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ABSTRACT
The objective of this thesis has been to investigate the effect a liquid shim has on the bearing strength
of a composite bolted joint. The shim is necessary to close gaps that occur during the assembly of the
joints, preventing the structural parts from being fastened correctly. The shim however increases the
load eccentricity of the joint and will have a negative effect on the joint strength, but the significance
of this weakening is not well understood.
This thesis primarily focuses on a parametric finite element study on the effect the liquid shim has on
the bearing of both a homogenised carbon fibre/epoxy model and a fully detailed laminate model
based upon the same material. Parameters studied were the plate and shim thicknesses, lateral
support, number of fasteners, bolt pre-tension and bolt diameter and the relative strength decreases
were documented.
A literature study was also conducted to consider previous results concering the strength change due
to the inclusion of a shim. It was found that the results show a large spread dependent on material
system, geometry and assumptions regarding numerical behaviour. The finite element simulation was
compared with the results from these studies, showing fairly good agreement.
The analysis conducted has shown that there is a major increase in stress and strain on the bearing
surface because of the shim. Moreover, it is shown that this strength reduction is dependent on both
model and parameters studied, which necessitates experimental testing in order to verify which is the
more applicable for future methodology.
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SAMMANFATTNING
Syftet med detta examensarbete har varit att undersöka effekten som ett flytande mellanläg har på
hålkantsstyrkan hos ett bultförband i kompositmaterial. Mellanlägget är nödvändigt för att försluta
gap som uppstår i produktionen av förbandet, som förhindrar delarna från att fästas ordentligt.
Mellanlägget ökar dock lastexcentriciteten hos förbandet och kommer ha en negativt effekt på
förbandets hållfasthet, men storleken på denna är inte fastställd.
Examensarbetets fokuserar huvudsakligen på en parametrisk finit elementstudie av effekten som
mellanlägget har på hålkanten hos både ett homogeniserat laminat av kolfiber/epoxy och ett fullt
beskriven laminatmodell baserad på samma material. Parametrar som studerades inkluderar plattoch mellanläggstjocklek, stöd, antalet fästelement, förspänning och bultdiameter och den relativa
försvagningen på grund av dessa har dokumenterats.
En litteraturstudie har också genomförts för att sammanställa tidigare resultat på
hållfasthetsförändringen på grund av mellanlägg. Det har konstaterats att det finns en stor spridning
beroende på materialsystem, förbandsgeometri och antaganden för numeriskt beteende. Den finita
elementlösningen har jämförts med resultaten från dessa studier och uppvisar skaplig
överensstämmelse.
Analysen som har genomförts visar att det uppstår en signifikant ökning av spänning och töjning på
hålkantsytan på grund av mellanlägget. Vidare så har det visats att dessa ökningar är mycket beroende
av både modellval och parametrar, vilket nödvändiggör experimentella tester för att verifiera vilka som
är mest tillämpliga för framtida metodik.
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NOMENCLATURE
Notations
Symbol
𝐸𝑖
𝐿𝐸𝑖𝑗
𝑆𝑖𝑗
𝑆̂𝑖𝑗
CPRESS
𝑡

Description
Young’s Modulus
Logarithmic Strain
Stress
Stress limits
Contact Pressure
Thickness

Unit
[MPa]
[1]
[MPa]
[MPa]
[MPa]
[mm]

𝑑
𝐺𝑖𝑗

Hole/bolt diameter
Shear modulus

[mm]
[mm]

e
w
L
𝐹
T
𝑋
𝜃
𝑓

Distance from hole centre to edge
Plate width
Length of joint
Force
Torque
General variable as described in text
Lamina fibre angle
Yamada-Sun factor

[mm]
[mm]
[mm]
[N]
[Nm]
Varies
[∘ ]
[1]

Subscripts denote either part (e.g. 𝑑𝑏𝑜𝑙𝑡 referring to the bolt diameter), configuration
(𝑢𝑛𝑠ℎ𝑖𝑚𝑚𝑒𝑑 and 𝑠ℎ𝑖𝑚𝑚𝑒𝑑 referring to unshimmed and shimmed respectively) or material direction
(1,2 and 3).

Abbreviations
FEA
CAE
KDF

Finite Element Analysis
Computer Aided Engineering
Knock Down Factor
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1. INTRODUCTION
1.1 BACKGROUND OF THE COMPANY
In 1937, at the dawn of a new world war was on the horizon, Svenska Aeroplan AB, later known as
Saab, was founded with the intention to design and produce military aircraft for Sweden so as to
maintain national security, sovereignty in the face of the oncoming conflict. Known for its historical
aircraft such as the Saab 35 Draken, the company is nowadays an international one offering a multitude
of products in both civilian and military markets, particularly production of military aircraft, maritime
vessels and security solutions [1][2]. This thesis is written at the department Methodology, Tools and
Data – Stress Engineering within the section Airframe Development, a part of the Aeronautics business
area that primarily focuses on the Saab 39 Gripen fighter aircraft. The department primarily focuses
on supporting other departments via developing methodology for solid mechanics and Finite Element
(FE) analyses as well as gathering material data.

1.2 BACKGROUND OF THE PROBLEM
Bolted joints, i.e. joints where two plates are joined together with a bolt as the fastener element, are
among the most common elements in a structural assembly. Due to this fact, information about load
distribution and effects are of large interest. However, despite the common use the joint also presents
a stress concentration where the bolt is in contact with the plate bearing. In a traditional metallic joint,
the material may plastically deform and redistribute this contact load to other fasteners or increase
the contact area, prevent catastrophic failure. In structural elements manufactured from composite
materials this load redistribution will not occur in a similar fashion as composites show little or no
plastic deformation before failure[3][4], and instead problems such as local crushing appear.
During manufacturing of the joint, it is probable that the parts will not show a perfectly even fit,
requiring some form of filler material to prevent a gap from forming. It is generally assumed that this
filler, called a shim, will decrease the performance of the joint but the degree of this deterioration is
not well documented in literature, particularly concerning composite joints. It is thus considered
worthwhile to investigate this effect. Two illustrative curves regarding this effect is shown in figure 11.

Figure 1-1: Illustrative example of the effect a shim has on the bearing strength of a composite joint.
[13, pg. 26]
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1.3 OBJECTIVE
The purpose of this work is to analyse the influence different parameters such as the thickness of the
joint plates, shim thickness, bolt diameter and more have on the final joint load state in order to
determine whether it is necessary to conduct an extended testing programme to expand and improve
the current methodology in use at Saab, and whether some general conclusions can be drawn from
finite element simulations of the joint instead of comparatively expensive experiments. There is no
current in-house methodology on the effect a thick (more than 0.8 mm) shim has on the load state in
the joint and how to adequately dimension parts for them nor is there knowledge how it interacts with
current multiple correction factors that are used to correct for errors or tolerances.
The primary investigation is to determine approximately how large the increase in stress and strain
that can be expected from the inclusion of a shim of varying thickness is. Furthermore, the
investigation should also consider influence the following parameters in combination with shim
thickness have on the joint stresses and strains, in order to prepare for possible future testing:
•
•
•
•
•
•

Effect of shim thickness.
Effect of part thickness
Effect of hole diameter
Effect of supporting boundary conditions.
Effect of the number of fasteners in the joint.
Effect due to pre-load of the bolt element.

Limitations
•
•
•
•
•

Purely numerical analysis of the problem.
A design space limited to current design parameters used at Saab
No use of advanced damage models
Majority of the work using homogenised, anisotropic plates instead of specific composite
lay-ups
Only static failure is considered

Used Software:
•
•

Abaqus/CAE 2018 – General FE modelling
Matlab 2019
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1.4 LITERATURE STUDY
Initially, a literature study to research the topic of bolted joints has been conducted in order to assess
and compile current knowledge and results pertaining to it. Although the research area of bolted joints
is well established, the field concerning shimmed joints is still in development and few studies exist.
Therefore, instead of limiting the search to that particular topic, a more general study was performed
with the following main foci:
•
•

Analyses, in particular experimental and numerical ones, of joints with shims studying the
effects of varying shim thicknesses.
Analyses of joints containing composite structural elements to survey effects of different
design parameters.

To the author’s knowledge, there are no complete analytical solutions regarding a bolted joint and
none for the case of a shimmed joint. The theoretical basis for the theory in use is primarily based upon
William Barrois’ work Stresses and displacements due to load transfer by fasteners in structural
assembles[5] with regards to the bolted joints, and S. G. Lekhnitskiy’s Anisotropic Plates[6] with regards
to the stress fields, in particular those close to the plate hole. However, the former does not account
for composite materials nor shims and the latter is in use for some internal programs at Saab rather
than current methodology.
Table 1-1 details the papers and sources regarding unshimmed joints are cited in this thesis, with full
reference available in the reference section at the end:
Authors
T. Ireman [7]

Work
Three-dimensional stress analysis of bolted single-lap composite
joints
T. Ireman, T. Ranvik, I. Eriksson [8] On damage development in mechanically fastened composite
laminates
G. Kelly, S. Hallström [9]
Bearing strength of carbon fibre/epoxy laminates: effects of bolthole clearance
J. Ekh, J. Schön [10]
Effect of secondary bending on strength prediction of composite,
single shear lap joints
H.Y. Nehzad, B. Egan, F. Merwick, Bearing damage characteristics of fibre-reinforced countersunk
C.T. McCarthy [11]
composite bolted joints subjected to quasi-static shear loading
F. Liu, X. Lu, L. Zhao, J. Zhang, N. An interpretation of the bolt load distributions in highly torqued
Hu, J. Xu [12]
single-lap composite bolted joints with bolt-hole clearance
Table 1-1: References concering composite joints without shims.
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Furthermore, there are several of studies of shimmed joints describing the effect with regards to
different parameters, listed in table 1-2.
Authors
U.S. Department of Defense [13]
C. Hühne, A.-K. Zerbst, G.
Kuhlmann, C. Steenbock, R. Rolfes
[14]
J.X. Dhôte, A.J. Comer, W.F.
Stanley, T.M. Young [15]
L. Liu, J. Zhang, K. Chen, H. Wang,
M. Liu [16]
Y. Yun, L. An, G. Gao, X. Yue [17]

Work
Composite Materials Handbook, MIL-HDBK-17-1F
Progressive damage analysis of composite bolted joints with liquid
shim layers using constant and continuous degradation models

Study of the effect of liquid shim on single-lap joint using 3D Digital
Image Correlation
Experimental and numerical analysis of the mechanical behaviour
of composite-to-titanium bolted joints with liquid shim
Effects of liquid shim on the stiffness and strength of the
composite-composite single lap joint
G. Gao, L. An, W. Zhang, Y. Yun, X. Investigation into bearing capacity of composite bolted joints with
Yue, N. Han, Q. Jiang [18]
different shim
L. Cheng, Q. Wang, Y. Ke [19]
Experimental and numerical analyses of the shimming effect on
bolted joints with nonuniform gaps
Y. Zhai, D. Li, X. Li, L. Wang [20]
An experimental study on the effect of joining interface condition
on bearing response of single-lap, countersunk compositealuminium bolted joints
Table 1-2: References concering composite joints with shims.
An assessment of the results and the influence of various factors on the joint has been done and is
available in section 2.5.
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2.

FRAME OF REFERENCE

The aim of this chapter is to give a succinct description of the problem and related factors such as
material peculiarities, the numerical solution method, an assessment of current research and the
present situation at Saab.
The stress state in a bolted joint cannot be perfectly described using analytical theory, and the fact
that there is an eccentricity in the load path since the plates are not in-line with each other will likely
affect stress state negatively as bending will occur when the load path attemps to becomes straight.
Composite materials will not carry the load equally between the layers, creating a discontinuous stress
distribution through the thickness. Contact mechanics will predict wildly different stresses depending
on the method used.

2.1 DESCRIPTION OF THE PROBLEM
A bolted joint is a connection between two or more structural parts, in this case plates, bolted
together. As the parts are not joined together in a level plane, any applied load is required to traverse
the bolt in order to continue to the next part(s). This is illustrated in figure 2-1.

Figure 2-1: Illustrative picture of a bolted joint.
It is clearly evident that this change in from a purely horizontal path will create a moment around the
central point of the bolt, which will cause a rotation of the plates which attempt to accommodate the
bolt motion. In turn, this will bend the plates even though the load itself is purely axial, a phenomena
called secondary bending. If the hole is not perfectly sized to the bolt, which is difficult in practice when
considering non-metallic materials, the bolt will tilt, which causes an uneven stress distribution on the
bearing. Furthermore, the axial motion of the plates will cause the bolt to bend, which may induce
bending stresses in the bolt as well. Figure 2-2 illustrates these different phenomena.
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Figure 2-2: A) Bolt tilting with contact areas circled red, B) bolt bending with the bending deformation
pointed out and C) secondary bending with the attempted load path marked out.
Currently there are no analytical solution describing the stress state in the bolted joint without making
some form of assumptions, such as in [5] where a semi-empiric stiffness is used, although the problem
has been well studied both numerically and experimentally, see [7].
It is however evident that the stress concentration induced from the bolt impacting the plate edge will
become problematic as the load increases to the limit of the materials involved. It will be this area that
suffers the most critical damage. Nonetheless, some degree of damage may be tolerable as the
majority of the contact surface is undamaged and continues to carry load. Nor is it certain that bearing
failure is the critical mode of the joint assembly as other possibilities exist [21], as depicted in figure 23.

Figure 2-3: Illustration of the five basic macroscopic failure modes. A) Net-section failure due to loading
in tension, B) bearing failure due to compressive loading on bearing surface, C) shear-out failure due to
shear stresses in laminates with short edge distances, D) fastener pull-through due to out-of-plane load
and E) fastener failure due to shear stresses in the fastener [21, pg. 8].
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Apart from net section failure and bearing failure, these can be avoided via appropriate sizing of the
joint with respect to edge distance, thickness and other parameters. Net section failure (A in figure 23) will always occur in a plate loaded with a tensile force, and it will cause a catastrophic collapse of
the joint. Bearing failure is a more progressive form of failure where the area in contact with the bolt
will be damaged and then fail, without the part necessarily suffering total collapse and is thus more
forgiving [4] and possibly recommended for design, although it may often be impractical [22]. Sizing
requirements to avoid shear-out failure, fastener failure and fastener pull-through are according to
𝑊𝑚𝑖𝑛 = 4𝑑 + 𝑚
𝑒𝑚𝑖𝑛 = 2.5𝑑 + 𝑚
Which are depicted in shown in figure 2-4. In eqs. 1 and 2, m is a production tolerance
parameter.

Figure 2-4: Geometry of a bolted joint plate with dimensions marked out.

Shimmed joints
When the joint is first assembled, the joined surfaces are often not flush with each other, creating a
gap of varying size and geometry between the plates. As the gap cannot be allowed to remain within
the structure due to the plates not being supported, it can be removed by either tightening the bolt or
introducing a new material to fill this space, a so called shim. If it is possible to close this gap by
tightening the bolt with a light torque, this is the recommded procedure. However, if the pressure on
the parts become too high they may be damaged, necessitating the addition of a shim to the joint. This
is shown in figure 2-5 on the next page. The shim itself may be liquid (i.e. glue that hardens) or a solid
plate depending on other requirements.
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Figure 2-5: A) Joint with gap and B) joint with shimmed gap (yellow).
As of today, common practice within the aerospace industry is that the allowed gap is 0.8 mm/0.03 in.
[13], regardless of e.g. plate size or shim material. Above this limit, additional calculations need to be
preperformed to prove that it will not fail. However, over time the number of requests for shimming
gaps larger than this allowed limit have increased and it has been deemed necessary to conduct an
investigation of the influence of a shim on the structure and to determine whether experimental
testing and investigation of the problem is necessary or if the influence due the shim can be neglected.
Furthermore, it is desired to conclude if some specific correction guidelines can be found in order to
include it in future methodology.

2.2 COMPOSITE MATERIALS
The term composite material applies to a material composed of more than one distinct constituent
materials. The aim of combining the materials together is to create a material with properties superior
to the ones of the constituents, such as improved stiffness or strength per mass density. In the case of
fibre reinforced composites, the fibres with good material properties carry the loading and the
compliant resin matrix simply transfers the load between the individual fibres [23]. In this work, the
composite used is a carbon fibre/epoxy laminate.
This leads to different behaviour when compared with isotropic materials such as most common
metals, where the properties are identical in all directions, as the fibre reinforced composite is
anisotropic or directionally dependent. The fibres have different properties in the longitudinal
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direction compared to the transverse, and tends to be weaker in compression than in tension. For a
single layer, or lamina, of fibre composite, the Young’s moduli 𝐸𝑥 and 𝐸𝑦 and the shear modulus 𝐺𝑥𝑦
in different directions approximately behave as in figure 2-6.

Figure 2-6: Lamina Young's and shear moduli as dependent on fibre angle, where 0 degrees represents
alignment with x-axis. Material is HT carbon fibre.
In addition to this, in order to produce a structure it is necessary to design a laminate consisting of
multiple lamina as the thickness of each layer is very low. As such, the exact design of the laminate
layers need adhere to stacking rules that govern both the sequencing of the layers and the overall
order and percentual content of layers with different fibre angles. This is described in table 2-1.
Furthermore, the loading carried by each layer will generally differ significantly if the layers are rotated,
causing a stress distribution similar to figure 2-7 depending on exact lay-up.
0/90/±45 plies only
> 25% plies on ±45 direction
< 70% plies in any single direction
> 10% plies in any single direction
Max 4 plies with the same fibre angle lumped together
Equal number of ±45 plies to prevent coupling between different modes
Table 2-1: laminate stacking rules
10

Figure 2-7: Comparison of bending stress distribution in an isotropic material (left) and a composite
laminate (right), showing that the stress is not necessarily highest at the edge.
The strength of the materials is typically much higher in the 1-direction than in the 2-direction, but the
increased stiffness also causes the layers oriented in former to carry significantly higher loads. The
stress distribution around a hole in an anisotropic plate is thus markedly different than in an isotropic
plate. Lekhnitskii [6][24] gave a derivation for the stress concentrations in an anisotropic plate, with
the stress concentration factor being
𝑸=

𝐸𝜓
{[− cos 2 𝜙 + (𝑘 + 𝑛) sin2 𝜙]𝑘 cos 2 𝜙 + [(1 + 𝑛) cos2 𝜙 − 𝑘 sin2 𝜙] sin2 𝜃
𝐸1
− 𝑛(1 + 𝑘 + 𝑛) sin 𝜙 cos 𝜙 sin 𝜃 cos 𝜃}

with the parameters described in table 2-2.
h

𝐸11 /𝐺12 − 2𝜈12

k
√𝐸11 /𝐸22
n
√2𝑘 + ℎ
[sin4 𝜃 /𝐸11 + (1/𝐺12 − (2𝜈12 )/𝐸11 ) sin2 𝜃 cos2 𝜃 + cos 4 𝜃 /𝐸22 ]−1
𝐸𝜓
𝜃
Lamina fibre angle
𝜙
Angle of applied stress field
Table 2-2: Table of coefficients used in the Lekhnitskii stress concentration equation.
An illustration of these load concentration factors is shown in figure 2-8.
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Figure 2-8: Relative tangential load concentration factors around a hole as dependent on fibre angle 𝜙
and angle around hole 𝛽compared to an isotropic material.
This further complicates the analysis, as the stress concentration factor due to the presence of a hole
is greater than in isotropic materials, giving evidence for the weakness of composites to bearing
pressure. Furthermore, it must be noted that the composite may not even break where the stress
concentration is the highest due to the fact that the strength varies with respect to the hole. With e.g.
the Yamada-Sun failure criterion in equation 4 [21],
𝑆11 2
𝑆12 2
𝑓2 ≤ (
) +(
) ,
𝑆̂11
𝑆̂12
with failure occurring if 𝑓 ≥ 1. The lamina fibre angles most sensitive to normal tension
loading are 80 and 100 degrees as shown in figure 2-9, but these are fibre angles not widely used in
the aerospace industry.

Figure 2-9: Yamada-Sun criterion applied to the problem of stress around a hole in a unidirectional
laminate, showing that although the stress concentration factors are higher for certain lamina angles
as seen in figure 2-8, these are not necessarily the angles that are most likely to suffer failure.
In addition to this, due to the potential contact stresses that act on the hole edge, local crushing of the
laminate will likely occur even at quite low far field loads.
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2.3 CONTACT MECHANICS
The load in the problem can be transferred between the plates in two ways: friction between the plates
and shim, and contact between the plates, the shim and the bolt. Friction is not accounted for in this
work because a worst-case scenario is desired and as described in [12], friction serves to increase the
failure load by transferring some of the load instead of the bolt transferring the entire load via the
bearing surface. Moreover, the exact degree to which friction can be relied upon is dubious due to
creep relieving the load [4][25]. The contact must however be described using contact mechanics as
the contact load is transmitted by the solid parts physically touching. Depending on the clearance
between the bolt and the plate and the stiffness and brittleness of the materials involved, the stress
can vary greatly both with respect to absolute value and distrubtion.
For the hole, a few simple handbook methods to calculate the bearing surface pressure exist, described
in table 2-3.
Negligible clearance, rigid
bodies
Negligible clearance, elastic
bodies [27]
Hertz Contact [28]

𝐶𝑃𝑅𝐸𝑆𝑆 =
𝐶𝑃𝑅𝐸𝑆𝑆 =
𝐸 ∗ 𝐹 1/2

𝐶𝑃𝑅𝐸𝑆𝑆 = (𝜋𝑡𝑑∗ )

𝐹
𝑑𝑡

4𝐹
cos 𝛼 ,
𝜋 𝑑𝑡
1

1

, with 𝑑∗ = −𝑑

ℎ𝑜𝑙𝑒

𝜋
3𝜋
≤𝛼≤
2
2
+𝑑

1
𝑏𝑜𝑙𝑡

1

and 𝐸 ∗ =

1−𝜈12
𝐸1

+

1−𝜈22
.
𝐸2

Table 2-3: Theoretical equations used to calculate contact stresses at a bearing surface.
The pressure CPRESS is calculated by the various methods, assuming a titanium bolt and homogenised
carbon fibre plate with 𝑑 = 𝑑1 = 6 mm and 𝑑2 = 5.98 mm, 𝑡 = 6 mm as well as a load 𝐹 = 10 kN
are shown in the following table, illustrating the varying levels of load. Aluminium and Titanium are
used for 𝐸1 and 𝐸2 respectively.
Negligible clearance, rigid bodies
277.8 MPa
Negligible clearance, elastic bodies
353.7 MPa
Hertz Contact
1176.2 MPa
Table 2-4: Contact stresses using the methods described in table 2-2 and the parameters listed above.
There is a clear, major difference depending on method which makes it doubtful which to rely on this
kind of calculation. Furthermore, these do not account for the bolt tilting or bending, and as such may
be overly optimistic.
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2.4 TODAY AT SAAB
There is no fully developed methodology which considers shims at Saab today. In cases where shims
are not considered, methods based upon e.g. Barrois [5] and extensive testing is utilised [29][30]. Using
the solution from this, an interpolation on the form of a third degree polynomial is used to calculate
the correction factor 𝐾 of the joint thickness as
𝑡 3

𝑡 2

𝑡

𝐾 = 𝑎3 (𝑑) + 𝑎2 (𝑑) + 𝑎1 (𝑑) + 𝑎0
where 𝑎𝑖 are interpolation parameters dependent on materials and determined by experimental
testing. If the plates are dissimilar in thickness, a further correction factor is used. The result looks
similar to the following figure

Figure 2-10: Correction factor dependence on thickness of plate, diameter of bolt and relative thickness
between plates, where 𝑡 and 𝑡1 are the thicknesses of the primary and secondary plates respectively.
Furthermore, some rules concerning the failure of net-section and hole bearings are given in [21],
according to table 2.5.
Net-section failure

For specific, well-known materials, a variant of the Point Stress
Criterion (PSC) should be used at a characteristic distance 𝑟0 from
the hole. This is fulfilled if 𝐿𝐸𝑟𝑎𝑑𝑖𝑎𝑙 (𝑟0 ) ≥ 𝐿𝐸𝑐𝑟𝑖𝑡 . For other
materials, the strains are calculated at the hole edge and then
compared to allowable strains, with failure occurring if
𝐿𝐸𝑟𝑎𝑑𝑖𝑎𝑙 (𝑟ℎ𝑜𝑙𝑒 ) ≥ 𝐿𝐸𝑐𝑟𝑖𝑡 .

Bearing failure

For well-known materials, the Yamada-Sun criterion is used along
a semi-empirical curve. Failure occurs if the criterion is fulfilled at
any point in any ply along the curve. For other materials, the
strains are calculated at the hole edge and then compared to
allowable strains, with failure occurring if 𝐿𝐸𝑟𝑎𝑑𝑖𝑎𝑙 (𝑟ℎ𝑜𝑙𝑒 ) ≥
𝐿𝐸𝑐𝑟𝑖𝑡 .

Table 2-5: Failure criteria rules at Saab.
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2.5 REFERENCE ASSESSMENT
Studying the references, there are a number of inferences that can be made. First, beginning with the
general composite joint studies as described in section 1.4, the conclusions relevant to the simulations
conducted herein have been summarised in in tables 2-6 and 2-7, which the former being related to
studies concerning joints without shims:
Reference
[7]

[8]

General Conclusions
• Very high radial strain at bearing, rapidly decrease with distance from centre.
• Non-uniform pressure distrubtion due to bending and tilting of bolt
• Larger diameter bolt yields more evenly distributed stresses, significantly lower
normalized contact pressure.
•
•
•
•
•

[10]

•
•

[11]

•
•
•

[9]

•
•

[12]

•
•

Tightening bolts will increase failure load due to increased friction transferring
loads.
Lateral Support increases failure load by removing secondary bending and
related stresses.
Initial failure occurs at low load (25% of failure) with chipping of resin layer
Fibre fracture at 35% of ultimate failure load, starting with axially loaded fibres
due to matrix cracking leading to buckling.
Delamination at 70% of failure load, at the top surface.
Reduction of secondary bending can lead to reduced contact area, larger
stresses during tensile loading.
Minimising eccentricity of load path more important than reducing secondary
bending.
Failure occurs at higher load levels with multiple fasteners, but approximately
same extension as compared to one fastener.
Failure of first fastener followed by rapid failure of second but not third.
Stiffness approximately proportional to number of bolts
Reduction in static bearing strength due to bolt clearance approximately
between 0 and 12% for thinner plates, very small for thicker plates.
Significant increase in through-thickness and compressive stress with increased
clearance, earlier onset of damage.
At same load in bolt, external load approximately twice for highly torqued bolts
compared to finger-tight ones, attributed to increased friction.
Suggests that friction has a large beneficial effect on the joint load level.

Table 2-6: Assessment of various studies on composite joints.
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Influence of shims
The effect due to the inclusion of a shim is however not as well studied, with limited available literature
and varying results. The general position as described in the U.S. Military Handbook [13] is that the
thickness of the shim has a potential large negative influence on the bearing strength, with a residual
gap of any size reducing joint performance. However, the ultimate strength depends on multiple
factors such as bolt diameter, composite thickness and material, gap thickness, shimming materials
and more.
It must be noted that there are no explicit, detailed conclusions from literature as the specific lay-ups,
materials, geometry, assumptions etc. vary significantly between different studies. However, the
general conclusions gathered from the references used are detailed in table 2-7.
Reference
[13]

General Conclusions
• Shim thickness has a large influence on bearing strength
• Actual effect varies depending on multiple factors
• Solid Shim better than Liquid Shim
• Reduction in strength up to 25% for specific conditions at thick shims.

[14]

•
•

Noticeable reduction in joint stiffness with increasing shim thickness
Ultimate load and design load not clearly affected, only very thick shims give a
large reduction.

[15]

•
•
•

Significant reduction in joint stiffness.
Increased in-plane strain and out-of-plane behaviour
Load not evenly distributed between multiple fasteners

[16]

•
•

Failure load and stiffness suffer minor reduction from shim thickness
No shim possibly worse, explained as inappropriate shimming in relevant case.

[17]

•

Reduced maximum load by 6% at 0.8 mm shim whereas stress increased by
approximately 25%.
Significant increase in stress not necessarily equal to reduction in strength.

•
[18]

•
•

Laminated shim superior to liquid one, minor difference at thin shims.
Linear stiffness, peak tensile load reduced with thicker shims due to higher
eccentricity of load path.

[19]

•
•
•
•
•

Solid shim gives higher loads
Liquid shim higher stiffness
Hybrid liquid-solid in-between.
Reduction in stiffness and increase in stress, with stress less affected than
stiffness.
Non-uniform gap does not result in performance loss compared to uniform.

•
•
•

Solid shim performs better w.r.t. bearing due to higher bending stiffness
More variation for the solid shim in stiffness, offset strength
More variation for liquid in ultimate bearing strength

[20]

Table 2-7: Assessment of various studies on composite joints including a shim.
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It is clear that the inclusion of a shimmed gap can reduce the strength of the joint, particularly at higher
shim thicknesses. However, it is also easy to discern that there exists a large difference in the results,
with some showing significant losses even with thin shims whereas others only yield a detrimental
effect at shims that are very thick compared to the plate thickness. This is further aggravated by the
fact that only a select few considers thick shims with half of the studies only consider shims up to 0.8
mm.
Some differences are expected because it is not always clear what quantity has been evaluated, how
the model has been created, how the testing has been conducted and because the geometry differs.
In general, the results should be interpreted with caution due to the evidently large spread in results,
and the fact that most studies consider global results rather than detailed bearing data. Nonetheless,
in order to compare with the results from the present study, the data from gained from the references
pertaining to shimmed joints is presented in figure 2-11. The maximum load or ultimate load,
depending on the presented results, for each study is considered the parameter of interested as the
stiffness is not the focus of this thesis.
For the comparison, a so-called knock-down factor (KDF) is used here, illustrating the relative decrease
in joint strength due to the inclusion of a shim as
𝐾𝐷𝐹 =

𝐹𝑠ℎ𝑖𝑚𝑚𝑒𝑑
𝐹𝑢𝑛𝑠ℎ𝑖𝑚𝑚𝑒𝑑

where 𝐹 is either maximum load or ultimate load, depending the study in question.
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Figure 2-11: Comparison of the knock down factor from the various studies. Note the wide range in magnitude of the factors which are not necessarily
correlated with the geometry. The different behaviours is not necessarily indicative of a straight decrease, but may instead be due to low number of
measurements.
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3.

MODEL AND METHODS

As mentioned, to study the behaviour of the joint, several finite element analyses were performed.
This section describes the modelling approach and the methodology of analysing and organising the
results.

Modelling
All modelling was done using the Abaqus finite-element software [31], with the specific models being
created by using the Abaqus Scripting Interface [32], an extension of the Python object-oriented
programming language with capability to interact with the Abaqus/CAE. This allowed rapid creation of
different model configurations via simple changes in the code instead of using hand-crafted
geometries and modelling inputs. The results were then retrieved with another Abaqus script, with the
data being analysed with Matlab. All code was written by the author and specifically designed for the
examined problem. In the case where large alterations were done such as the model with two fastener
elements or the detailed laminate model, a modified variant of the initial script was used where only
the geometry, mesh and material were changed.
The model is created as a 3D-model rather than the more common 2D shell laminates, recommended
by Abaqus [31][33]. This is due to the exclusion of z-direction stress that are not visible in the shell
structure, which is considered of importance with respect to bearing failure [25].

Materials
As the post-elastic region was of little interest as no progressive damage criteria were implemented,
all materials used in the analysis are considered linear elastic solids. Implementing non-linear
behaviour such as fibre debonding or plastic deformation would cause a significantly more complex
simulation and any damage apart from highly localised such are not permissible, rendering postdamage studies irrelevant. The composite material was treated as in-plane homogenised as detailed,
layer-specific results are not of critical interest. Furthermore, such data is lacking for multiple
materials. Material properties are described in table 3-1:
Material
Titanium
Glue (Shim)
Aluminium
Steel
Carbon Fibre (homogenised)

Young’s
Modulus
116.5 GPa
1 GPa
67 GPa
210 GPa
60 GPa

Poisson Ratio
0.31
0.4
0.33
0.3
0.3

Table 3-1: Material properties for the materials used in the first model. Note that the Carbon Fibre
properties are approximate as exact material properties are classified, but full anisotropic material
properties for an in-plane homogenised material is used in the analysis.
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Geometry
The geometry was based upon previous coupon tests conducted at Saab according to figure 3-1, with
the length being set at 150 mm and 𝑤 and 𝑒 according equations (1) and (2), section 2.1.

Figure 3-1: joint geometry from above and the side. L = 150, e = 3d
The bolt including any washers and nuts was considered one solid structure to reduce modelling
complexity and improve convergence as detailed bolt damage was not of interest in the present study.
The length of the bolt shank varied in the analyses in order to fit the plate-shim-plate thickness, but
diameter of both the shank, bolt head and nut are kept fixed throughout the study unless noted.
The model was not created as two single solids joined together by a bolt. Instead, separate parts as
shown in figure 3-2 were created and then tied together using the Abaqus tie constraint where the
parts should be connected with each other which is illustrated in figure 3-3.

Figure 3-2: The separate parts from which the joint is assembled.
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Figure 3-3: Tie-constrained surfaces marked out in red, showing where the parts from figure 3-2 are
connected.

Mesh
The mesh is divided into two different categories depending on component. Since detailed results are
only taken from the parts immediately surrounding the bolt, this area requires a fine mesh and has
two laminate layers per element in the thickness direction. The solid geometry outside of this area
does not require this resolution as the only data retrieved is the reaction force and as such, these
components were roughly meshed. This mesh discontinuity at the tie-surfaces will result in a minor
error with respect to continuity of results, but this has been determined to be of little concern for the
present analysis. The local and global meshes are shown in figure 3-4.

Figure 3-4: Local mesh for the A) bolt, B) shim, C) plate tab, D) plate, E) plate close to bolt and F) the
assembled meshed geometry.
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The elements used were the Abaqus built-in C3D8I and C3D6. The former is the incompatible mode
eight-node brick element, an improved linear brick element, better suited than the standard C3D8 and
C3D8R elements for this analysis. The latter element type a linear wedge and only used for the central
cylinder of the bolt in order create a better mesh and reduce the number of elements. Quadratic
elements are not recommended for contact analyses [33] due to the way the load is interpolated over
the element nodes in a quadratic element.

Load and Boundary Conditions
There are three boundary conditions of note in the model, listed below.
•
•
•

One edge of the joint is kept fixed, not permitting any displacement.
A forced displacement of 2 mm in the x-direction is applied to the other edge, with no rotation
and movement in the other directions allowed.
The bolt is pre-loaded to 100 N, corresponding to a torque of 0.12 Nm [34].

These boundary conditions are shown in figure 3-5. The forced displacement represents between 0.750.88% strain over the entire joint, but due to bending and contact, the local strain close to the bolt
may be significantly higher. As such, the applied displacement is enough to locally exceed the failure
strain of the material, which is approximately 1% for most CFRP-composites [23].

Figure 3-5: Surfaces with prescribed displacement (in red).

Contact Formulation
As a contact analysis is utilised in the finite element simulation, it is necessary to apply interaction
properties to the contact interaction. For the specific properties regarding the implementation in this
analysis, table 3-2 describes the setup used in Abaqus for this work.
• Frictionless
• “Hard” Contact
• Augmented Lagrange constraint enforcement
• Default stiffness values, scale factors.
Table 3-2: Interaction Properties for the Abaqus Contact Interaction.
Tangential Behaviour
Normal Behaviour

In order to define the contact surfaces, the General Contact, All* With Self algorithm was used. This
algorithm considers contact for all exterior surfaces of the model instead of requiring specified contact
pairs, simplifying the creation of the contact interaction. Furthermore, the method is also by default a
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finite-sliding, surface-to-surface formulation. The former allows arbitrarily large relative sliding motion
between two contacting surfaces whereas the latter enforces the contact condition in an average
sense over surfaces close to nodes instead of only at nodes, preventing large, undetected penetration.
Abaqus’ built-in contact stabilisation, contact initialisation and contact controls were used to improve
the convergence of the solution if necessary [33]. This stabilisation introduces viscous damping that
opposes relative motion between neighbouring surfaces, which in essence stabilises unconstrained
rigid body motion [31]. Any obviously faulty results arising from this stabilisation energy have been
removed from the analyses.
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4.

RESULTS - HOMOGENISED MODEL

4.1 ANALYSIS METHOD
The methods for predicting failure at Saab have been detailed in section 2.4, table 2-3 and will be used
here. Because composite failure criteria are not intended for a homogenized model only the strain at
the bearing surface will be considered in this section. Furthermore, the stress in the direction of the
load (in the present analysis along the x-axis) and the contact pressure has also been considered of
interest since determining the stress and contact pressure distributions could aid in future work. The
specific variables extracted from Abaqus are:
•
•
•

Contact Pressure, CPRESS
Stress in x-direction, S11
Logarithmic strain in x-direction, LE11

All results are determined from the nodes along the line specified in figure 4-1, which is the most
critically loaded part of the bearing surface.

Figure 4-1: Node considered for the evaluation of the KDF. The nodes marked are only to give an
indication of the numbering scheme, with nodes towards the outer edge having a higher nodal number
than those towards the other plate.
Although it is possible to consider other positions along the bearing surface, the amount of data
necessary combined with the fact the nodes on this line experiences the highest compressive stresses
and strains suggests that it is the most critical. This can be compared with e.g. [7] where it is shown
that the contact stresses are at their maximum there. Although other nodes around the hole are highly
loaded, it is at the node line directly ahead of the bolt in the x-direction where the highest compressive
stresses are, generating the most critical area.
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A small number of difficulties exist regarding determining the results.
•
•

The contact area between the plates and the bolts is not static and will change through the
analysis.
The bolt tilting will cause a significant stress concentration at the nodes with the lowest
number whereas the stresses will be lowered or even vanishing at the higher numbered
numbers. This occur at different increments for different configurations due to stiffness
differences.

Furthermore, the stiffness of the joint will change with different geometries and material assignments,
it is not possible to determine the results at the exact same load for every combination unless a very
large number of increments is calculated and stored. Instead, utilising the fact that the increments in
the nonlinear analysis are linear, a simple scaling factor is used to approximate the load for step times
between two increments. The process is described below.
1. Choose an increment for the unshimmed assembly.
2. Calculate the total reaction force 𝐹𝑟,𝑢𝑠 for this increment and retrieve the field variables of
interest, CPRESS, S11 and LE11.
3. For each shim thickness, find the increment with a total reaction force 𝐹𝑟,𝑠 closest to 𝐹𝑟,𝑢𝑠
compared to the one calculated in step 2. Retrieve the desired field variables in this increment.
4. Multiply the field variables from step 3 with the factor 𝐹𝑟,𝑢𝑠 /𝐹𝑟,𝑠 to approximate the value
at 𝐹𝑟,𝑢𝑠 .
This may give a minor numerical error, which is considered acceptable when compared to the
difference in computational time and storage required for the very small step increment sizes that
would be required to fully remove it.
An argument could be made that since damage is not considered, the results would be erroneous.
However, considering some previous results [7], with a considerably higher pressure and earlier onset
of damage significantly below the failure load, these results may nonetheless be valid. Some local
failure is suspected to always occur even at relatively low loading, which is supported by results in this
thesis with stresses and strains approaching critical levels at a few nodes even at small displacements.
However, this local behaviour evidently does not determine the global behaviour as the joint still has
the capacity to carry higher loads even with large levels of local damage. This also suggests that the
behaviour due to shimming should not only be determined at the worst affected nodes, but that nodes
farther from the plate-plate interface should be considered as well.
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4.2 STANDARD RESULTS FOR COMPARISONS
In order to present standardised solutions for future comparison, five joints with different plate
thicknesses 𝑡𝑝𝑙𝑎𝑡𝑒 and no shim have been configured. The dimensions and materials of these are
described in table 4-1.
Parameter
Hole diameter 𝑑ℎ𝑜𝑙𝑒
Bolt diameter 𝑑𝑏𝑜𝑙𝑡
Total length L
Edge distance e
Plate thickness 𝑡𝑝𝑙𝑎𝑡𝑒
Plate material
Bolt material
Table 4-1: Joint dimensions and materials.

Value
6 mm
5.98 mm
264 mm
18 mm
3, 4.5, 6, 7.5, 9 mm
Homogenized carbon fibre
Titanium

All results for the varied configurations during the parameter testing will be compared with the
respective result for the standard case with the same plate thickness. For example, the standard joint
with 3 mm plates will serve as the basis for all comparison with results from any other joint with 3 mm
plates, such as the one with shims of varying thickness included or the one with two bolts. The
aforementioned field variables CPRESS, S11 and LE11 are plotted versus the forced displacement for
the 6 mm plate thickness standard model in figure 4-2, in order to give a sense of how these variables
change with displacement. All measurements are taken for the four first nodes in order to avoid
cluttering of the data but the behaviour is similar for the other nodes although the actual values have
a lower magnitude.
Considering the graphs in figure 4-2, these are used to consider the relative change between the nodes
as well as the time evolution of the results. It is immediately apparent that the contact pressure for
the first node differs significantly compared to the others. This is because the contact pressure CPRESS
at this node both includes the contact pressure at the bearing surface and the contact pressure at the
top surface, where the latter is approximately zero, and then averages them, creating a variable that
does not show the bearing surface contact pressure. Furthermore, due to the way the stress is
interpolated across the bearing surface nodes, sudden redistribution may cause jumps in the graphs
as the nodes that carry parts of the stress may change. The conclusion that can be had from this is that
the contact pressure at node 1 is an unreliable measurement and should be ignored for the actual
comparisons. Nonetheless, apart from node 1, the nodes behave in a very straight fashion which is
expected from this kind of linear analysis. Turning to the other graphs, the strain is approximately
linear throughout the entire simulation apart from a few minor spikes that do not seem to affect the
solution. The stress experiences some problems in the later stages as one nodes redistributes stress to
its neighbours, but in general this should not present a problem.
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Figure 4-2: Plots of A) S11, B) LE11 and C) CPRESS
for the first four compared to the displacement.
Note especially the nonlinear behaviour of C) at
node 1, which is due to averaging the contact
pressure of multiple surfaces. The sudden jumps in
A) and B) at 1.2 mm displacement is due to the load
being redistributed among the nodes, causing
jumps in the result as some nodes suddenly
experience higher or lower contact pressure.

The most important result that can be seen from the plots above is however the fact that the plates
will likely exceed strain and stress limits if it is allowed to fully displace by 2 mm. Carbon fibre
composite have the compressive failure stresses and strains shown in table 4-2 [23]:
Carbon (HT,
unnotched)
0.009

Carbon (IM,
unnotched)
0.008

Compressive failure
Strain, 1-direction
Compressive failure
0.014
0.021
strain, 2-direction
Compressive failure
1200
1200
stress, 1-direction [MPa]
Compressive failure
220
190
stress, 2-direction [Mpa]
Table 4-2: Unnotched carbon fibre failure stresses and strains.

Carbon (HM,
unnotched)
0.0083
0.021
1500
246

As seen, depending on the particular direction, material and node, local bearing damage is almost
assured long before it is fully displaced even without considering correction factors for manufacturing
tolerances, previous damage etc. Although local bearing failure does not necessarily imply global
failure of the joint, the results suggest that limiting the analysis to increments with less displacement
than 1 mm is reasonable as the noticeable jumps in the strain and stress curves are avoided. This limit
is given further credence in view of the fact that damage subroutines are not implemented in the
model.
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4.3 RESULTS – INFLUENCE OF LIQUID SHIMS
To study this, a rectangular liquid shim has been created and added between the plates, increasing the
distance. The tested shim thicknesses were 0.8, 1.6 and 2.5 mm, creating 15 different combinations
for comparison with the shimless configurations. As explained previously, these are compared with
the unshimmed standard configuration with the same plate thickness. However, the addition of the
shim will adversely reduce the stiffness of the joint whereas the results at the same loading is desired.
As such, it is necessary to pick a single increment for the force for the unshimmed configuration and
retrieve the desired results, then gather the results from the shimmed configurations with which you
want to compare at the same load level and then compute the KDF as

𝐾𝐷𝐹 =

𝑋𝑢𝑛𝑠ℎ𝑖𝑚𝑚𝑒𝑑
𝑋𝑠ℎ𝑖𝑚𝑚𝑒𝑑

where 𝑋 is either CPRESS, S11 or LE11. Here, it is also worthwhile to consider the effect of chosen a
particular node. As seen, node 1 suffers greatly from the contact and any data gathered from this node
may be unreliable or give a very high estimation for the KDF. Some local damage is expected to occur
in actual testing without causing a global failure of the joint. Therefore it is reasonable to pick another
node. Nodes too far from the interface will however not experience large stresses and at some it may
be close to zero, which may cause overly conservative results or give a large relative KDF. If one
particular configuration shows 2 Mpa without a shim and 1 Mpa with a shim at node I at the same
node, the relative factor would be 2 even though the stresses are not high enough to cause any form
of damage. As such, nodes too far from the plate-shim or plate-plate interfaces should be avoided
because they will not grant any meaningful data.
Consequentially, the nodes chosen as the primary results nodes are shown in table 4-3.
Edge node
3 mm plate
Node 2
4.5 mm plate
Node 2
6 mm plate
Node 2
7.5 mm plate
Node 2
9 mm plate
Node 2
Table 4-3: Nodes from which the results are taken.

Interior node
Node 4
Node 6
Node 8
Node 10
Node 12

The locations of these nodes roughly correspond to the plate-shim interface as well as one third down
the plate thickness as shown in figure 4-3 and should give a reasonable span of the data. Results from
other nodes than these are shown in appendix B.
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Figure 4-3: Figure illustrating the locations of the edge nodes and the interior nodes, as well as marking
out Node 2 which is the most common one used in the presentation of the results
The KDF from these nodes are shown in figure 4-4, illustrating the decrease in the knock down factor
for each joint and shim configuration.
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Figure 4-4: Plots of the influence of liquid shim for the respective field variables. A) LE11 at the edge
node as noted in table 4-3. B) LE11 at the interior node. C) S11 at the edge node. D) S11 at the interior
node. E) CPRESS at the edge node. F) CPRESS at the interior node. Note that the behaviour is not straight
for many of the graphs, which is due to the fact that the force interpolation is not perfect. Note also
that the KDF is often significantly lower at the edge node compared to the interior node, showing that
the stress concentration at this node is higher for a shimmed joint.
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As seen from figure 4-4, the KDF factor lies between 0.68 and 1 depending on exact joint, node and
shim thickness. The plots are almost straight, with similar behaviour for the same variables at different
nodes. The results suggest that the stress concentration is highest at the edge nodes the plate-shim
interface, as the knock down factor is higher at the interior node, meaning that the stress is lower than
at the edge. The actual values of the knock down factors for the different variables are also very similar,
with only minor variation in the final values
These results can be explained by the loss in stiffness. Because the shim reduces the stiffness of the
joint, it rotates more readily, causing the bolt to tilt further and putting increased pressure on the inner
bearing edge. This is counteracted at the outer edge, where the tilting will reduce or even remove the
contact pressure earlier than the unshimmed joints.
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4.4 RESULTS - INFLUENCE OF LATERAL SUPPORT
Since various experimental testing setups are used, it was considered desirable to have some results
pertaining to a better supported model. The settled upon model also included lateral supports for the
plates in order to prevent secondary bending from occurring at all, with boundary conditions as seen
in figure 4-5.

Figure 4-5: Lateral support boundary conditions.
This is akin to the setup used in [10]. The results from that study shows that the lateral support had a
small negative influence on the joint strength by surpressing secondary bending, causing the YamadaSun criterion to increase from 0.22 to approximately 0.24. This is due to the fact that secondary
bending tends to increase contact area, which gives a larger surface for the contact pressure which
subsequently lowers the stress. The physical reason for this deterioration is as follows: the bolt tilts,
the plates tend to align with the bolt, rotating the entire joint slightly in order to fulfil this. If the plates
are prevented from rotating in this manner however, this cannot occur and as such the bolt will tilt
moremore but the plates cannot align with the bolt, causing the situation shown in figure 4-6, with
higher stresses at these nodes as a result.

Figure 4-6: A) Bolt aligned with bearing, giving a large contact surface and B) bolt tilted, with contact
only occuring on a small area instead
The results for these simulations are compared with the ushimmed standard cases and includes the
unconstrained shimmed models as references in order to show similarities or discrepancies in
behaviour and knock down factors. Using [10] a reference, only a minor effect is expected. Plots of the
knockdown factor are shown in figure 4-7, with the lateral results dashed.
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Figure 4-7: Knock down factors for the joint with lateral support, with A) LE11 at edge node, B) LE11 at
interior node, C) S11 at edge node, D) S11 at interior node, E) CPRESS at edge node and F) CPRESS at
interior node. Note that there is not much change in the KDF with the additional support, with some
configurations showing improved KDF and some showing decreased values. Some anomalies exist such
as 3 mm S11 at 1.6 mm but this is generally considered a minor error due to contact pressure shifting
from one node to another.
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As seen, the lateral support does not influence the results to a substantial degree. The strain has a
lower or equal KDF with the increased lateral support, with only the 9 mm plate showing a small
increase. The stress and contact pressure measurements instead generally show an increased KDF,
although the differences are small.
The reason for the small differences between the two support conditions is due to the fact that large
secondary bending does not occur in the model at the displacement levels shown tested. Because of
this, the constraints, although they do introduce some additional stiffness, do not counteract any
significant displacement in the z-direction.
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4.5 RESULTS - INFLUENCE OF TWO BOLTS
Although testing is likely to be conducted only on joints with a single bolt, it was determined to
investigate how conservative the results would be with regards to joints including more than one bolt.
At equal load, the joint itself should have superior strength as the load is split equally between the
bolts for a joint with two bolts. The bearing stress however may not be equally divded due to the fact
that the bearings are differently restrained. However, since the joint is significantly stiffer due to the
addition of a bolt, equal loading gives a skewed picture and the comparison is instead done at equal
bolt stress, which is approximately twice the external load in this case. In this case, the KDF could be
expected to remain at approximately 1 depending on bearing but this is not certain. As such, a model
comprising of two bolts was constructed to determine if this was likely to be a concern. It is expected
that the KDF is higher for this model, but the factor is unknown and is interesting to determine. The
model is a slightly modified version of the previous Abaqus model where the major difference is the
inclusion of an additional bolt, surrounding area and a subsequent lengthening of the coupon plate,
see figure 4-8.

Figure 4-8: Model geometry with two fasteners.
Per the description given under the Geometry heading in section 3, these models were created as
separate parts and then tied together using the tie-constraint. Because the mesh for the parts close to
the bolt is very fine, it is expected that no interpolation errors will occur due to the tie constraint
interpolation. As the bolt and plate area close to the bolts contain the vast majority of the elements in
the model, this process led to a doubling of computational time.
One thing to note is that the stress is not shared equal between the bearing surfaces for each bolt.
Consider figure 4-9 where the bearings circled in red experience higher stresses than those circled in
yellow. The actuals levels of the stresses in the figures are of no importance and instead they should
be considered an illustrative example of the stress differences between the bearings.
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Figure 4-9: A) Illustrative figure of the nodes with the highest stresses and strains, with the ones circled
in red being subject to higher stress than those circled in yellow. B) Gives a detailed view of the nodes
showing that the ones circled in red experience higher contact pressure than those in yellow.
Because the red nodes always experience higher stresses and strains, these are the ones chosen for
the comparison with the standard case, as they will comprise the worst-case scenario for the joint with
two bolts. Using results from the nodes in the yellow circle would yield a higher knock down factor,
which is not desired in the present study. The results follow in figure 4-10.
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Figure 4-10: Knock down factors for the joint with two bolts, with A) LE11 at edge node, B) LE11 at
interior node, C) S11 at edge node, D) S11 at interior node, E) CPRESS at edge node and F) CPRESS at
interior node. The behaviour is similar to before although the KDF’s are higher due to the load being
distributed between the two bolts. The lines are somewhat more jagged which can be attributed to
pressure shifting from one node to another between the results.
The results are mixed. At the edge node, the model with two bolts shows a KDF between 1.6 and 1.9
with no shim compared to 1 with a shim, which is significantly better than the KDF of 1 that could be
expected. This suggests that the increased stiffness serves to reduce the stresses at the bearing surface
significantly even at the elevated load levels necessary to have the same bolt loading in each of the
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two bolts as in one. The behaviour is also still similar to before, with a somewhat larger absolute
difference between no shim and a 2.5 mm shim. However, the relative KDF when compared with a
single bolt joint generally remains the same.
The with regards to the intention of this model however, the results show that there is an additional
correction factor of at least 1.6 between the models with one bolt and the models with two bolts, with
the correction factor being almost 2 for the interior nodes.
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4.6 RESULTS - INFLUENCE OF BOLT DIAMETER
There are also a multitude of different bolt sizes used in the manufacturing, as dependent on the exact
joint and use. As such, it is worthwhile to determine any effect using a different bolt may have on the
joint. Although it is expected that a large bolt performs better in general, the shimming may lead to a
smaller or large relative loss in strength when compared to a smaller bolt. The new KDF’s can be
estimated by using the equations found in table 2-1, which would give the following relative knock
down factors shown in table 4-4.
Equation

6 mm bolt
KDF = 1

8 mm bolt
KDF = 1.3333

10 mm bolt
KDF = 1.6667

4𝐹
cos 𝜃
𝜋 𝑑𝑡

KDF = 1

KDF = 1.3333

KDF = 1.6667

𝐸 ∗ 𝐹 1/2
)
𝜋𝑡𝑑∗

KDF = 1

KDF = 1.3339

KDF = 1.6678

𝐹
𝐶𝑃𝑅𝐸𝑆𝑆 =
𝑑𝑡
𝐶𝑃𝑅𝐸𝑆𝑆 =

𝐶𝑃𝑅𝐸𝑆𝑆 = (

Table 4-4: Table of expected knock down factors due to the increased bolt diameter.
Furthermore, figure 2-10 shows that the correction factor due to plate thickness and bolt diameter is
not linear, which will likely affect the ultimate factors which may differ compared to the ones
computed in table 4-4 as the 𝑡/𝑑-factor and thus 𝐾 from figure 2-10 changes.
The geometry for this case is based upon the geometry for the 6 mm bolt, but e and w are increased
as previously described in section 2.1 to prevent edge effects from occurring. Because this leads to a
larger area around the hole, the joint is also 24 mm shorter and the mesh density is lower although
the number of elements is equal.
The results are shown in figures 4-11 and 4-12 for 8 and 10 mm bolt respectively.
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Figure 4-11: Knock down factors for the joint d = 8 mm, with A) LE11 at edge node, B) LE11 at interior
node, C) S11 at edge node, D) S11 at interior node, E) CPRESS at edge node and F) CPRESS at interior
node. Similar behaviour to before is shown, with a higher KDF due to the increased contact area as well
as a correction factor as shown in figure 2-10.
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Figure 4-12: Knock down factors for the joint d = 10 mm, with A) LE11 at edge node, B) LE11 at interior
node, C) S11 at edge node, D) S11 at interior node, E) CPRESS at edge node and F) CPRESS at interior
node. As in figure 4-13, the KDF is always higher due to the fact that the contact area has been much
increased, as well as the correction factor due to thickness from 2-10 having changed with the increased
diameter.
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If the computed knock down factors from figures 4-11 and 4-12 are compared with the expected ones,
a picture emerges. The thicker plates, in particular the 9 mm one, shows excellent correspondence
with the calculated knock down factors in table 4-4 if only B, D and F are chosen for each figure whereas
the factor is larger for the other plates. This is due to two effects: the correction factor K from figure
2-9 that accounts for the plate thickness and bolt diameter, and the fact that the thinner plates are
less stiff and thus causing an increased bolt tilt, reducing the contact area. The joints with thicker plates
however still have contact along almost the entire bearing surface, which is what is assumed in the
handbook contact equations in table 2-3. The fact that the edge node has a higher KDF compared with
the interior node likely shows that the thicker bolts tilt less, causing less of a concentration at the edge
of the bearing surface.
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4.7 RESULTS - INFLUENCE OF BOLT PRETENSION
Another factor to consider is the bolt pretension. The standard bolt load used is 100 N, which
corresponds to a very low bolt torque of 0.12 Nm. Increasing this torque will likely affect the results as
the joint is held together better, although the exact effect is difficult to estimate. In general, increasing
the torque would increase the amount of load transferring via friction instead of via bolt contact.
However, the friction coefficient between the plates, shim and bolt are both not well documented and
not constant over the service life. Furthermore, as described in [4] and [25], assuming long-term
frictional load carrying may not be permissible due to stress relieving from creep in the resin.
Something similar could occur in the shim which is a weak glue. In addition to these argments, [4]
claims that pre-tensioning of the bolt may not be applicable for countersunk fasteners, which are
common in aerospace structures for the aerodynamics, and [25] claims that the specific lay-up may
affect the friction which would require a large number of simulations to determine. Finally, because
friction will improve the strength as the entire load is no longer transferred via the bearing surfaces,
this is no longer the desired worst-case scenario.
The preload is defined as [34]
𝑇 ≈ 0.2𝑑𝐹𝑏𝑜𝑙𝑡
where 𝐹𝑏𝑜𝑙𝑡 is the axial bolt load in N, 𝑑 is the bolt diameter in mm and 𝑇 is the torque in Nmm. For
the figures, 𝐹𝑏𝑜𝑙𝑡 is the measure given as it is the one given as input to Abaqus and as such the one
that should be documented. The equivalent torque for each bolt load is given in table 4-5.
Axial bolt load [N]
100
1000
10000

Torque [Nm]
0.12
1.2
12

Table 4-5: Correspondence between bolt load and bolt torque.
As an illustrative comparison, a torque of 0.12 Nm is very light whereas one of 12 Nm is very close to
the maximum torque for standard bolts [35].
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Figure 4-13: Knock down factors for the joint with 𝐹𝑏𝑜𝑙𝑡 = 1000 𝑁, with A) LE11 at edge node, B) LE11
at interior node, C) S11 at edge node, D) S11 at interior node, E) CPRESS at edge node and F) CPRESS at
interior node. Compared with the results from section 4.3, there is not any difference apart from some
anomalies such as in C) at 1.6 mm, which is likely due to contact pressure shift from one node to
another.
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Figure 4-14: Knock down factors for the joint with 𝐹𝑏𝑜𝑙𝑡 = 10000 𝑁, with A) LE11 at edge node, B) LE11
at interior node, C) S11 at edge node, D) S11 at interior node, E) CPRESS at edge node and F) CPRESS at
interior node. Unlike the results shown in figure 4-15, there is a clear improvement in the KDF for most
of the measurements suggesting that very high bolt torque is still beneficial in preventing stresses.
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The results from figures 4-13 and 4-14 looks reasonable with regards to the expectations, in that there
are no discernable changes for the case where the bolt pretension is increased to 1 kN (1.2 Nm torque),
and a clear relative increase in KDF by a factor of approximately 1.2 at most for the thinner plates when
the bolt preload is increased to 10 kN. This is likely all due to the increased force the bolt can exert to
prevent the plates from displacing, which increases the stiffness of the joint. The 1 K load is not enough
to prevent the displacement, and as such the results are very similar to the standard case with 100 N.
The 10 kN load however is able to hold the plates tightly, and as such gives some additional stiffness
to the joint. In addition overall behaviour is still similar to the comparison case, showing that the
behaviour is not altered when the bolt pretension is changed.
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4.8 SOURCES OF ERRORS
It is important to mention that there are several sources from which errors may arise in the analysis.
Firstly, the analysis is purely elastic for all parts. This affects both the metallic and the composite parts.
For the metal ones, it prevents them from yielding locally and thereby redistributing load, which in
turn may incur higher loads on the bearing surface. Because of the high stresses that appear in various
positions elsewhere along the bolt, yielding will likely occur early in the analysis due to the prevalence
of stress concentrations at particular spots. With regards to the composite parts, although they cannot
plastically deform, as modelled local crushing of fibre and matrix will never occur. This will in turn cause
higher stresses than would be expected in reality, where the stresses would have been redistributed
from the crushed fibres to ones further away from the areas with the highest stresses.
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5.

LAMINATE MODEL

Despite the fact that the previous model might give results akin to actual testing as it approximates a
composite, it was determined that a model for a full laminate could be considered instead of a
homogensied one, in order to examine for possible discrepancies. The real fibre-composite joint does
not necessarily behave as the previous model due to the homogenisation of the material properties
and as such it is interesting to determine the possible differences.

5.1 MODELLING
The model was created using a modified version of the previous script, with the major difference being
that the detailed part close to the bolt is divided into a number of layers, each corresponding to one
lamina. This gives the model approximately twice the number of elements in the z-direction, and is
generally problematic for convergence as there are not only more elements to consider, but also that
the layers can have significantly varying properties.

Materials
The materials used are still elastic as relative stresses and strains are of interest, and it was thought
that implementing failure criteria as in e.g. [14] would be too time consuming. The materials properties
used do not correspond to any specific carbon fibre material, but is approximately based upon HT fibre
laminate as seen in [21][23]. Stiffness properties are given in table 5-1.
Property
𝐸1
𝐸2 = 𝐸3
𝐺12 = 𝐺13
𝐺23
𝑣12
𝑣13 = 𝑣23

Value
140 [GPa]
10 [GPa]
5 [GPa]
4 [GPa]
0.3
0.5

Table 5-1: Material properties for the composite, based upon general HT Carbon Fibre properties as
given in [23].
Furthermore, when considering the Yamada-Sun failure criterion, the strength data used is based upon
HT carbon fibre and shown in table 5-2.
Property
𝑆̂11𝑡
𝑆̂11𝑐
𝑆̂22𝑡
𝑆̂22𝑐
𝑆̂12

Value
1800 [MPa]
1200 [MPa]
40 [MPa]
220 [MPa]
80 [MPa]

Table 5-2: Strength properties of the composite. A subscript of ‘t’ indicates strength in tension and a
subscript of ‘c’ indicates strength in compression.
Four different layups were considered, each containing 48 lamina. These are defined in table 5-3.
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[04 /904 /454 /−454 /02 /902 /452 /−452 ]𝑠
[904 /04 /454 /−454 /902 /02 /452 /−452 ]𝑠
[−454 /454 /04 /904 /−452 /452 /02 /902 ]𝑠
[454 /−454 /04 /904 /452 /−452 /02 /902 ]𝑠
Table 5-3: Laminate stacking sequence, with a numerical subscript indicating the amount of layers in
each group and the ‘s’ indicating a symmetric laminate
These do not correspond to any specific layup used but are instead chosen so that the lamina angles
of the topmost third of the layers, and so that the laminate fulfils the rules previously established in
section 2.2. Instead, these will likely perform worse than layups used in practice and any results will as
such be somewhat conservative.

Geometry
Because of the amount of the storage and time required, only one thickness was considered for this
model. The 48 layers roughly correspond to a thickness of 6.25 mm, to which the shim was then added
for a total thickness between 12.5 and 15 mm. Other than the detailed laminate geometry, no other
changes have been made and edge distances requirements etc. are fulfilled. The new geometry and
mesh are shown in figure 5-1.

Mesh
Because the previous model had roughly two layers per element, this model doubled the number of
elements along the z-axis as well as in the bolt shank in order to represent one layer per element as
well as to ensure approximately one-to-one contact between elements on the bearing and the bolt.
Other than that, the mesh density was left unchanged, which may cause some very thin and planar 3D
elements far from the bolt. However, no data is taken from that region, thus any errors relating to bad
aspect ratios are believed not to influence the result.

Figure 5-1: The composite joint geometry, showing A) the local laminate model and associated mesh
with the layer structure, and the global mesh B) which is similar to the previous model in figure 3-5
apart from not using symmetry. The laminate description is used on the red areas, with the green, grey
and blue being homogenised composite, glue and titanium as in the previous model.
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6.

RESULTS - LAMINATE MODEL

6.1 ANALYSIS METHOD
The method is similar to the one employed in section 4.1, with the exception that composite failure
criteria are now applicable. Furthermore, as the stress and contact pressure is not evenly carried across
the bearing surface due to the stiffness difference between the lamina orientations as shown in section
2.2, the direct stress and contact pressure are not good measurements because the different lamina
properties will cause an incremental variation in the stresses and strains, as exemplified in figure 2-7 .
Instead, the variables extracted from Abaqus are:
•
•

The logarithmic strain LE11, LE22 and LE12 at the bearing surface. LE11 is also radial strain
considering the nodes that are of interest in this particular case.
The local stresses S11, S22 and S12 at 1.25 mm distance in the x-direction from the bearing
surface, as indicated in figure 6-1.

The latter ones are used in conjunction with the Yamada-Sun criterion detailed previously, and as they
are already oriented in the material system, can be used directly without necessitating a
transformation. The strains however are aligned with the material coordinate system in this case
instead of the global coordinate system and cannot be directly compared with the previous strains,
and thus needs to be transformed back to represent the radial strain according to
𝑳𝑬𝒈𝒍𝒐𝒃𝒂𝒍 = (𝑻−1 )𝑇 𝑳𝑬𝒍𝒐𝒄𝒂𝒍
with the factors described in table 6-1 [23].
𝑳𝑬𝒈𝒍𝒐𝒃𝒂𝒍

[𝐿𝐸(11,𝑔𝑙𝑜𝑏𝑎𝑙) , 𝐿𝐸22,𝑔𝑙𝑜𝑏𝑎𝑙 , 𝐿𝐸12,𝑔𝑙𝑜𝑏𝑎𝑙 ]

𝑻

cos(𝜃)2
sin(𝜃)2
−2 sin(𝜃) cos(𝜃)
2
[ sin(𝜃)
cos(𝜃)2
2 sin(𝜃) cos(𝜃) ]
sin(𝜃) cos(𝜃) − sin(𝜃) cos(𝜃) cos(𝜃)2 − sin(𝜃)2

𝑳𝑬𝒍𝒐𝒄𝒂𝒍

[𝐿𝐸11,𝑙𝑜𝑐𝑎𝑙 , 𝐿𝐸22,𝑙𝑜𝑐𝑎𝑙 , 𝐿𝐸12,𝑙𝑜𝑐𝑎𝑙 ]

Table 6-1: Table of strain vectors and transformation matrix used to translate the local strains in the
material system to the global strains.
This allows for a direct comparison with the previous strain measurement. The method for evaluating
is the same as for the previous model in that an increment is chosen for the unshimmed model and
the field variables at this increment are compared with those from a shimmed model experiencing the
same external load.
All results are taken from the node at the midpoint in each layer group, i.e. the results for the 0-degree
layers of the first layup are taken from node 3 which lies between lamina 2 and 3, and the results for
the 90-degree layers are taken from node 7 and so on. Node 3 almost exactly corresponds to the edge
node from before, and node 15 roughly corresponds to the interior node from table 4-3, section 4-3.
The figure 6-1 indicates the nodal locations with respect to the geometry.
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Figure 6-1: Figure indicating the nodes from where the results are retrieved from the laminate model.
For the expected results, it is difficult to compare what is done here with previous studies, as none
reports the stress for specific lamina and either stiffness or maximum load is used for the unshimmedshimmed comparison. However, [17] presented a comparison concering the average stress increasing
of the nodes closest to the plate-plate interface, which saw an increase in radial stress of
approximately 24%. This can be compared with the homogenised model, where the radial stress
increased by 5-11%, and would suggest that a laminate model is more sensitive than a homogenised
one when considering nodal results, although global reduction could nonetheless be similar.
Furthermore, [20] claims that orthotropic performs worse than homogenised, which could reinforce
the belief that the results for this model will be more severe. The results are shown in figures 6-2 to 69 in the next subsection.
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6.2 RESULTS – DIFFERENT LAYUPS

Figure 6-2: Knock down factors for the Yamada-Sun results for layup 1. This graph shows the very
straight behaviour of this particular parameter, which is very similar to some of the previously shown
results in figure 4-4. The reason for the 90∘ -layer having a lower KDF than the 0∘ -layer is likely due to
that layer experiencing a larger relative change although the stresses are lower.

Figure 6-3: Knock down factors for the 𝐿𝐸11,𝑔𝑙𝑜𝑏𝑎𝑙 results for layup 1. The behaviour has changed
somewhat when compared to the previous results, being less straight and having a lower KDF. The
general trend continues however. Furthermore, the same argument on why the 90∘ -layer has a lower
KDF than the 0∘ -layer that was made in the previous figure is also valid here.
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Figure 6-4: Knock down factors for the Yamada-Sun results for layup 2. The last three layers show
similar behaviour to before, with only the 90∘ -layer being differentely. This can be explained by the
relative weakness of that layer, which although not load bearing, experiences large relative changes
due to the shim although the stresses are not critical.

Figure 6-5: Knock down factors for the 𝐿𝐸11,𝑔𝑙𝑜𝑏𝑎𝑙 results for layup 2. The behaviour is akin to that
shown in figure 6-3 with the major difference being the larger KDF for the 90∘ -layer, which is due to
the relative weakness of that lamina.
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Figure 6-6: Knock down factors for the Yamada-Sun results for layup 3. Both the behaviour and the
magnitude of the factors are similar to before, but the graphs show less variance in the actual values
of the KDF.

Figure 6-7: Knock down factors for the 𝐿𝐸11,𝑔𝑙𝑜𝑏𝑎𝑙 results for layup 3. This behaviour is also similar to
the previous two layups, but unlike figure 6-6 the spread of KDF values are more similar to those before
and show a larger variance than the Yamada-Sun KDF.
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Figure 6-8: Knock down factors for the Yamada-Sun results for layup 4. The behaviour of the factors are
very similar with those shown before. Note the exact same behaviour as shown in figure 6-7 apart from
the 45∘ - and −45∘-layers switching places. This is an expected result because the normal stiffness of
these fibre angles is equal.

Figure 6-9: Knock down factors for the 𝐿𝐸11,𝑔𝑙𝑜𝑏𝑎𝑙 results for layup 4. The behaviour is similar to what
is shown in figures 6-3, 6-5 and 6-7, with the values of the KDF varying due to the layup. The same
argument that was made for the similarity between figure 6-6 and figure 6-8 can be made between
figures 6-7 and 6-9.
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Studying the results, there are strong similarities with the homogenised model and a comparison
between the strains are given in figure 6-10.

Figure 6-10: Comparison of radial strain between the laminate model, layup 1 and the homogenised
model, node 2. Note that the difference in how straight the curves are due the larger than optimal
increments for the homogenised model. The difference in magnitude is likely due to the layup itself.
As seen, the general trend is clear in that a noticeable decrease in the knock down factor is apparent.
The detailed behaviour is however slightly different, with the homogenised being slightly less straight
which is likely due to the slight differences in load at which the field variables for this are retrieved.
The knock down factors are also lower for the laminate model, with the largest difference being
approximately 0.08. This discrepancy is again likely due to the actual stacking sequence of the laminate
model and a model where the layers are more spread such as a [0/90/45/−45/0 … ]𝑠 laminate
should be closer in actual values compared to the homogenised model. Nonetheless, the strain results
show a good correspondence considering the large differences in the actual models.
The Yamada-Sun results give a similar picture, where the lines are very straight apart from a few
notable exceptions such as the 90-degree layers for layup 2. The behaviour for the other layers show
very similar behaviour and values between the different layups, showing that the impact of a shim may
be the same regardless of the actual layup, with some minor differences for the layers that are not on
the edge of the plate. The reason for the behaviour of the 90-degree layers for layup 2 is due to the
fact that these layers are very weak and as such will experience large relative increases in stress and
strain that although perhaps not be critical, gives a large difference in the KDF. Instead, most of the
load is likely carried by the 0-degree layer below. The Yamada-Sun KDF is also generally higher than
the other results presented this far, which is due to the fact that the stresses are not taken from the
bearing surface but instead 1.25 mm into the laminate, where the nodes are not affected in a major
way by any stress concentrations acting on the surface.
Due to the time constraints, it was not possible to conduct the other analyses with this model, but it is
likely that the behaviour would not change although the numbers may. As seen, most parameters only
had a minor effect and has been verified for at least the support case with [10] and the others are
educated guesses with respect to parameters and general results. It would generally be worthwhile to
remain cautious with respect to this model because no damage mechanics are ever modelled, and the
global failure criterion for evaluation is unclear.
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7.

DISCUSSION

It is immediately clear that the inclusion of a shim has a negative effect on the strength of the bolted
joint no matter the parameter studied or the model applied, with the ultimate numerical knock down
factor being the only difference. In general, it was seen that the detailed laminate model show a lower
KDF than the homogenised one with regards to strain, and a slighty higher KDF with regards to the
Yamada-Sun criterion.
The results should not be considered perfect, due to the fact that neither model fully captures what
happens in the laminate with damage, bearing failure and post-elastic behaviour. However, they can
be compared with the previously studied references, which can give a comparison in order to verify
the studies conducted here. In figure 7-1, the KDF for the shimmed joint with 6 mm plate from section
4.3 is shown for comparative purposes. Note that since most studies compare the decrease in
maximum and ultimate load, and the results from this work compare strain or stress, it is not an exact
comparison.

Figure 7-1: Comparison between results from the previous studies and the LE11 results from the edge
node of the joint with 6 mm homogenised plates. Although the KDF’s are comparing different quantities
(load and strain), the behaviour and magnitude of the results are very similar.
Given the wide range of results from literature and studies, and the fact that the model itself has
displays some acceptable variation, the correspondence is overall good. Most studies have given an
almost straight appearance to the effect of the shim, with only [13] and [14] disagreeing, both of which
are at least in part based upon actual testing, and in the latter case, a very detailed FEM model. This
suggests that there is a wide range of possible behaviours that not are necessarily straight.
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straight.

Figure 7-2: Comparison between results from the previous studies and the LE11 results from the edge
node of the laminate model, layup 1. Although the KDF’s are comparing different quantities (load and
strain), the behaviour and magnitude of the results are very similar with the laminate experiencing a
somewhat larger decrease which is likely due to the layup itself.
This pattern is repeated with the more detailed laminate model, with some variation due to the layers
and the differences in load carrying and node location. Figure 7-2 suggests that the KDF for the
laminate model is lower, but it should be kept in mind that the laminate layup is intentionally nonoptimal in order to keep the results conservative. The behaviour is also less linear than most of the
references, which is again likely due to the fact that a more homogeneous laminate such as
[0/90/45/−45/0 … ]𝑠 as previously mentioned would result in an appearance akin to the
homogenised model.
As both of these figures show, the models themselves agree well with both the behaviour and the
magnitude of the results from previous studies on shimmed joints. It is difficult to claim whether the
results are more accurate than previous ones due to the wide range of possible values shown both in
this study and previous ones, but of the results, although both the numbers and the shapes may be
somewhat in error. Furthermore, it is believed that the knock down factor will vary depending on the
measured quantites, material models, model geometry and other parameters. Nonetheless, the
conclusion that can be gained from this thesis is that there is a notable effect on the stress and strain
levels in the laminate that can only result from the inclusion of the shim, which may translate into a
significant decrease in the joint strength.
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8.

CONCLUSIONS

From the bulk of the analyses done up to this point, some general conclusions can be drawn.
•

•

•

•
•

•

There is a significant increase in bearing surface stress and strain when a shim is added, with
the knock down factors being reduced by up to 30-35%, which may translate to a similar
decrease in joint strength.
The effect is dependent on plate thickness, with thin plates expericing the largest decrease in
the knock down factors and thick plates expericing a small or no effect depending on model
parameters.
Lateral support preventing secondary bending does not have a great influence on the joint
when modelled, which may be due to the limited secondary bending observed with an
unconstrained model.
Increasing the number of fasteners significantly reduces the bearing surface stresses and
strains, with a large improvement over what could be expected.
Increasing the hole diameter does not result in a different behaviour, although the stress and
strains may be lower than expected due to the fact that the plate thickness also interacts with
the bolt diameter, resulting in a correction factor seen in figure 2-10.
The results are similar when comparing a detailed laminate model with a homogenised one,
although the numbers may be somewhat higher or lower.

Despite the amount of data gathered however, more data points would likely have been necessary in
order conclude a rule that could adequately describe the influence of the shim. Furthermore, this is
still only a numerical simulations with all the limitations described earlier and as such there are doubts
considering the correspondence to actual testing.
However, because the aim of the thesis was never to determine an exact relationship between
strength reduction and shim thickness and instead establish if there was any need for an experimental
program to test the shim effect. Since the joint shows a major deterioration that cannot be easily
ignored, the objective is considered fulfilled.
Presented below are suggestions on what future work could be done to extend what has been done
here.
•
•
•

Conduct an experimental program to verify the finite element method.
Implement a model that takes damage and degradation into account, and consider additional
thicknesses for the shim to remove the jagged appearance.
Consider different laminate materials, bolt materials, shim materials and other parameters
that may need to be considered in the production of the joints.
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APPENDIX A. QUASI-ISOTROPIC LAMINATE
A quasi-isotropic laminate results from a layup where the individual lamina are ordered so to as a
produce an isotropic stiffness matrix, primarily referring to the extensional stiffness matrix A rather
than the curvature-moment or the coupled behaviours. This quasi-isotropic behaviour prevents
extension-shear coupling among other beneficial effects. A general isotropic material has the
stiffness matrix depicted in equation A1
𝐸
1 − 𝜈2
𝜈𝐸
1 − 𝜈2
( 0

𝜈𝐸
1 − 𝜈2
𝐸
1 − 𝜈2
0

0
0
𝐺)

which can be compared to the A-matrix of a laminate, with the general elements 𝐴𝑖𝑗 in the matrix
A2.
𝐴11
(𝐴21
𝐴61

𝐴12
𝐴22
𝐴62

𝐴16
𝐴26 ).
𝐴66

Comparing these, the general rules are: 𝐴11 = 𝐴22 , 𝐴16 = 𝐴26 = 0, 𝐴11 − 𝐴12 = 2𝐴66. Furthermore,
the plies need to be equally thick and of the same material.
This quasi-isotropic matrix will be the result for a laminate where the angles for the different plies
𝜋
are equally divided, i.e. the angle difference is Δ𝜃 = where N is the number of plies. Some
𝑁

common examples are [0/60/−60] or [0/90/−45/45], where the latter forms the basis of the most
widely used layups due to the fact that angles apart from 0, 90, ±45 are not commonly used in the
aerospace industry.
Other requirements include:
•
•

Total number of layers is ≥ 3
All layers must be of the same material and the same thickness

Furthermore, it should be noted that this isotropic behaviour is only for in-plane loads and that the
out-of-plane behaviour is orthotropic [23].
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APPENDIX B. ADDITIONAL KDF CURVES
The relative KDF will vary depending on what nodes are chosen to retrieve the results from. As seen
previously, the shimmed joints will tilt more, increasing the relative stress at the lower numbered
nodes while the relative stress at higher numbered nodes (the interior ones) will actually decrease
due to this tilt. This leads to a knockdown factor 𝐾𝐷𝐹 ≥ 1 for certain nodes. Although this can be
thought of as an improvement in strength, the stresses are often quite low and as such the relative
decrease will be of little importance, as will the actual factor as the stresses are often more than an
order of magnitude lower than the highest ones, which may affect the actual value.
Only curves for the model in section 4.3 will be given. Steps of one twelfth of the thickness, from the
edge nodes up to the mid point node, rounded to the closest node. Beyond this node, the results
themselves are dubious because some nodes may have stresses or strains close to zero, giving very
hígh or infinite knock down factors. This can be seen in the sixth picture of each series, for the 9 mm
plate. At the coming nodes, it will generally have zero stress at the shimmed joints due to the
reduced stiffness of those joints, which leads to a KDF = ∞, and even before that where the KDF is
suspiciously high.
Referencing the available research, this does not correspond to any previous results. As such it leads
to the conclusion that although the stresses may be lower due to reduced contact pressure for the
shimmed joints as the bolt tilts and bends, these nodes are not indicative of the joint strength.
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CPRESS-CURVES

Figure B1: KDF curves for the CPRESS results, node 1.

Figure B2: KDF curves for the CPRESS results, node 2.
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Figure B3: KDF curves for the CPRESS results, node 3.

Figure B4: KDF curves for the CPRESS results, node 4.
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Figure B5: KDF curves for the CPRESS results, node 5.

Figure B6: KDF curves for the CPRESS results, node 6.
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S11-CURVES

Figure B7: KDF curves for the S11 results, node 1.

Figure B8: KDF curves for the S11 results, node 2.
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Figure B9: KDF curves for the S11 results, node 3.

Figure B10: KDF curves for the S11 results, node 4.
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Figure B11: KDF curves for the S11 results, node 5.

Figure B12: KDF curves for the S11 results, node 6.
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LE11-CURVES

Figure B13: KDF curves for the LE11 results, node 1.

Figure B14: KDF curves for the LE11 results, node 2.
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Figure B15: KDF curves for the LE11 results, node 3.

Figure B16: KDF curves for the LE11 results, node 4.
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Figure B17: KDF curves for the LE11 results, node 5.

Figure B18: KDF curves for the LE11 results, node 6.
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