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Preface

Composite Materials and Joining Technologies for Composites, Volume 7: Proceedings of the 2012 Annual Conference on
Experimental and Applied Mechanics represents one of seven volumes of technical papers presented at the Society for
Experimental Mechanics SEM 12th International Congress & Exposition on Experimental and Applied Mechanics, held at
Costa Mesa, California, June 11-14, 2012. The full set of proceedings also includes volumes on Dynamic Behavior of
Materials, Challenges in Mechanics of Time-Dependent Materials and Processes in Conventional and Multifunctional
Materials, Imaging Methods for Novel Materials and Challenging Applications, Experimental and Applied Mechanics,
Mechanics of Biological Systems and Materials, and MEMS and Nanotechnology.

Each collection presents early findings from experimental and computational investigations on an important area within
Experimental Mechanics. The Composite Materials and the first International Symposium on Joining Technologies for
Composites conference track was organized by Eann Patterson, University of Liverpool; David Backman, National
Research Council Canada; Gary Cloud, Michigan State University; and sponsored by the SEM Composite Materials
Technical Division.

As composite materials have moved from smaller-scale applications to wider acceptance in larger-scale application areas
such as automotive or aerospace structures, the need for improved joining of composites has become increasingly important.
Composite joining technologies in the past have been widely grouped into mechanical joining or adhesive joining.
Increasingly, joint optimization has required combinations of the two methods as well as introducing innovative new
methods such as composite welding that provide high strength and light weight. Today, developments in composite joining
technologies are being made at a rapid rate, driven by both technology and user requirements.

To provide a forum for an up-to-date account of the advances in the field of composite joining technologies and to
promote an alliance between governmental, industrial, and academic practitioners, SEM has agreed to initiate a Symposium
Series on Joining Technologies for Composites. The 2012 Symposium will be the first of a potential series and will address
pertinent issues relating to design, analysis, fabrication, testing, optimization, reliability, and applications of composite
joints, especially as these issues relate to experimental mechanics of both the macroscale and microscale structures.

Topics included in this volume are:

Composite Joining for Heavy Duty Applications

Advances in Fastening and Joining

Modeling and Validation of Composite Joints

Composite Joints in Aerospace Related Applications

Fatigue and Fracture of Composite Joints

Composite Characterization using Digital Image Correlation Techniques
Nanocomposites for Improved Composite Performance

Impact Behavior of Composites

The contribution of the organizing committee, session chairs, authors and keynote speakers is gratefully acknowledged
along with the support from SEM staff.

The opinions expressed herein are those of the individual authors and not necessarily those of the Society for Experi-
mental Mechanics, Inc.

Liverpool, UK Eann Patterson
Ottawa, ON, Canada David Backman
East Lansing, MI, USA Gary Cloud
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Chapter 1
Evaluating Bolted Joint Strength at High Strain Rates

Srinivasan Arjun Tekalur, Andy VanderKlok, Wei Zhang, and Abhishek Dutta

Abstract Experimental evaluation of bolted joint strength at high strain rates is a challenging but vital research. In the
current study, a single lap bolted joint is studied using a Split Hopkinson Bar Pressure setup. The objective of the study is to
understand the effect of variable geometrical parameters in the single lap bolted joint experimentally. Subsequently, only
those aspects of these parameters that can confine to the dynamic experimental technique are selected. The challenges of the
setup, the role of equilibrium and the occurrence of buckling are all studied critically to understand what is the best method
to evaluate the joint strength under impact/high strain rate loading conditions.

Keywords Monolithic joint « Split hopkinson pressure bac ¢ Equilibrium

1.1 Introduction

Bolted joints is a simple way to attach two structures together, and at the same time allows for a non-destructive means to
separate the structures for repair or maintenance. This method of fastening has been extensively tested in the static to quasi-
static regime with cross head speeds of 0.1-10 mm/s, but has been neglected at even higher rates of loading [1]. Static testing
has been extensively carried out in both bearing and tensile configuration. Within the bearing configuration the primary
modes of failure are considered to be out of plane buckling and hole elongation. Both failure modes are highly dependent
upon geometrical parameters of the specimen. Results for static bearing testing show a trend for increasing diameter by
thickness (d/t) yields lower ultimate bearing strength. Similarly, for edge by diameter (e/d) and width by diameter w/d show
an asymptotic region where failure mode abruptly changes from shear at low stress to buckling at higher stresses. This
asymptotic region of failure mode alteration is common in both the geometrical parameters e/d and w/d for bearing and
tensile loading configuration, and occurs at a ratio of approximately 3.0 [2] [3]. This asymptotic behavior is has been
extensively tested in the static regime where shear failure is abruptly changed to buckling for a certain e/d, w/d, and d/t ratio.
The aim of this paper is to determine if any such behavior is present at high loading rates for monolithic specimens, along
with subsequent determination of an optimal geometry for SHPB testing of bolted joints.

Most failures of bolted structures are predominant when loading acting on the structure is dynamic in nature thereby,
motivating the need for further research on the behavior of bolted joints under impact rates of loading. In this paper we
introduce the preliminary steps involved testing bolted joints in a split Hopkinson pressure bar at loading rates of
approximately 500 MN/s.

This involves satisfying equilibrium and buckling conditions by testing a set of monolithic specimens with varying length
and widths to determine optimum geometric parameters only. A finite element model had been constructed using ABAQUS
to mimic the behavior of the experimentally tested monolithic specimens. This model was verified to match trends of
monolithic specimen loading rate, equilibrium time, and equilibrium start time for a fixed d/t = 1, w/d = 2.83, and varying
e/d = 1,2,3, and 4. Validation of the FEM against experimentally obtained results ensures the application of the model to
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determine monolithic specimen behavior for other geometries that are not restrained by the diameter of the SHPB apparatus.
Finally, an optimal geometry can be determined for ideal bolted joint testing where failure due to buckling and equilibrium
times of specimen will be well established.

1.2 Materials and Methods

Testing of monolithic specimens was conducted using a Split Hopkinson Pressure Bar (SHPB) apparatus. The configuration
utilizes 0.75 in. 6,061 Aluminum incidence and transmission bars with electro-resistive strain gages diametrically opposing
centrally placed on each bar. The incident pulse was generated using a 5 in. striker powered by 30 psi of compressed Helium. For
specimen equilibrium to be obtained, and to limit dispersive effects such as Pochhammer-Cree oscillations a pulse shaping
material was employed between the striker and incidence bar [4]. Data acquisition system consists of an Ectron amplifier ES13-
2A with circuitry configured for half bridge and Lecroy Wave Jet 354 A oscilloscope. Monolithic specimens that are geometri-
cally similar to a uniaxial loaded bolted joint configuration were prepared with a fixed d/t = 1, w/d = 2.83, and varying
e/d = 1,2, 3, and 4. For each e/d ratio five specimens were manufactured, and four of each was tested with one spare for any
specimen that may have been lost during testing. Experimental results show 95% confidence error bars for 4 specimens. The
FEM results show an average of 5 calculations of the same e/d configuration to reduce the bias of human calculation of takeoff
and landing of incident, reflected, and transmission waves. The FEM model was constructed with ABAQUS (version 6.9-2) and
contains an incident and transmission bar. An input pulse directly from experimental data was used for the system excitation.
Using an element in the center of the incident and transmission bar within the model, the incident, reflected, and transmission
waves were extracted for analysis of equilibrium times and loading rate similarly to the experiment (Fig. 1.1a).

Table 1.1 shows the geometrical parameters non-dimensionalized with respect to a hole diameter. It is important to note that
the hole diameter is a fictitious value as there is no hole in the monolithic specimen. Each specimen was loaded into the SHPB
setup where incidence, reflected, and transmission waves were recorded for computation of loading rate, total equilibrium time,
and equilibrium start time. Parameters of w/d and e/d were fixed as the SHPB apparatus restrains from any larger specimens.

1.3 Results

Specimen geometries were altered according to Table 1.1 and incident, reflected, and transmitted waves recorded for each
test. Using one dimensional wave theory and Egs. 1.1 and 1.2 Figs. 1.2 and 1.3 were constructed to determine optimal
specimen properties for later testing of bolted joints of similar dimensions. The force on the transmission face was calculated
using Eq. 1.2 where the slope of the transmitted pulse was used to calculate the loading rate of the specimen. Five FEM
simulations for e/d of 1 and 4 were run using ABAQUS and averaged to smooth any outliers in the data due to the human

Fig. 1.1 ABAQUS model with specimen 4 ready to be tested (a) and the experimental setup (b) with the specimen sandwiched between the
incident and transmission bars

Table 1.1 Geometric. . Specimen # 1 2 3 4
parameters for monolithic
e/d 1.00 2.00 3.00 4.00

specimen testing
1/d 4.50 6.50 8.50 10.50
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Fig. 1.2 Total amount of time
the specimen is at equilibrium
for varying e/d in
compression. Experimental
error bars are calculated with
95% confidence interval

Fig. 1.3 The amount of time
it takes the specimen to first
reach equilibrium for varying
e/d in compression.
Experimental error bars

are calculated with 95%
confidence interval

interface between where to select where each pulse begins and ends. The general trend of the loading rate shows a slight
increase from 450 MN/s to approximately 600MN/s as specimen e/d increase. Calculation of equilibrium times was
conducted using both the force on the incident and transmission sides of the specimen. Plotting the incidence by transmission
on the y-axis and time on the x-axis; equilibrium occurs when this force ratio is at unity. From this plot the total equilibrium
time of the specimen can be obtained as well as when the specimen first reaches equilibrium as shown in Figs. 1.2 and 1.3

respectively.

1.4 Discussion

Using one dimensional wave propagation wave theory for elastic solids the following relations is established to determine

loading rate, and equilibrium times [5].
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Where F,,. and F,,, are the force on the incident and transmitted face of the SHPB. Ajjcpar aNd Aqanspar 1S the
cross-sectional area of the incident and transmission bars respectively. Ey,; is the elastic modulus of the bars, and ;, €,
and ¢, are the recorded incident, reflected, and transmitted strain pulses from the adhesively bonded strain gages on the
SHPB. Using split Hopkinson bar wave theory, specimen loading rate and equilibrium times can be calculated. This
combined with visually inspecting each monolithic specimen for any mode of buckling will ensure proper specimen
geometry for bolted joint testing in a SHPB setup.

Ideal specimen properties are high total equilibrium times, low equilibrium start times and low chances of buckling or
bending. In the literature [4], it can be seen that equilibrium typically occurs at approximately 17-20 us for sample lengths of
0.76-1.5 mm in length respectively. Length of the tested monolithic specimens varied from 1.125 to 2.875in (73.025 mm).
For range of specimen length, it can be seen that the equilibrium start time is much higher, ranging from 45 to 63 ps due to
inertia and non-uniform deformation due to wave propagation effects [4]. The increase in equilibrium start time is dependent
on the length and inertia of the specimen as the longer specimen requires more time for the pulse to propagate through the
specimen. As only a finite incidence pulse is generated tradeoff occurs between total time spent in equilibrium and
equilibrium start times. This effect can be noticeably seen at e/d ratio of approximately 2.5. This behavior reflects nicely
with the amount of specimens recorded as bent or deformed during testing with a decrease in total time spent in equilibrium.
The FEM results follow closely to the actual experimental results in that general trends are still kept precise. However the
accuracy of the model shows that some assumptions made in the model need to be refined. This error is mostly introduced
between the interface between the specimen, incidence, and transmission bars has been modeled to be in perfect slip contact.
This can cause the model to underestimate the actual equilibrium start time and over estimate the total time spent at
equilibrium.

1.5 Conclusion

From the collected data it can be deduced that there does exist an optimum bolted joint geometry that can reach equilibrium
and avoid local bending. Figures 1.2 and 1.3 show that increasing a specimen length will decrease the chance of buckling or
local bending to occur, at the same time there exists a geometry where minimal local bending takes place with relatively high
equilibrium times. The ideal bolted joint parameters that would yield the best result would be e/d = 2.0 or total length of
1.625 in. for minimal local bending and maximum time spent at equilibrium for a dynamic loading rate of approximately 500
MN/s. Upon identification of the critical e/d ratio, future work would include varying w/d and d/t parameters to identify
where failure behavior of the joint would no longer be dominated by buckling.
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Chapter 2
Fastening and Joining of Composite Materials

Sayed A. Nassar and Xianjie Yang

Abstract This paper presents some of the most recent advances in fastening and joining research on composite joints, which
are often viewed as the weakest links that can significantly affect the safety and reliability of many mechanical and structural
systems. A system approach is outlined for fastening and joining issues, which includes the effect of six groups of variables;
namely, the joint, the joining element, tool used, process control, in-service loads, and the environmental variables.
Challenging bolting issues are discussed as they apply to composite joints that are subjected to complex mechanical,
thermo-mechanical, and environmental loading. This includes theoretical, FEA, and experimental models for investigating
the effect of bolt holes, failure modes, vibration and impact-induced loosening of preloaded threaded fasteners, loss of clamp
load due to mismatched thermal effects, and elastic interaction. Investigated joining variables in layered joints include
normal and interfacial stresses, properties and thickness of the adhesive layers, additives, and damage modeling. Results
from theoretical and experimental models are presented.

Keywords Composite materials « Composite joining * Bolted composites * Adhesive joined composites

2.1 Introduction

Composite materials have recently become more desirable for use in mechanical and structural components due to their
relatively high specific strength and stiffness-to-weight ratios. Composites can also be designed and optimized to meet
different strength and stiffness requirement in various directions as dictated by the design and performance of a structural
component. Unlike metallic structures, the modeling and analysis of composite structures is a fairly challenging task.
The load-carrying capacity of the composite material continues to be severely limited by the reduced load carrying capacity
at the joint or attachment locations to the main structure. Due to anisotropy and inhomogeneity of composites, their response
to loading is more complex, as compared to metallic structures. For a reliable design of composite structures, it is essential to
thoroughly understand their behavior under static and dynamic mechanical and thermal loading under various environmental
scenarios during the life of the component. The development of such design methods must be based on test data, analytical
and computer modeling as well as numerical models using Finite Elements techniques.

The fastening and joining of composite materials mainly consist of the bonding and mechanical fastening. The main
objective of bolted joints is to transfer applied load from one part of the joint structure to the other through fastener elements.
However, bolt holes cause a stress concentration in the composite joint plates, which can severely reduce the mechanical
strength and fatigue life of the joined structures. There are several possible joint failure modes in composites and three of the
common ones are bearing, net tension and shear-out. Among them, bearing failure is often considered as the “desirable” mode
because it usually gives a higher strength and the failure is less brittle. Other modes are often considered as “premature”
failures which should be avoided through proper design of the joint geometry and the composite material itself. Referring to
the geometric dimensions such as specimen width, hole diameter and hole-to-edge distance, Collings [1] proposed ultimate
bearing strength, net ultimate tensile strength and ultimate shear strength based on average stresses at failure, and the actual
failure mode and load are associated with the one with the lowest load value among them. Fatigue damage around bolt holes
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SHEAROUT
FAILURE

e

CLEAVAGE-TENSION FAILURE BEARING FAILURE

Fig. 2.1 Typical failure modes for bolted joints in composite laminate

consists of three types: hole wear, damage in the contact surface of the composite, and the growth of delamination around
the bolt holes induced by the drilling. The hole wear is caused by the erosion of material around the bolt hole as a result of the
friction forces. Damage at the contact surfaces is induced by bolt bending under loading. This would result in hole elongation
during fatigue loading. It was found that the growth of delamination around bolt holes results in a decrease in the fatigue life of
bolted joints. The failure load and pattern of composite bolted joints would obviously depend on the bolt preload level and
distribution, orientation of layer reinforcing fibers, the ratio of bolt diameter to specimen width, bolt type, ratio of hole
diameter to laminate thickness, number of bolts, and bolt arrangement.

Two problems should be addressed in the design of composite structures with joints that have multiple bolts. Firstly, it is
necessary to adequately understand the behavior, strength, failure modes, and failure criterion of single-bolt joints.
Secondly, it is necessary to accurately evaluate the loading magnitude and distribution. The strength prediction methods
developed from single-bolt joints can also be utilized for determining the maximum failure load and the corresponding
failure mode. The loading proportion is not generally equal for each fastener in the same joint. Therefore, determination of
the ratio of loading proportion for each element becomes an important problem in the optimal design of joints with multiple
threaded fasteners. Because this is mostly a highly statically indeterminate mechanical problem, FEA modeling is used for
the determination of the loading ratio. Additionally, the FEA model can simulate the failure prediction based on the different
failure criteria of the bearing, shear-out, and net-tension failure patterns.

An important consideration in joint testing and analysis is the selection of the type of test method with due attention to failure
mode which is likely to lead to specific joint design requirements for a known composite system. The occurrence of a particular
failure mode is primarily dependent on the joint geometry and laminate lay-up. Composite bolted joints may fail in various
modes as shown in Fig. 2.1 [2]. The likelihood of a particular failure mode is influenced by bolt diameter D, laminate width w,
edge distance e, and thickness t. The type of fastener used can also influence the occurrence of a particular failure mode.

For near-isotropic lay-ups in graphite/epoxy composite systems, net-section tensile/compressive failure occurs when the
ratio of bolt diameter D to laminate width W is equal to or greater than one quarter (i.e. D/w > 0.25). It is characterized by
failure of the plies in the primary load direction. Cleavage failure may initiate in the vicinity of the specimen end (rather than
near the fastener); this mode of failure can be triggered by net-section failure. In some instances the bolt head may be pulled
out through the laminate after the bolt is bent and/or deformed. Finally, it is important to note that for any given geometry,
the failure mode may vary as a function of laminate lay-up and stacking sequence. Catastrophic failure modes such as
tension, shear-out and cleavage-tension failures are avoidable through proper design of the joint geometry and the composite
material itself. Most bolted composite structures are primarily designed to avoid bearing failure; investigating the effect of
various joint parameters on bearing failure in a joint is of fundamental importance.

Adhesive joints increase structural efficiency and weight savings. They also minimize the potential for stress concentration
within the joint, which cannot be achieved with mechanical fasteners. However, because of the lack of reliable, economical,
and feasible inspection methods and due to the requirement for close dimensional tolerances in fabrication, designers have
generally avoided bonded construction in primary structures. For bonded composite joints, the non-uniform stress distribution
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along the bonding surface should always be accounted for. The peak stress is mainly dependent on the bonding pattern of
the joint, bonded length, adhesive thickness, joint geometry, adherend stiffness imbalance, ductile adhesive response, and the
composite adherends.

The main purpose of an adhesively bonded joint is to transfer loads in a reliable fashion under various environmental
conditions throughout the entire service life of the joint and the parent structural component. The joint interfacial stresses
introduced by those loads must remain essential part of the design, analysis, test, and validation process. Much of the current
methodologies used in the design and analysis of adhesive joints in composite structures is based on the approach developed
by L. J. Hart-Smith in a series of NASA-Langley-sponsored contracts [3, 4] during the early 1970s. Some of the key
principles on which that effort was based on includes: (1) the use of simple 1-dimensional stress analysis of generic
composite joints wherever possible [5]; (2) the need to select the joint design so as to ensure failure in the adherend rather
than the adhesive, so that the adhesive is never the week link; (3) a recognition that the ductility of adhesives is beneficial in
reducing the stress peaks in the adhesive; (4) careful use of such factors as adherend tapering to reduce or eliminate peel
stresses from the joint; and (5) recognition of slow cyclic loading, corresponding to such phenomena as a major factor
controlling durability of adhesive joints, and the need to avoid the worst effects of this type of loading by providing sufficient
overlap length. This ensures that some of the adhesive is so lightly loaded that creep was not significant under the most
severe scenarios of extreme humidity and temperature over the component service life. After Volkersen’s work [6] on the
stress analysis of a single lap joint, many analytical models have been proposed for stress analysis of various adhesively
bonded joints. Sample 3-D analytical models for interfacial stress are developed by Ma et al. [7].

Most recently, several investigational studies have been carried out by Nassar et al. at the Fastening and Joining Research
Institute-Oakland University, on various fastening and joining aspects of advanced composite materials. Experimental and
analytical techniques, as well as FEA simulation, are used to study bolted joint behavior and failure modes different loading
and temperature conditions. That includes deformation, NDE and preload control, Tribology of threaded fasteners, vibration
and impact-induced loosening of preloaded threaded fasteners, elastic interaction, loss of preload, creep relaxation
modeling, and hole and washer variables. Summary of the results from the work by Nassar et al. is presented in this paper.

2.2 Composite Bolting

Mechanical fasteners (bolts and rivets) require drilling of holes in composite materials, which ruptures the composite fiber
reinforcements. Those holes generally cause stress concentration, but equally or even more significant is the increased
probability for micro-cracks and local damage to be introduced around the holes, which can cause structural instability [8].
In spite of those draw backs, mechanical fastening of composites can still be a viable and proven joining option.

2.2.1 Effect of Geometry and Laminate Properties on the Bolt Bearing Behavior

For a single-bolt composite joint, the bolt hole diameter with clearance, laminate thickness, material, and layer stack
sequences, washer, and clamping pressure all have significant effect on the bolt bearing behavior. The bearing stress o, and
bearing strain ¢, are defined as follows

P

Opr = D_h (21)
50014 on,bearing
by = LI 2.2)

where P is applied load, D is bolt hole diameter, / is thickness of the laminate, and 0 coupon pearing Tepresents the deformation in
the bolt hole. The typical bearing stress—strain curve for composite bolted joint coupon have three distinct regions as shown
in Fig. 2.2: initial sliding, linear bearing response prior to the damage, and a nonlinear post damage stress region. The
bearing stiffness is determined from the initial linear part of the curve. Figure 2.2 shows the definition of the bearing
stiffness, the 2% offset bearing strength and ultimate strength.

Other researchers did some work on the effect of geometry and laminate properties on the bolt bearing behavior.
Oh et al. [9] worked on bolted joints for hybrid composites made of glass-epoxy and carbon-epoxy under tensile loading.
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Fig. 2.2 Bearing stress—strain 600
curve for bolted composite 550 A
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The design parameters investigated were laminate ply angle, stacking sequence, the ratio of glass-epoxy to carbon epoxy, the
outer diameter of the washer and clamping pressure. Results showed that the peak load occurred before the maximum failure
load due to the delamination of the laminate under the washer. The static test results of the hybrid composites with two kinds
of stacking sequences revealed that the bearing strength increased as the =+ 45° plies were distributed evenly along the
thickness direction irrespective of the joint material and the stacking pattern. The bearing strength increased as the bolt
clamping pressure increased to 71.1 MPa, thereafter the bearing strength saturated to a constant value. The failure mode
changed from bearing failure to tension failure when a 20 mm diameter washer was used.

Aktas and Dirikolu [10] carried out an experimental and numerical study on the strength of a pinned-joint made of carbon
epoxy composite. The experimental results showed that when the ratio of the edge distance to the pin diameter (e/D) is
e/D > 4and the ratio of the specimen width to the pin diameter (W/D) is W /D > 4, bearing failure was dominant, where as
when the ratios were below 4, net tension, shear-out and mixed model failure were observed. The [90/45/-45/0]s joint
configuration showed 20% higher bearing strength than the [0/45-45/90]s configuration.

McCarthy et al. [11] investigated the effect of hole clearance on the strength and stiffness of single-lap, single-bolt
composite joint. Hole clearance had a significant effect on the joint stiffness and ultimate strain and less effect on the
joint strength. The clearance caused a delay in load take up and this was considered to be a significant factor for multiple-bolt
joint applications.

2.2.2 Effect of Tightening Torque and Clamping Pressure on Bearing Behavior

Girard et al. [12] studied the effect of stacking sequence and clamping pressure on the carbon/epoxy bolted composite joints.
Bearing stress vs. hole elongation curves and the bearing stress vs. strain curves showed significant effect of clamping
pressure on the initial bearing stress and the maximum bearing stress. Tightening the bolt increased the initial bearing stress
by 22% and the maximum bearing stress by 105%. The increase in clamping pressure increased the post-peak stiffness,
where as the initial stiffness and the bolt-hole elongation decreased significantly. The bearing stress vs. hole elongation
curves showed that the angle of ply lay-ups had the lowest initial stiffness and the cross-ply lay-up had the highest initial and
post peak stiffness. Orienting the fibers at an angle of 45° improved the bearing behavior. The results from the rosette strain
gage positioned on the bearing zone showed a linear behavior for the angle-ply laminate, where as a nonlinear behavior was
observed for the cross-ply and the quasi-isotropic lay-ups. This nonlinear behavior was mainly due to the stresses
corresponding to the initiation of damage due to local delamination around the hole.

Park [13] investigated the effect of stacking sequence and clamping force on delamination bearing strength and ultimate
bearing strength of mechanically fastened carbon/epoxy composite joints using an acoustic emission (AE) and
load—displacement technique. The stacking sequence and the clamping pressure had a significant effect on the delamination
and ultimate bearing strength of the mechanically fastened composite joint. An increase in clamping pressure increased the
ultimate bearing strength to saturation, whereas the delamination bearing strength increased progressively. The clamping
pressure suppressed the delamination and the interlaminar cracks. The failure mode changed from catastrophic fracture to a
progressive failure as the clamping pressure was increased.
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Khashaba et al. [ 14] investigated the effect of bolt tightening torque and washer size on the bearing behavior of glass fiber
reinforced epoxy composite ([0/445/90]s) bolted joints. Damage analysis was carried out to understand the failure
mechanism. Tightening torques of 0, 5, 10 and 15 Nm and the washer sizes of D, = 14, 18, 22, 27 mm were used in
the study. The washer size of 18 mm and the tightening torque of 15 Nm produced the optimum clamping pressure. The
composite bolted joints with 14 mm washers had higher clamping pressure but showed reduction in maximum bearing
strength. The load—displacement curves of the finger tightened bolt joint showed least stiffness with non-linear behavior that
indicated the unstable development of internal damage. Most of the tested specimens failed in a sequence, delamination, and
net tension failure at 90° laminate, shear out failure at 0° layers and final failure which was nearly catastrophic due to the
bearing failure of 45° layers.

2.2.3 Effect of Washers and Bolt Tension on the Behavior of Thick Composite Joints

Virupaksha and Nassar [15] studied the experimental characterization of thick composite bolted joints to explore the effect
of washer size and bolt preload on bearing properties. S2-glass fabric-epoxy composite coupons [0/90; +45/—45@ 10sets] of
12.5 mm thickness were tested under double shear tensile loading. Two different washer sizes and thickness were used in the
investigation. Five levels of bolt preload are investigated; namely, 0, 25%, 50%, 75% and 100% of the proof load of 1/2"—20
SAE Grade 5 fasteners. Figures 2.3, 2.4, and 2.5 show the effect of initial bolt load on the bearing joint stiffness, offset
bearing strength, ultimate joint strength and joint strain for various joint configurations, respectively. The joint bearing
stiffness was higher for the untightened bolted joint than that with much higher bolt preload (100% of proof load). The
bearing stiffness was smallest for the joint with a preload equal to 25% of bolt proof load, and it increased with bolt preload.
The offset bearing strength increased progressively with bolt preload. The ultimate joint strength was unaffected by
increasing the bolt preload. Joint with small washers had higher bearing stiffness than those with large washers for initial
bolt preload of 0%, 25% and 50%. Joints with small washers had higher offset bearing strength than the joints with large
washers. The washer thickness had an insignificant effect on the ultimate joint strength and strain.
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Fig. 2.5 Effect of bolt
preload on joint strain
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2.2.4 Vibration-Induced Loosening of Preloaded Threaded Fasteners

Threaded fasteners may have self-loosening when the joint is subjected to cyclic shear loads. The self-loosening leads to the
partial loss or complete loss of the clamp load so that the function of the fastener will lose. When the clamp load loses
completely, the bolt will sustain the whole separating force fluctuation under the cyclic separating force. This may result in
the bolt fatigue failure much more easily. The shear force cannot be transferred between the two clamped joint members by
using the friction force on the contact surfaces when the clamp load is zero. If the clamp load of the gasketed bolted joints
loses, the leakage will occur. Therefore, the loss of the clamp load is one of the common failure modes of threaded fastener.
There have been some studies on the self-loosening of threaded fasteners; most of them are experimental. Junker [16]
studied the effect of the transverse vibrations on the self-loosening of threaded fasteners and showed that the loosening of
threaded fasteners was far more severe when the joint was subjected to transverse cyclic loads. On the other hand, Junker
designed a test machine for the self-loosening as shown in Fig. 2.6. In his work, he concluded that the self-loosening happens
when slippage took place between engaged threads and/or under the bolt head/nut.

Based on the relative kinetic relationships as shown in Figs. 2.7 and 2.8 on the bearing surface and thread surface, Nassar
and Yang [17] proposed the formulations for the sliding bearing friction torque and thread friction torque as shown in the
following:

Fe 2n
T, in0 + r)do
Rpy = |——| = Jrzdr J (iS00 % 1) 23)
Hygeo| ) ) /2 + 2n,r sin 0 + 72
Te 2n 0\do
Fps i
Rpp = bs | — _ J rdr J (n, + 7 sin6) = 2.4
Hpqb0 ol V2 + 12+ 2,7 sin 0
Vmaj 2 0 de
T o
Ry = |——| = /sec?a + tan?f J r2dr J [ = n,sin0) _ (2.5)
G0 J ! V/n2(1 + tan?orcos?0) + r2 — 21,7 sin 0
F in 0)d0
R = |—| = /sec2o + tan?f J rdr J (n, — rsin0) : (2.6
HeGr0 J , V/n2(1 + tan?ocos?0) + r2 — 21,7 sin 0

where T, is the bearing frictional torque, F is transverse bearing friction shear force, 7, = vj; /@) is the bearing translation-
rotational ratio, vpis the relative translation velocity along x direction, w,, is the relative rotation angular velocity of the bolt
underhead to the joint member, y,, is bearing friction coefficient, and g0 is the average bearing contact pressure. T, is the
thread friction torque, y, is the thread friction coefficient, and g, is the average thread contact pressure, and F; is transverse
thread friction shear force, 7, = v/, is the thread translation-rotational ratio, v,,is the relative thread translation velocity
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along x direction, y; is the relative rotation angular velocity of the bolt thread to the joint member, and o is the half of the
thread profile angle and f is lead helix angle.

From Egs. 2.3, 2.4, 2.5, and 2.6, the sliding bearing and thread friction torque, the sliding bearing and thread shear force
are dependent on the ratio of the relative transition movement to the rotation velocity of the bolt. When there is only
the rotation velocity, the sliding friction torques are corresponding to the ones under bolt tightening and the resultant shear
force is zero. When there is only relative transition movement, the sliding friction torques are zero.

When the pitch torque is larger than the sum of the sliding bearing friction torque and the sliding thread friction torque,
the self-loosening occurs. Based on the dynamic movement equations of the bolted joint, the self-loosening under transverse
cyclic loading can be predicted. Nassar and Housari [18, 19], Housari and Nassar [20] investigated the effect of thread pitch,
initial bolt tension, hole clearance thread fit, bearing and thread friction, and amplitude of the cyclic transverse load on the
loosening of threaded fasteners. They concluded that these parameters have a significant effect on the self-loosening of
threaded fasteners. Yang and Nassar [21] developed a mathematical model for self-loosening of bolted joint under transverse
cyclic loading, and Yang et al [22] proposed a criterion for preventing self-loosening under some specific conditions.

Following a different research route, Shoji and Sawa [23] proposed a 3-Dimensional finite element model to simulate the
mechanism of the self-loosening caused by the relative slippage. Their simulation results show that during one cycle the nut
rotates in both the tightening and the loosening directions with net rotation in the loosening direction. Independently, Jiang
et al. [24] proposed a three dimensional elastic—plastic finite element model to investigate the early stage of self-loosening
caused by the plastic ratcheting deformation of the thread roots, which does not include rotation of the bolt or the nut. After
the bolt tightening, the micro-plastic deformation of the asperities on contact area occurs under the transverse cyclic loading.
On the other side, the misalignment of the bolt assembly will be gradually adjusted in the initial cycles. Those lead to
the initial clamp load loss. When the contact interfaces have relative movement, the wear of the contact area will decrease
the bolt elongation and the joint compression, and it will change the surface roughness and the hardness conditions of the
contact areas. The bolt elongation decrease results in the clamp load loss. The surface roughness and hardness change will
make the friction coefficient on the contact area change with the transverse cyclic loading. As this phenomenon is affected
by lots of parameters, quantitative results are still very scarce.

2.2.5 Elastic-Interaction of Multi-bolted Joints During Tightening

Nassar and Alkelani [25, 26] carried out the elastic-interaction of gasketed joints. Elastic interaction between the various
fasteners in gasketed flanged joints is significantly influenced by the gasket material and thickness, bolt spacing, and by the
tightening strategy and sequence. For the same tightening torque level, using simultaneous tightening of all bolts produces a
higher and more uniform clamp load in the joint. Simultaneous tightening has also reduced the amount of tension drop off
due to the combined effect of elastic interaction and gasket creep relaxation. The fastener grip length had insignificant effect
on the clamp load loss for soft gaskets (e.g. red rubber). The residual clamp load level in gasketed joints was significantly
affected by the gasket material used in the joint (i.e. soft versus hard gaskets). When a soft gasket was used in the joint, it was
observed that increasing the tightening speed significantly has reduced the average residual clamp load in the joint; that was
likely due to the continued gasket creep relaxation after the high-speed tightening process had been completed. Conversely,
for a hard gasket (e.g. flexible graphite), it was observed that increasing the tightening speed increased the residual clamp
load in joint. The study showed that simultaneous tightening of all bolts produced both higher initial and higher residual
clamp loads, as compared to a star pattern tightening of the individual bolts. Using a second tightening pass increased the
residual clamp load more for the individual bolt tightening as compared to simultaneous tightening of all bolts in the joint.
Elastic interaction between preloaded bolts in the same joint was significantly increased by increasing the thickness of a soft
gasket (styrene butadiene rubber), while the thickness of a hard gasket (flexible graphite) has not significantly affected the
elastic interaction.

Alkelani et al. [27, 28] proposed a closed form mathematical modeling of elastic interaction and creep relaxation for the
clamp load as a function of the time elapsed after the initial tightening of the joint as shown in Figs. 2.9 and 2.10. Gasket
constants are found to be independent of the gasket stress level, but are affected by the gasket thickness for the gasket
material considered in this study (red rubber). The bolt tension loss as a percentage of bolt preload does not depend on the
fastener preload level. Fastener preload level has insignificant effect on elastic interaction. The clamp load formulation has
been successfully used to determine the required initial clamp load level that is necessary to provide the desired level of a
steady state residual clamp load in the joint, by taking the gasket creep relaxation into account. The good agreement between
the mathematical model results and the experimental data suggests that the proposed model can be used to accurately
describe the gasket behavior and the clamp load loss due to gasket creep relaxation. The amount of elastic interaction is
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increased by increasing the gasket thickness. Reducing bolt spacing causes more loss of bolt tension due to increased elastic
interaction. The final clamp load level and uniformity is significantly influenced by the tightening pattern. Good agreement
exists between the proposed model and the experimental results as shown in Figs. 2.11 and 2.12. Hence, the model can
reliably be used to predict and/or achieve a uniform clamp load distribution in flat-faced flanged joint.

Nassar et al. [29] did FEA simulation to Study the Effect of Multi-Pass Tightening of Gasketed Bolt Joint. The FEA
model is shown in Figs. 2.13 and 2.14 shows the experimental and FEA results for multi-pass star tightening. For gasketed
joint, the finite element simulation results have a good agreement with the experimental ones. The finite element simulation
methodology can be used to develop bolting procedures for any bolted joint assembly. Four-pass sequential and star
tightening operation is enough to achieve uniform preloads for the 5-bolt gasketed joint model. The experimental and the
FE simulated results show that the multi-pass tightening strategy is very effective for the uniformity of the bolt tensions of
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the gasketed joint. The scatter of bolt load for the star pattern tightening is much higher than that for the sequential tightening
with the same target preload at the end of each pass. For both of tightening patterns, the effect of the tightening history on the
bolt tension variation of the subsequential tightening very significantly even though the previous tightening was completely
removed before the subsequential tightening. It is easier to achieve uniform preload for the lower level of target preload with
multi-pass sequential tightening procedure for the flexible graphite gasketed joint. The single pass tightening approach with
the linear elastic gasket for the uniformity of bolt tensions was proposed, and the approach has been verified by FEA

simulation.

2.3 Adhesively Bonded Composite Joints

This section highlights some of the recent analytical and experimental investigations of the behavior of bonded laminated

joints under mechanical and thermo-mechanical loads.
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2.3.1 |Interfacial Stresses in Adhesively Bonded Joints

Nassar and Virupaksha [30] introduced a linear continuum mixture model of periodically-stacked laminates with adhesive
bonding. They derived a set of partial differential equations for interfacial shear stresses on both sides of a representative
adhesive layer using the 3-D multi-layer model shown in Fig. 2.15. Analytical expressions were obtained for the interfacial
shear stresses under thermo-mechanical loading. The numerical results on the model show that increasing the thickness of
the adhesive causes a significant increase in the interfacial shear stresses; the larger difference in the elastic and thermal
properties between the adhesive and the layered adherend leads to the higher corresponding interfacial shear stress.



