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Abstract

This study focuses on the shear-out failure mode of a 3D-woven composite
lug. The damage scenario leading to the failure is analyzed based on a tensile
test on a lug. The shear-out failure of the lug is shown to be driven by matrix
damages generated by in-plane shear. No yarn failure is observed. A matrix
damage model is proposed to capture the shear-out failure of the lug. This
model combines the Onera Damage Model for Polymer Matrix Composite
(ODM-PMC) with a Mazars-like damage evolution law. A special attention
is paid for the transition between both evolution laws, in order to ensure
the continuity of the damage evolution. The model is implemented into the
commercial Abaqus Standard finite element (FE) software. A 3D FE analysis
of the shear-out failure of the lug is performed. The simulation is able to
reproduce the load plateau observed in the global behavior of the lug as well
as the specific matrix damage patterns.
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Finite Element Analysis

1. Introduction

Lugs are often used in aircraft structures to connect structural elements,
transmit motions and transfer loads. For example, systems of struts con-
nected by lugs are used to fold in and out modern airliner landing gears.
The lugs also transfer the load from the wheels to the airliner structure dur-
ing take off and landing. Thus, lugs can be highly loaded primary structures,
critical to structural integrity and flight safety. Landing gear lugs are usu-
ally made of metallic materials. Composite lugs promise significant weight
savings. Landing gear systems are vulnerable to impact of debris during
taxi. Consequently, 3D woven composite materials are interesting candidate
materials for innovative composite lug designs for landing gears.

From a design viewpoint, a lug can be considered as a special case of
pinned or bolted joint. Focusing on the composite part in the joint, the main
failure modes are net section tensile failure, bearing failure and shear-out
failure. The complexity of the design problem results from the competition
between these three failure modes. Although metallic and composite joints
present similar failure modes from a phenomenological point of view, the
physical mechanisms involved are fundamentally different. The sizing of
joints [1, 2] or lugs [3, 4] in industry is usually based on elastic stress analysis
and semi-empirical strength analysis methods. Such methods are fast and
well-suited for trade-off studies and design optimization. Nonetheless their
domains of validity are generally very limited, making it necessary to build

large and expansive experimental databases. Therefore the use of numerical



methods for the detailed analysis of the joint behavior and failure, most often
finite elements, is now widely accepted.

The main influential parameters on the failure of composite joints have
been known since the 1970’s based on large experimental studies on composite
laminates by Collings [5] and Hart-Smith [6]. Material anisotropy and joint
geometrical parameters drive the competition between the failure modes.
Net-tension failure appears in the case of small width joints and low pro-
portion of longitudinal fiber reinforcements. Kassapoglou and Townsend [4]
proposed a method to predict the failure of laminated composite lugs failing
in tension. Shear-out failure appears for joints with short end-distance and
low out-of-axis material reinforcements. With high end-distance-to-diameter
and width-to-diameter ratios appears the bearing failure mode which cor-
responds to the ovalization of the hole in the loading direction due to the
crushing of the material by the loading axis. The analysis and modeling of
the bearing failure in composite laminates has driven the attention of many
researchers during the last decades [6, 5, 7, 8, 9, 10, 11, 12]. Much less re-
search effort has been dedicated to tensile and shear-out failure modes. On
the one hand, tensile failure of the joint seems very similar to the tensile
failure of open-hole plates. On the other hand, shear-out failure can be eas-
ily avoided in typical aircraft applications through appropriate sizing of the
joint, even if this is not the case for all applications [13].

The 3D woven composite materials, and, a fortiori, the 3D woven com-
posite lugs are much more recent and less studied topics. McClain and Tim-
oshchuk [14] performed an experimental study of the bearing behavior of

several 3D woven composites with different preform types of weaves. Warren



et al. [15] studied the bearing failure of 3D woven composite materials in
different joint configurations and material orientations. The authors subse-
quently proposed [16] a three-dimensional progressive damage model to cap-
ture the damage onset and beginning of propagation. The authors predicted
the bearing failure of a single-bolt double-shear joint using a finite element
model based on a voxelized mescospic representation of the woven material.
Finally, Mounien et al. [17] gave a detailed description of the scenario of the
local damages leading to bearing failure of a 3D woven composite and showed
that the bearing strength is a slightly decreasing nonlinear function of the
square root of the diameter-to-thickness ratio. However all these studies fo-
cus on classical joint geometries. In this study, it is shown that the shear-out
failure mode can be critical for monolithic 3D woven composite lugs, due to
the lug geometry and to the lack of off-axis fibers. The experimental results
show the development of a stable load plateau during shear tear-out failure
of the lug. The failure scenario is derived from the experimental analysis and
a 3D progressive damage model is proposed to capture the shear-out failure.

A load plateau is often modeled by elasto-plasticity when no loss of stiff-
ness is observed [18]. Elasto-plasticity can be coupled with damage, but it
increases the modeling complexity since material parameters are then intro-
duced for both the damage evolution and the permanent/anelastic strains
evolution [19, 20, 21]. Internal sliding and friction theory can also be used,
but a multiscale analysis accounting for the anisotropic microstructure degra-
dation is needed [22, 23, 24, 25], which is difficult to perform for woven com-
posites [26]. Another modeling possibility is to consider both loss of stiffness

and permanent strains as governed by damage directly at the Representative



Volume Element (RVE) scale [27, 28]. This is this last approach that will be
followed. In section 4, it will be combined with Mazars’” damage evolution
law —initially proposed for concrete [29]— which accounts for a plateau after

stress softening in tension.

2. Experimental analysis

2.1. Ezxperimental set-up

The material considered in this study is a 3D woven composite devel-
oped by Safran Group. It is made of carbon fiber yarns (48 K) and epoxy
matrix. The material is highly unbalanced with a higher yarn fiber volume
fraction in the warp direction than in the weft direction. The weaving was
specifically designed to prevent large delamination cracks after impact, and
therefore providing a good impact resistance. Although its architecture is
confidential, a generic architecture of an unbalanced 3D woven composite
material is provided in Figure 1. The RVE is markedly larger than those of
other composite materials.

[Figure 1 about here]

A specific test set-up was developed to perform a double-lap bearing test
on the 3D woven composite lug. The dimensions of the lug are shown in
Figure 2. The lug is directly machined from a 3D woven composite plate, so
that the material orientation is uniform over the part. The warp direction
is aligned with length of the specimen, in the y-axis direction. The hole
diameter D is 50 mm. The difference between the loading axis diameter
and the hole diameter is inferior to 0.03 mm. The outer diameter of the lug

D, is 150 mm. Considering that the material presents no out-of-axes fiber



reinforcement and the low ratio between the outer diameter and the inner
diameter of the lug D.,;/D = 3, the lug is prone to shear-out failure. For this
specific configuration, only one specimen has been tested.

[Figure 2 about here]

The test was performed on a hydraulic machine with a maximum capacity
of 500 kN. The test was displacement-controlled with a loading rate of 0.1
mm/min so that the loading conditions can be considered as quasi-static.
The experimental set-up is reported in Figure 3. A solid axis made of steel
is used to transfer the load to the lug. The loading axis is set to the upper
clamping jaw of the test machine by means of a steel set-up specially devised
for this test. During the test, the upper clamping jaw is fixed. The lower
part of the lug is directly fixed in the lower jaw, which is mobile.

[Figure 3 about here]

With the aim of establishing a precise damage scenario, the test was
multi-instrumented. In particular, the steel set-up was designed to include a
window, thus enabling the observation of the surface of the nose of the lug,
where the failure is expected. The monitoring of the 3D displacement fields
on the surface of the lug through the observation window is performed with
a system of stereo digitial image correlation (DIC). Images were acquired
with 0.25 Hz acquisition frequency using digital 12-bit CCD cameras sys-
tem, with a 2000*2000 pixels resolution. They were post-processed with the
commercial software Vie3D©. A Nano30 acoustic emission (AE) sensor was
located at the bottom of the lug to monitor the succession of local damage
events. The recorded data were processed using AFEWin which is part of the

MISTRAS software. The threshold for acoustic emission is set to 47 dB to



avoid recording machine noises. Finally, in addition to the force and the dis-
placement measurements provided by the machine, a LVDT sensor is used to
measure the relative displacement between the loading axis and mobile jaw

of the machine.

2.2. Failure scenario

The global behavior of the lug under tensile loading is reported in Figure
4. On the same graph is superimposed the cumulative acoustic energy which
provides information on damage evolution. The epipolar error given by the
software Vic3D [30] is used to monitor the crack emergence on the surface
of the sample. After initial clearance recovery, the specimen response can
be described in three principal phases. In a first phase, the global response
is quasi-linear until the first significant acoustic events (at about 70% of
the maximal load). The second phase is characterized by the development
of matrix cracking parallel to the loading direction. The cracks propagate
from the loaded boundary of the hole and along two symmetrical planes
on the left and right sides of the hole, that are locally highly subjected
to in-plane shear stress. The shear-out planes are coplanar to the (Y,Z)-
plane. They are not tangent to the hole boundary but intersect the hole
boundary at points located at about +70% with respect the loading direction.
The cracks propagate progressively until crossing the whole ligament. The
global behavior becomes increasingly non-linear with the crack propagation
until reaching a stable load plateau that approximately corresponds to the
maximal load.

The load plateau characterizes the third phase of the observed behavior.

The material of the nose of the lug that is located in between the two shear-
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out planes is progressively pushed out. The crack density increases gradually
on both sides of the shear-out planes. At the end of the test, the damaged
area extends over several millimeters on both sides of the shear-out planes.
No damage is observed in the portion of the lug that is pushed-out. The
observation of the failure pattern presented that the warp yarns are debonded
near the shear-out planes, what can be clearly observed at the extremity
of the lug in Figure 5.b. Figure 5.a shows a view of the mid-thickness of
the specimen obtained thanks to X-Ray tomography. The tomography was
performed after the test at Safran with a 30 wm voxel resolution. The figure
shows the deformation of the weft yarns that wave when crossing the shear-
out plane. The weft yarns are not broken although they bend locally. Matrix
cracking can be observed in a region that extends over one or two warp yarns
on each side of the shear plane. The corresponding warp yarns are debonded
on their total length throughout the ligament. The regular evolution of the
acoustic cumulative energy corroborates that matrix damages develop during
the plateau. No fiber yarn failure has been detected in the lug. Therefore,
the only damage mechanism involved in the shear-out failure of the lug is
matrix cracking.

During unloading, no significant acoustic event is recorded. The cumu-
lative acoustic energy remains thus constant, meaning that damages do not
evolve while unloading. The important hysteresis that can be seen in Fig-
ure 4 is probably related to the viscosity of the matrix. Friction between
the debonded warp yarns and the surrounding matrix could also play a non
negligible role in the residual displacement measured after unloading. As a

matter of fact, the debonded warp yarns do not get their initial position back,



as shown in Figure 5.b. However, the matrix damage creation under in-plane
shear clearly plays a first order role in the shear-out failure mode. Both DIC
and AE show the development of significant matrix damages, first during
the non-linear phase that precedes the plateau and then during the plateau
itself. Thus, it can be assumed from this test that the shear-out failure mode
of the 3D-woven composite lug is mostly driven by matrix damage creation
under local in-plane shear loading. For that reason, it has been decided to
depict the behavior of the lug by means of a damage model.

[Figure 4 about here]

[Figure 5 about here]

3. Matrix damage modeling for 3D woven composite materials

The choice was made to use the Onera Damage Model for Polymer Ma-
trix Composite (ODM-PMC) which is a continuum damage model developed
for 3D-woven composites with polymer matrix. ODM-PMC is a macroscopic
model devised to simulate damage evolution in large composite structures.
The model is thermodynamically consistent. It takes into account the contri-
butions of different non-linearity sources on the material compliance, namely
the effects of the viscosity of the matrix, matrix cracking and progressive

fiber yarn failure, so that the behavior writes:
o —= geff L E, (1)

with gef F = (éef 7)1 the effective (damaged) stiffness tensor.
It has been demonstrated that ODM-PMC is able to effectively predict the

material behavior up to failure for monotonic static loadings in compression



[31] and under impacts [32]. A global description of the ODM-PMC model
can be found in [31].

In this paper, considering the damage and failure scenario described in
Section 2.2, it has been chosen to focus on the matrix cracking only. For the
sake of simplicity, all other non-linear mechanisms are deactivated in the
following. After a careful analysis of CT-Scan results, we choose to neglect the
damage in thickness direction, which seems to be secondary for the considered
shear-out failure mode. Two scalar damage variables d; and d5 are considered
and describe the effect of matrix cracks in respectively the warp and weft
directions. The driving forces of these damage mechanisms, noted y; and s,

are given by [33, 34]:

d d d
(C?1(5ﬁ+)2 + a160g6(51§+)2 + a150g5(€1§+)2>

N =

Y1 =
d d d @)

v = 3 (CBER) + anClo(elh)? + auChi(57)?)
In these equations, C’?j are the components of the initial elastic orthotropic

rigidity tensor using Voigt form:

BoOE om0 000

— L -0 0 0
0= (8% = B b Eis 00 0 (3)
- 0 0 0 &z 0 0

0 0 0 0 & 0

|0 0 0 0 0 &5

The material coefficients a6, a15, asg, as4 quantify the influence of the dif-

ferent shear strains on the onset of damage.
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In equations (2), et = (e®)T and et = (¢%)* are the positive strains

tensors defined with respect to

€11 €12 €13 0 €2 O

d d

e =lep 0 0], € = |epn €2 32| - (4)
€13 0 0 0 €32 0

according to the degradation mechanisms respectively represented by d; and
dy. For more details, refer to Appendix A.

The evolution laws for the damages d; (i = 1 or 2) are given by equation
(5), where (e) are the Macauley brackets, means the positive part of a scalar,
defined as (x) = max(0, z):

sa (VY — Vo) \"
(1] - (ETYT)
In order to prevent a decrease of damage, the upper bound of this quantity

is considered:

di(t) = sup g(ys(7)) € [0,d;"] . (6)

t<t

The damage d; activates at the damage threshold 1;0; d; can increase until
a saturation value equal to d*, that corresponds to a residual stiffness at
high strain levels in the corresponding reinforcement direction due to the
presence of yarn reinforcement. Two parameters drive the damage evolution
law, namely v;. and p;. To sum up, the 4 damage parameters are v;o, Yic, pi
and di* with ¢ = 1 or 2, and must be identified.

The effect of the matrix damages are taken into account through the

increase of the effective compliance tensor éef I,
éeff = (gff)_l = éo + d1£1 + d2£2 (7)
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The value of the damage d; (as well as its saturation value di*") may be larger
than 1 because d; and dy increase the stiffness, and di** could asymptotically
tend to infinity. A more classical damage variable D;, upper bounded by 1,

may be alternatively defined as:

di
D; =
1+d,

€ [0,1]. (8)

Permanent strains are neglected here. The effect tensors H; impact differently

the initial compliance S 0 depending on the material direction:

hHS‘fl 0 00 0 0
0 0 00 0 0
0 0 00 0 0
le )
- 0 0 00 0 0
0 00 0 hS 0
0 000 0  hiSo
- - (9)
0 0 0 0 0 0
0 hwS%, 0 0 0 0
0 0 0 0 0 0
&:
= (0 0 0 hwS% 0 0
0 0 0 0 0 0
0 0 0 0 0 kS

where S?j are components of the initial compliance tensor, and h;; are factors
that weight the effect of damage on the compliance tensor in the different
directions.

The local behavior modeled with ODM-PMC is illustrated in Figure 6.

The black points correspond to tensile test data performed in different mate-
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rial orientations at Onera whereas the blue curves are obtained using ODM-
PMC. The experimental global behaviors observed in the 0°and 90°directions
are well captured by the model. In the weft direction, the necessity of in-
troducing a saturation is clearly observed. The good match between the
experimental data and the model for the 45°off-axis tensile test validates the
model for low in-plane shear strain values. The experimental response for
pure in-plane shear loading is unknown since there is no simple test on ele-
mentary 3D woven composite specimen capable of creating a pure in-plane
shear stress state.

[Figure 6 about here]

4. Continuous damage modeling of a stress plateau

The challenge here is to determine the material in-plane shear behavior
that is required to capture the global shear-out failure of the lug. It is
clear from Figure 6 that the ODM-PMC satisfactorily captures the in-plane
behavior of the material for low in-plane shear strain values. Thus, the model
is able to capture the effect of the first matrix cracks that are observed in
Figure 4 at the beginning of the non-linear phase prior to the shear-out
plateau. To depict the load plateau observed in the global behavior of the
lug, it could be considered reasonably that a plateau is also required at the
material scale for pure shear loading. Hence, the local material behavior
that has to be described for a pure in-plane shear loading should present
four distinct phases illustrated in Figure 7. The first two phases can be
accurately be described by ODM-PMC. An almost linear behavior phase is

followed by damage creation and propagation for low in-plane shear strain
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values (phase two). The third phase corresponds to the transition towards
the stress plateau (phase four), that corresponds to the steady development
of matrix cracking for high in-plane shear strain values. The extent of the
transition phase depends on the ratio between the maximal value 7% of the

in-plane shear stress over whole history, up to current time, and the value

lat _ : . :

i of the stress plateau. Since 7{3% is necessarily superior or equal to
plateau s . .

Tio , the transition phase corresponds to a softening behavior.

[Figure 7 about here]

4.1. The Mazars damage model

Mazars [29] developed a model to describe the behavior of isotropic con-
crete materials which presents a plateau for high strain levels. The model
uses the concept of effective stress ¢ for initially isotropic materials:

o
1-D

o=

=C":¢, (10)

where D is the standard damage variable evolving between 0 and 1 and QO
the initial isotropic compliance. In this model, it is assumed that the damage
is isotropic, hence a unique damage variable is considered.

The damage evolution law is given by:

m — Aexp[—B(é‘maz — 80)], (11>

eq

D=1-

mazx
geq

max

with egy

(t) = sup;<, €¢q(7) the maximum value over whole history, up to
current time, of the considered equivalent strain e.,. In this equation, &
is the damage threshold in terms of strain, €., is Mazars equivalent strain

computed from the principal strains e;, ;7 and e;;:

eeg =V (en)? + (ern)? + (e111)?. (12)
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For illustration matters, uniaxial tension is considered in the following, Mazars
equivalent strain €., being equal to the uniaxial strain ¢ = £;. A and B are
the two damage parameters of the model. Their influence is illustrated in
Figure 8. The parameter A monitors the plateau position and the parameter
B drives the kinetics of the damage after the peak stress.

[Figure 8 about here]

The post-peak shape with a non-zero plateau is made possible thanks
to the contribution of the second term (the term —(1 — A)eg/e;*®) in the
damage evolution law (11)). For high strain levels, this contribution tends

toward zero slower than the contribution with the exponential, so that when

¢ tends towards infinity:

D ~ 1_w'
+o0o 9

(13)
Thus, when putting equation (13) into equation (10), the stress tends towards

a constant value oP® the value of the plateau in Figure 8.

o — (1— A)ggE = gPlatean, (14)

e——+o00
4.2. A damage evolution law for the in-plane shearing of the woven composite
material

The formalism of the Mazars model is now extended in order to describe
the plateau of the pursued behavior for 3D woven composites (see Figure 7).

Therefore, two evolution laws are mixed in an original manner:

e first, the ODM-type evolution law which evolves slowly, and is able to

describe non-softening non-linearities,
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e second, and after a threshold governed by the amount of in-plane shear,
the Mazars-type evolution law which causes softening and presents a

post-peak plateau.

Particular attention is therefore paid to the transition between both evo-
lution laws. In order to ensure the continuity for any value of the damage
and of its evolution rate, both ODM-PMC and Mazars damage evolution

__dD

laws are written in a rate form, defined as , D = > and given by :

) Dopm  if |2 |5,
. 70 1< 72 .

DMazm.s otherwise.
The rate Dopas (obtained by deriving Dopar, reported in equation (8), with
dopu corresponding to the derivative over time of the evolution law given
by equation (5)) is given by:

: dop
D = 1
ODM 1+ doom)? (16)

] t €eqg—eo \S1 .
dopm = (d**" —dopm) 5 <—eqs Eeq

dopy = d** <1 _ e;,;p{ _ <mS—O>D (17)

Instead of using the driving forces, the equivalent strain e.4, consistent with

a strain and easier to be used by engineers in design office, is considered
in the damage evolution law and is computed from the ODM-PMC driving

forces (equation (2)) as:

| 2y; g
Eeq; = %, (no sum) with (i = 1, 2) (18)
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Nonetheless for readability matters, the index indicating the affected (degra-
dation) direction (i = 1 or 2) is omitted here (for ., as well as for Dopu

and dODM)-

max

The maximum value 7

of ., over the whole history, up to current
time, is considered, so that damage can only increase, especially when the
loading rises up to the last highest value, so that Kaiser effect can be ensured:

d d
emIT(t) = supeey(T) so that —en = < &?m”> >0 (19)

eq t<r At e % eq

The rate %52’;‘”‘ = £¢,"" 1s the time derivative of this quantity and is used
in equations (17). For each direction, 4 parameters are used: eg, S, s, d°*
for the ODM-type law, corresponding to respectively o, ., p and d** in
equation (5).

The second phase of the behavior, described by the Mazars-type evolution
law, is only relevant to in-plane shear loading. Hence, the switching between
both evolution laws is defined here as a function of the amount of in-plane
shear strain only (using the threshold %, expressed in equation (15)). The

expression of the derivative evolution law associated to Mazars damage law

(DMMMS) is given by:

. 1—A—Dg)eS A Eog — €S
DMazars = ( S) = T P <_ <u ég;ax (20)

£2, S. S.

Therefore, for each direction, 2 parameters A and S, must be identified for
the Mazars-type law, which correspond to A and 1/B in equation (11). The
quantity efq is not a parameter of the model but corresponds to the value
of £, at the transition between both laws (using the transition values of the

strain tensor in equations (18) and (2)), which is loading dependent. Also,
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Dg = D(Efq) is the corresponding damage value of the damage D computed
at the transition value of the equivalent strain Efq. It is worth pointing out
that the proposed law (15) enforces the condition D aeq:ioo 1.
The sensitivity of the local behavior to the newly introduced model pa-
rameters A and S is shown in Figure 9. More precisely, we compute the
plateau

sensitivity of the behavior to a new variable 7, computed from A which

directly corresponds to the stress value at the plateau:

phlateat _ (1 — A — Dg)es, (21)

The parameter 772" also affects the damage evolution of the softening

transition phase. The peak in the in-plane shear strain-stress curve is sharp

for high values of 7/"“** while it gets smoother for lower values. The lower

is the value of 772* the more delayed is the peak from the threshold ~5,.

The shape of the transition between the ODM-type damage law and the

plateau is also affected by the parameter S, that controls the evolution of

the softening part of the model. The lower is the value of S., the more brutal

is the transition. Thus, both parts of the model can easily be identified with
plateau

the two law parameters 77, and S..

[Figure 9 about here]

4.8. Summary of the model

The equations of the model can be summarized as follows. The effects of

the damages are taken into account through the effective compliance tensor

Selt.

o=CY ¢ (22)

18



with:

D D
effy\-1 _ geff _ g0, ~1 2
<g ) é é + 1— D1£1 + 1 — D2£2’ (23>

where S 0 is the initial compliance of the material and the tensors H, and H )
describe the effect of the damages in the warp and weft directions respectively.
D, and D, are the corresponding damage variables that describe matrix
cracking. Both variables evolve from 0 to 1. The evolution laws of the
damage variable D; and D, are written in a rate form as follows:
If | 712 [< 773, then
D= 5 withd; = (2 — d) % <—5qu' — >SH gmer(24)
(1+d;)? ‘ Si Si e

Otherwise, if | v1o |[> 73

. (1 - Az - DSi>€equ’ Az Eeqi — gfqi ~max
D, = qui + S_cz exp | — S—cz Ceqi (25)

Each damage variable depends on 7 material parameters to be identified.

For low in-plane shear strains (| 712 |< 7%,), the evolution of the damage is
governed by an ODM-type law. The values of the corresponding 4 parameters
€0i, Si, Si, di (with ¢ = 1,2) can be deduced from variables presented in
section 3. For higher in-plane shear strains (| vi2 |[> 73;), the evolution of
the damage switches to a Mazars-type law.

The 3 parameters that drive the evolution of the damage, A;, Se;and 4% |,
cannot be identified easily on simple specimens, but only by inverse method
on composite structures. The threshold ~5,, a material parameter, is set to the
maximal shear strain measured by DIC at the beginning of the shear-out
plateau. The parameters A; and S; as for them are identified, by trial and

error, to match the experimental behavior with the simulation of the lug in
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tension. To that end, the model is implemented into the Abaqus Standard FE
software in Section 5.1, and a FE model of the lug is built in Section 5.2. The
values of the parameters depend on the material direction due to the
unbalanced ratio between the warp and weft tows. However in the following,
for the sake of simplicity, identical values of A; and S; are used for both
directions (i = 1 or 2). The material behavior obtained with the proposed
model and identified parameters is illustrated in Figure 10. For reasons of
industrial confidentiality, the values of the identified parameters are not
provided.
[Figure 10 about here]

5. FE analysis of the shear-out failure of the 3D woven composite

lug

5.1. Numerical tmplementation

The material model has been implemented as a UMAT in the Abaqus
Standard finite element code. Special attention has been paid to the transi-
tion between the two evolution laws and the computation of the Dg and sesq
quantities to avoid introducing any dependency on the discretization of the
load. The behavior law is explicit with respect to the total strain. The local
integration is explicit, which contributes to the overall efficiency and stabil-
ity of the implementation. The tangent stiffness matrix has been checked for
various multiaxial and non-proportional loading states to validate the model
and minimize the computational times.

To avoid localization issues related to the softening damage, the Mazars-

type evolution law is regularized by adding an artificial visco-damage effect
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7; [35, 36, 37] in the damage evolution law:

Dy, = ~(Di - D.,). (26)

T’L
where D, corresponds to the regularized damage variable. In this work, the
regulation parameter 7; is considered as a numerical parameter in the case

of quasi-static loading rates.

5.2. FE model

The Finite Element (FE) simulation is performed on the lug with the
commercial FE software Abaqus Standard. To reduce the computational
time, symmetry conditions are enforced to model an eighth of the lug only,
as illustrated in Figure 11. The model comprises 29.226 linear hexaedric
(C3D8) elements and 102.822 degrees of freedom. An analytical surface rep-
resentative of a rigid axis, which is in contact with the boundary of the hole,
is introduced in the model. In the simulation, a displacement is applied to
the axis at a rate which is representative of the test. As a matter of sim-
plicity, the friction coefficient is set here to 0. A region of the upper surface
of the lug (shown in red in Figure 11) is blocked in the 3 directions. The
corresponding area agrees with the clamping jaws area in contact with the
lug.

[Figure 11 about here]

5.5. Results and discussion

The global load-displacement behavior is illustrated in Figure 12. The
figure compares the results obtained using ODM-PMC, the proposed model

and the experimental data. The responses of the two models are identical
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in the first phases of the test. The first stages of the damage are correctly
captured, although the non-linearity of the experimental curve is slightly un-
derestimated before reaching the load plateau. The interest of the proposed
damage model over the ODM-PMC becomes obvious for the description of the
load plateau characteristic to the progressive and stable development of the
shear-out failure of lug. The ODM-PMC underestimate the non linear
response, while the proposed model describes a stable load plateau.

[Figure 12 about here]

Figures 13 and 14 illustrate the pattern of the damages Dy and D, respec-
tively. The damage patterns are given for four different values of the imposed
displacement shown in Figure 12. The figures compare the damage patterns
obtained with ODM-PMC and with the proposed model. At the instants (a)
and (b), the patterns of the damage D are rather similar with the two mod-
els. The damage D, develops itself along the shear-out plane, starting from the
boundary of the hole. With the proposed model, the damage D, seems to be
slightly ahead of the ODM-PMC damage, and the maximal values of D is
more localized along the shear-out plane.

However, the patterns of the damage D, are very dissimilar. Even if the
global behaviors, depicted in Figure 12, seem to be similar with ODM-PMC
and the proposed model until instant (a), we can see that the patterns of the
damage Dy are not similar at this time. These differences can be explained by
the fact that, in the proposed model, the shear threshold associated to the
Mazars evolution law is reached locally at some integration points, close to the
hole. The stress distribution and then the damage patterns are therefore

different.
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At the instant (a), the ODM-PMC damage D; is already developed along
the whole shear-out plane and reaches saturation in nearly half of the lig-
ament. The evolution of the damage D, with the proposed model is much
slower and can be followed step by step from instant (a) to instant (d). The
damage develops steadily along the shear-out plane until crossing the whole
ligament. During the global load plateau, the damage D, stays localized
along the shear-out plane. Both damage variables reaches values close to 1
along the whole ligament, clearly indicating that the local Mazars plateau is
reached at every integration point along the shear-out plane. The damages
with ODM-PMC tend to spread in a much larger area and fail to reproduce
the distinctive damage pattern of the shear-out failure.

It can be seen from Figure 13 that the damage D; also develops during
the load plateau in the net section and behind the hole. The damage in the
net section is due to the increasing longitudinal strains. The damage behind
the hole is due to the global deformation of the lug that generates in-plane
shear strains in this area.

It is clear from Figures 13 and 14 that the damage patterns in the simu-
lations differ in both directions. In the present work, identical values of A; and
S; are used for both directions (i = 1 or 2). This choice is arbitrary considering
that the 3D-woven composite material used here is highly unbal-anced.
Further work is needed to perform a more accurate identification of the model.
Additionally, the only non-linear mechanisms that is considered in this paper
is matrix damage. Thus, all the non-linearities observed for the off-axis 45°-
test in Figure 6 and Figure 10 are due to the effect of the matrix damage. In

particular, matrix viscoelasticity is neglected. Adding
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viscoelasticity mechanisms to the model will also affect the identification of its
parameters.

All in all, the proposed model could be used in design and analysis office for
sizing lugs made of the same range of 3D woven composite material, with
homothetic dimensions with respect to the presented lug. In such a con-
figuration, shear-out remains the predominant failure mode. The proposed
model should be therefore adapted to predict its failure. Attention must be
paid to the modification of the hole diameter, which implies a change of lo-cal
crack velocity. Hence the necessity to adjust the artificial visco-damage effect,
and the model parameters that drive the damage evolution law.

Considering a lug -made of the same material- with any shape or size, there
is a competition between the failure modes, namely shear-out, bearing and
tension. The proposed model succeeded to model shear-out. It has been shown
in past work that the ODM-PMC model was already well-tried to model
bearing [38] and tension [39, 34]. Further work should be carried out to add the
current modification on matrix cracking to the whole ODM-PMC model in
order to have a model capable of predicting any mixed-mode failure of a 3D
woven composite lug.

[Figure 13 about here]

[Figure 14 about here]

6. Conclusion

The shear-out failure mode for mechanically fastened joints can be critical
for some specific applications. This is typically the case for monolithic 3D

woven composite lugs. In this study, such a lug is tested up to failure. The
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global load displacement curve exhibits a stable load plateau corresponding
to the development of the shear-out failure. The failure is monitored using
both digital image correlation and acoustic emission. X-ray tomography is
performed after the test. The experimental data show that the shear-out
failure is driven by the constant development of matrix damage along two
parallel planes extending through the whole thickness from the hole boundary
to the end of the lug.

A progressive damage model is proposed to describe the shear-out fail-
ure of the 3D woven composite lugs. This model is based on the Onera
Damage Model for Polymer Matrix Composite (ODM-PMC), a continuum
damage model developed for 3D-woven composites with polymer matrix. The
ODM-PMC matrix damage evolution law is combined with a Mazars-type
evolution law to describe a first non-softening damage phase for low in-plane
shear strain values, followed by a short softening damage phase that ends
with a stress plateau for high in-plane shear strain values. Specific attention
is paid to the identification of the parameters of the damage law. The mod-
ified material model is implemented as a UMAT in Abaqus Standard. The
model is applied to the detailed finite element analysis of the lug. The global
behavior and the shear-out failure of the lug are successfully captured.

Further work is needed to introduce the matrix viscosity into the model
and to describe the residual strains observed after unloading, that could be

due to friction effects preventing the closure of the matrix cracks.
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A. Formulation of positive strains

The formulation of the positive strains €™, for orthotropic materials in
the present case, is based on the works of Ladeveze and Lemaitre [40], Ortiz
[41], [42], and Ju [43] for initially isotropic materials. These authors defined
the positive strain tensor € as the positive part (using Macaulay brackets)
of the total strain tensor in terms of principal value,

3 3
€= ZA[eI ® ey, et = Z()\ﬁel ®er (27)
I=1

I=1

Thanks to the consideration of an initial orthotropy, such a definition has
been modified [33, 34] to enable the calculation of the derivative of the posi-
tive strains and the tangent matrix of the model. A simplified positive strain
is computed for each damage (d;,7 = 1,2) in the model, in the orthotropy
basis. One defines a driving strain €% for each degradation mechanism, such
as the only non zero strain components (€%);; are those present in the corre-
sponding driving force (see equation (2)). For instance, in the warp direction

(¢ = 1), driven by ¥, only strains e17, €12, and €13 are considered, therefore

eB = g1y, €Y =B = ¢y, z—:‘fé = egi = €13. The considered strain tensors are:
€11 €12 €13 0 €2 O
d d
€' =lep 0 0, €7 = lep ex e - (28)
€13 0 0 0 €32 0
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This definition holds only in the orthotropy basis of the material.

Then, with this strain tensor €%, the methodology proposed by Ladeveze-
Lemaitre and others is applied, defining (¢%)* as positive part —in terms of
principal values, using equation (27)— of tensor €%. A compacter notation is
also proposed in the paper and used in equation (2) for the sake of readability,
(e%)* is noted e%*. After simplification, this leads to equations (29) and

(30), for positive strain defined in the warp direction (damage d;).

di+ _ ()3
i = Tq,
2
edtt . gc1i§+ _ (5131) (29)
6d1+ _ (e13\)?
13 - o1 9

where

AL = %(511 + \/5%1 +4(ety +€3)), (30)
O = AT+ (e, +iy)-
and the same for g%+,
This simplified formulation allows to derivate the positive strain with
respect to the strain, and thus to analytically defined the tangent matrix.

Also it is able to describe a reinforcement in compression and shear, with no

additional parameters.
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Figure 6: Comparison of the test data and the predicted behavior with ODM-PMC for the
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