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ABSTRACT

MULTI-AXIAL FATIGUE STRENGTH OF STRUCTURAL BOLTS IN
SLIP-CRITICAL CONNECTIONS UNDER COMBINED CYCLIC AXIAL AND SHEAR

DEMANDS

High-Strength bolts are used extensively in structures and are regarded as the better option
for connections subjected to fatigue as compared to welds and rivets. Studies have shown the
superior resistance to fatigue and conclude that it should not be an issue when a bolt is properly
pre-tensioned. Nevertheless, a recent application of properly pre-tensioned bolts subjected to shear
stress reversals shows extensive fatigue cracking and total severing of up to 50% of the bolts in
the connections. Sufficient evidence, based on experimental testing and field observations, exists
to suggest the possibility of fully pre-tensioned bolts coming loose due to shear stress reversals.
The problem of transverse vibrational loosening of bolts has been extensively researched as well
as the issue of bolt fatigue. Only recently have they been considered together although no studies
of this interaction have been done on high-strength bolts. Certain mechanisms mark the onset of
bolt loosening and fatigue when bolts are subjected to cyclic shear or shear combined with tension.
In this study, causes of bolt loosening and fatigue failure of bolted connections are explored.
Especially the study pertains to structural bolts that are subjected to cyclic loads in multiple
directions with shear reversals, which are typical of mitre gate to pintle socket connections.

Certain mechanisms mark the onset of bolt loosening and fatigue when bolts are subjected
to cyclic shear or shear combined with tension. The actual mechanisms and limits at which this

occurs are explored in the literature and experimentally and recommendations are provided.
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CHAPTER 1 INTRODUCTION

1.1 Statement of the Problem

The use of high-strength bolts in steel structures is widespread and they are regarded as the
better option for connections subjected to fatigue as compared to welds and rivets. These
connections are designed with fully pre-tensioned bolts to clamp the plates to create what is called
a slip critical connection. Nevertheless, sufficient observations and reports exist to suggest the
possibility of fully pre-tensioned high strength bolts coming loose due to shear stress reversals. A
recent application of properly pre-tensioned bolts subjected to shear stress reversals shows
extensive fatigue cracking and total severing of up to 50% of the bolts in the connections.

Slip-critical connections are widely used in structures such as bridges, cranes, transmission
towers and wind turbine towers. The first nine versions of the AISC Specification up to the AISC-
1949 had no mention of the concept of slip-critical connections and the capacity of bolts in shear
was considered comparable to rivets (AISC, 1934 to 1949). The first appearance of the concept of
slip-critical bolted connections was in the AISC 1961 specification with reference to the research
done by the Research Council on Structural Connections (RCSC, 1951 and 1954).

Currently, AISC has developed and updated its recommendations. There is the following
specific injunction regarding when slip-critical connections should be used in the RCSC’s (2009)
specification for structural joints Using High-Strength Bolts:

“Slip critical joints are required in applications involving shear or combined shear and
tension in the following cases:

1) joints that are subject to fatigue load with reversal of the loading direction...”
(RCSC 2009)



However, not much attention has been given to the potential loss of pretension due to shear
cyclic loading at loads below and close to the slip load as a precursor to bolt fatigue in slip-critical
joints.

The aerospace and automotive industries have conducted considerable research concerning
the fatigue failure of bolts and their loosening due to transverse vibration. In structural and civil
industries, however, high-strength structural bolts have not been studied as extensively under
cyclic shear.

It is important to note that when a bolt is properly pre-tensioned, fatigue life should not be
of concern as long as the pre-tension load is not overcome by the applied tension load ( Fisher et
al. 1952). However, it has been shown that when sufficient shear force is applied throughout a
series of cycles to a properly pre-tensioned bolt, loosening will take place (Junker 1969, 1973;
Nassar and Housari 2007; Yokoyama et al. 2012). It is worth noting that previous studies have
been conducted on non-structural bolts that demonstrate their potential for loosening under a shear
force that is lower than 59% of the force that causes slip of the head (Pai and Hess 2002; Dinger
and Friedrich 2011). In this case, loosening of the bolt will occur due to localized slip at the threads
and at slower rates. It is therefore logical to hypothesize, that there is a potential for loosening of
slip-critical connections using structural bolts at loads below yet close to the slip load, and such a

hypothesis merits further evaluation.

1.1.1 Shear and Tension Loads on the Bolts

Multiaxial fatigue is considered given that loads in the pintle socket to mitre gate girder
connection are currently a combination of both. This is the case even when the connection is
predominantly designed to carry shear loads. The cause of tension in the bolts is associated with

deterioration of other elements of the structure such as the quoin block and the diagonal rods of



the gate. This causes additional shear, moment and torsion demands to be transferred to the pintle

socket connection which carries into shear and tension on the bolts.

1.2 Objectives and Scope of Research

The purpose of the project is to determine the causes for bolt failure found during scheduled
inspections in the connection between the pintle socket and mitre gate bottom girder of canal lock
gates. These large hydraulic structures are a crucial component of the infrastructure systems that
enable wealth creation through national and international trade. Any failure of these structures
would be catastrophic and could generate enormous economic losses not to mention potential loss
of life. Furthermore, there are prospective economic gains to be achieved by improving the
connection reliability and reducing the need for repair with its added stop times. This research
project was undertaken with the support of the Army Corps of Engineers’ Engineering Research
and Development Center.

The specific objective of this research project is to shed light on the causes of bolt loosening
and fatigue failure of bolted connections, especially those that are subjected to cyclic loads in
multiple directions with shear reversals, which are typical of mitre gate to pintle socket
connections.

Certain mechanisms mark the onset of bolt loosening and multi-axial fatigue when bolts are
subjected to cyclic shear or shear combined with tension. The actual mechanisms and limits at
which this occurs are explored in the literature and experimentally and recommendations are

provided.



1.3 Organization of Thesis

The following thesis is divided into 6 chapters. Following this Introductory Chapter,
Chapter 2 is a review of existing literature on the topics of loss of preload and bolt fatigue. Chapter
3 contains the experimental methods which include information on the fabrication and design of
both tests as well as a test matrix and test protocol for each test. Chapters 4 and 5 discuss the results
obtained experimentally for loosening of bolts subjected to cyclic shear and multiaxial fatigue of
bolts respectively. Chapter 6 summarizes and extracts conclusions of the findings and makes

recommendations.



CHAPTER 2 LITERATURE REVIEW: CAUSES OF FAILURE IN HIGH
STRENGTH BOLTS

2.1 Loss of Pre-tension in Bolts

The problem of bolt loosening ranges from early stage loss of pre-tension due to plastic
deformations to nuts fully rotating loose from bolts. The most common occurrence of total self-
loosening has always been in applications with high levels of vibration, such as train tracks and
automobiles. The issue of nuts rotating loose is more than a century old as registered by early
patent records. Ever since the late 1800s there have been various patents recommending
improvements in fastener design to stop them from inadvertently loosening on the joints. For
example, a proposed nut-locking method for preventing railroad fasteners from rotating loose was
suggested (Kaylor 1873), where a pliable metal washer with a layer of hard rubber underneath was
used. The rubber forces the washer to bend around the corners of the nut under the pressure of the
preload. This attempts to prevent the nut from rotating. The effectiveness of this solution is
questionable since it reduces the stiffness of the connection, subjecting the bolt to carry the load
excursions and making it more prone to fatigue. Nevertheless, this is one example of many similar
patents that reveal the incidence of bolt loosening during the mid-eighteen-hundreds.

Many experiments were conducted to isolate the causes of the loosening problem. Early
tests by German engineers in the 1930s attributed loosening to plastic deformation within the
fastener and on the joint surfaces (Boomsma 1955). The problem of sustained loss of pre-tension
was studied experimentally via load oscillation in a variety of experiments without being able to
entirely replicate the issue. The problem was not entirely isolated until transverse vibration was

finally evaluated by Junker in 1966 (Junker and Strelow 1966). Although further work has been



done since then, his test method still remains the benchmark in the aerospace and automotive
industries for testing the potential for loosening of fasteners under vibration.

Subsequently, Hashimura and Socie (2006) studied fatigue and loosening as a coupled
phenomenon under transverse load. These studies, however, were limited to the automotive
industry and its unique bolt sizes and classes.

The following is a discussion of the causes for loss of pre-tension (alternatively called
loosening) of bolts by which joints lose their clamping force. Subsequently, the studies on the
fatigue behavior of bolts, in relation to loosening, are summarized and discussed. Finally, a brief
discussion of the effects of combined longitudinal and transverse cyclic loading on the fatigue and

loosening of bolts is included.

2.1.1 Non-Rotational Loss of Pre-tension

The causes of non-rotational loss of pre-tension are numerous, and researchers have
explored each aspect to some extent in the past century. However, the contribution that non-
rotational losses make to the total potential loss of pre-tension is relatively small, and not all causes
need be considered for a given connection. These causes include embedding, creep, relaxation,

yielding, thermal gradients, and wear and are discussed in some detail bellow.

2.1.1.1 Embedding loss

Embedding loss is due to localized plastic deformation of the surfaces at molecular contact
points beneath the head and the nut and in between joint surfaces. This loss amounts to usually
only about 10% of the total preload. Researchers have found that once tightening has been

established, approximately 80% of this type of loss occurs when it is first loaded under service



loads and that the remaining 20% occurs over time (Meyer and Strelow 1972). The design of the

joints usually accounts for embedding loss.

2.1.1.2 Creep in Gaskets

Gasket creep occurs when soft sealing materials between stiffer joint metals experience a
reduction in their seating stress over time. Gaskets are mostly used in pressure pipes and
automobiles to produce a tight seal where leaks are to be avoided. Recent developments have
improved this issue with respect to previous design methods by enforcing leak tightness of the
joint to prevent emissions. These improvements are achieved by taking into consideration
parameters such as the creep factor of the gasket, the scattering due to the tightening of the device,
the unloading compressive modulus of elasticity of the gasket, and the rate of change of said

modulus of elasticity with compressive stress (Zerres and Guérout 2004).

2.1.1.3 Surface Coating Creep

To avoid corrosion, bolts and joint components are coated with a material lower on the
galvanic scale than steel. Zinc is a common material used and is applied via electro-plating or hot-
dip galvanizing, providing a coating thicknesses of 8 um and 40 um, respectively. This can become
an issue when the bolt is holding together several plates with zinc layers generating an added total
deformable zinc thickness that could be greater than the elongation of the bolt produced by the
pre-load. Yang and DeWolf (1999) conducted a study that tested several coating materials. They
determined that the loss of clamping force in galvanized-steel high-strength bolts is primarily due

to creep strain in the galvanized coating. The creep strain can be represented as



e)=a+p £
2-1
Where, ¢ is the creep strain; t is time; and o, , and m are constants determined

experimentally.

2.1.1.4 Stress relaxation

Very similar to creep, stress relaxation is a long-term loss. This occurs when a high level
of stress is applied, initially producing a strain that is maintained through time. This is a
phenomenon governed by temperature and the level of stress/strain at which the material is
maintained. Moreover, different materials have different behaviors in this respect. For instance,
Tendo et al. (2001) found that in the case of type 304 N plates and cold-rolled type 304 plates,

deformation could not be observed and the decrease in the bolt stress was no more than 2%.

2.1.1.5 Yielding caused by loading

Given that bolts are preloaded at stresses slightly below or at the yield stress of the material,
additional loads large enough to overcome the clamping force and add to the preload of the bolt
may cause it to yield or exceed the yield stress. The design considerations for the joint normally

account for this.

2.1.1.6 Differential thermal expansion

Because the bolt shaft is contained inside the air gap of the bolt hole, which is then sealed
by the clamping head and nut, it can cool or heat at a slower rate than the surrounding joint
materials. This produces a variation in the clamp force, which, according to Sears and King (2004),

can produce fugitive emissions on flanged joints of pressure pipes where connections must stay



within tight tolerances. However, this reduction in the preload is temporary and does not account

for sustained loosening.

2.1.1.7 Loosening via wear of the clamped parts

In some cases, the design of the joint requires the accommodation of movements through
a specific degree of friction. For example, in railroads, such is the case of fishplates that secure rail
sections together and sustain movement from the rails expanding and contracting. In this case, a
bolted joint can sustain fretting wear, which could produce a brown powder called “cocoa” (Sakai
2008). The presence of the powder is an indication of the loss of material, corresponding to loss
of pre-tension.

Microslip is another cause of this type of wear, which can occur in many locations on the
joint, including regions away from the bolt when it is properly pre-tensioned and on the bolt itself.
It is, however, more likely to occur first in regions away from the hole because clamping force
drops with distance from the bolt. In their study of uncertainties in bolted joints, Ibrahim and Pettit
(2005) considered wear through micro-slip in regions away from the hole as a damping
mechanism. This varied non-linearly with the amplitude of the tangential force. Pai and Hess
(2003) studied micro-slip on the threads and found that it can accumulate and lead to complete slip

and rotational self-loosening of a bolt.

2.1.2 Rotational Self-Loosening

Rotational self-loosening also denoted simply as “loosening,” is the type of loss of pre-
tension that has generated the most concern, as it can propitiate sudden and catastrophic failures.
This is a widely recognized failure mechanism in the automotive and aeronautic industries. For

example, Toyota recalled 26,830 Tacoma pickup trucks from 2005 to 2011 due to issues with a



loosening fastener that presented a major risk of seat belt failure (Transport Canada 2013). In
addition, in a report on the investigation of the 20 August 2011 crash of the Unmanned Aerial
Vehicle, EQ-4B Global Hawk, T/N 04-2017, from the U.S. Air Force, insufficient cap screw
torque was cited as a contributory factor to the mishap (Lozier 2012). The following is a summary
of the historic progression in research toward a better understanding of the causes of rotational

self-loosening.

2.1.2.1 Axial loading and vibration

The first theories about rotational loosening were based on the assumption that an
oscillatory axial load on the bolt would have the effect of rotating the nut loose. The first
researchers to propose a theory of axially loaded loosening were Goodier and Sweeney (1945). In
their study, 19 mm (3/4 in.) bolts were loaded from 2.22 kN to 26.69 kN (500 1b to 6000 1b) in
tension while monitoring the rotation of the nut. The maximum rotation detected was 2 degrees,
and the minimum was 0.7 degrees in 500 cycles. Figure 2-1 illustrates the arrangement used to

conduct axial loading tests.
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Figure 2-1 Axial Oscillation Set-up from (Goodier and Sweeney 1945).

2.1.2.2 Torsional loading

The study conducted by Yokoyama et al. (2012) investigated the self-loosening of bolted
joints under rotational loading and was concerned with the relationship between the loosening
torsion and tightening torsion when subjected to rotational loading. The bolts tested were M 14

(0.55 in. diameter) with a grip length of 160 mm (6.3 in.) and were located between two rotating
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plates with sensors for bolt head rotation, bolt shaft torsion, and pre-tension. The results of the
study confirmed that loosening does occur when the thread surface undergoes complete slip. It was
determined that the argument;
TSL<TW<TST
needs to hold true for there to be sustained loosening.
Where;
TSL is the torque required to cause slip on the threads in the loosening direction,
TST is the torque required to cause slip on the threads in the tightening direction, and

TW is the torque required to cause slip on the bearing surface.

2.1.2.3 Transverse vibration

Pioneered by Gerhard Junker (1969), bolt loosening has been experimentally investigated
in a variety of setups. Junker’s innovative device was designed for testing loosening of fasteners
caused by transverse vibration. Junker carried out tests on hex head cap screws DIN 933,
M10x1.5x30, and socket head cap screws, 1960 series, 3/8 in-16 % 1-1/4 in., subjecting them to a
displacement controlled vibration. It was found that pre-tension is completely lost within 200 to
500 cycles and is due to both rotation of the nut and relaxation of the material the bolt is in contact
with. This result was obtained in several tests run at frequencies ranging from 10 cpm (cycles per
minute) to 3000 cpm. For all frequencies, a similar behavior was observed as a function of the
number of cycles (Junker 1969), hence, showing that the phenomenon of loosening is independent
of vibrational frequency. Notably, the plots of Transverse Force vs. Number of Cycles resemble
fatigue S—N curves, which later led Hashimura and Socie (2006) to study fatigue and loosening
together. In addition, it was concluded that when sufficient force was applied to overcome static

friction and cause the head of the bolt to slip, there would be rotational self-loosening of the
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fastener. This term was coined critical slip. However, the concept of critical slip has been refined
to include the phenomenon of localized slip at the threads by Pai and Hess (2002) described below.

Figure 2-2 shows the basic test setup for a loosening experiment.

. Load cell for shear force
Eccentric
Test specimen
Arm / Top Plate
[ |

Threaded insert

Roller bearing

Fixed base

Load cell for preload

Figure 2-2 Schematic of a typical transverse vibration loosening experiment: after Pai and Hess (2002)

Pai and Hess (2002) conducted an “experimental study of loosening of threaded fasteners
due to dynamic shear loads.” Their study tested 63.5 mm (2.5 in.) and 76.2 mm (3 in.) long grade
5 and grade 8, 0.5 UNC 13 (0.5 in. diameter and 13 threads per inch) screws with varying types of
lubrication to induce different friction coefficients for the threads and the head. The results showed
that loosening occurs at significantly lower shear forces than those required to initiate slip of the
head (critical slip). This occurs via localized slip in the threads, which is stored through friction
on the back cycle and expands throughout the rest of the threads. In fact, the data showed that
shear loads of 59%—-66% of those required to cause complete slip of the head (critical slip) were
sufficient to generate sustained loosening. The study highlighted the different factors contributing
to loosening, and the source of loosening was eventually isolated through alternating types of

lubricant on threads and head. Figure 2-3 shows the mechanism for the progressive loosening of a
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bolt via the accumulation of slip in the threads with varying direction of the shear force (Fs)

throughout each cycle.

Foh—p

—F,

Separation/Slip
cause strain
release
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@j Strain release
stored through

/\ friction
\
\
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Strain release through
separation and slip
accumulates on entire
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Figure 2-3 Thread slip accumulation with points of stick, slip and strain for each point during the shear
reversal

Jiang et al. (2003) carried out an investigation of the early stage self-loosening of bolts
under shear load. They designed their own experiment with an ability to run displacement and load
control tests. Results showed that early stage self-loosening is caused by local cyclic plastic
deformation in the threads. Jiang et al. (2003) Figure 2-4 shows the difference between early stage
loosening and the faster rate of the second stage. Also, comparing displacement vs. load control
tests they were able to deduce that displacement between the plates is a more telling factor in

loosening compared to the shear force.
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Figure 2-4 Two stages of loosening and nut rotation (adapted from Jiang et al., 2003)

After their initial investigations, Jiang et al. (2004) conducted another study using
M12X1.75 (0.5 in.) bolts preloaded up to 75% of the yield stress subjected to transverse cyclic
displacement and found that the dividing line between early stage loosening and continued self-
loosening was at 0.5 degrees of nut rotation. In the early stage, the loss of preload occurs because
of non-rotational causes such as stress relaxation. This loss then initiates the second stage of self-
loosening in which the rotation of the nut dominates the loss of preload. Additionally, the plots of
the amplitude of the displacement vs. the number of cycles to failure resemble fatigue S—N plots.
Figure 2-5 shows a typical plot of the displacement amplitude against the number of cycles to
loosening. For this study, total loosening was considered to have happened when the preload

reached 10% of its initial value.
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Figure 2-5 Typical plot of displacement amplitude vs. number of cycles (Jiang et al. 2004)

These plots are comparable to the ones developed by Junker (1969) where the transverse
force applied to the bolt plotted against the number of cycles to complete rotational loosening
resembles a fatigue S—N curve. Following this lead, Hashimura and Socie (2006) studied the loss
of preload as a coupled phenomenon, namely loosening-fatigue under transverse load. This issue
is discussed further in section 2.2.2.

Nassar and Housari (2007) examined the effects of hole clearance and thread fit on self-
loosening of threaded fasteners and conducted tests on bolts with thread clearances of 3%, 6%,
and 10% of the bolt’s nominal diameter. The bolts used in the study were hex head 2 in. 13 grade
5 with a thread fit of 2A and nut fit that varied between 1B, 2B, and 3B. The machine used was a
modified version of the Junker machine that added a bolt rotation sensor. It was concluded that
when thread clearance is increased, loosening increases in a near-exponential fashion, assuming
that the displacement amplitude is sufficient to cause slip of the head and fully consume the
available hole clearance. Table 2-1 shows the percentage of hole clearance for different thread fits
that this study evaluated. In this table the nomenclature “/B-24” for example stands for a

combination of 1B nut thread fit and 2A bolt thread fit.
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Table 2-1 Hole clearance for different thread fits (Nassar and Housari 2007)

Hole Thread Fit
Clearance (% of
diameter) 1B-2A 2B-2A 3B-2A
3% 3%/1B-2A 3%/2B-2A 3%/3B-2A
6% 6%/1B-2A 6%/2B-2A 6%/3B-2A
10% 10%/1B-2A 10%/2B-2A 10%/3B-2A

Dinger & Friedrich (2011) contributed to the research conducted in this field with both a
numerical and an experimental study. They obtained their data experimentally using a more
sophisticated version of the now standardized Junker setup, which allowed for measuring bolt head
displacement. The bolts tested were M10 (~3/8 in.) 60—10.9 (following ISO 965 and DIN 13
specifications for the threads). The experimental study allowed for the confirmation that self-
loosening is initiated when complete thread slip is achieved and localized slip at the head takes
place though this type has a significantly lower rate of loosening than that occurring due to
complete slip of the head.

Jiang et al. (2013) conducted an experimental study of bolts in curvic couplings with
rotational transverse loading. This study included testing of 51 mm (2 in.) long bolts with a
diameter of 5.71 mm (3/32 in.) and bolt head diameter of 8.88 mm (3/8 in.). The results confirmed
that loosening due to cyclic transverse loading may be initiated through localized slip without
complete slip at the bolt head and that self-rotation of the nut occurs without complete slip of the
bolt head.

Friede and Lange (2009) studied the loosening phenomenon on M20 10.9 bolts (0.79 in.)
with a preload of 160kN (36 kip) achieved according to the DIN 18800-7 standard with a torque

wrench. This is roughly equivalent to an A-354 grade BD bolt with a 36 kip preload. A
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displacement of =2 mm (0.08 in.) was applied to all specimens at frequencies of 0.2 to 1 Hz. Using
equation (2-2) for the marginal slip (a) and varying the clamping length 1k from 20 mm to 100
mm (0.79 in. to 3.94 in.), they found that all bolts would loosen. Nevertheless, the loosening would

occur at different rates depending on the clamping length:

Fv:ulk3

~ 12EI

2-2
where F, is the preload, p is the friction coefficient, /i is the clamping length, £ is Young’s
modulus, and / is the moment of inertia of the bolt section.

Although the 20 mm (0.79 in.) bolts, studied by Friede and Lange (2009), are the largest
tested under the loosening scenario, all research on loosening of bolted connections was done
predominantly within the automotive and aeronautic industries. Hence, the focus of these
loosening studies of fasteners is for automotive and aeronautical purposes under conditions of
transverse vibration. However, it is important to note that so far no studies of self-loosening under
transverse cyclic load have been performed on the sizes and classes of stainless steel, bronze,
A325, or A490 high-strength structural bolts that are used in the construction of mitre gates for the

pintle socket connections.

2.2 Fatigue of High-Strength Bolts

As previously indicated in Section 1, bolts could experience fatigue failure when subjected
to axial tension cyclic loading if not properly preloaded, depending on the level of stress range
applied. Substantial research has been conducted on the properties of bolts subjected to cyclic load

along the longitudinal axis. Fisher and Beedle (1966), examined the existing literature on the topic

18



of bolted and riveted joints up to that year and summarized several studies comparing bolts and
rivets and highlighted the higher fatigue strength of bolts in comparison to that of rivets. This is
owing to the fact that bolts are preloaded whereas rivets are not. These studies were accompanied
by recommendations on tightening procedures for bolts to ensure proper preload and to resist slip.

High-strength bolts are the best means for connecting two members subjected to fatigue.
Fisher and Beedle (1966) collected early studies that were conducted on the fatigue of bolts and
rivets, with the earliest study dating back to 1938. The review of the literature of the time showed
the superior properties of high-strength bolts under fatigue. Munse (1970) also reported on
extensive research carried out on rivets and high-strength bolts, and the fatigue characteristics of
high-strength bolts were found to be superior to those of rivets and butt welds. It was also
concluded that the specification of the time for fasteners subjected to stress reversals that would
cause fatigue was overly conservative (American Association of State Highway Officials,
AASHO!, and American Railway Engineering Association, AREA ) . Munse (1970) suggested a
reduction of 25% in the number of fasteners necessary for these types of connections from what
was deemed necessary by the specifications. Munse (1970) noted that if holes are excessively
oversized, an intolerable loss of clamping and reduction in fatigue resistance will result. Munse
(1970) further concluded that the greatest fatigue resistance is always obtained with the highest
clamping force. Each one of these early studies emphasized the importance of having the highest
clamping force possible to increase the resistance to fatigue. Nevertheless, no cyclic shear tests

were conducted.

1 AASHO (American Association of State Highway Officials) was changed to AASHTO (American Association of State Highway
and Transportation Officials) in November 13, 1973
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2.2.1 Fatigue of Bolts Loaded in Tension

As mentioned above, fatigue may be avoided in bolts under tension cyclic loading if the
bolts are properly preloaded. Specifically, bolts will not fail due to fatigue as long as the service
loads remain below those for which the joint was designed. Fisher et al. (1952) studied the effects
of preloading on the fatigue life of bolts under tension. The study indicated that fatigue can be
avoided with a proper level of pre-tension. In such cases, the preload will be sufficient to maintain
pressure between the clamped plates under the maximum tension on the bolt. This relieves the bolt
of the load fluctuation and hence, fatigue is not an issue. Table 2-2 and Table 2-3 summarize the

results of the experiment conducted by Fisher et al. (1952).

Table 2-2 Fatigue Tests on Untightened Bolts (Fisher et al. 1952)

Mean load 5 tons

Alternating Load Endurance (Cycles)
(Tons)
2.5 143,000
25 84,500
25 199,000
2.5 143,000
2 295,000
1.65 554,000
1.5 1,020,000
1.45 15 million unbroken
1.28 15 million unbroken

Table 2-3 Endurance of Pre-Tensioned Bolts
—Mean Load 5 tons with alternating load =+2.5 tons (Fisher et al. 1952)

Bolt No. Pre-Tension Endurance (Cycles)
Load -
(Tons) Stress (Tons/in?)

; 0 0 143,000

’ .38 3.9 73,000

y 241 0.85 89,800

! 3.8 11 333,000

g o8 16.4 519,000

’ 6.54 18.5 10 million unbroken

7 7.9 224 11.6 million
unbroken

8 9.57 27 13.2 million
unbroken
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Experiments have been conducted on bolts loaded in cyclic tension, including prying action
(Astaneh et al. 1989). Astaneh et al. (1989) evaluated double-angle, beam-column connections and
subjected them to rotation. They were fastened using % in. ribbed bolts that had been removed
from an existing structure along with new % in. diameter A 325 bolts. The resulting load
configuration on the bolts was cyclic tension with some prying action. They determined that these
idealized pinned ended connections would fail because of bolt failure due to thread stripping at a
rotation greater than 0.025 radians (1.43 degrees) on the ribbed bolts, which contained shallow
threads. Conversely, A 325 bolts that had been properly pre-tensioned to 70% of proof strength
developed ductile behavior, and the failure occurred in the angles. Figure 2-6 shows a preloaded

bolt subjected to cyclic tension and a crack nucleating at the first engaged thread.

li Il

] 1

Figure 2-6 Bolt subjected to cyclic tension and crack nucleation at the first engaged thread: after Schijve
(2001)

2.2.2 Fatigue of Bolts Loaded in Shear

Bolted connections loaded in shear may be pre-tensioned or not pre-tensioned. When a bolt
is pre-tensioned, the shear is transferred through friction as long as there is no slip between the

surfaces. The American Institute of Steel Construction (AISC 2010) provides specifications for
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the design of slip-critical connections in the Specification for Structural Steel Buildings. That
includes applications where it is necessary to avoid any slip between the surfaces. The
Specification for structural joints using high-strength bolts (RCSC 2009) states that slip-critical
joints are required in applications involving shear or combined shear and tension where the joints
are subject to fatigue load with reversal of the loading direction. To avoid slip, the connection
should be designed using the following slip resistance given in the Specification for Structural
Steel Buildings (AISC 2010) under section J3.8., in equation (J3-4), and shown below (2-3):
R, = D, hsTyng

2-3
Where Rn is the available slip resistance, u is the mean slip coefficient for Class A or B surfaces
as applicable and as follows or as determined by tests:

e For Class A surfaces (unpainted clean mill scale steel surfaces or surfaces with
Class A coatings on blast-cleaned steel or hot-dipped galvanized and roughened
surfaces), 4=0.30.

e For Class B Surfaces (unpainted blast-cleaned steel surfaces or surfaces with Class
B coatings on blast-cleaned steel), 4=0.50.

Dy is 1.13, a multiplier that reflects the ratio of mean installed bolt pre-tension to specified
minimum bolt pre-tension. Other values may be stipulated by the engineer of record. 7} is the
minimum fastener tension given in Table J3.1 kips or Table J3.1M kN, ny is the number of slip
planes required to permit the connection to slip, and /4y is the factor for fillers determined as
follows:

e Where there are no fillers or where bolts have been added to distribute loads in the

filler, = 1.0.
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e  Where bolts have not been added to distribute the load in the filler, for one filler
between connected parts, 4= 1.0, and for two or more fillers between connected
parts, hr=0.85.

In the case of slip critical connections, stress is not concentrated on the contact interface
between the bolt and the hole but is transmitted through friction between the clamped parts. An
essential factor is the friction coefficient between the plates, which determines the friction force
that transfers the stresses throughout the jointed components. When the static friction is overcome,
several mechanisms begin to take place that contribute to the load transfer mechanism and to the
degradation of the joint surfaces. Ibrahim and Pettit (2005) noted that when slip occurs, friction
coefficients change with each loading phase because of wear and this gradual degradation of the
surfaces produces uncertainties.

Following the lead of the similarity of the loosening curves to the S—N fatigue curves
developed for bolted and welded connection, Hashimura and Socie (2006) studied the coupled
phenomenon of loosening and fatigue of bolted joints subjected to transverse vibration. The study
included testing M 10 bolts without washers and with threads in the shear plane. The experiment
was run under displacement control with the use of rollers in between the plates to reduce friction.
Preloads were applied only up to a maximum of 50% of the yield strength of the bolts. The study
showed that if a bolt loosens in the low cycle region of 103 to 10* cycles, crack nucleation is not
present and that the loss of pre-tension is attributable to rotational loosening. Alternatively, if the
bolt loosened in the high-cycle region of 10° to 10° cycles, a crack was observed at the root of the
first engaged thread in every bolt tested (Hashimura and Socie, 2006). Figure 2-7 illustrates the
different mechanisms by which a bolt may loosen or fatigue as presented by Hashimura and Socie

(2006).
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Figure 2-7 Loosening fatigue mechanism (Hashimura and Socie 2006)
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Where;

F, = reduction of preload caused by strain ratcheting,

Fi = the initial preload,

Fo-1 = the threshold preload below which rotational loosening occurs,
AP/2 = the amplitude of the cyclic transverse force, and

APn/2 = the threshold amplitude of transverse force above which fatigue takes place.

2.2.3 Combined Axial and Transverse Loading on Bolts

The AISC (2010) specifies that for a combination of loading in the axial and transverse
direction, equation 2-4 can be used to determine a reduction factor to multiply by the available bolt

slip resistance. Rn is obtained by equation 2-3.

Tu

koo = 1—
5 D, Tyny,

2-4
where:
K. 1s the reduction factor to be multiplied by Rn,
Tu is the required tension force using LRFD load combinations in kips or kN,
nb is the number of bolts carrying the applied tension,
Du is as defined previously, 1.13, a multiplier that reflects the ratio of mean installed bolt
pre-tension to the specified minimum bolt pre-tension, and
Tb is the minimum fastener tension given in the AISC Specifications (AISC 2010) Table

J3.1 (kips) or Table J3.1M (kN).
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The K. factor varies from zero to one and is exactly zero when the tension per bolt is equal
to the preload. Therefore, it simply states that when the applied tension is enough to nullify the

contact force, the slip resistance is completely eliminated.

2.2.4 Multi-axial Fatigue

You and Lee (1996) reviewed and classified research conducted since 1980 on multi-axial
fatigue. Most multi-axial assessments reduce multi-axial loading to an equivalent uniaxial loading.
Approaches to multi-axial fatigue were classified by You and Lee (1996) into five different
categories as shown in Figure 2-8. The results of this review study indicated that the major
improvements in multi-axial fatigue assessment methods during this period were the consideration
of material anisotropy and the application of Mohr’s circle within energy methods. Several models

were investigated, and their applications and limitations discussed.
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Figure 2-8 Categorization of Multi-Axial Fatigue approaches according to You and Lee (1996)
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There are several types of loading in multi-axial fatigue. There can be either proportional
or non-proportional loading depending on whether the principal stress orientation stays the same
with respect to the loading axes throughout the loading cycles or if it rotates relative to the applied
loads, respectively. In addition, the applied loading may be in phase or out of phase depending on
whether the main loads are applied simultaneously or asynchronously with a shift in phase. The
effects of these types of loading must be considered to appropriately describe the fatigue behavior

of the material being analyzed given the predicted service loads (Socie and Marquis 2000).

2.2.5 Environmentally Assisted Cracking

Esaklul and Ahmed (2009) compiled and summarized studies and tests on environmentally
assisted cracking (EAC). EAC comprises stress corrosion cracking (SCC), Hydrogen
embrittlement, (HE) and sustained load cracking (SLC). High-strength steels along with titanium
alloys and aluminum alloys are most vulnerable to EAC. However, their research shows that
fasteners with a Rockwell Hardness bellow HRC34 (hardness measured on the Rockwell C scale
as is the case for most structural steel) are not susceptible to environmentally assisted cracking.

Subsequently, Brahimi (2014) summarized the latest knowledge on HE of fasteners,
shedding more light on the issue of HE as defined by theoretical advances and experimental
research. SCC and SLC are now considered subsets of HE, which is defined as “a permanent loss
of ductility in a metal or alloy caused by hydrogen in combination with stress, either externally
applied or internal residual stress” (Brahimi 2014). HE is a mechanism of failure that occurs when,
within a tensile stressed metal, interstitial or diffusible hydrogen (hydrogen that is free to move)
migrates to the point of highest stress concentration, making the steel brittle at that location. A
crack eventually forms, and the hydrogen then migrates following the crack tip as the crack

progresses until the point at which the element fractures.
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With regard to the conditions of the fastener that precipitates the process, Brahimi (2014)
states that there are three main components: material susceptibility, the presence of hydrogen, and
stress concentrations. The latter two are triggers whose intensity may speed up or slow down the
process. The root of the phenomenon and the most influential cause in the process is material
susceptibility due to poor material conditions arising from the manufacturing process. Studies
show that within the properties that make a material susceptible to HE, the most important is
hardness. The latest research consensus and standards arrive at the value of HRC 39 (£1.0), below
which most materials with well controlled manufacturing processes will not be susceptible to HE.
This is contrasted with the recommendation by some standards that define more conservative
values ranging from 31 to 35 HRC. These have been adopted primarily as a precaution against
manufacturing errors. However, in well controlled production processes, a value of 39 (+1.0) HRC
has been established as the reference point for susceptibility.

The above condition for avoiding EAC is met by both A325 and A490 bolts according to
their production properties. Although EAC could factor into the process of failure, it is considered
minor since existing structures for lock gates have been designed according to specifications that

call for corrosion-resisting materials (U.S. Army Corps of Engineers 1994).

2.3 Conclusions, Hypothesis, and Research Approach

2.3.1 Conclusions

Fatigue studies on bolts under tension and shear have been reviewed with the conclusion

that the problem of fatigue may be avoided with proper pre-tension of bolts. Therefore, the cause
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of fatigue must be linked to improper preload or loss of preload throughout the life of the bolt.
Consequently, the following issues have been explored in this report:

First, many studies and theories addressing the problem of loss of pretension have been
examined. It was found that the most accurate theories validated experimentally for the loss of pre-
tension are the ones that isolate cyclic shear (both transverse as well as rotational) as the cause of
the issue (Junker 1969, 1973; Nassar and Housari 2007; Yokoyama et al. 2012). Nevertheless,
most of the research conducted has been done in the context of the automotive and aeronautical
industries and no loosening studies have been conducted on proper structural bolts. However, the
phenomenon of rotational self-loosening due to transverse vibration has been reduced to a critical
cyclic displacement which occurs due to loading parameters as well as geometric factors and
friction coefficients. Moreover, it has also been determined that the self-loosening phenomenon is
independent from the frequency of the cyclic motion. Because of these two observations, this
phenomenon may be extrapolated to larger structural bolts used in civil infrastructures such as
Mitre Gates subjected to cyclic shear loads with lower frequencies than those found in the
automotive and aeronautical vibration loads.

The second phenomenon explored is the issue of fatigue once sufficient preload has been
lost, as well as throughout the loosening process. It was found that the coupled phenomenon of
rotational self-loosening and fatigue (Hashimura and Socie 2006) evidences a balance between the
two depending on several factors. Most important are the preload and the transverse force relative
to the friction force. The increased rate of failure when including the addition of tensile forces on
the bolt was also studied. This has been provided for in the latest version of the AISC (2010)

specification with a mathematical formula which includes the reduction in slip resistance due to a
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reduction in the contact force. However, other factors will need to be included once the bolt begins
to loosen and this expression should be verified experimentally.

Thirdly, considering the lack of studies specifically on multiaxial fatigue of bolts, the
available literature on the general topic of multiaxial fatigue as condensed by You and Lee (1996)
and Socie and Marquis (2000) was summarized and their basic principles presented, serving as
guidance for future studies concerning this more specific scenario.

Lastly, literature on the issue of environmentally assisted cracking (or hydrogen
embrittlement, HE) was explored to provide a framework for establishing whether this is an issue
for the bolts used in the pintle socket as well as reference material when designing other portions
of the mitre gates. It was found that this phenomenon is not of major concern when it comes to the

bolts given that they are usually below the hardness limits that would cause HE.

2.3.2 Hypothesis

The failure phenomenon is most likely comprised of two processes: one is the rotational
loss of pre-tension, and the other is multi-axial fatigue.

If there is no slip, there should be no loosening, and therefore, fatigue would be present
only at points on the plates where the stress is transmitted through contact between the clamped
surfaces.

If there is slip, there are two possible scenarios:

e When loading is enough to generate localized slip at threads but not full slip of the
head (force ~50% of force for slip of the head), there will be localized slip and a
very low rate of loosening accompanied by fatigue cracks initiating at the root of

the first engaged threads.
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e When the mean force is sufficient to generate full slip of the head, there will be

quick, sustained loosening in the range of 102 to 10* loading cycles.

2.3.3 Research Approach

Although extensive studies have been conducted on the topics of fatigue and
loosening, future experimental investigations seek to understand how these phenomena may affect
such large structural bolts as those used in canal lock gates. The development of these experimental
data can provide an opportunity to improve the design specifications for these types of connections.
From the results obtained experimentally, evaluation criterion of the existing structures may be

surmised to accurately estimate their remaining life.
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CHAPTER 3 EXPERIMENTAL METHODS

3.1 Introduction

This chapter presents the experimental methods used for testing loss of pre-load and
multiaxial fatigue. The tests were divided into two stages to isolate each behavior since the
mechanisms for each occur at different ranges of stress cycles. Furthermore, fatigue deterioration
of the bolt is dependent on whether the bolt loosens (Fisher et al. 1952). Therefore, the overarching
process of failure, as illustrated in Chapter 2, in which loosening acts as a precursor to fatigue, is
studied by separating the two phenomena in order to understand each behavior independently.
Nevertheless, the same frame and loading mechanism were used for both experiments. Therefore,
this chapter is separated into three main sections.

The first section includes the common elements to both tests. These are the location, setting
and equipment, design of the test frame, design of the load transfer mechanism, and fabrication.
The remaining two sections go into detail about each one of the experiments respectively. They

include the test matrix, an instrumentation plan and a test protocol for each experiment.

3.2 Common Elements to Both Tests

This section expands on details of the location and setting for the experiment; the
equipment used; the design criteria for both horizontal and vertical test frames; the design of the
load transfer mechanism (two vertically adjacent built up box sections); and the part-out, shop
drawings and fabrication of the experimental apparatus. All these components were used for the

loosening experiment (section 3.3) and the multiaxial fatigue experiment (section 3.4).
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3.2.1 Location, Setting and Equipment

Testing was conducted at the Colorado State University Structures Lab located at the
Engineering Research Center (ERC) Foot Hills campus at the Daryl B. Simons building in Fort
Collins, Colorado.

The experiments were carried out on top of a 0.61 m (2 ft.) thick reinforced concrete block
which itself lay over a 0.61 m (2 ft.) thick reinforced concrete strong-floor. This setting allowed
for anchoring the frame down via four 2 inch diameter threaded rods each six foot long to the

concrete strong floor. The setting is shown below in Figure 3-1 and Figure 3-2.

Figure 3-1. Frame Front Elevation Figure 3-2. Frame Side Elevation

Each bolt was installed in the frame with two fatigue rated actuators each capable of
generating 110 kips of cyclic force at up to 4 Hz. One of the actuators was mounted vertically to

act in tension while the other was mounted horizontally to act in shear. These actuators were
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operated via a computer that signals to both an MTS hydraulic pressure system and an MTS

controller to run the loading protocols.

3.2.2 Design of Test Frame, and Load Transfer Mechanism

This section describes the major components of the test setup which include the
bidirectional test frame and the load transfer mechanism used to create the desired loading on the
single test bolt. The first subsection describes the design criteria for both horizontal and vertical

test frames. Subsequently, details on the built-up box sections used to transfer the loads are

described.

3.2.2.1 Bidirectional Self-reacting frame

Both experiments were set within a bidirectional self-reacting frame made up of a
horizontal and a vertical frame each with its corresponding actuator. First, a horizontal self-
reacting frame was connected via anchor bolts through the concrete block and into the concrete
strong-floor. This horizontal frame gave support and provided the load path to a horizontal actuator
which generated cyclic shear on the vertical bolt. Second, surrounding the horizontal frame was a
vertical frame which stood on the concrete floor and supported a vertical actuator to produce cyclic
tension on the vertical bolt. The cyclic tension was concentrated through the bolt and transferred
via the load transfer mechanism to the horizontal frame and to the anchor rods. The actuator tension
would produce a compression on the vertical structure which was taken by the concrete floor.
These frames were designed to take the maximum load output of the actuators under repeated
loading. By checking and correcting fatigue prone details on the existing frames, all of the elements
of these frames were adapted to keep stresses below the CAFL throughout the frames given the

110 Kip loading capacity provided by the actuators.
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3.2.2.2 Load Transfer Mechanism Design

Both horizontal and vertical load paths would transfer the shear and tension through the
test bolt via the load transfer mechanism. These were designed as two vertically adjacent built-up
box sections. The interface between the top plate of the bottom section and the bottom plate of the
top section would act as the shear plane of the bolted connection to be tested. The test bolt clamped
together these two plates and was the only fastener connecting the top box to the bottom section.

To arrive at the final configuration, design calculations for different alternatives were
carried out on MathCAD and following the design principles and standards set forth by the AISC
manual of steel construction. Furthermore, finite element models were developed using ABAQUS
to evaluate stresses at certain critical locations of the experimental apparatus. These stresses were
the main constraint since they needed to be maintained below the Constant Amplitude Fatigue
Limit (CAFL) to avoid fatigue cracks on the load transfer mechanism through the duration of the
experiment at maximum loads. The CAFL for high-strength bolts that are snug-tight with cracks
originating at the root of the first engaged thread is 48.26 MPa (7 ksi) and for bolt holes with cracks
originating at the side of the holes is also 48.26 MPa (7 ksi). Given these inputs and several
iterations with different plate thicknesses and bolt locations and sizes, the final design was

established. Drawings of this configuration can be seen in Figure 3-3, Figure 3-4 and Figure 3-5.
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3.2.3 Fabrication

The above design was broken down into individual part drawings for shop fabrication.
Each part was accurately drawn for perfect fit. Pieces were marked and cut to size using a band
saw. Next, each part was marked using a height gage with 100" in. precision to localize the hole

positions.

)| P~

Counterbored detail
19 mm deep

Figure 3-6 Top box, back plate [dim. in mm]

Figure 3-7 Height gage

Figure 3-6 shows the detail of the counterbore holes to be milled using a titanium coated
carbide endmill on the CNC machine. Figure 3-7 shows the height gage used to mark directly on
the plates the crosslines for each hole location. Each piece was squared against the table and

marked accordingly.

The holes and counterbores were then drilled using various drilling and milling methods.

Figure 3-8 shows the methods used and a sample counterbored hole.
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c) d)

Figure 3-8 a) Magnetic Drill b) Drill station for top 3 inch hole ¢) CNC machine with carbide endmill d)
counterbore hole milled using CNC machine.

Counterbores as shown in Figure 3-8-d) were used to capture the heads of bolts so that the
straight edges prevented the bolt from rotating and it could be tightened using a single wrench
from the opposite side. The depth of the counterbore would allow the outermost surface of the bolt
head to be depressed about a millimeter below flush with the plate. This was done to create a flat
and unfettered surface for the interface between the plates comprising the slip-critical connection

to be tested.
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3.3 Loosening Experiment

This first study comprises an evaluation of the slip-critical connection created by a
preloaded high strength bolt clamping two plates subjected to cyclic shear loads with reversal of
the loading direction. The purpose of the experiment was to determine the potential for loss of

pretension of high strength structural bolts when subjected to cyclic shear loading.

3.3.1 Test Matrix for Loosening Experiment

Specimens tested were 7/8 in. A325 and A325-Galvanized bolts. These were selected
because of their wide application in class and size. Twenty-three 7/8 inch A 325 bolts and Twenty-
seven 7/8 Galvanized A 325 bolts were tested under cyclic shear at varying percentages of the slip

load. Table 3-1 Test Matrix of Loosening Tests shows the tests done.

Table 3-1 Test Matrix of Loosening Tests

Test Matrix of Loosening Tests
(all 7/8 inch diameter bolts)

% of Rn A325 A325 Galv.
60% 5 0
70% 7 3
80% 7 4
90% 3 9
95% 0 7
98% 1 4
Total 23 27
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3.3.2 Test Setup for Loosening Experiment

The bolt being tested connected and clamped the bottom plate of the top box to the top
plate of a lower orthogonally placed built up section that closed the loop and returned the load
back to the frame. As such, the bolt was the only connecting element between the two shear plates.
Each of these shear plates has a thickness of 1.5 inches. These were built up bolted sections with
counterbored holes where necessary to provide a flat surface for the horizontal shear interface
plane. For this experiment the vertical actuator was not used to isolate the effects of cyclic shear
on the loosening phenomenon as explored in the literature. Lateral bracing was provided by placing
angles on the sides of the top box bolted to the bottom section and greased on the sides to avoid
creating additional friction. A chain hoist was used as a vertical brace for the actuator knuckle to
reduce torsional loading thus eliminating any prying action. Figure 3-9 shows the physical setup
while. Figure 3-10 and Figure 3-11 show drawings of the front view of the test and a side sketch

of the arrangement respectively.

Figure 3-9 Setup For Loosening Test
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Additionally, as seen above in Figure 3-10Figure 3-10 and Figure 3-11, the double box
design for transferring tension and shear loads to the bolt was further refined to be integrated to
the frame reacting system. Torsional and shear support for the next experiment in which vertical
tension would be applied was provided by anchoring the load transfer mechanism via a bolted

connection to a hollow rectangular section attached under the horizontal frame.

3.3.3 Instrumentation Plan

Several alternatives were considered for measuring the preload on the bolt. The method

selected was a rosette strain gage attached to the shank of the bolt and wired through a hole in the
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head. This was done in order to collect data for the torque as well as the tension on the bolt. This
was done by shaving a small portion off from the side of the bolt shank and inserting the wires
through a hole in the bolt head adjacent to the shaved section. The strain gage was attached using
the adhesive described below. This strain reading would then be converted into a corresponding
stress using an elastic modulus of 200,000 MPa (29,000 ksi) for the bolt steel. Furthermore, using

the cross-sectional area at the location of the strain gage the preload was then calculated.

3.3.3.1 Properties of strain gages

Strain gages were used to determine the preload during tightening and throughout the test.
Strain gage selection was done considering the size and necessary strain readings. The strain gages
used for this experiment were rosette strain gages from Omega (reference number KFH-3-350-
D17-11L3M3S). These had a 350 ohm resistance on a 3 mm grid for each direction including one
vertical along the length of the bolt and two at 45 degrees on either side. One rosette strain gage

was attached to each bolt on the side as shown in Figure 3-12.

Figure 3-12 Bolt Instrumentation
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3.3.3.2 Properties of Adhesive

The strain gage was attached using a high strength epoxy to guarantee the adherence and
proper tracking of the strain throughout the tests. The adhesive used to attach the strain gage to the
bolts was a FYFE Tyfo® S epoxy with a tensile strength of 72.4 MPa (10.5 ksi) and a tensile

modulus of 3,178.48 MPa (461 ksi).

3.3.4 Loosening Test Protocol

The instrumented bolts were inserted into the experimental apparatus and connected to the
data acquisition system. A standard F436 washer was installed under the nut. Bolts were then
carefully tightened from the nut side monitoring the pretension using the strain gage reading. The
initial tightening was done to 10 kips of pretension. This was done to measure the initial friction
coefficient.

The friction coefficient was initially determined and updated between tests by running a
displacement-controlled test. This was done by entering a command for the horizontal actuator to
displace and observing the load curve when slip occurred. The shear force necessary to cause slip
divided by the initial preload of 10 kip was taken as the friction coefficient, p, for the test. The
lower preload of 10 kips was used to preserve the strain gage and avoid unnecessary wear of the
plates before the actual tests. The above was done to control for variations in the friction coefficient
throughout the extent of the testing program.

Following this friction test, lines were drawn on the bolt shank tip and the nut such that they
were aligned at snug-tight to visualize whether the nuts rotated during the test. Subsequently, for
each proper test done under force control, the instrumented bolt was tightened to the requisite
preload of 39 kip as indicated in the AISC table J3.1 for the size of bolts used. Finally, before

initiating the test a picture of the bolt was taken at its tightened position.
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After preloading the bolt, a sine wave loading pattern was programed on the controller and
data acquisition was initiated. The loading pattern was created for each bolt depending on the
friction coefficient and the percentage of the preload desired. This was done at various frequencies
throughout the testing program. Finally, the cyclic shear loading procedure was initiated and run

until either the bolt was completely loose, or sufficient cycles had occurred without loosening.

3.4 Multiaxial Fatigue Experiment

The second study evaluates the fatigue life of bolts subjected to multiaxial loading. It is
well known that a bolt will fail under fatigue when there is an initial lack of pretension or when it
is lost or diminished through transverse (shear) cyclic loading. This study adds the combined
tension effect to the shear loading to assess fatigue life reductions caused by the combination of

stresses on a bolt with initial loss of pretension.

3.4.1 Test Matrix for Multiaxial Fatigue

Specimens tested were 7/8 in. A325 and A325-Galvanized bolts. These were selected
because of their wide application in class and size. Several load combinations of shear and tension
were applied to the test specimens. A total of twenty-four bolt specimens, twelve for each type of

bolt, were included in the test matrix as seen in Table 3-2 below.

3.4.2 General overview of the structure

Multiaxial fatigue tests were done using a combination of a vertical actuator and a
horizontal actuator. These were connected to the load transfer box one fastened to the top plate

and another one fastened to the back plate as seen in Figure 3-13 and Figure 3-14.
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3.4.3 Instrumentation and Data collection

Data was collected using the controller software Model 793.00 System Software provided
by MTS. Included within this software, The Station builder application was used to set up the PID
(Proportional-integral-derivative) controller parameters for coordinating both actuators. Once
these parameters were established the Station Manager application was used to program the cycle
pattern and interlock limits for each test and for manipulating the 3000 Ib top load transfer built-
up section. Readouts from the instrumentation installed within the actuators of displacement and
force is obtained for feedback to the station servo control and for this experiment they were the

collected data. These values were recorded every 0.1 s.
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Table 3-2 Test Matrix for Multiaxial Fatigue of High Strength Bolts

Type Size Shear Tension Shear Tension Tension+ weight
of of Ac I Ac | avil AT ATI
Bolt Bolt MPa (ksi) MPa (ksi) kN (kips) kN (kips) kN (kips)
138(20)  138(20)  53.5(12.03) 41.06(9.23) 47.15 (10.60)
138(20)  138(20) 53.53(12.03) 41.06(9.23) 47.15 (10.60)
69 (10) 138(20)  26.73(6.01) 41.06 (9.23) 47.15 (10.60)
69 (10) 138(20)  26.73(6.01) 41.06 (9.23) 47.15 (10.60)
110(16)  110(16)  42.8(9.62) 32.87(7.39) 38.97(8.76)
A325 Galv. 110(16)  110(16)  42.8(9.62) 32.87(7.39) 38.97(8.76)
55(8) 110(16)  21.4(4.81) 32.87(7.39) 38.97(8.76)
7/8 55(8) 110(16)  21.4(4.81) 32.87(7.39) 38.97(8.76)
55(8) 55(8) 21.4(4.81)  16.41(3.69) 38.97 (5.06)
55(8) 55(8) 21.4(4.81)  16.41(3.69) 38.97 (5.06)
28 (4) 55(8) 10.72 (2.41)  16.41 (3.69) 38.97 (5.06)
28 (4) 55(8) 10.72 (2.41)  16.41 (3.69) 38.97 (5.06)
138(20)  138(20)  53.5(12.03) 41.06(9.23) 47.15 (10.60)
138(20)  138(20) 53.53(12.03) 41.06(9.23) 47.15 (10.60)
69 (10) 138(20)  26.73(6.01) 41.06 (9.23) 47.15 (10.60)
69 (10) 138(20)  26.73(6.01) 41.06 (9.23) 47.15 (10.60)
110(16)  110(16)  42.8(9.62) 32.87(7.39) 38.97(8.76)
A325 Regular 110(16)  110(16)  42.8(9.62) 32.87(7.39) 38.97(8.76)
55(8) 110(16)  21.4(4.81) 32.87(7.39) 38.97(8.76)
7/8 55(8) 110(16)  21.4(4.81) 32.87(7.39) 38.97(8.76)
55(8) 55(8) 21.4(4.81)  16.41(3.69) 38.97 (5.06)
55(8) 55(8) 21.4(4.81)  16.41(3.69) 38.97 (5.06)
28 (4) 55(8) 10.72 (2.41)  16.41 (3.69) 38.97 (5.06)
28 (4) 55(8) 10.72 (2.41)  16.41 (3.69) 38.97 (5.06)
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Figure 3-13 Front View of the Multiaxial Setup

Figure 3-14 Horizontal Actuator Attached to Back Plate
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3.4.4 Test Specimen Configuration

Bolts denominated by the reference name A325 regular and A325 hot dip galvanized with
a nominal diameter of 7/8 inch were tested under multiaxial fatigue. The specimen to be tested was
inserted from the bottom up into the aligned holes in the plates that make up the interface between
the bottom and top built up box sections. A nut and washer were attached to the bolt and secured
in place. The bolt would be taken to a snug tight configuration before the test. This is done instead
of fully preloading to evaluate the potential for fatigue of bolts that have lost most of their preload

due to cyclic shear.

3.4.5 Multiaxial Fatigue Protocol

The test protocol consisted of installing the bolt with the head on the bottom plate and the
nut on the top plate. The nut was taken to a finger-tight configuration and marked with a line across
the nut and bolt shank. Then the nut was tightened to a snug-tight condition and the bolts were
then tested at the level of stress for that particular test. The test was run to the point of failure or
two million cycles, whichever happened first. The number of cycles was recorded for each bolt,
photographs were taken of each bolt failure surface, and the test setup was evaluated, cleaned and

prepared for the next test.
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CHAPTER 4 RESULTS OF LOOSENING EXPERIMENTS

4.1 Introduction

This chapter presents results of the experiment on loosening potential of high strength
bolts. The focus of this study was on bolt loosening caused by cyclic shear in slip-critical
connections as a precursor to fatigue. An overview of the results is followed by characteristic plots

of the loss of pretension for both types of bolts. Finally, the results are discussed.

4.2  Results of Bolt Loosening Tests

A total of fifty force-controlled tests were run using different percentages of the shear slip-
load always staying below 100%. The raw data was post-processed and summarized into three
categories. For the most part, the bolt either lost all or most of its preload but in a few instances it
stabilized at an intermediate residual preload. Therefore, the three categories adopted were
Loosened (L), No loss (N) and Partial Loss (PL). These are separated into two tables, one for each
type of bolt. Table 4-1 presents results for regular A-325 bolts and Figure 4-2 presents results for

galvanized A-325 bolts.

Table 4-1 Results for Regular A-325 Bolt Loosening

% of Slip Resistance L N PL Total
60% 0 5 0 5
70% 4 2 1 7
80% 5 2 0 7
90% 2 1 0 3
98% 0 1 0 1
100% 0 0 0 0
Total 12 10 1 23
% 52.17% 43.48% 4.35% 100%

50



Table 4-2 Results for Galvanized A-325 Bolt Loosening

% of Slip
Resistance L N PL Total
70% 1 2 0 3
80% 2 1 1 4
90% 4 3 2 9
95% 0 6 1 7
98% 1 3 0 4
Total 8 15 4 27
% 29.63% 55.56% 14.81% 100%

Figure 4-1 shows a graphic representation of all the results and a general bar graph showing
the percentage of bolts that loosened, did not loosen, and partially loosened for each type of bolt

tested.
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Figure 4-1 Overview of Loosening of High Strength Bolts
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4.3  Discussion and Analysis of Results

This section discusses the results obtained. First, measurements of the friction coefficients,
their variations and the methods used to obtain the slip loads are discussed. And lastly, detailed

plots of each test are presented and discussed.

4.3.1 Friction Coefficients

The friction coefficients were experimentally derived. The variations in the friction
coefficient were accounted for by testing and updating it each time the bolt was changed. The
initial measurement showed a value of 0.35 and this was taken to initiate the first tests.
Nevertheless, there was variation throughout the tests and a general increase of the coefficient as
the tests progressed. The coefficients of friction determined experimentally ranged from 0.35 to
0.68 with a mean of 0.46 and a standard deviation of 0.1. Some factors that contribute to these
variations are changes in ambient temperature and the accumulation of steel powder due to wear
throughout the tests. These were controlled to some extent by running at a similar time of day each
day and by cleaning the plates between bolt installations. Figure 4-2 shows a histogram of the

values obtained for p.
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Figure 4-2 Histogram of p

Friction coefficients were used to calculate the slip load with the following equation.
®R,, = uP
4-1
Where:
D=1,
R, = Slip load,
U = friction coef ficient and
P = Preload
For example, using the first value of the friction coefficient and a preload of 39 kip, the following

slip resistance was obtained.

®R,, = 0.35 * 39%ip = 13.65 Kip
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This was then used to compute the force to be applied in each test by taking for example

80% of this value for a test load of 10.92 kip in cyclic shear.

4.3.2 Discussion of Loosening Results and Plots

For the full set of data, including both galvanized and non-galvanized bolts, roughly half
of the tests showed a loss of pretension. In all cases where the bolt lost its entire preload it was
confirmed that the nut had rotated off to a position near that of the pre-tightening alignment.

Each bolt tested was photographed before running and after the experiment. The lines
drawn on the bolt shank tip and nut which were initially aligned at snug tight would then reveal

the amount of nut rotation as seen in Figure 4-3.

a) Before test b) After test

Figure 4-3 Before and after rotational loss of pretension

The plots in Figure 4-4, Figure 4-5 and Figure 4-6 below were produced by converting the
strain readings from the longitudinal strain gage on the bolt to force. This was done by converting
strain to stress and then to force considering the transverse area of the bolt. Because the strain
reading varies throughout the cycles, the moving average was also plotted for some of the more
scattered data sets to show the average preload as the bolt loosens.

The onset of loosening is usually seen at the very beginning of the test and the full loss of

pretension occurred between 50 and 500 cycles. The scatter in the fully loosened tests in Figure
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4-4 is due to the displacements caused by slippage between the plates. An increase in the amplitude

of the strain readings is seen as the bolt loses its preload causing instability and slippage to

intensify. The peak at the end in the plot of the moving average of the preload (Avg. P) is caused

by the gain in the amplitude along with the lower bound on the strain associated with the data set

since there is no extrinsic tension. The characteristic slope change halfway through the test, which

is more pronounced in the first two plots, is caused by the release of stored torsional strain as the

static friction in the threads is overcome.
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Figure 4-4 Plots of Full Loss of Preload in Regular A-325

Partial loss occurred only once in the regular A325 tests whereas it occurred in four out of

the twenty-seven galvanized tests. These are shown in Figure 4-5. There is again a characteristic
55

slope change due to torsional strain being released.



In the cases in which the bolts did not loosen, the preload usually diminished slightly at the

beginning of the test and remained constant throughout the rest of the cycles as seen in Figure 4-6.
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Figure 4-5 Plots of Partial Loss in Galvanized A-325 bolts
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Figure 4-6 Plots of No Loss in Galvanized A-325 bolts

A simple heuristic was used to classify each bolt test into one of the three categories. By
visual inspection of the shape of the plots the following categories were determined. Thus, No loss
(N) tests fell below 8% loss of preload, Partial Loss (PL) tests ranged from 11% to 24% loss of
preload, and Loosened (L) tests went from 72% to 100% of loss of the initial preload. This shows
that there is a discrete nature to the results. In general, no loss of pretention was observed when
loads of less than 70% of ¢R, were applied as the cyclic shear load. This implies that bolts should
be subjected to under 70% of their calculated slip resistance value to minimize the potential for
loosening.

Galvanized bolts showed a lower propensity to loosening. This may have been due to the

surface coating which prevents the nut from turning on the washer given the plastic deformations

of the coating layer.
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CHAPTER 5 EXPERIMENTAL RESULTS OF MULTIAXTAL FATIGUE
OF BOLTS WITH INITIAL LOSS OF PRELOAD

5.1 Introduction

This chapter presents the results of multiaxial fatigue experiments on high strength bolts.
The purpose of this study was to establish characteristic fatigue lives caused by combining shear
with tension loading damage on high strength structural bolts. The results are presented in table
form, the characteristic code equation and typical simple tension and simple shear plots are
discussed. Finally, the results are plotted logarithmically in typical S-N curve form and discussed.

For conclusions and recommendations please refer to chapter 6-section 6.3.2.

5.2 Results of Multiaxial Tests on High-Strength Bolts

A Total of 23 bolts were tested including 14 galvanized bolts and 11 regular bolts. Table
5-1 shows the results obtained. Bolts tested were A325 bolts with nominal diameter of 22.22 mm
(7/8 in) and a minimum proof strength of 586.05 MPa (85 ksi). The first column separates the tests
into galvanized and non-galvanized bolts. Different combinations of shear and tension, as shown
in columns 2 and 3, were applied to each bolt for up to two million cycles and the number of cycles

to failure (N) was recorded on the second to last column.
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Table 5-1 Results of Multiaxial Fatigue on High Strength Bolts

Shear
Type of Size of  Ac I1 MPa Tension Test
bolt bolt (ksi) Ac I MPa (ksi) N Number
138 (20) 138 (20) 17507 1
138 (20) 138 (20) 40441 11
138 (20) 138 (20) 52848 12
138 (20) 138 (20) 43423 2
138 (20) 138 (20) 45538 3
69 (10) 138 (20) 100167 4
69 (10) 138 (20) 40921 5
7/8 110 (16) 110 (16) 32964 6
A325 Galv. 110 (16) 110 (16) 23522 7
55(8) 110 (16) 57455 8
55(8) 110 (16) 180070 9
55(8) 55(8) 838878 10
55(8) 55(8) 2000000 16
28 (4) 55(8) 2000000 17
28 (4) 55(8) 2000000
138 (20) 138 (20) 6876 13
138 (20) 138 (20) 14248 14
69 (10) 138 (20) 228736 15
69 (10) 138 (20) 62552 18
110 (16) 110 (16) 61179 19
A325 Regular 2/8 110 (16) 110 (16) 53484 20
55(8) 110(16) 247424 21
55(8) 110 (16) 136232 22
55(8) 55(8) 2000000 23
55(8) 55(8) 2000000
28 (4) 55(8) 2000000
28 (4) 55(8) 2000000

5.3 Discussion and Analysis of Results

No strain gages were used for multiaxial test specimens since any adaptation to the bolts

would generate additional notches that would alter the fatigue life of the bolt. This was evidenced
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in a trial run on an instrumented bolt where the failure occurred much earlier than in unaltered
bolts. Fracture occurred on this test result, shown on the first row of Table 5-1, at 17,507 cycles
compared to 40,000 to 50,000 cycles with the same stress combination. Also, the location of failure
on the instrumented bolt was near the instrumentation zone with the head fracturing off the bolt.
Whereas, on the unaltered bolts, fracture occurred near the threads.

Tests 11 and 12 were run as verification tests to confirm the data points obtained from tests
2 and 3. The deviation from the trend line was attributed to typical fatigue scatter and the influence

of rotation of the bolt caused by transverse reversals.

5.3.1 Failure Profiles

Typical failure surfaces are included below. Fracture regions are evidenced by rough

portions on the profile while fatigue surface characteristics can be seen in the crack growth regions.

5.3.1.1 Shear to Tension Ratio 1-1

The following images show the characteristic failure profiles for the specimens subjected
to a one-to-one shear to tension ratio. These are organized by stress first and then by type of bolt.
As shown in Figure 5-1, the crack grows progressively inward from the root of the first
engaged thread. In the first specimen below the crack follows the helical shape of the threads and

striations are seen in a concentric pattern.
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a) Head Section b) End Section

Figure 5-1 Fractographic Profile of Specimen #2 (Galv. 20S_20T N=43,423)

The regular A325 bolt shown in Figure 5-2 has a parallel yet unbalanced crack growth from
both ends of the shear plane. Fracture occurred when the cross section had been significantly

reduced.

a) End section with nut b)Head Section
Figure 5-2 Fractographic Profile of Specimen #13 (Reg. 20S_20T N=6,876)

Figure 5-3 shows specimen number six a galvanized A 325 tested at a stress combination of 110
MPa (16 ksi) of shear and 110 MPa (16 ksi) of tension. Multiple initiation points are seen on one
edge of the bolt as shown at the bottom of the images below showing that the stresses were well

distributed. This is because the bolts were not subjected to any significant bending which would
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produce localized maximum tension at a specific point. Finally, fracture occurred at the other end

of the bolt as seen in the upper part of the images below.

a) End section with nut b)Head Section

Figure 5-3 Fractographic Profile of Specimen #6 (Galv. 16S_16T N=32,964)

Specimen number twenty shown in Figure 5-4 shows tearing of the threads. The fatigue

striations suggest a small rotational effect with thumb.

a) End section with nut b)Head Section

Figure 5-4 Fractographic Profile of Specimen #20 (Reg. 16S_16T N=53,484)

The images in Figure 5-5 are of specimen number ten subjected to 55 MPa (8 ksi) shear
and 55 MPa (8 ksi) tension. This galvanized bolt has a fracture region that extends in a thin line

(vertical in the images) across the bolt perpendicular to the crack growth direction.
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a) End section with nut b)Head Section

Figure 5-5 Fractographic Profile of Specimen #10 (Galv. 8S_8T N=838,878)

5.3.1.2 Shear to Tension Ratio 1 to 2

Fractographic profiles of specimen number four shown in Figure 5-6 below begin a series
of figures showing a two to one relationship in tension to shear stress. Specimen 4 shows the finer
grain in the fatigue region to the left in the pictures. This stable crack dominated by tension and
less rotationally affected by shear grew from the left and culminated in the fracture zone on the

right.

a) End section with nut b)Head Section

Figure 5-6 Fractographic Profile of Specimen #4 (Galv. 10S_20T N=100,167)

63



A similar pattern as above is seen in Figure 5-7 which shows a Regular bolt for the same
stress combination. As in the previous section there is evidence of no bending because of multiple

initiation points.

a) End section with nut b)Head Section
Figure 5-7 Fractographic Profile of Specimen #15 (Reg. 10S_20T N=228,736)

At a reduced stress combination of 55 MPa (8 ksi) in shear and 110 MPa (16 ksi) in tension
a larger fatigue region and a smaller fracture region can be seen. Figure 5-8 and Figure 5-9 show
the failure profile for specimen number nine (galvanized) and twenty-two (regular) with a typical

horizontal crack growth plane and a fracture plane with a characteristic change in angle.

a) End section with nut b)Head Section

Figure 5-8 Fractographic Profile of Specimen #9 (Galv. 8S_16T N=180,070)

64



a) End section with nut b)Head Section

Figure 5-9 Fractographic Profile of Specimen #22 (Reg. 8S_16T N=136,232)

5.3.2 S-N Curves

S-N curves were developed from the multi-axial fatigue data. These show the number of
cycles to failure for a given stress range. The data is compared to existing S-N curves in the AISC
Specification. These were plotted using the equations for shear and tension loading. The purpose
of the comparison is to show how the combination of tension and shear damage will affect the
expected fatigue life of the bolt as compared to simple shear and simple tension, respectively.

Figure 5-10, Figure 5-11, Figure 5-12, and Figure 5-13 show the S-N curves for Galvanized
A325 tension, A325 tension, Galvanized A325 shear, and A325 shear, respectively. For the
tension S-N curves in Figure 5-10, Figure 5-11, the data set shows a close resemblance to the
equation provided for fatigue for bolts subjected to tension only. As expected the red dot and green
trend line for a one-to-one relationship of tension to shear have lower fatigue life compared to the
same value of tension but with half the shear. The fatigue lives are increased when the shear is
only half of the tension compared to the one-to-one relationship. For the shear S-N curve in Figure
5-12, and Figure 5-13, the figures clearly show that adding tension to the shear reversals causes

obvious reduction to the fatigue strength in comparison to shear only loading.
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CHAPTER 6 SUMMARY AND CONCLUSIONS

6.1 Introduction

This thesis included two experiments which were conducted at the Colorado State
University structures laboratory to investigate the causes of bolt failure in pintle socket
connections. This chapter summarizes the thesis, presents conclusions for both experiments

specifically, and it offers general observations and suggestions for future research.

6.2 Summary

High strength bolts are widely used in the construction of civil infrastructure. For hydraulic
steel structures such as mitre gates, these bolts are used extensively and are subjected to cyclic
loadings from the daily operation of the gate. Because the connections in which the bolts are used
are under cyclic loads, they are designed as slip-critical connections in which load is transferred
through friction between the connected plates. However, under repeated shear loads, the bolts
could potentially loosen and as a result subsequent partial or complete loss of preload could occur.
Once the bolt pretension is depleted, the load transfer mechanism becomes through bearing of the
bolt on the bolt hole in shear and the bolt carries the full range of stress in tension becoming more
vulnerable to multi-axial fatigue failure. The potential for loss of pretension under repeated shear
loads has been previously observed for high strength bolts where sufficient reports have noted the
same issue.

The purpose of the study was to investigate the causes for bolt failure found during

scheduled inspections in the Pintle socket to mitre gate bottom girder connection. Specifically, the
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purpose of this study was twofold — 1) to confirm the potential for bolt loosening under cyclic
shear loading and 2) to evaluate the fatigue failure of bolted connections that are subjected to cyclic
multi-axial (shear and tension) fatigue loading. This was realized through experimental tests of
individual bolts at the Colorado State University Structures Laboratory. The evaluated bolts
included A-325 standard as well as galvanized bolts. For the bolt loosening tests, a total of fifty
force-controlled experiments were conducted using different percentages of the shear slip-load.
Subsequently, a total of twenty-three multiaxial fatigue tests were run with the two types of bolt.
The data was post-processed and presented in plots and graphs. The following conclusions were

obtained from this study.

6.3 Conclusions and Recommendations

6.3.1 Hypothesis Confirmed

The hypothesis established from the literature review was confirmed experimentally with
both tests. The loosening experiments show that, at the current standards for slip-critical
connections, when subjected to cyclic reversals of shear a bolt will have a high likelihood of losing
all its preload in fewer than 500 cycles. This will then lead to the inevitable fatigue and failure of
the bolts which are not designed to carry the full range of stress cycles to which they are subjected
both in shear and in tension.

Furthermore, regarding the two rates of loosening, both early stage loosening, and stage 11
loosening were observed in tests with full loss of preload. The cases with partial loss show only
early stage loosening throughout the tests. It is therefore important to note that these two rates will

be present in the field in a slip-critical connection and the rate at which loosening takes place will
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be entirely dependent on the loading history. A more in-depth study may be done using stochastic
probability analysis to determine average rates of loosening if more precision is desired.
Nevertheless, the following conclusions, given the constraints of this study and the data available,

are what this study bears out and should be considered in future designs.

6.3.2 Loosening of Bolts

Overall, 50% of the cyclic tests which were run at loads between 70% and 95% of the
experimentally derived slip-load lost their entire preload within 50 to 500 cycles. Although friction
coefficients varied, constant measurement allowed to adjust and eliminate the effects of this
variation. Even when current standards call for measurements of the friction coefficient during
construction to control for these variations it is not always practical to implement these protocols.

It is recommended, as shown from studies on the tribological aspects of bolt loosening
which have been published recently, to use PTFE (Teflon tape) for added rotational friction or
MoS2 grease for achieving a higher preload during the tightening process. These may be effective
methods of preventing the rotational loosening of bolts (Zhou et al. 2017).

Based on the variations observed and the fact that bolts loosen even when staying well
below the slip load, future research could consider gathering more extensive data that would allow
to establish a loosening probability distribution to be employed in probability-based design of

connections.

6.3.3 Multiaxial Fatigue of Bolted connections

This experimental program revealed that an increase in the tensile component, of the

combined shear and tension cyclic stresses, has a great impact on the reduction of the bolt’s life.
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On the other hand, an increase in the shear component has a mild impact on the reduction of the
bolt’s life with respect to the established design criteria.

Regarding only the variations with respect to the simple shear design criteria, using
galvanized bolts, the one to one combination of shear and tension produced on average a 17%
reduction on a logarithmic scale in the number of cycles to failure as compared to simple shear. In
contrast, the combination with twice as much tension as shear produced a 24% average reduction
in the life as compared to simple shear.

For regular bolts the reductions were 16.2% for the one to one combination and 20.3%
when tension was doubled. These are the average variations on the logarithmic chart for the shear

comparison.

6.3.4 Overall Conclusions and Recommendations

Considering the experimental data, it is safe to say that rotational loss of preload caused by
cyclic shear with reversal of the loading direction is a significant issue to be accounted for when
designing structural bolted connections and a predominant factor in the progressive deterioration
of slip-critical joints.

In general, it was shown that No loss of pretention was observed when demands of 70% or
less of @R, were applied as the cyclic shear load. This implies that bolts should be subjected to
70% or less of their calculated slip resistance value to minimize the potential for loosening in
applications with cyclic shear loads with load reversals.

The data set produced for multi-axial fatigue testing showed a close resemblance to the
equation provided for fatigue for bolts subjected to tension only. The S-N fatigue curves produced
for the combined tension-shear loading were neighboring the tension only S-N curve available in

the AISC Specification. However, these curves are clearly below the shear only curve available in
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the AISC Specification. These curves can be used for assessing bolts for multi-axial fatigue if they
are found to have been loosened in the field. It is not recommended, however, that bolts, in the
Pintle socket connection, be designed for fatigue as bearing-type connections.

Shear, being the initiator of loosening, is the most critical factor in the early stages of failure
of slip-critical connections. Once the bolt has lost its preload, tension plays a more important role

in the multi-axial fatigue process.

6.3.5 Reliability Recommendation

Given the above, it is strongly recommended to increase the reliability for design of slip-
critical connections when testing programs may not be implemented to control quality and reduce
uncertainty in the construction process. The AISC specification has Table 6-1 with calculated
reliability factors for slip resistance.

As seen in Table 6-1 (adopted from AISC 2010 TABLE C-J3.1), with the current standards
and only with the turn of the nut method (properly pretensioned) one can only expect reliability
factors of anywhere from 2 to 3.52. When designing slip-critical connections where there is
reversal of the loading direction and concern for potential loosening and subsequent fatigue of the
bolts, it is strongly recommended to raise the reliability to somewhere in the range of 4 to 5 because
of the potential progressive deterioration and damage to the structure that could ensue if it loosens.
The importance that connections have within the structural system merits such higher levels of
reliability factors since the increase in cost is minimal and largely due to materials and not labor.
Meanwhile, if reliability is low during design, the cost for repair and inspection throughout the

lifetime will be significantly larger in comparison.
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Table 6-1: Reliability Factors for Slip-Critical Connections (From AISC 2010)

Reliability Factors, B, for Slip Resistance

Turn-of-Nut Method Other Methods
Group Class Standard Holes Oversized Holes Standard Holes Oversized Holes
G(fsuzps)A (Sjg;/(\)) 2.39 2.92 1.21 1.80
(ﬁfgzg) 2.78 3.52 1.48 2.16
G(;\O4U9F(>))B (Sjg;/(\)) 2.01 2.63 1.31 1.90
(ﬁfgzg) 2.47 3.20 1.60 2.28
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APPENDIX A FRACTOGRAPHIC PROFILES

a) Shaft section b) Head Section
Figure A - 1 Fractographic Profile of Specimen #1 fractured at head due to instrumentation hole

(Galv. 20S_20T N=17507)

a) End section with nut b) Head Section

Figure A - 2 Fractographic Profile of Specimen #3 (Galv. 20S_20T N=45538)
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a) End section with nut b) Head Section

Figure A - 3 Fractographic Profile of Specimen #5 (Galv. 10S_20T N=40921)

a) End section with nut b) Head Section

Figure A - 4 Fractographic Profile of Specimen #7 (Galv. 16S_16T N=23522)
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a) End section with nut b) Head Section

Figure A - 5 Fractographic Profile of Specimen #8 (Galv. 8S_16T N=57455)

a) End section with nut b) Head Section

Figure A - 6 Fractographic Profile of Specimen #11 (Galv. 20S_20T N=40441)
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a) End section with nut b) Head Section

Figure A - 7 Fractographic Profile of Specimen #12 (Galv. 20S_20T N=52848)

a) End section with nut b) Head Section

Figure A - 8 Fractographic Profile of Specimen #14 (Reg. 20S_20T N=14248)

a) End section with nut b) Head Section

Figure A - 9 Fractographic Profile of Specimen #18 (Reg. 10S_20T N=62552)
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a) End section with nut b) Head Section

Figure A - 10 Fractographic Profile of Specimen #19 (Reg. 16S_16T N=61179)

a) End section with nut b) Head Section

Figure A - 11 Fractographic Profile of Specimen #21 (Reg. 8S_16T N=247424)
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APPENDIX B SEM IMAGES OF FATIGUE AND FRACTURE REGIONS

Failure surfaces for specimen #10 (Galv. 8S_ 8T N=838,878), were magnified using SEM

at varying levels of magnification. These are shown in Figure B-1, Figure B-2 and Figure B-3.

SEI 15.0kV X500 WD 39.8mm 10pm
Figure B-1 X500 Fracture zone surface near threads specimen #10 (Galv. 8S_8T
N=838,878)

Where fracture occurred, the surface appears rough. On the other hand, there is a smooth

patterned surface where fatigue took precedence.
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ke = .
cSu SEI 15.0kV X2,000 WD 39.8mm 10pm
Figure B-3 X2000 Fatigue zone crack growth surfaces specimen #10 (Galv. 8S_8T N=838,878)
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Specimen #13 (Reg. 20S 20T N=6876) is shown below in Figure B-4 and B-5, with similar

characteristics.

SEI 15.0kV X20 WD 39.8mm Tmm
Figure B-4 X20 Threads at fracture zone specimen #13 (Reg. 20S_20T N=6876)
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S

SE| 15.0kV X100 WD 39.8mm 100pm
Figure B-5 X100 Threads at fracture zone specimen #13 (Reg. 20S_20T N=6876)
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The following images are of specimen # 8 (Galv. 8S_16T N=57,455).

SEI 156.0kvV  X2,500 WD 25.4mm 10pum

Figure B-7 Fatigue Zone X2500 Specimen # 8 (Galv. 8S_16T N=57,455)
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Specimen # 14 was similarly inspected and shown below.

b X 2

WD 31.9mm  100pm

- [

WD 31.9mm  100pm

Figure B- 9 SEM Transition from Fatigue to Fracture Zone X150 Specimen #14 (Regular B 20s_20t
N=14,248)

88



10pm

Figure B- 10 SEM Fracture Zone X500 Specimen #14 (Regular B 20s_20t N=14,248)
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