism because even with the
presence of this mechanism, the component can withstand higher load levels [1, 13].

About mode B and mode C of the Puck criterion, both representing compressive failure
mechanisms, Table 11 shows that they achieve a failure index equal to 1 in different plies
and loads. In mode B, failure occurs in ply 1 at loads below 1000 N in the first case and at
5400.6 N in the second case. On the other hand, mode C results in failure in ply 2 with a
load of 4134.72 N. This difference is due to the failure modes being associated with
moderate and large compression, respectively. Thus, the region in which the equations are
applied is limited by the ratio between the transverse stress and the in-plane shear stress,
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and by the ratio between the strength of the failure plane and the critical transition point
between mode B and C, as shown in Equations (8) and (9).

Despite being applied to different regions, modes B and C are characterized by the
formation of cracks in the matrix, which propagate to the limits of the fiber, also
representing an initial failure mode [1]. In this context, it is expected that both mode A and
modes B and C, as they are initial failure mechanisms, will occur at lower loads, although
in this case, they resulted in much lower loads than the other criteria.

As for the tensile and compressive fiber failure modes for Puck, the loads are close to the
Hashin criterion. Puck is more conservative for tensile fiber failure, while Hashin is more
conservative for compressive fiber failure, with a difference of approximately 100 N.
Puck’s more conservative behavior may be due to its equation, since it considers the failure
plane, considering the micro-damage that occurs before the load reaches the material’s
strength, decreasing the strength of the matrix and increasing the chance of fiber failure
[16].

On the other hand, the LaRC04 criterion behaves oppositely to the Puck criterion because
failure occurs at much higher loads than the other criterion, especially in calculations
involving compression, as shown in Table 12. The LaRC04 criterion considers the in-situ
effect in its calculations, i.e., it considers the transverse tensile and shear strengths present
in a ply of the laminate, limited by other plies of different fiber orientations [16, 22]. These
strengths, as shown by Pinho et al. [22], are significantly higher when compared to
unidirectional laminates. Therefore, due to the in-situ effect, it is expected that failure will
occur at higher loads due to the greater resistance in the plies.

The in-situ effect is not considered only for tensile fiber failure which presents a more
simplified equation, as shown in Equation (14). Fig. 4 shows that the discrepancy between
the loads for which the failure index reaches 1 in this mode is smaller compared to the
other modes, due to the greater similarity between the equations.

In addition, for the tensile failure of the matrix, the LaRC04 criterion occurs at a very high
load and in a ply with a different orientation from the other criteria. For this failure mode,
the LaRC04 criterion considers the ply stresses and in-situ strengths. However, it also
considers the material’s toughness coefficient, which can be obtained experimentally and
analytically, based on Equation (22). However, after some comparisons, it was observed
that the value calculated analytically is significantly higher than those obtained in the
literature [16, 33]. Therefore, the coefficient may have influenced the results, causing the
ply and the resulting load to vary.

As for the compressive failure modes, they can be divided into four failure modes, two of
which are attributed to the fibers and two to the matrix. When analyzing the fiber failure
modes by compression in the LaRC04 criterion, Table 12 shows that fiber failure by
compression occurs at lower loads than tensile failure in the matrix under longitudinal
compression (with eventual fiber kinking). Both are considered fiber failures, but they do
have some differences. Fiber failure due to compression is related to kink-band formation,
resulting in the phenomenon of micro buckling, while tensile failure in the matrix under
longitudinal compression, with possible fiber kinking, relates two distinct types of failure:
tensile failure in the matrix and fiber kinking due to deformation caused by shear in the
matrix [22].

Regarding matrix failure, it is observed that matrix compression failure occurs at loadings
lower than biaxial matrix compression failure. Biaxial compression failure considers fiber
misalignment in its equations, while matrix compression failure considers the fracture
plane [16]. Furthermore, biaxial matrix failure is related to fiber failure under
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compression, resulting from micro buckling in the matrix and kink-band formation
[Pihno21].

Finally, the Hashin criterion shows failure at intermediate loads. While the Puck criterion
is associated with failure at low loads and the LaRC04 criterion is associated with failure
at high loads. In addition, the Hashin criterion is subdivided into four failure modes, in
which the failure is consistent with the orientation of the plies. It is important to note that
to apply this criterion, all the material properties used were available, eliminating the need
for analytical calculations to obtain them.

Also, it is important to note that, as the Hashin criterion was proposed first, the Puck and
LaRCO04 criteria that came later were based on some of its concepts [1,22]. Puck and his
partners extended the Hashin criterion by dividing inter-fiber and fiber failure modes with
the implementation of the fracture angle [1]. On the other hand, in the case of the LaRC04
criterion, the most recent of those discussed, it is developed from the fracture mechanics
point of view [16,22].

Regarding failure criteria, several studies in the literature have utilized and compared
different approaches. Dogan et al [34] investigated the failure behavior of carbon fiber
reinforced pin-jointed composite plates using Hashin and Puck criteria. Compared with the
experimental results, the numerical data using the Puck damage criterion showed at least
87% compatibility, while the Hashin damage criterion showed 85% compatibility for a
single pin joint. In this case, for a ratio equal to 3 in a single pin, bearing failure, inter-fiber
failure in shear, and inter-fiber failure in plane shear occur for Puck, while matrix shear
and fiber compression occur for Hashin.

Gao et al [35] studied the strength and failure modes of fastened composite plates under
static tensile loading based on experimental bolted joint bearing tests. They compared
these results with various progressive damage numerical modeling simulations,
considering the effects of damage variables, subroutines, and the Puck, Hashin, LaRCO5,
and maximum-stress criteria. The LaRC05 and Puck criteria provided more accurate
results than the maximum stress and Hashin criteria in predicting matrix failure.

It is important to emphasize that some parameters used can be experimentally obtained
for greater accuracy in the results. However, as it is not within the scope of this work to
carry out tests on the specimens analyzed, the theoretical values were considered.
Therefore, this variation in very high or very low failure index may be related to the
considerations made when applying the criterion.

5. Conclusions

The FEMAP 2021.2 Educational Version software was used to perform a computer
simulation of a bolted carbon fiber composite specimen, focusing on three failure criteria,
Hashin, Puck, and LaRC04, to determine which best represented the specimen analyzed.

Thus, it can be concluded that the analysis based on the failure of the first ply of the bolted
joint model was successful, presenting satisfactory and consistent results for the failure
indexes of each criterion. With respect to fiber orientations, a variation in failure modes
was observed depending on the orientation of each ply, with a greater tendency for fiber
failure in the 02 plies, while matrix failure occurred in the 452 and 902 plies.

Additionally, it has been observed that tensile failure occurs at lower loads than
compression failure, which aligns with the progressive crushing failure mechanism of
these components. In terms of failure criteria, the Puck criterion is more conservative for
fiber tensile failure, while the LaRC04 criterion is less conservative. On the other hand, the
Hashin criterion is the most conservative for fiber compression failure, while the LaRC04
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criterion is the least conservative. It is important to note that these observations are based
on the modes of failure for LaRC04. The Puck criterion, which has an initial failure
mechanism, exhibits much lower loadings, while the LaRC04 criterion shows significantly
higher loadings for both matrix tensile and compression failure.

Therefore, the choice of criterion that best suits this type of component will depend on how
conservative and detailed the analysis needs to be. In general, it is recommended to apply
the Hashin criterion for the analyses. For analyses that require a more detailed
examination of compression failure modes, it is suggested to use the LaRC04 criterion. For
more conservative analyses, the use of the Puck criterion is proposed. However, it should
be noted that the Puck criterion has shown failures at very low loadings, so it is
recommended to verify the results using experimentally obtained parameters.
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