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Abstract: The influence of varying shim layers on the progressive damage/failure of a composite component in a
bolted composite-aluminum aerospace structural assembly was investigated using a non-linear three-dimensional
(3D) structural solid elements assembled model of a carbon fiber-reinforced polymer (CFRP)-aluminum single-lap
joint with a titanium (Ti-6 Al-4V) fastener and a washer generated with the commercial finite element (FE) soft-
ware package, ABAQUS /Standard. A progressive failure algorithm written in Fortran code with a set of appropri-
ate degradation rules was incorporated as a user subroutine in ABAQUS to simulate the non-linear damage behavior
of the composite component in the composite-aluminum bolted aerospace structure. The assembled 3D FE model
simulated, as well as the specimen for the experimental testing consisted of a carbon-epoxy IMS-977-2 substrate,
aluminum alloy 7075-T651 substrate, liquid shim (Hysol EA 9394), solid peelable fiberglass shim, a titanium fas-
tener, and a washer. In distinction to previous investigations, the influence of shim layers (liquid shim and solid
peelable fiberglass shim) inserted in-between the faying surfaces (CFRP and aluminum alloy substrates) were in-
vestigated by both numerical simulations and experimental work. The simulated model and test specimens con-
formed to the standard test configurations for both civil and military standards. The numerical simulations correla-
ted well with the experimental results and it has been found that: (1) The shimming procedure as agreed upon by
the aerospace industry for the resolution of assembly gaps in bolted joints for composite materials is the same for a
composite-aluminum structure; liquid shim series (0.3, 0.5 and 0. 7 mm thicknesses) prolonged the service life of
the composite component whereas a solid peelable fiberglass shim most definitely had a better influence on the 0. 9
assembly gap compared with the liquid shim; (2) The shim layers considerably influenced the structural strength
of the composite component by delaying its ultimate failure thereby increasing its service life; and (3) Increasing
the shim layer's thickness led to a significant corresponding effect on the stiffness but with minimal effect on the
ultimate load.
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0 Introduction

Due to their high specific stiffness, higher
specific strength and other better performances,
composite materials are hugely being utilized in
the aerospace industries for both civil and military

[1,2]

applications Although composite materials
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are extensively being used because of the afore-
mentioned reasons, composite structures are sus-
ceptible to damage as a result of their brittle na-
ture and other technical issues like shimming™*,
Aluminum alloys, however, are still being used
in the aerospace industry despite the growing us-

age of composite materials. An example of the
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use of hybrid materials (that is composite-metal
structures) is the fighter jet JAS39 Gripenas
shown in Fig. 17'. Furthermore, some aircraft
manufacturers like Airbus still maintain a signifi-
cant percentage of aluminum alloys in its manu-
factured aircrafts (A320's airframe is composed
of aluminum alloy) which make the assembly of
hybrid structures (composite-aluminum) inevita-
ble. In the assembly of aerospace structural com-
ponents, there are several mechanical fasteners
employed and as a result, holes have to be drilled
for the installation of these mechanical fasteners.
Before starting to drill the hole and with subse-
quent fastener installation, it is imperative to
check all joints for the presence of gaps. This is
because the presence of gaps can needlessly pre-
load the metallic members when fasteners are in-
stalled prompting a condition that can cause pre-
mature fatigue cracking and even stress corrosion
cracking of an aluminum component. Howbeit,
gaps in structures containing composites can
cause even more serious problems than in metallic
structures. Since composites do not yield and are
more brittle and less lenient than metals, exces-
sive gaps can result in delaminations when they

are pulled out during fastener installation.

Composite
Metal

Fig.1 Composite and metal materials in JAS39 Gripen

This phenomenon put the composite in a
bending due to the exerted force by the fastener
drawing the parts together and can develop matrix
cracks and/or delaminations around the holes.
Cracks and delaminations normally occur in mul-
tiple layers through the thickness and can signifi-
cantly affect the joint strength™,

There have been several studies into the pro-
gressive failure of composite materials. Tsai and
Wu'”; Reddy and Pandey™; Turvey™; and

Hashin™" revolutionized the studies into the pro-

gressive failures of composite materials. Other

1

authors like Chang and Chang'' developed the
progressive damage analysis of notched laminated
composites subjected to tensile loading. The pro-
gressive failure method employed in Ref. [11]
was a nonlinear FEA that used the modified New-
ton-Raphson iteration technique to develop the
state of stresses in a composite component. Also,
Chang and Lessard™* conducted an investigation
into the damage in laminated composites contai-
ning an open hole subjected to a compressive
loading. Contributing to the advances in failure
theories of composite materials, Reddy et al. "*’e-
valuated both linear and non-linear first-ply fail-
ure loads of composite plates for different edge
conditions and load cases. The apparent complex-
ities associated with composite materials made the
aforementioned failure theories to have had limi-
tations which necessitated and motivated other
authors to further refine these existing theories.
An example of a refined theory for the progres-
sive failure analysis of composite materials has
been developed and successfully implemented in
the works of Ref.[14].

There has been some published literature on

L5970 but most studies were skewed to-

shimming
ward liquid shims™®%*, With regard to the analy-
sis of failure of composite materials with ashim,
the authors Hiihne et al.'™; Dhote et al. %7,
Comer et al.™! and Liu"** conducted studies
using single-lap bolted joints with a liquid shim.
In investigations of Ref. [22], in particular, it
was concluded that the stiffness of the joints de-
creased due to the presence of liquid shim, and
the joint stiffness decreased with an increasing
liquid shim thickness. Comer et al. " investiga-
ted thermo-mechanical fatigue tests on hybrid
joints with liquid shim layers and concluded that
there was no degradation in respect to the me-
chanical stiffness for the liquid shim. Zhai et
al. %) studied the effect of solid shim and liquid
shim on composite-aluminum bolted joints by u-
sing a 3D Digital Image Correlation. Although,
the investigation of Rel. [23] was "supposed” to

be about solid shim and liquid shim, however, it
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was carried out experimentally hence the objective
of this research to investigate the influence of
both liquid and solid peelable fiberglass shim u-
sing finite element analysis and experimental

study.

1 Materials for Experimental Tes-
ting and Finite Element Modeling
of Composite-Aluminum Bolted
Joint

The 3D finite element (FE) assembled model
and the test specimens were an idealization of an
aircraft’ s wingbox sub-structural components.
That is a composite wing panel and an aluminum
rib. Aluminum alloy 7075-T651 was chosen for
this study because of its use in the aerospace in-
dustry for highly stressed and critical structural

partS[G”—]

. The test specimens, as well as the FE
model, were composed of the parts (Figs. 2,3):
A hi-shear corporation fastener with a protruding
head (HST-12-8) and a washer all composed of
( Ti-6Al-4V-

STA); one plate made of the carbon fiber-rein-

aerospace grade titanium alloy
forced polymer (CFRP) material-carbon-epoxy
IMS-977-2 (Cytec Industries Inc. ) with the quasi-
isotropic stacking sequence being [ +45/90/—45/
0/90/0/—45/90/445/—45], and with a total ply
thickness of 0. 188 mm for 20 plies; the other
plate is made of a high strength aerospace grade

135
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Fig. 2 Dimensions in millimeter of the single-lap
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Fig. 3 Dimensions in millimeter of the single-lap com-
posite-composite-aluminum bolted joint without

shim aluminum bolted joint with shim

aluminum alloy, 7075 T651. Two CFRP support
plates were adhesively bonded to the main plates
to avoid excessive bending. Commercially availa-
ble liquid shim material-Hysol EA9394 of Henkel
Corporation and a solid peelable fiberglass of
LAMECO group manufactured under the CO-
MAC standard CMS-MT-301 were the other ma-
terials utilized. The FE model and the test speci-
mens were based on the test standards of Ameri-
can Society for Testing and Materials (CASTM) ,
D5961/D5961M-13%" and recommendations in
Ref. [207]. The single-lap model of the composite-a-

luminum bolted joint specimen is shown in Figs. 2,3.

2 Finite Element Model

A non-linear 3D solid elements model of a
single-lap composite-aluminum assembled struc-
ture with and without shim layers under a quasi-
static tensile loading was developed using the
FE program ABAQUS/Standard
6.130%) and in accordance with Refs. [20,24].

The developed model was without the doublers as

commercial

shown in Fig. 4. The bolt, collar, and the washer
were modeled as a unit as shown in Fig. 5 because
they were engaged together and they are com-
posed of the same titanium material. There were
nine different kinds of composite-aluminum bol-
ted joints. Namely, without a shim, with a liquid
shim (0.3, 0.5, 0.7 and 0.9 mm thickness) and
with solid peelable fiberglass (0.3, 0.5, 0.7 and
0.9 mm thickness).

The strength and elastic properties®®! for the
carbon-epoxy IMS-977-2 substrate are shown in
Table 1. The meshed CFRP had a total number
of 37 040 elements after it has been seeded with
20 elements in the thickness direction, 15 ele-
ments equally distributed in the area covered by
the fastener head and 20 elements equally distrib-
uted on the half periphery of each fastener hole
along the circumferential direction. Structured
hexagonal mesh controls were assigned and a
stack direction assigned in the isometric view.
The meshed CFRP plate as shown in Fig. 6 was
developed using the element type C3D8R:. An
eight-node linear brick, reduced integration,

hourglass control in Abaqus.
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Fig. 4 Developed model

Fig. 5 FE model of bolt-collar-washer

Table 1  CFRP elastic and strength properties

Property Value
Longitudinal modulus E, /GPa 156
Transverse modulus E,, /GPa 8. 35
Out-of-plane modulus E;;/GPa 8.35
In-plane shear modulus Gy, /GPa 4,2
Out-of-plane shear modulus Gy3/GPa 4.2
Out-of-plane shear modulus Gy /GPa 2.52
In-plane Poisson's ratio U1y 0.33
Out-of-plane Poisson’s ratio V13 0.33
Out-of-plane Poisson’s ratio Vs 0.55
Longitudinal tensile strength Xt /MPa 2 500
Longitudinal compressive strength Xe 1 400
Transverse tensile strength Yo 75
Transversecompressive strength Ye 250
Out-of-plane tensile strength Zn 75
Out-of-plane compressive strength A 250
In-plane shear strength S12 95
Out-of-plane shear strength 13 95
Out-of-plane shear strength S23 108

Fig. 6 CFRP meshed FE model

The aluminum plate and titanium parts were
modeled using their elasto-plastic material behav-
iors as shown in Table 2. The AA7075-T651 was
modeled same as the CFRP with the only differ-
ences being the seeding in the thickness direction
where 10 elements were used and there was no as-
signing of stacking direction. The meshed
AA7075-T651 plate in Fig. 7 has a total number

of 17 520 elements. Titanium parts (meshed Ti-

Fig. 7 AA7075-T651 meshed FE model

6A1-4V STA is shown in Fig. 8) were modeled
same as the CFRP but with different approximate
global size (0. 6 used) and mesh controls (sweep
used).

The Hysol EA9394 of Henkel Corporation
and the solid peelable fiberglass were modeled
using their elastic properties as shown in Table 3.
The shim materials (an example shown in Fig. 9

is a meshed model of a shim with a thickness
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Fig. 8 Bolt-collar-washer meshed FE model

of 0.3 mm) were also modeled same as the CFRP

but with an approximate global size of 0.7and

seeded with 3 elements in the thickness direction
for a shim thickness of 0. 3 mm (5 elements and

7 elements for shim thickness of 0. 5 mm and

0.7 mm, respectively).

Fig. 9 Shim material meshed FE model

Table 2 Elasto-plastic properties of AA7075-T651*") and Ti-6Al-4V STA'"

Young's .
Material modulus Poisson’s ratio v Yield Plastic strain e,
E/MPa stress ¢,/ MPa
490 0
AA7075-T651 71 700 0. 306 501 0.002
561 0.09
950 0
Ti-6Al-4V STA 110 000 0. 29 1034 0.002
1103 0.1

Table 3 Elastic properties of Hysol EA9394"*) and solid peelable fiberglass™"

Property

Hysol EA9394

Solid peelable fiberglass

Young's modulus/MPa

. i .
Poisson s ratio v

4 330 84 700
0.35 0.24

The boundary conditions of the FE model in
Fig. 10 has the "Reference Node 2" (RP-2) which
is the aluminum plate held fixed in all six degrees
of freedom (U, .U,, U.,R,.R, and R.) because it
is clamped and the "Reference Node 1" (RP-1)
which is the CFRP plate held fixed in two transla-
tional directions (U, and U.) and in all three rota-
tional directions (R, ,R, and R.). A pull distance
of 10 mm was then applied to RP-1 in the U, di-
rection.

The clamping force of 10 kN produced by
the tightening torque was applied through a bolt
load function as shown in Fig. 11 in ABAQUS.
The contact relationships were defined for contact
pairs interacting with each other using a stringent
[25]

master-to-slave rule A total of six contact

pairs were defined and implemented in the FE

Fig. 10 Boundary conditions on the plates

model under the interaction section in Abaqus.
Contact was modeled between (a) the main
plates, (b) between fastener (shanks) and plate
holes, (c) between shim, plates, fastener shanks

and plate holes, (d) between aluminum plate and
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Fig. 11 Bolt load application

washer (bottom surface) and (e) between collar
(upper surface) and composite plate. The con-
tacts were defined using the penalty method with
hard contact, friction, and finite sliding. "Finite-
Sliding” allows for any arbitrary motions of the
faying surfaces and the active contact constraints
any changes during the analysis. ”Small-Sliding”
is used if there is a relatively little sliding of any
surfaces interacting with each other. A surface-
to-surface contact option was used for all con-
tacts, several coefficients of friction were used in
the model and their value depended on the compo-
nents in contact. The frictional coefficient for the
interaction between the composite plate and the
titanium parts: 0. 16%% . Frictional coefficients of
0. 2885 and 0. 2355%% were used for interactions
between aluminum plate and titanium parts, and
between composite plate and aluminum plate, re-
spectively. The additional frictional coefficient
which is 0. 2 (assumed) , was assigned to all other
parts interacting with the shim materials. The
surface of the modeled shim was tied onto the
composite plate and as shown in Fig. 12, special
elements (springs/dashpots) were used to con-
nect points to ground. RP-1 was used to create a
set (set-coupling) and with set-coupling as the
control points, a constraint (coupling kinematic-
type) was created using the surface on which RP-
1 was situated.

With this done, the set-coupling was used to

generate the needed FEA results for analysis.

Fig. 12 Boundary conditions on the assembled model

3 Progressive Damage Modeling of CFRP

Damage in composite structures is internally
initiated and accumulated over a period of time
before structural failure. The use of failure crite-
ria alone to predict the ultimate failure is not
enough because the failure criteria predict the on-
set of the damage occurring hence there is the
need to develop an algorithm to simulate the non-
linear material behavior in the composite struc-
ture. The developed algorithm: The progressive
damage, is based on the ply-discount method.
The failure modes with their criterion; and the
material property degradation rules used in the
progressive damage model (PDM) are adequately
documented in Ref. [ 14 ]. The PDM is an integra-
tion of the stress analysis, failure analysis, and
material property degradation. The flowchart for
the progressive failure algorithm™ is shown in
Fig. 13 and the following steps give a detailed ex-
planation of the flowchart;

Step 1 The development of the 3D solid FE
model of the composite-aluminum bolted struc-

ture by inputting the various material properties,
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boundary conditions, contacts, initial load and fi-
nal load step.

Step 2 Non-linear stress analysis is per-
formed.

Step 3 Failure analysis is performed by ap-
plying the failure criteria.

Step 4 Ply failures are checked:

(1) If no failure is predicted, the applied
load, F™ is increased by an increment, AF accord-
ing to the equation; F” = F"' + AF , and the
program goes back to Step 2.

(2) If there is a mode of failure being predic-
ted, then the program moves on to the next step.

Step 5 The degradation of the material
properties of the plies that had failed.

Step 6

(1) If the final failure is reached, the pro-

Final failure checking:

gram stops.

(2) If not, the program goes back to Step 2
and the non-linear stress analysis is carried out
again so as to calculate the redistributed stresses.
Convergence at a load step is assumed (is proved
to be a good compromise between accuracy and

L) when no additional failure

time consumption)
is detected.

The PDM written in FORTRAN was imple-
mented into Abaqus/Standard as a user-defined

USDFLD. The degradation rules

were implemented using the field variables (FV)

subroutine,

which are dependent on the failure criterion of
mode. The USDFLD,
ABAQUS, provides the user a method to write a

each failure within
program that updates the FV at every integration
point for each increment in the analysis according
to the failure criteria values obtained during the
solution.

At the beginning of each increment, the US-
DFLD, using the utility subroutine GETVRM,
accesses the material point quantities for every in-
tegration point in the model and these solution-
dependent field variables (SDV) are then used to
create an array of FVs to define the material
properties of the next iteration™’. Additional,
solution-dependent state variables (STATEV),

which provide a dependence of each material point

on its history, may be updated in this subroutine
and the updated values are then passed to another
user subroutines that are called at the material
point. These state variables are eventually trans-
ferred back into the main Abaqus program. Ac-
cording to the different failure modes, there are
four different state variables which are defined to
display the progression of damage during the
post-processing. The failure modes simulated are
matrix failure (FV1), fiber failure (FV2), fiber-
matrix shear failure (FV3) and shear non-lineari-
ty (FV4). After the stress analysis, the genera-
ted stress values are then used to compute the
failure criterion values. If any of the values are
greater or equal to 1, the related field variable for
the integration point with the highest failure cri-
terion value is set permanently to 1, which indi-
cates failure (it is important to note that the deg-
radation models implemented within ABAQUS
degrade at the integration points rather than ele-
ments). And these solution-dependent field varia-
bles are then used to define the material proper-

ties of the next iteration.

Development
of 3-D
assembled
model

!

Stress
analysis

{

Failure
analysis

Check for ply
failures

Increase load

Degradation
of material
properties of
failed plies

Check for final
failure

Fig. 13 Flowchart of the progressive damage algorithm
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4 Experimental Work

The test specimens consisted of two plates
(composite and aluminum), shim materials (lig-
uid shim-Hysol EA9394 and solid shim-peelable
fiberglass) and a prestressed titanium bolt with a
protruding head. The experiment was performed
under quasi-static tensile loading using an elec-
tronic universal testing machine (SANS 4105).
The test machine was manufactured in accordance
with the GB/T 228-2002 code of Chinese National
Standards. The tests were conducted at a loading

velocity of 10 mm/s at room temperature.
4.1 Test specimen preparation

The specimen in Fig. 14 was prepared in ac-
cordance with the configurations in Refs. [ 20,
247]. The liquid shim was prepared in accordance
with the manufacturer’s instructions and applied
to the composite plate. The prepared specimens
were clamped and allowed at least four days to
cure at room temperature. Finally, the plates

were fastened together by the torquing off of the

collars with finger-tightening.

Fig. 14 Composite-aluminum bolted structure

For the specimen with shim materials, the

shim adhered to the mating surface of the com-

Fig. 15 Test specimen with a liquid shim

Fig. 16 Test specimen with a solid shim

posite plate, as shown in Figs. 15,16, for a speci-
men with a liquid shim and a solid shim, respec-

tively. The specimen without any shim is also

shown in Fig. 17.

Fig. 17 Test specimen without shim
4.2 Test set-up and procedure

The test specimens were rigidly clamped into
the testing machine as shown in Fig. 18. The load
application was carried out with a constant trav-

erse speed until structural collapse occurred.

Fig. 18 Test specimen rigidly clamped into the testing

machine

The force against the displacement of the

specimens was recorded by a computer . Fig. 19

Fig. 19 Test set-up for the experiment
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shows the experimental arrangement.

The experiments were stopped after the load
had dropped to 15% of its peak load or after the
occurrence of an excessive displacement. Each
test configuration was repeated with three test
specimens and the results that corresponded accu-
rately with the FE results has been presented in

this paper.

5 Results and Discussion

The numerically simulated results were com-
pared with the experimental data and they were in
agreement very well with each other. Subse-
quently discussed are the load-displacement be-
havior and the influence of the shim layers on the
damage behavior of the composite component.

The test results are shown in Figs. 20 (a—e) and
Figs. 21 (a—e).
5.1 Load-displacement evaluation

The numerically simulated load-displacement
behavior of the composite component was very
similar with the experimentally determined data.
Figs. 20 (Ca—e)

curves for specimen without shims, 0. 3, 0. 5,

show the load-displacement

0.7 and 0. 9 mm shim thickness, respectively
(both liquid and solid shim).

The maximum experimentally determined
load for a specimen without any shims was 16. 09
kN at a displacement of 6. 1 mm but the maxi-
mum experimentally determined load for a speci-
men with a 0. 3 mm liquid shim thickness was
19. 83 kN at a displacement of 9. 7 mm. And al-
so, the maximum experimentally determined load
for a specimen with a 0. 3 mm solid shim thick-
ness was 18. 60 kN at a displacement of 7. 9 mm.
This kind of trend where all the maximum experi-
mentally determined loads and displacements for
specimens with shims being higher than the maxi-
mum experimentally determined loads and dis-
placements for specimen without any shims is al-
so obviously seen in Fig. 20. The reason for such
an observation is the presence of shim. The pres-

ence of shims increased the amount of load needed

for failure and also increased the strength of the
component by increasing the displacement at
which failure occurs.

A further examination of the test results re-
veals that, with regard to the load-displacement
evaluation, the simulated load values were higher
than the experimentally determined load values at
the same displacement and the differences in these
values could be as a result of several factors but
predominately, it could be the: (1) Differences in
material properties used in the FE modeling and
the "actual properties” of the test specimen; (2)
Inherent limitations of the failure method used to
simulate the damage; and (3) Degradation rules
being somewhat different from the "actual failure
progression” of the test specimen.

The progression of the load-displacement
curves for the simulated conditions and the exper-
imental conditions were as a result of friction so,
the choice of the frictional coefficient to be used
for modeling is very important. It has been ob-
served that there is a linearity in the behavior of
the composite component initially before reaching
the peak loads and subsequently experiencing
large displacements before failure. The progres-
sive damage causes such a non-linear curve pat-
tern until the ultimate load was reached. Howev-
er, the ultimate load identified in the experiments
could not be achieved exactly numerically. In
comparison, the specimens with liquid shim se-
ries were a better fit for gap thickness of 0. 3,
0.5, 0.7 mm whereas specimens with solid shim
series were better situated for the gap thickness of

0.9 mm.
5.2 Influence of shim layer

To be able to estimate the influence of the
shim layers on the damage of the composite com-
ponent, it is imperative to plot the stiffness-load
curves. Figs. 21 (a—e) show the stiffness-load
curves for specimen without shims, with 0. 3,
0.5, 0.7, 0.9 mm (both liquid and solid shim)

shim thickness, respectively.
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As shown in Figs. 21 (a—d), generally, the stiff-
ness for both the experiment and that of the nu-
merical simulation decreased with an increasing
load up to the failure point of the component be-
fore gradually also decreasing with a decreasing
load. As for Fig. 21(e), the stiffness for both the
experiment and that of the numerical simulation
decreased with an increasing load up to the failure
point of the component before gradually also de-
creasing with a decreasing load for the liquid shim
specimen but for the solid shim specimen, the
stiffness gradually increased with an increasing
load up to about a displacement of 2. 0 mm before
eventually decreasing with an increasing load up
to the component’s failure point and then finally
decreased with a decreasing load. Probing further
the curves in Fig. 20, it was obvious that with re-
gard to the stiffness-load evaluation, the simula-
ted stiffness values were higher than the experi-
mentally determined stiffness values and it is
much significantly higher for the about first six
stiffness values. The differences in these values
could be as a result of the factors discussed in
Section 5. 1.

The variations observed in Figs. 21 (a—e)
are predominately due to the dissipation of fric-
tion which magnifies the fact that the choice of
the coefficient of friction for the FE modeling is
important. Afterward, the damage evolution
starts and the linear stiffness decreases yield
meant that some elements were completely dam-
aged while others still had some stiffness in
them. The specimen without any shim material
generally exhibited higher stiffness than all liquid
shim series (with the exception of 0. 9 mm shim
thickness) and all solid shim series (with the ex-
ception of 0. 3 mm shim thickness and 0. 5 mm
shim thickness).

It is also clear from Figs. 21 (a—e) that, the
use of liquid shim generally caused a reduction in
the joint stiffness for 0. 3,0. 5, 0. 7 mm shim
thickness. It is worth noticing that the solid shim
was a better fit for the 0. 9 mm shim thickness
because it considerably gave a better stiffness

degradation performance and this may be as a re-

sult of the higher tensile modulus of the solid

peelable fiberglass shim. Fig. 22 shows the dam-

aged specimens after the experiments.

Fig. 22 Damaged specimens

To demonstrate the ”somewhat limitations”
of the PDM used in simulating the damages, a
closer look was taken at the damages for the test
specimen without any shim material and the 0. 3
mm shim thickness (both liquid and solid shim)
as an illustration. The damages for the test speci-
men without any shim material and the 0.3 mm
shim thickness (both liquid and solid shim) are

shown in Figs. 23 (a——c¢), respectively.

Fig. 23

Damaged specimens without shim and with

liquid and solid shims



Cephas Yaw Attahu, et al. Influence of Shim Layers on Progressive Failure of a Composite «:-

In the numerical simulation, the failure
modes matrix failure, fiber failure as well as the
fiber-matrix failure could be displayed but the
shear non-linearity could not be "adequately” dis-
played because the FE-model is an idealization of
the reality hence some assumptions were made.
Those assumptions definitely had an effect on the
actual damage. The view taken for the simulated
damaged images is shown in Fig. 24.

Figs. 25 (a c¢), Figs. 27

c¢), Figs. 26 (a
c)

(a—c)andFigs. 28 (a— c¢) show the simulated

ew used for taking FV1, FV2, FV3 and

damages

FV1 damage for specimens without shim and

with liquid and solid shim thicknesses

FV2 damages for specimens without shim and

with liquid and solid shim thicknesses

four damages (FV1, FV2, FV3, and FV4, re-
spectively) for the specimen with no shim materi-
al, with a 0. 3 mm liquid shim thickness, and
with a 0. 3 mm solid shim thickness.

In addition to an earlier explanation as to
shear damages in

why  the non-linearity

Figs. 28(a—c) could not be " adequately” dis-
played, it should be noted that it has been as-
sumed in the the being used in simulating the
shear non-linearity that, the non-linearity mainly
was caused by the micro-cracking in the matrix
and the PDM could not simulate " such micro-

cracking”.
6 Conclusions

A three-dimensional finite element model of
gle-lap, single-bolt composite-aluminum as-

sembled structure has been developed to investi-
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Fig. 27 FV3 damages for specimens without shim and-

with liquid and solid shim thicknesses

gate the influence of varying shim layers on the
progressive damage/failure of a composite compo-
nent in a bolted composite-aluminum aerospace
structural assembly and the numerical results val-
idated against the experimental results were gen-
erally in good agreement. From the analysis, the
following was discovered:

(1) The shimming procedure as agreed upon
by the aerospace industry for the resolution of as-
sembly gaps in bolted joints for composite materi-
als is same as that for a composite-aluminum
structure: liquid shim series prolonged the service
life of the composite component for the assembly
gaps of 0.3, 0.5 and 0. 7 mm; and a solid peel-
able fiberglass shim most had a better influence
on the 0.9 mm assembly gap.

(2) The shim layers considerably influenced
the structural strength of the composite compo-

nent by delaying its failure, thereby increasing its

FV4 damages for specimens without shim and

Fig. 28

with liquid and solid shim thicknesses

service life.

(3) Increasing the shim layer's thickness led
to a significant corresponding effect on the stiff-
ness but with minimal effect on the ultimate load.

The aforementioned observations cannot be
definitive because other factors, such as thermal
expansion coefficients, failure, and fracture
mechanisms, and degree of plasticity, might in-
fluence the trend observed in this paper for a

composite-aluminum structure.
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