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ABSTRACT

Airframe structures are assembled using mechanical fasteners (bolts) and in assembling these structures,
misalignments do occur due to parts’ geometrical imperfections. This leads to the development of assembly gaps which are
detrimental to the structural integrity of the assembled structure when left unshimmed. This paper seeks to investigate the
influence of the assembly gap and shims on the strains and stresses of a bolted composite-aluminum structure using a non-
linear three-dimensional (3-D) structural solid elements on an assembled compressive open-hole model of a carbon fiber-
reinforced polymer (CFRP) - aluminum alloy (AA).The model was generated with the commercial finite element (FE)
software package, ABAQUS /Standard and the assembled 3-D FE model simulated, as well as the specimen for the
experimental testing, consisted of a CFRP substrate, AA 7075-T651 substrate, liquid shim (Hysol EA 9394), solid peelable
fiberglass shim, a titanium fastener and washer. In distinction to previous investigations, the influence of assembly gap and
shims (liquid shim and solid peelable fiberglass shim) were investigated by both numerical simulations and experimental
work. To validate the results, six (6) strain gages were bonded at various locations on the surface of the composite plate
and the strain values recorded. The experimental results corresponded very well with that of numerical results. The
simulated model and the test specimen conformed to the composite bearing response and the open-hole tensile strength test
standards of American Society for Testing and Materials, D5961/D5961M-13and D5766/D5766M-07 respectively which is
the standard test configurations for this kind of study. 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 same asthat for a
composite-aluminum structure; (2) there were large stress and strain concentrations generated between the assembly gaps
for the unshimmed models :-increasing assembly gaps resulted in an increasing stresses and strains,and (3) the assembly
gap and shims significantly influenced the strains and stresses:-the shims decreased the stress and strain concentrations
generated between the assembly gap.

Keywords: aircraft assembly gap, shim, bolted structures, composite-aluminum, strain, stress.
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Aluminum alloys have been an important LA AR -
aerospace structural material in the development of Figure-1. Metal/ fiber applications in the Airbus
weight-efficient airframes for a long time. The A380 airplane.

development of aircraft capable of flying at high speeds
and high altitudes would have been difficult without the
use of high-strength aluminum alloys in major airframe
components such as the fuselage and wings. Aluminum
alloys are likely to remain an important structural material
despite the growing use of composites in large passenger
airliners such as the Airbus 380, Airbus 350XWB and the -

Boeing 787 [1].The Airbus A380 still makes use of B Amminomisissiiitanisn pyians

aluminum alloys as seen in Figure-1 [2] and Boeing’s 787 . ) )
Dreamliner, which is often described as a composite Figure-2. Materials breakdown of the Boeing 787.
aircraft, contains 20% aluminum alloys (by weight) as

shown in Figure-2 [3]. The advanced Eurofighter Typhoon also makes

use of both aluminum alloys and composites as shown in
Figure-3 [4].
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Figure-3. Materials used in the Eurofighter
Typhoon airframe.

The aforementioned modern aircrafts use of both
composites and aluminum alloys make it imperative to
conduct further studies into issues concerning their
assemblies hence the relevance of this paper in
contributing to such knowledge database.

Furthermore, assembly-induced delaminations
were found in the AV-8B and F/A-18 aircraftswhere gaps
existed between the surface skin, substructures and where
the two (surface skin and substructures) were attached
with fasteners. Gap conditions in these aircrafts were
improved with the proper use of a liquid shim material and
with changes in tool geometry, and detail part geometry
[5]. The practice in the aerospace industry is to use aliquid
shim to fill gaps between 0.13 mm and 0.76 mm, and to
use a combination of solid and liquid shim for gaps
beyond 0.76 mm [6].

Though there has been some published literature
on shimming [7-9], they are skewed toward liquid shims
[10-13] and only a few [14] involving both liquid shim
and solid shim but carried out experimentally. Even more
revealing is that there is not enough published literature on
the kind of study conducted in this paper. [15] Conducted
a similar study which was skewed towards liquid shim and
was for only composite substrates.

The shim materials used in this study are the
commercially available liquid-shim materials—Hysol
EA9394 [16] and solid peelable fiberglass shims. Liquid
shim materials are typically thixotropic epoxy based
thermosetting ~ compounds  exhibiting: (i)  good
compression properties, and (ii) resistance to mechanical
fatigue. Other important properties of liquid shim
materials include viscosity, handling time, drilling-time
and fastener-installation-time [12]. Laminated (solid
peelable fiberglass) shims-E glass fiber is shims that have
peelable layers that allow an engineer to adjust the
thickness of the shims right at the assembly line. This
means that instead of keeping large stocks of different
sized shims or stacking loose shims, an assembly line
engineer can peel back the layers of the shim to adjust for
tolerances right on the site. In this way, the close
tolerances of a precision shim are obtained without the
considerable time and expense of precision manufacturing
for each shim. AA 7075-T651 was chosen for this study
because of its use in the aerospace industry for highly
stressed and critical structural parts [17,18]. The other

components were also chosen based on their applications
in the aerospace industry.

MATERIALS FOR EXPERIMENTAL TESTING
AND MODELING OF THE COMPOSITE-
ALUMINUM BOLTED JOINT

The test specimen, as well as the finite element
model, were composed of the following parts (Figure-4); a
hi-shear corporation fastener with a protruding head (HST-
12-8) with a washer all composed of aerospace grade
titanium alloy (Ti-6Al-4V-STA), one plate made of CFRP
material carbon-epoxy IMS-977-2 (Cytec Industries Inc.)
with its quasi-isotropic stacking sequence being [+45/
90/—-45/0/90/0/—45/90/+45/—45]s and with a ply
thickness of 0.188 mm for 20 plies (total plate thickness
being 3.76mm), and the other plate was made of a high
strength aerospace grade aluminum alloy, AA 7075 T651.
Commercially available liquid-shim material-Hysol
EA9394 of Henkel Corporation and a solid peelable
fiberglass of LAMECO group manufactured under the
Commercial Aircraft Corporation of China (COMAC)
standard CMS-MT-301 were incorporated into the
assembled model as seen in Figure-5. The simulated
model and the test specimen conformed to the composite
bearing response and the open-hole tensile strength test
standards of American Society for Testing and Materials,
D5961/D5961M-13[19] and D5766/D5766M-07 [20]
respectively. The open-hole compressive model’s
geometry of the composite-aluminum bolted joint
specimen without any shim material is shown in Figure-4
and that of, with a shim material is shown in Figure-5.
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Figure-4. Dimensions in mm for the open-hole
composite-aluminum bolted joint compressive
model without any shim material.
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Figure-5. Dimensions in mm for the open-hole
composite-aluminum bolted joint compressive
model with a shim material.

The open-hole composite-aluminum assembly
compressive model was based on a typical assembly error
[15] as shown in Figure-6.

The FE model and the test specimen were an
idealization of an aircraft’s wingbox sub-structural
components which are a composite wing panel and an
aluminum wing spar.

Composite wing panel Applied force

/

Aluminum wing spar

Applied force

Figure-6. A typical aircraft’s wingbox substructure
assembly error’s geometry.

Finite Element model

A non-linear 3-D solid elements model of an
open-hole composite-composite and composite-aluminum
assembled structures with and without shim layers under
static compressive loading were developed using the
commercial finite element program ABAQUS/standard
6.13 [21] according to [19,20] configurations. The
developed model for a composite-aluminum assembled
structure without and with a shim material is shown in
Figure-7(a) and Figure-7(b), respectively. The bolt, collar,
and the washer were modeled as a unit as shown in Figure-
8 because they were engaged together and they are
composed of the same titanium material. There were
fifteen (15) models in totality each for the composite-
composite and composite-aluminum bolted joints. These
models are: without shim (0.1mm,0.3mm, 0.5mm ,0.7mm
and 0.9mm thickness), with liquid shim (0.Imm,0.3mm,
0.5mm ,0.7mm and 0.9mm thickness) and with solid
peelable fiberglass (0.1mm,0.3mm, 0.5mm ,0.7mm and
0.9mm thickness). The plates were cut

(1/4 of the plate thickness in the z — direction) to
avoid overconstrainting the assembled structure.

(i) Isometric view

Steel

Assembly
gap

(i1) Side view
Figure-7(a). FE model of composite-aluminum bolted
joint compressive model without a shim.

Shim
material

F

Figure-7(b). FE model of composite-aluminum bolted
joint compressive model with a shim.

Figure-8. FE model of bolt-collar-washer.

Subsequently presented is a detailed literature on
the FE modeling and material properties of specimen used
in the modeling.

Carbon Fiber-Reinforced Polymer (CFRP) substrate
The strength and elastic properties [22] for the
carbon-epoxy IMS-977-2 substrate are shown in Table-1.
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Table-1. CFRP elastic and strength properties.

Property
Longitudinal modulus Ei1 | (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 | G5 | (GPa) 4.2
Out-of-plane shear modulus | G,; | (GPa) 2.52
In-plane Poisson’s ratio Vi, 0.33
Out-of-plane Poisson’s ratio | v;5 0.33
Out-of-plane Poisson’s ratio | v,5 0.55
Longitudinal tensile strength | X, | (MPa) | 2500
Longltud;ilra;lncgcz;npres51ve X, (MPa) | 1400
Transverse tensile strength Yr (MPa) 75
Transveireelclcg)irﬁpresswe Y, (MPa) 250
Out-of-plane tensile strength | Z; (MPa) 75
Out-of—pl;trleencgc:lrlnpresswe 7 (MPa) 750
In-plane shear strength S1, | (MPa) 95
Out-of-plane shear strength s13 | (MPa) 95
Out-of-plane shear strength S,3 | (MPa) 108

The CFRP was appropriately partitioned,
assigned its material properties after it had been imported
into the Abaqus CAE andwas modeled with a linear elastic
law as an orthotropic material with the orientation for each
ply defined. The meshed CFRP plate had a total number of
58400 elements after it has been seeded with 20 elements
in the thickness direction (15 elements equally distributed
in the area covered by the fastener head,20 elements
equally distributed on the half periphery of the area around
the edges of the hole and along the circumferential
direction). An approximate global size of 1.5 was used and
the box for curvature control checked. A structured
hexagonal mesh controls and a stack direction was
assigned in the isometric view. The meshed CFRP plate
shown as in Figure-9 was modeled using the element type
C3D8R: an eight-node linear brick, reduced integration,
hourglass control in Abaqus.

Figure-9. CFRP meshed finite element model.

ISSN 1819-6608
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Aluminum alloy,7075-T651, and Ti-6Al-4V -STA

The aluminum plate and titanium parts were
modeled using their elastoplastic material behaviors as
shown in Table-2.

Table-2. Elasto-plastic properties of AA7075-T651 [23]
and Ti-6Al-4V STA [24].

Elastic properti AA7075- Ti-6Al-4V
astic properties T651 STA
Young’s modulus,
E (MPa) 71700 110000
Poisson’s ratio,v 0.306 0.29
Plastic properties
Yield I | % p
stress,ay, (MPa) 490 0 950 0
and Plastic 501 | 0.002 | 1034 | 0.002
train,
Strain, €p 561 | 0.09 | 1103 | 0.1

The AA7075-T651 was modeled same as the
CFRP plate with the only differences being the seeding in
the thickness direction where 10 elements were used and
there was no assigning of stacking direction. The meshed
AA7075-T651plate as shown in Figure-10 has a total
number of 29080 elements. Titanium parts were also
modeled same as the CFRP plate but also with different
approximate global size (1.0 used) and mesh controls
(sweep used).

Figure-10. AA7075-T651 meshed FE model.

The meshed Ti-6Al-4V STA as shown in Figure-
11 has 7402 number of elements.

Bolt head

Washers

Collar

Figure-11. Bolt-collar-washer meshed FE model.

Table-3 shows the elastic properties used to
model the steel shim and the steel shim has the function of
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being used to keep the assembly gap hence it was
constraint as a rigid body.

Table-3. Elastic properties of steel shim [25].

Property
Young’s modulus, E (GPa) 210
Poisson’s ratio,v 0.30

The meshed steel shim (0.3mm thickness) as
shown in Figure-12 was also modeled same as the CFRP
plate but with different approximate global size (2.0 used)
and has 351 number of elements.

Figure-12. Meshed FE model of 0.3 thickness steel.

Shim material

The Hysol EA9394 of Henkel Corporation and
the solid peelable fiberglass were modeled using their
elastic properties as shown in Table-4.

Table-4. Elastic properties of Hysol EA9394 [26] and
solid peelable fiberglass [27].

solid peelable
Property Hysol EA9394 fiberglass
Young’s
modulus, E 4330 84700
(MPa)
Poisson’s ratio,v 0.35 0.24

The shim materials were modeled same as the
CFRP plate but with an approximate global size of 0.7 and
seeded with 1 element in the thickness direction for a shim
thickness of 0.1mm (3 elements for a shim thickness of
0.3mm,5 elements for a shim thickness of 0.5mm, 7
elements for a shim thickness of 0.7mm and 9 elements for
a shim thickness of 0.9mm). Shown in Figure-13 is a
meshed model of a shim with the thickness of 0.3mm and
has 10359 number of elements.

Figure-13. Shim material meshed FE model.

Boundary conditions and contact relationships

The boundary conditions of the FE model as
shown in Figure-14 has the surfaces with the ‘Reference
Node 1°(RP-1) and the ‘Reference Node 2’(RP-2) held
fixed in all 6 degrees of freedoms (U, U,, U, Ry, R,
and R,).

(b) RP-2

Figure-14. Boundary conditions on the plates.

The upper surfaces of the bolt head and the
bottom surfaces were all held fixed in two translational
directions (U, and U,) as shown in Figure-15.
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(a)Upper surfaces of bolts

Bolt surfaces

(b)Bottom surfaces of bolts

Figure-15. Boundary conditions on the bolts.

The clamping force of 10KN [28] produced by
the tightening torque was applied through a bolt load
function in ABAQUS/standard in the U,direction as
shown in Figure-16.

Figure-16. Bolt load application.

The contact relationships were defined for contact
pairs interacting with each other using a stringent master-
to-slave rule [21]. A total of twenty (20) contact pairs were
defined and implemented in the FE model under the
interaction section in Abaqus. Contact is modelled
between (i) the main plates, (ii) between fastener (shanks)
and plate holes, (iii) between shim materials and main
plates, (iv) between shim materials and fastener shanks,
(v) between main plates and washers (upper and bottom
surfaces) and (vi) between main plates and steel shim. The
contacts were defined using the penalty method with hard
contact, frictional coefficients, and finite sliding. ‘‘Finite-
Sliding” allows for any arbitrary motions of the faying
surfaces. 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 the
other.

A surface-to-surface contact option is used for all
contacts. Several coefficients of friction were used in the
model and their value depends on the components in
contact. The frictional coefficient for the interaction
between the composite plate and the titanium parts is 0.16
[28]. Frictional coefficients of 0.288 [29] and 0.235 [30]
were used for interactions between aluminum plate and
titanium parts, and composite plate and aluminum plate
respectively. Another frictional coefficient of 0.2
(assumed) was assigned to all parts interacting with the
shim materials and a frictional coefficient of 0.16 was also
assigned to all other interactions. The surface of the
modeled shim was tied onto the composite plate and as
shown in Figure-17(a) and Figure-17(b), special elements
(springs/dashpots) were used to connect points toground.

Figure-17(a).Springs/dashpots on upper surfaces of bolts.

Figure-17(b).Springs/dashpots on bottom surfaces of
bolts.

EXPERIMENTAL WORK

The experiment was performed under quasi-static
compressive loading using an in-house testing equipment
which was designed and manufactured in accordance with
China National Standards.

Test specimen preparation

The specimens were prepared in accordance with
the configurations in [19] and [20]. The liquid shim was
prepared in accordance with the manufacturer’s
instructions and applied to both the aluminum plate and
the composite plate. The prepared specimens were
clamped and allowed at least four days to cure at room
temperature. For the specimens with shim materials, the
shim adhered to their mating surfaces (i.e. both the
aluminum plate and the composite plate). Shown in
Figures-(18) and (19) is an aluminum plate specimen with
a liquid shim and a solid shim respectively. The specimen
without any shim is shown in Figure-20.
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Figure-18. Aluminum plate specimen with
a liquid shim.

Figure-19. Aluminum plate specimen with
a solid shim.

Figure-20. Aluminum plate specimen without
any shimmaterial.

Test set-up and procedure

The test specimens were placed into an in-house
test equipment which had force sensors incorporated into
it as shown in Figure-21. The test equipment was
connected to a force meter (shown in Figure-22) and a
little force was applied until zero readings were shown on
all the force meters then a final force of 10KN was
applied. All tests were performed at room temperature.

specimen

Force
sensor

Force
sensor’s
tightening
Clamping bolt

frame

Clamping frame’s
tightening bolt

Figure-21. An in-house test equipment.

Figure-22. Force meter.

To be able to compare analytical and
experimental results, the specimens were equipped with 6
strain gages as shown in Figures (23) and (24) which
temperature self-compensating gages were provided by
Huangyan Testing Instrument Factory with its
specifications shown in Table-5.

20

10,
Gripping } Bgy I Gripping
q}% i’%af" i e \\‘/ - 8
Area } — I Area

135

Figure-23. Open hole specimen geometry (all dimensions
in mm) and strain gages locations.

Figure-24. Bonded strain gages on the composite plate.

Each strain gage was connected by a cable to
DH3816N (shown in Figure-25) and labeled as a channel.

Table-5.Specifications of strain gages.

Electric Sensitivit Gate-
Code resistance/ c(‘:e :fi civen)t, lengthx gate-
Q width/mm

BHF350-

IAA 350+0.30 2.10%1 3x3

Base- Heat Precisi
Code lengthXbase- | output/ rer(:;(sileon
width/mm mm/°C &

BHF350-

IAA 7.5%4.5 0.50 A

Figure-25. DH3816N.

The DH3816N was also connected to a computer
by means of a local area network (LAN) cable and the
computer identified the DH3816N by an internet protocol
(IP) address. Figure-26 shows the full set-up of the testing
equipment.
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Figure-26.Testing equipment set-up.

The test specimens were then rigidly clamped
into the testing set-up and an initial load of 0.1KN was
applied then with a constant load of 10KN which did not
cause any visible damage to the plates. Shown in
Figures(27) and (28) is the composite-aluminum test
specimen with a liquid shim and a solid shim respectively.
And also, the specimen without any shim is shown in
Figure-29.

Figure-27. Clamped composite-aluminum test
specimen with a liquid shim.

Figure-28. Clamped composite-aluminum test
specimen with a solid shim.

Figure-29. Clamped composite-aluminum test
specimen without any shim material.

Longitudinal (E;;) and transverse (E,,) strains
were recorded by the computer in micro-stains ( ue) after
three consecutive tests but the results from the FE
simulations are in strains ( &).

RESULTS AND DISCUSSION

This section presents the contour plots of the Von
Mises stresses (S, Mises) and the maximum principal
strains (E, Max) of the open-hole compressive FE model.
Experimentally determined results for the strains are
presented as well.

The effect of strains

The agreement between the measured strains and
the numerically simulated strains is relatively good. It
should be noted that the measured strains by the gages
located closest to the hole are higher which is explained by
the fact that there are higher strain gradients in those areas
meaning that the location of the gagesis very important.

Composite-composite assembled structure

The contour plots of the maximum principal
strains (E, Max) as shown in Figures-(30), (31), (32), (33)
and (34) is the upper surface (surface interacting with the
shim materials) of the bottomplate (composite) for the
various assembly gaps (0.1,0.3,0.5,0.7 and 0.9) (all
dimensions in mm).
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E, Max. Principal

Mid, ( fraction = 0.0
s

E, Max. Principal
Mid, (fraction = 0.0),

9.

AA5AE
-291.658E-RG

E, Max. Principal
Mid, (fraction = 0.0
. (Avg: 75%)
E, Max. Principal 5

Mid, (fraction = 0.0) 25899603
(Avg: 75%) 26.168E-03
51.346E-03 41.522E-03
s
38.451E-03 57.584E 03
34.153E-03 22.938E-03
29.855E-03 18.292E-03
25.556E-03 13.646E-03

1.258E-03 9.000E-03

16.960E-03 4.354E-03
LZo0lEns -291.658E-06

SRS, .
L= == (c) With a solid shim
(c) With a solid shim . e
Figure-33. Strain distribution for an assembly
Figure-32. Strain distribution for an assembly gap of 0.7mm.
gap of 0.5mm.
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Shown in Tables (6), (7) and (8) are the comparisons of
the numerical results with the experimental data for
assembly gaps without any shim materials, liquid shim,
and solid peelable fiberglass shim respectively.

E, M. Principal

Table-6. Comparison of the various strains with
experimental data for the assembly gaps without
any shim materials.

(a) Data
A 2 . Ga Average Numerically
AV 5 aa0e-03 ap Gages | experimental simulated
458.719E-03 thickness
-900E - values (u¢) values (u¢)
1(E11) -123.98 -129.98
2(Ey,) 146.00 156.00
ol 3(Ey) 376.14 386.09
' 4(Ey;) -507.74 -548.86
5(E;;) -384.85 -412.81
pirdigiin 00 6(Ey,) 167.03 183.04
1(Ey;) -126.98 -130.96
2(Ey,) 218.05 238.07
03 3(Ey) 370.14 401.20
' 4(Ey) -470.78 -488.76
5(E;7) 923.18 -1004.91
e 6(E;2) 188.04 197.19
- B2E 0 1(Eyy) -184.97 -195.96
44.299E-03
30520603 2(Ey,) 320.10 347.20
30.901E-03
3% 5eE 03 3(Eyy) 47723 498.16
17.502E:03 05
Do 4
4.104E-03 (Ell) ‘62361 —64260
-361.940E-06
(b) With a liquid s liquid shim 5(Ey7) -1029.94 -1081.83
6(Ey,) 286.08 298.09
E, Max. Principal 1(E11) —161 97 -17296
) 2E,,) 674.54 687.85
0 3(Eyy) 667.44 684.47
' 4(Ey,) -675.54 -690.52
5(Ey;) -1981.07 -2034.85
6(Ey,) 466.22 504.02
1(E1,) -159.97 -169.98
E,_ Max. Pri_ncipal
Cavns Togs 2(Ez,) 415.33 448.26
36:801E-03 3(Eyy) 778.61 823.68
38.278E-03 09
39:95¢E 03 4(E11) -853.27 -861.26
25.494E-03
16575k 03 5(E;1) -2504.71 -2603.21
12.711E-03
8. 188E 03 6(E,,) 530.28 579.34
-72.758E-06
(c) With a solid shim

Figure-34. Strain distribution for an assembly
gap of 0.9mm.
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(b)Error percentage Table-7. Comparison of the various strains with
Gap thickness Gages Error (%) experimental data for the assembly gaps with liquid shims.
) 48 (a) Data ‘
x| s 60 g | ot | it
o1 3(E,3) 2.6 values (u¢) values (u¢)
4(Ey;) 8.1 1(E14) -101.99 -111.98
5(E1q) 7.3 2(Eyp) 103.01 107.06
6(E,) 9.6 01 3(E;p) 303.09 320.10
1(Eyq) 7.9 4(Eqq) -361.87 -378.86
2(E%,) 9.2 5(E1q) -155.98 -162.81
3(E%) 8.4 6(E5,) 120.01 128.02
03 4(E;q) 3.8 1(Ey1) -87.99 -96.00
5(E1q) 8.9 2(Eyy) 123.00 135.00
6(E%,) 4.9 03 3(E;z) 277.08 301.20
1(Eq1) 59 4(Eqq) -441.80 -457.79
2(Ey,) 8.5 5(E11) -844.29 -873.18
3(Ey,) 44 6(E5,) -146.98 -157.19
03 4(E;q) 3.1 1(Eyy) -145.98 -154.96
5(Ey1) 5.0 2(E5,) 283.92 290.98
6(E,) 4.2 0.5 3(E3,) 365.13 400.16
1(E11) 6.8 4(E1q) -554.69 -573.68
2(E55) 2.0 5(E11) -512.74 -561.83
3(Ey,) 2.6 6(E3;) 177.03 184.07
07 4(E;1) 2.2 1(E11) -83.99 -89.97
5(Ey1) 2.7 2(E5,) 594.35 644.47
6(E%,) 8.1 0.7 3(E3,) 401.16 433.12
1(Ey1) 6.3 4(Eqq) -568.68 -594.65
2(E5,) 7.9 5(E1q) -442.80 -484.91
3(E%,) 5.8 6(E5;) 353.12 387.05
09 4(E11) 0.9 1(Eq1) -130.98 -143.98
5(E1q) 39 2(E%,) 281.07 301.06
6(E%,) 9.3 0.9 3(E,z) 492.22 532.28
4(Ey1) -624.61 -653.57
5(E1q) -743.45 -779.39
6(E,,) 184.03 205.02
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(b) Error percentage Table-8. Comparison of the various strains with
Gap thickness Gages Error (%) experimental data for the assembly gaps with solid shims.
) 038 (a) Data ‘
ny | 60 g | ot | it
o1 3(E3) 5.6 values (1) values (u¢)
4(Ey;) 4.7 1(Eqq) -117.95 -126.92
5(E11) 4.4 2(Ey,) 139.29 144.30
6(E,,) 6.7 01 3(E;p) 304.90 322.05
1(Eyq) 9.1 4(Eqq) -399.64 -438.59
2(E%,) 9.8 5(E1q) -239.96 -273.99
3(E%) 8.7 6(E5,) 141.07 166.09
03 4(E;q) 3.6 1(E;1) -96.95 -108.91
5(E1q) 34 2(E5,) 194.24 225.09
6(E,,) 6.9 03 3(E;z) 331.28 377.46
1(Eq1) 6.2 4(Eqq) -458.02 -473.05
2(Ey,) 2.5 5(E11) -901.64 -971.62
3(Ey,) 9.6 6(E5,) 159.07 176.05
03 4(E;q) 34 1(Eyy) -180.92 -189.90
5(Ey1) 9.6 2(E5,) 304.16 337.22
6(E,) 4.0 0.5 3(E3,) 441.55 482.68
1(E11) 7.1 4(E1q) -609.00 -636.01
2(E55) 8.4 5(E1q) -884.50 -997.85
3(E,,) 8.0 6(E3;) 255.21 283.05
0.7 4(E;4) 4.6 1(E11) -117.90 -139.91
5(Ey1) 9.5 2(E5,) 670.45 677.46
6(E%,) 9.6 0.7 3(E3,) 621.39 658.43
1(Ey1) 9.9 4(Eqq) -637.12 -673.05
2(E5,) 7.1 5(E1q) -906.91 -1050.88
3(E%,) 8.1 6(E5;) 428.28 45421
09 4(E11) 4.6 1(E11) -112.85 -128.89
5(E1q) 4.8 2(E%,) 244.41 289.66
6(E%,) 114 0.9 3(E) 476.77 499.00
4(Ey1) -604.73 -617.75
5(Eq1) -569.68 -649.58
6(E,,) 127.18 149.42
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(b) Error percentage

E, Max, Principal
TS 0

11641
OF

E, Max. Principal
(Avg: 75%)
116.912E-03
107.170E-03
97.427E-03
87.684E-03
77.942E-03
68.199E-03
58.456E-03
48.713E-03
38.971E-03
29.228E-03
19.485E-03
9.743E-03
0.000E+00

(a) Without any shim material

Gap thickness Gages Error (%)
1(E11) 7.6
2(E3) 3.6
01 3(Ey,) 5.6
4(E11) 8.9
5(E11) 14.2
6(E3,) 17.7
1(E11) 12.3
2(E53) 15.9
03 3(Ey3) 13.9
4(E11) 3.3
5(Ey1) 7.8
6(E5,) 10.7
1(E11) 5.0
2(E,5) 10.9
05 3(Ey3) 9.3
4(E11) 44
5(E11) 12.8
6(E,3) 10.9
1(E11) 18.7
2(E,5) 1.1
0.7 3(Ey,) 6.0
4(E11) 5.6
5(E11) 15.9
6(E,3) 6.1
1(E11) 14.2
2(E53) 18.5
0.9 3(Ey) 4.7
4(E11) 2.2
5(Ey1) 14.0
6(E5,) 17.5

Composite-aluminum assembled structure

The contour plots of the maximum principal
strains (E, Max) as shown in Figures (35), (36), (37), (38)
and (39) is the upper surface (surface interacting with the
shim materials) of the bottom plate (aluminum) for the
various assembly gaps (0.1,0.3,0.5,0.7 and 0.9) (all
dimensions in mm).

E, Max. Principal

(Avg: 75%)
46.472E-03
42.599E-03
38.727E-03
34.854E-03
30.981E-03
27.109E-03
23.236E-03
19.363E-03
15.491E-03
11.618E-03
7.745E-03
3.873E-03
0.000E+00

(b) With a liquid shim

E, Max. Principal
poeei ] 5%)

E, Max. Principal

(Avg: 75%)
46.789E-03
42.890E-03
38.990E-03
35.091E-03
31.192E-03
27.293E-03
23.394E-03
19.495E-03
15.596E-03
11.697E-03
7.798E-03
3.899E-03
0.000E+00

(c) With a solid shim

Figure-35. Strain distribution for an assembly

gapof 0.1mm.
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. Principal E, Max. Principal
o) TG o)

E, Max. Principal E, Max. Principal
(Avg: 75%) (Avg: 75%)

2 162.877E-03
SR8 149.280E-03
86.650E-03 135.683E-03
77.975E-03 122.086E-03
69.300E-03 108,489E-03
60.625E-03 94.891E-03
51.950E-03 81.204E-03

¥ .697E-0
33250603 54.100E-03
25.924E-03 40.503E-03
17.249E-03 26.906E-03
8.574E-03 13.309E-03
-100.772E-06 -288.434E-06

(a) Without any shim material (a) Without any shim material

E, Max. Principal E, Manx. Principal
TN Y0 )

Lol ol o
—iain

R NWRONRD,

E, Max. Principal E, Max. Principal

(Avg: 75%) (Avg: 75%)
14.815E-03 14.815E-03
13.581E-03 13.581E-03
12.346E-03 12.346E-03
11.112E-03 11.112E-03
9.877E-03 9.877E-03
8.642E-03 8.642E-03
7.408E-03 7.408E-03
6.173E-03 6.173E-03
4.938E-03 4,938E-03
3.704E-03 3.704E-03
2.469E-03 2.469E-03
1.235E-03 1.235E-03
0.000E+00 0.000E+00

(b) With a liquid shim (b) With a liquid shim

Max. Principal Efadss priicial
O R 5

E, Max. Principal

E, Max. Principal (Avg: 75%)

o )
16780603 16.901E-03
15.263E-03 15.211E-03
13.737E-03 13.521E-03
12.210E-03 11.831E-03
10.684E-03 10.140E-03
9.158E-03 8.450E-03
7.631E-03 6.760E-03
§:395E 03 3:340E 03
?:gggg-gg 1 250E-03
0.000E+00 0.000E+00

(c) With a solid shim (c) With a solid shim
Figure-37. Strain distribution for an assembly

Figure-36. Strain distribution for an assembly

gap of 0.3mm. gap of 0.5mm.
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E, Max. Principal

E, Max. Principal

it e
ittty o)
e RN
i
IO R
Qo000
rttttad

92,
73.
55,
36.
18,

DNEILs,
oo0a
QTRED|

f )
)

E, Max. Principal
(A\.'g:27252"/;i7E . E, Max. Principal
: ol . 0,
204.121E-03 (Avgé?z /g;SE—OS
185.524E-03 250.254E-03
166.927E-03 235.633E-03
148.330E-03 212.011E-03
129.733E-03 188.390E-03
111.136E-03 164.769E-03
92.539E-03 141.147E-03
: . 117.526E-03
55.346E-03 93.905E-03
36.749E-03 70.283E-03
18.152E-03 46.662E-03
-445,107E-06 23.040E-03
-580.908E-06

(a) Without any shim material . - )
(a) Without any shim material

E, Max. Principal

(Avg: 75%) E, Max. Principal
14.246E-03 (Avg: 75%)
10.245E-03 20.285E-03
9.498E-03 18.252E-03
8.310E-03 16.219E-03
e
5.930E-03 10.119E-03
4.749E-03 8.086E-03
3.262E-03 6.053E-03
2.374E-03 4,020E-03
1.187E-03 1,987E-03
0.000E+00 -46.668E-06

(b) With a liquid shim (b) With a liquid shim

E, Max. Principal

[ T

SRBPHOEN LGS

E, Max. Principal E, Max. Principa

(Avg: 75%) (Avg: 75%)
22.289E-03 13.986E-03
20.431E-03 12.820E-03
18.573E-03 11.655E-03
16.715E-03 10.489E-03
14.856E-03 9.324E-03
12.998E-03 8.158E-03
11,140E-03 6.993E-03
9.282E-03 5.827E-03
7.424E-03 4.662E-03
5.565E-03 3.496E-03
3.707E-03 2.331E-03
1.849E-03 1.165E-03
-9.227E-06 0.000E+00

(c) With a solid shim (c) With a solid shim
Figure-38. Strain distribution for an assembly Figure-39. Strain distribution for an assembly
gap of 0.7mm. gap of 0.9mm.
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Shown in Tables-(9), (10) and (11) are the

comparisons of the

numerical

results

with the

experimental data for assembly gaps without any shim
materials, liquid shim, and solid peelable fiberglass shim,

respectively.

Table-9. Comparison of the various strains with
experimental data for the assembly gaps without
any shim materials.

(a) Data
Gap Ave.:rage Nl.lmerically
thickness Gages | experimental simulated
values (u¢) values (u¢)
1(Eyq) -162.97 -175.95
2(E%,) 214.05 228.00
01 3(Ey,) 390.04 403.70
4(Eyq) -577.86 -604.84
5(E11) -414.90 -446.87
6(E5,) 200.28 217.02
1(Ey1) -154.98 -169.97
2(Ey,) 252.95 27791
03 3(Ey,) 394.09 424.11
4(Eyq) -562.68 -586.66
5(Ey1) -996.22 -1094.37
6(E%,) 219.01 236.03
1(E11) -183.97 -195.98
2(E5,) 323.73 349.88
05 3(Ey,) 528.18 571.22
4(Ey;) -685.53 -708.5
5(E11) -1380.28 -1493.77
6(E,) 317.26 344.15
1(Ey1) -177.99 -193.94
2(Ey,) 726.32 757.08
0.7 3(E%,) 675.56 706.5
4(Eyq) -691.62 -728.60
5(E11) -2852.84 -3012.90
6(E5,) 491.22 539.13
1(Ey1) -187.96 -201.97
2(E5,) 1291.33 1416.99
0.9 3(E,3) 1288.66 1375.89
4(Eyq) -1045.90 -1097.86
5(E1q) -4566.06 -4941.46
6(E,) 778.59 851.73

ISSN 1819-6608
=R

PN

4
(b) Error percentage
Gap thickness Gages Error (%)
1(Eyq) 8.0
2(E%,) 6.5
o1 3(E5,) 3.5
4(E,1) 4.7
5(Eq1) 7.7
6(E,3) 8.4
1(Eyq) 9.7
2(E%,) 9.9
03 3(Eyy) 7.6
4(Ey7) 43
5(Eq1) 9.9
6(E,3) 7.8
1(E11) 6.5
2(E5,) 8.1
0.5 3(Eyy) 8.1
4(Eyq) 34
5(Eyq) 8.2
6(Ey,) 8.5
1(E11) 9.0
2(E5,) 4.2
0.7 3(Ey,) 4.6
4(Ey1) 53
5(Eyq) 5.6
6(Ey,) 9.8
1(Eq1) 7.5
2(Ey,) 9.7
0.9 3(E) 6.8
4(Eyq) 5.0
5(E1q) 8.2
6(E%,) 9.4
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strains with

experimental data for the assembly gaps with liquid shims.

(b) Error percentage

Gap thickness Gages Error (%)
1(E11) 9.4
2(E33) 5.8
01 3(Ey) 9.8
4(E11) 4.7
5(Ey1) 7.1
6(E5,) 5.6
1(E11) 94
2(E33) 9.6
03 3(E2) 9.9
4(E11) 4.9
5(Ey1) 9.5
6(E5,) 8.1
1(E11) 7.6
2(E5) 8.3
0.5 3(E2) 29
4(E11) 5.0
5(E11) 9.9
6(E5) 9.0
1(E11) 7.3
2(E,5) 8.8
0.7 3(Ey) 4.0
4(E1q) 8.3
5(E11) 9.9
6(E3) 5.5
1(E11) 9.6
2(E53) 5.1
0.9 3(E,3) 6.9
4(Eyq) 6.3
5(E11) 9.1
6(Ey3) 6.1

(a) Data
Gap Ave‘rage Nl}merically
thickness Gages | experimental simulated
values (u¢) values (u¢)
1(E{1) -116.99 -127.94
2(E53) 188.15 199.09
0.1 3(E,3) 316.11 347.16
4(Eyq) -361.87 -378.86
5(Ey1) -237.89 -254.68
6(E,) 126.02 133.04
1(Eyq) -126.98 -138.97
2(E,,) 137.19 150.36
03 3(E,,) 308.60 339.06
4(E11) -512.74 -537.71
5(E1q) -915.99 -1002.90
6(E,) 185.07 200.02
1(E11) -159.00 -171.02
2(E%,) 294.85 319.36
05 3(Ey,) 409.51 421.43
4(Ey;) -580.66 -609.75
5(E11) -742.46 -816.27
6(E,,) 189.48 206.59
1(Ey1) -95.91 -102.92
2(E,,) 603.87 656.84
0.7 3(Ey,) 430.11 447.12
4(E{1) -577.67 -625.61
5(E11) -629.60 -692.02
6(E%,) 385.00 406.35
1(Ey1) -155.98 -170.96
2(E55) 654.43 687.47
0.9 3(E%) 523.18 559.21
4(Eyq) -645.70 -686.68
5(E11) -751.43 -819.62
6(E,,) 248.02 263.06
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strains

experimental data for the assembly gaps with solid shims.

with

(a)Data
Gap Ave‘rage Nl}merically
thickness Gages | experimental simulated
values (u¢) values (u¢)
1(E{1) -120.96 -139.20
2(E53) 202.46 216.10
0.1 3(Ey,) 324.87 378.23
4(Eyq) -383.27 -450.82
5(Ey1) -286.53 -297.59
6(E,) 132.02 151.20
1(Eyq) -131.90 -148.82
2(E,,) 192.36 216.92
03 3(Ey,) 325.13 369.32
4(E11) -534.92 -546.09
5(E1q) -934.05 -1017.41
6(E,) 192.01 207.41
1(Eyq) -161.89 -180.88
2(E,,) 303.95 331.06
05 3(Ey,) 411.66 451.56
4(E11) -595.43 -622.47
5(E1q) -789.38 -875.23
6(E%,) 209.17 239.11
1(Ey1) -103.68 -118.74
2(E%,) 655.22 689.44
0.7 3(Ey,) 517.03 533.07
4(E{1) -592.77 -646.84
5(Ey1) -704.92 -789.31
6(E%,) 398.14 439.05
1(E11) -112.48 -137.30
2(E%,) 565.32 661.92
0.9 3(E,,) 421.02 445.50
4(Eyq) -472.87 -514.96
5(Eyq) -610.07 -687.82
6(E5,) 187.47 235.19

(b) Error percentage

Gap thickness Gages Error (%)
1(E11) 15.1
2(E33) 6.7
01 3(Ey) 16.4
4(E11) 17.6
5(Ey1) 3.9
6(E5,) 14.5
1(E11) 12.8
2(E33) 12.8
03 3(E2) 13.6
4(E11) 2.1
5(Ey1) 8.9
6(E5,) 8.0
1(E11) 11.7
2(E5,) 8.9
0.5 3(E2) 9.7
4(E11) 4.5
5(E11) 10.9
6(E5) 14.3
1(E11) 14.5
2(E,5) 5.2
0.7 3(Ey) 3.1
4(Ey1) 9.1
5(E11) 12.0
6(E3) 10.3
1(E11) 22.1
2(E53) 17.1
0.9 3(E,3) 5.8
4(Eyq) 8.9
5(Eyq) 12.7
6(Ey3) 25.5

Examining the values in Tables(6), (7), (8), (9),

(10) and (11), the following observations were obvious:

a)

b)

the simulated values corresponded relatively well with
the experimental values.

higher strain values were measured for specimen
without any shim materials and the specimen with
liquid shim measured relatively lesser values for the
assembly gaps 0.1,0.3,0.5 and 0.7 (all dimensions in
mm). For the 0.9mm assembly gap, the specimen with
solid shim material rather measured relatively lesser
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values compared with the specimen with liquid shim
material.

there were generally increasing measured strain
values for an increasing assembly gaps.

interestingly, the error percentages were relatively
higher in the comparison of the simulated values with
the experimental values for solid shims than that of
the liquid shims. This can be as a result of the material
properties, mesh densities, boundary conditions,
frictional coefficients or experimental errors. Hence
care must be taken in modeling and in experimental
testing.

The effect of stresses

The results referred in the graphs in this section is

the Von Mises stresses (S, Mises) (MPa).

Composite-composite assembled structure

The contour plots of the Von Mises stresses (S,

Mises) as shown in Figures (40), (41), (42), (43) and (44)
is the upper surface (surface interacting with the shim
materials) of the bottom plate (composite) for the various
assembly gaps (0.1,0.3,0.5,0.7 and 0.9) (all dimensions in
mm).

S, Mises

Mid, (fraction = 0.C

(Avg: 75%)
247.215E+00
226.656E+00
206.096E+00
185.537E+00
164.978E+00
144.418E+00
123.859E+00
103.300E+00
82.740E+00

(a) Without any shim material

5, Mises
Mid, (fraction = 0.0

S, Mises

Mid, (fraction = 0.C
(Avg: 75%)
246.389E+00
225.868E+00
205.347E+00
184.825E+00
164.304E+00
143.782E+00
123.261E+00
102.740E+00
82.218E+00
61.697E+00
41.175E+00
20.654E+00
132.515E-03

(b) With a liquid shim.

a8l
0,66 2F +N
137.006E-0X

S, Mises

Mid, (fraction = 0.C

(Avg: 75%)
246.440E+00
225.915E+00
205.390E+00
184.864E+00
164.339E+00
143.814E+00
123.289E+00
102.763E+00
82.238E+00
61.713E+00
41.188E+00
20.662E+00
137.006E-03

(c) With a solid shim

Figure-40. Stress distribution for an assembly gap of
0.1mm.
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S, Mises

Mid, (fraction = 0.C

(Avg: 75%)
293.156E+00
268.823E+00
244,490E+00
220.157E+00
195.824E+00
171.491E+00
147.158E+00
122.825E+00
98.492E+00
74.159E+00
49.826E+00
25.493E+00

1.161E+00

(a) Without any shim material

5, Mises
Mid, (fraction = 0.0
P A

S, Mises

Mid, (fraction = 0.C

(Avg: 75%)
246.480E+00
225.949E+00
205.418E+00
184.887E+00
164.356E+00
143.825E+00
123.294E+00
102.764E+00
82.233E+00
61.702E+00
41.171E+00
20.640E+00
108.834E-03

(b) With a liquid shim

S, Mises

Mid, (fraction = 0.C

(Avg: 75%)
245.922E+00
225.442E+00
204.962E+00
184.482E+00
164.002E+00
143.522E+00
123.042E+00

S5, Mises
Mid, (fraction = 0.0]
%)

S, Mises

Mid, (fraction = 0,0),
fadel, 75%.

S, Mises

Mid, (fraction = 0.(

(Avg: 75%)
405.507E+00
371.836E+00
338.164E+00
304.493E+00

169.807E+00
136.135E+00
102,464E+00

S, Mises

Mid, (fraction = 0.0

(Avg: 75%)
246.080E+00
225.587E+00
205.095E+00
184.603E+00
164.110E+00
143.618E+00
123.126E+00
102.633E+00
82.141E+00
61.649E+00
41.156E+00
20.664E+00
171.494E-03

(b) With a liquid shim

S, Mises
Mid, (fraction = 0.0
(Avg: 75%)
255.380E+00
234.114E+00
212.847E+00
- 191.581E+00
170.315E+00
149.049E +00
127.783E+00
- 106.517E+00

S onoe 00 85.250E +00
61.602E+00 63.984E+00
41.122E+00 42.718E+00
20.642E+00 21.452E+00
162.539E-03 185.761E-03

(c) With a solid shim (c) With a solid shim

Figure-42. Stress distribution for an assembly
gap of 0.5mm.

Figure-41. Stress distribution for an assembly
gap of 0.3mm.

1613



5, Mises
Mid, (fraction = 0.0
¢ )

(a) Without any shim material

5, Mises
Mid, (fraction = 0.0)
W

5, Mises
Mid, (fraction = 0.0
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S, Mises

Mid, (fraction = 0.(

(Avg: 75%)
523.676E+00
480.267E+00
436.858E+00
393.450E+00
350.041E+00
306.632E+00
263.223E+00
219.814E+00
176.405E+00
132.996E+00
89.587E+00
46,178E+00
2.769E+00

S, Mises

Mid, (fraction = 0.0

(Avg: 75%)
246.179E+00
225.680E+00
205.181E+00
184.682E+00
164.183E+00
143.684E+00
123.185E+00
102.687E+00

S, Mises

Mid, (fraction = 0.C

(Avg: 75%)
266.408E+00
244.226E+00
222.043E+00
199.861E+00
177.678E+00
155.496E+00

www.arpnjournals.com

$, Mises
M

S, Mises

Mid, (fraction = 0.0

(Avg: 75%)
648.385E+00
594.708E+00
541.031E+00
487.354E+00
433.677E+00
380.000E+00
326.324E+00
272.647E+00
218.970E+00

S, Mises

Mid, (fraction = 0.(
(Avg: 75%)
276.660E+00
253.624E+00
230.589E+00
207.553E+00
184.517E+00
161.481E+00
138.445E+00
115.409E+00

23,266E +00
230.170E-03

(b) With a liquid shim

5, Mises
Mid, (fraction = 0.0}
ce Colt

S, Mises

Mid, (fraction = 0.C
(Avg: 75%0)
246.095E+00
225.604E+00
205.114E+00
184.624E+00
164.133E+00
143.643E+00
123.153E+00

ISSN 1819-6608

102.663E+00

58?29?4%91510308 82.172E+00

949E+ 61.682E+00

35.285E+00 41.192E+00
22.401E+00 20.701E+00
218.982E-03 211.034E-03

(¢) With a solid shim (c)With a solid shim

Figure-43. Stress distribution for an assembly Figure-44. Stress distribution for an assembly
gap of 0.7mm. gap of 0.9mm.
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Composite-aluminum assembled structure

The contour plots of the Von Mises stresses (S,
Mises) as shown in Figures (45), (46), (47), (48) and (49)
is the upper surface (surface interacting with the shim
materials) of the bottom plate (aluminum) for the various

assembly gaps (0.1,0.3,0.5,0.7 and 0.9) (all dimensions in
mm).

S, Mises

§, Mises
TR0 )

S, Mises

(Avg: 75%)
152.536E+00
139.860E+00
127.184E+00
114.509E+00
101.833E+00

89.157E+00
76.481E+00
63.806E+00
51.130E+00
38.454E+00
25.778E+00
13.103E+00
426.790E-03
S, Mises (c) With a solid shim
(Avg: 75%)

146.848E+00 i - istributi

e S Figure-45. Stress distribution for an assembly

122.511E+00 gap of 0.1mm.

110.342E+00

98.174E+00

86.005E+00

73.837E+00

61.668E+00

49.499E+00

37.331E+00

25.162E+00

12.994E +00

824.945E-03

(a) Without any shim material

§, Mises

S, Mises

(Avg: 75%)
173.979E+00
159.694E+00
145.410E+00
131.125E+00
116.841E+00
102.556E+00

88.272E+00
73.987E+00
59.703E+00
45.418E+00
31.134E+00
i 16.849E+00
S, Mises 2.565E+00
(Avg: 75%) . . .
155.557E+00 (a) Without any shim material
142.623E+00
129.690E+00
116.756E+00
103,822E+00
90.888E+00 s Mises
77.954E +00 T
65.020E +00
52.086E +00
30.153E+00
26.219E+00
13.285E+00
351.110E-03
(b) With a liquid shim

S, Mises

(Avg: 75%)
156.699E+00
143.669E+00
130.639E+00
117.609E+00
104.580E+00
91.550E+00
78.520E+00
65.490E+00
52.460E+00
39.431E+00
26.401E+00
13.371E+00
341.396E-03

(b) With a liquid shim
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s, Mises
“ )

S, Mises S, Mises

(Avg: 75%) (Avg: 75%)
149.002E+00 152.598E+00
136.614E+00 139.923E+00
124.226E+00 127.249E+00
111.839E+00 114.575E+00
99.451E+00 101.901E+00
87.063E+00 89.227E+00
74.676E+00 76.553E+00
62.288E+00 63.878E+00
49.900E+00 51.204E+00
37.512E+00 38.530E+00
25.125E+00 25.856E+00
12.737E+00 13.182E+00
349.335E-03 507.682E-03

(c) With a solid shim (c) With a solid shim
Figure-46. Stress distribution for an assembly Figure-47. Stress distribution for an assembly
gap of 0.3mm. gap of 0.5mm.

S, Mises
5%

S, Mises i
(Avg: 75%) , Mises
215.156E+00 (Avg: 75%)
197.616E+00 259,030E+00
180.077E+00 237.968E+00
162.537E+00 216.905E+00
144.997E+00 195.842E+00
127.457E+00 174.780E+00
109.918E+00 153.717E+00
92,378E+00 132.654E+00
74.838E+00 111,592E+00
57.298E +00 90.529E+00
39.759E +00 69.466E +00
22.219E+00 48.403E +00
4.679E+00 27.341E+00
. 6.278E+00

(a) Without any shim material (a) Without any shim material

5, Mises
o

S, Mises 7
S, Mises
(Avg: 75%) (Avg: 75%)
187.232E+00
171.660E +00 17350300
156.088E+00 157.766E+00
140.516E+00 142.030E+00
124.944E+00 126.293E+00
109,372E+00 110.557E+00
93.800E+00 94.821E+00
78.229E+00 79.084E+00
62.657E+00 63.348E+00
47.085E+00 47.611E+00
31.513E+00 31.875E+00
15,941E+00 16,138E+00
369.318E-03 401.649E-03
(b) With a liquid shim (b) With a liquid shim
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s, Mises

S, Mises

(Avg: 75%)
156.135E+00
143.167E+00
130.200E+00
117.232E+00
104.264E+00
91.296E+00
78.328E+00
65.361E+00

(c) With a solid shim

Figure-48. Stress distribution for an assembly
gap of 0.7mm.

S, Mises

(Avg: 75%)
307.055E+00
282.137E+00
257.218E+00
232.300E+00
207.381E+00
182.463E+00
157.544E+00
132.626E+00
107.707E+00
82.789E+00
57.870E+00
32.952E+00

8.033E+00

(a) Without any shim material

S, Mises
(Avg: 75%)
160.151E+00
146.850E+00
133.549E+00
120.248E+00
106.947E+00
93.646E+00
80.345E+00
67.044E+00
53.742E+00
40.441E+00
27.140E+00
13.839E+00
537.874E-03

(b) With a liquid shim

S, Mises

(Avg: 75%)
187.311E+00
171.738E+00
156.165E+00
140.592E+00
125.020E+00
109.447E+00
93.874E+00
78.301E+00
62.728E+00
47.156E+00
31.583E+00
16.010E+00
437.411E-03

(c) With a solid shim

Figure-49. Stress distribution for an assembly
gap of 0.9mm.

It is clear from Figures (40), (41), (42), (43), (44),
(45), (46), (47), (48) and (49) that the stress distributions
are greatly influenced by the assembly gaps with
maximum concentrations being at the hole. In the case of
the influence of shim materials, it is observed that the
shims significantly reduced the stress distributions with
the reductions showing that:(1) liquid shims were better fit
for the assembly gaps 0.1mm,0.3mm,0.5mm and 0.7mm,
and (2) solid shims were better fitfor an assembly gap of
0.9mm. The trends observed for the stress distributions for
Figures(40), (41), (42), (43), (44), (45), (46), (47), (48)
and (49) were same as the ones depicted by Figures(30),
(31), (32), (33), (34), (35), (36), (37), (39) and (39).

CONCLUSIONS

The influence of the assembly gap and shims on
the strains and stresses of a bolted composite-aluminum
structure was carried out using a three-dimensionally non-
linear static analysis using the commercial finite element
software ABAQUS. The trend observed was that,the strain
and stress behaviors depicted by the assembled structure is
well in-line with the current practice of shimming
procedure in the aerospace industry but more study is
needed to conclusively make this assertion since other
factors such as the thermal expansion coefficients; failure
and fracture mechanisms; and degree of plasticity might
influence the trend observed in this paper for a composite-
aluminum structure.
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