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TESTS ON THE INSTALLATION CHARACTERISTICS OF HIGH

STRENGTH FASTENERS IN LAP SPLICE JOINTS
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SUPERVISOR: Dr. Michael D. Engelhardt

The proper performance of slip-critical bolted joints requires adequate fastener
tensions. The Research Council on Structural Connections of the Engineering Foundation
requires minimum fastener tensions for these slip-critical connections. Past research done in
the field and laboratory indicates variations in final fastener tension. Different methods of
tightening fasteners and different conditions of the joined materials result in various final
fastener tensions.

This thesis describes the research of various methods of tightening fasteners by
conducting experiments on joints with instrumented fasteners. Electronic strain gauges
provide information that translates into real time fastener tension. The turn-of-nut and
calibrated wrench installation methods provide the main delineation between tests. Both of
these methods of installation rely upon a “snug tight” condition before application of a final
tightening pass. Tests conducted provide information on the adequacy of different “snug
tight” conditions. Also, variations in connected material thickness and out-of-flatness affects
final fastener tensions.  Twenty-nine tests evaluate the results of using different

combinations of tightening and material conditions.
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1. CHAPTER1
INTRODUCTION

1.1 GENERAL

This thesis describes the methods and results of various tests performed to measure
fastener tension in a structural steel lap splice with deformed plates. Fastener tension is
critical to the performance of a steel slip-critical connection. Slip-critical connections
transmit applied loads using the frictional forces between connected surfaces. Fastener
tension induces the frictional forces within the connection.

This research reflects an effort to evaluate fastener installation provisions in the
“Specification for Structural Joints Using ASTM A325 or A490 Bolts[1], by the Research
Council on Structural Connections. This publication is referred to as the Bolt Specification.
The standards for joint assembly and tightening of slip-critical connections were
investigated. Twenty-five of the twenty-nine connection tests conducted in this study used
either turn-of-nut tightening or calibrated wrench tightening on conventional 7/8 inch A325
galvanized fasteners. The last four tests, using the lock-pin and collar fastener, evaluated the
installation method of alternative design bolts. The lock-pin and collar fasteners used in this
study were manufactured by Huck International Inc, and will be referred to as Huck
fasteners in this study.

Four primary factors that affect fastener tension are the method of installation, the
sequence of tightening, the thickness and out-of-flat condition of the connected material, and
the degree of “snug tight” existing between the material before final tightening. The Bolt
Specification provides for four methods of fastener installation. The turn-of-nut and
calibrated wrench methods of installation provided a basis for fastener tension comparison
throughout this research. Each method of installation incorporated three different sequences
of tightening. One sequence followed the path of tightening fasteners from the middle of the
connection to the outside edges, as recommended in the Bolt Specification. Another
sequence involved tightening fasteners from one side of the connection to the other side.
Finally, the third sequence tightened fasteners on the outside of the connection followed by

tightening the middle fasteners. All tests used one of three connection thicknesses. All
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connection tests used deformed plates. Specifically, the contour of the interior plate in the
lap splice was bent in single curvature to create a 3mm or 6mm gap. The two exterior plates
were flat. Three different snug tight conditions attempted to bring the deformed plates into
firm contact prior to final fastener tightening.

The study reported herein is continuation and extension of a similar study by
Riggleman (1994). The reader is referred to Riggleman’s thesis for further background on

this study.

1.2 CURRENT METHODS OF FASTENER INSTALLATION

The Bolt Specification describes four methods of fastener installation for the

assembly of slip-critical connections. All methods must achieve at least the tension
identified as 70% of the minimum tensile strength of the fastener. For A325 bolts with a
diameter of 7/8”, the required minimum tension is 39 kips. Tightening may be done by
turning the bolt or the nut, provided one is held against rotation. The two methods of
installation evaluated in this research are the turn-of-nut and calibrated wrench methods.

The turn-of-nut method relies on a specified rotation of the nut to achieve a
minimum of 39 kips of tension. This turn-of-nut occurs after the plies of the material in the
connection are in firm contact. The Bolt Specification requires that a sample of three
fastener assemblies are tested in a device capable of measuring bolt tension. The tested
samples must achieve a tension not less than 41 kips, (5% greater than the minimum of 39
kips). The method of estimating the snug tight condition (when the plies are in firm contact)
must be verified. When snugging the plies together and when applying the turn-of-nut, the
sequence of fastener tightening should progress from the most rigid part of the connection to
the free edges. More than one snugging pass may be required to achieve the snug tight
condition. After achieving the snug tight condition, the amount of nut rotation depends on
the bolt length. For the length of fasteners used in this research, the rotation was either 1/3
or 1/2 of a turn.

The calibrated wrench method must achieve the same 41 kips of tension when
evaluated with three sample fasteners in a tension measuring device. The method must not
produce a rotation of the nut beyond what is required of the turn-of-nut method. A hardened
washer is required under the element being turned. The wrench must be calibrated at least

2



daily and if there is a change in the condition of the equipment or fasteners. The actual
tightening pass with a calibrated wrench occurs after the plies of the connection are in the
snug tight condition. The sequence follows the same path of moving from the most rigid
portion of the connection to the free edges. More than a single pass of tightening may be

required.

1.3 SUMMARY OF PREVIOUS RESEARCH

The four primary factors affecting final fastener tensions have been addressed to

some degree in various publications. The literature search revealed two studies that focused
on field conditions and one study based mainly in the laboratory. The Bolt Specification [1]
and another design criteria publication make up the total of five publications with
information pertinent to this report.

The turn-of-nut and calibrated wrench methods of installation are directly compared
in the tests conducted in this report. Section 1.2 addressed the specifics of the two methods
as indicated in the Bolt Specification. Kulak, Fisher, and Struik [2] mention that the turn-of-
nut method achieves higher fastener tensions. This appears to be true if the process of
installation follows the Bolt Specification guidance of achieving firm contact between plates
before the final turn-of-nut. However, both field studies reviewed in the literature search
reveal the challenges of implementing the turn-of-nut method of installation. Kulak and
Obaia [3] documented the findings observed during the construction of three bridges. 7/8”
diameter A325 fasteners were installed using the turn-of-nut method. The bolting crews did
not follow the requirements of the Bolt Specification completely. Using an impact wrench,
fasteners were often completely tightened without a snhugging pass to bring connected
materials together. Also, the actual rotation of the nut was not monitored closely. Based on
the sound of the impact wrench, a fastener was determined to be tight. However, despite
this, almost all fasteners were at the required minimum tensions upon inspection. The
critical observation at the end of this particular publication is that this result would not have
been obtained had the connected materials been deformed.

Notch [4] further exposes the problems with the turn-of-nut method encountered in
the field. Testing and observations focused on the installation of 1” diameter A490 fasteners
in oversized holes. In the process of investigating the effects of not having the proper

3



hardened washers, many fasteners were found to have below minimum tensions.
Observations indicated similar discontinuities in keeping track of the rotation of the nut.
Also, bolt crews often did not apply a snugging pass before the complete tightening of a
fastener.

Notch [4] makes an important point when comparing the turn-of-nut method and
the calibrated wrench method. While there were problems in the past with the calibrated
wrench method achieving dependable results, the turn-of-nut method has a potentially more
serious short fall. The turn-of-nut method is not effective unless a snug tight condition is
achieved first. This is demonstrated in some of the tests of this report. As will be discussed,
defining this snug tight condition may be more difficult than ensuring accurate calibrated
wrench tensions. Notch proposes a more stringent calibrated wrench method.

Foreman and Rumpf [5] did a series of tests with A325 bolts to validate the
capacities of bolted connections. The focus of their research was to prove the overly
conservative nature of replacing rivets with bolts, one for one. Almost as a side note,
mention was made of the need to touch-up fasteners with an additional turn-of-nut after the
first turn-of-nut pass. The method of determination involved the operator of the impact
wrench checking the tightness by the sound of the impact wrench. Very few fasteners
required additional rotation of the nut. However, the requirement of applying only one turn-
of-nut pass, as indicated in the Bolt Specification, precludes an operator from doing this
check. This offers some credence to the suggestion of Notch for a more stringent calibrated
wrench method.

The Bolt Specification requires that the snugging and tightening sequence must
progress from the most rigid part of the connection to the free edges. The field studies of
Kulak and Obaia [3] and Notch [4] indicate that this does not necessarily happen. Both
studies focus on other factors that were considered more critical in achieving the minimum
tensions. Therefore, one aspect of this current research is to investigate the differences
between tightening sequences.

Observations by Birkemoe [6] on the effects of out-of-flat plates within the
connection are of significant interest in regard to the research conducted for this report. The
publication produces evidence of low fastener tensions due to out-of-flat plates. The

connections tested are similar to those used throughout this report. Connections of the
4



publication consisted of single or triple curvature interior plates between two exterior flat
plates. The intent was to simulate the plate distortion that might occur due to welding,
handling, or erection. During the snugging pass and the tightening pass, fasteners were
found to loose significant amounts of tension. Normally, the fasteners first tightened lost the
most tension. Birkemoe also comments on the need for multiple snug passes to achieve the
snug tight condition called for in the Bolt Specification.

Notch [4] identifies the reliance the turn-of-nut method places on the snug tight
condition. The rotation of the nut required to achieve the minimum tensions is not clearly
apparent if the turn-of-nut is doing the job of a snugging pass. The Bolt Specification
indicates the need for the snug tight condition, however, Notch points out that the definition

of snug tight is “elusive”.

1.4 OBJECTIVES OF RESEARCH

The proper performance of slip-critical bolted connections requires adequate

fastener tensions. Different methods of tightening fasteners within a connection result in
various final fastener tensions. The primary objective of this report is to evaluate the final
fastener tensions for each method of tightening. The two secondary objectives are to
validate the method of measuring fastener tensions and to describe the various degrees of
snug tight for each connection test. With the descriptions of snug tight and the results of the
tests, some correlation can be made to define the abstract definition of the snug tight
condition in the Bolt Specification. This research evaluates the effects of the installation
method, the tightening sequence, the connection thickness / deformation, and the snug tight

condition.

1.5 OVERVIEW OF RESEARCH CONDUCTED

Three phases of research constitute the formulation of this report. They are outlined

below:
Phase I: Review of literature.
Phase Il: Behavior of the strain gauge in measuring fastener tension.

Phase I1l: Examination of fastener tensions in connection tests.



The literature review of Phase | was detailed in Section 1.3 of this chapter. Phase Il
consisted of a series of tests to verify the value of tension indicated by the strain gauge inside
a fastener. Specifically, the effects of bending, torsion, and fastener yielding were
investigated. Phase 11l constituted the majority of the research. Twenty-nine connection
tests provided detailed information on the various combinations of the installation method,
sequence of tightening, plate thickness / deformation, and the degree of the snug tight

condition.

1.6 ORGANIZATION OF REPORT

Four chapters are dedicated to documenting Phases Il and Il mentioned in Section

1.5. Chapter 2 describes the type of connection used for all tests. A description of
measuring plate out-of-flatness and the snug tight condition for all tests is the primary
purpose of Chapter 2. Chapter 3 documents the behavior to the strain gauge used to measure
bolt tension. The effects of torsion, bending, and yielding are all investigated in Chapter 3.
Chapter 4 and Chapter 5 summarize the fastener tensions for conventional fastener tests and
lock-pin and collar fastener tests, respectively. For each test, these two chapters describe the
specific combination of the four primary factors that affect fastener tension. These factors
are the installation method, the tightening sequence, the plate thickness / deformation, and

the snug tight condition. Chapter 6 presents the summary and conclusions of this research.

2. CHAPTER?
MEASURING OF PLATE DEFORMATION

2.1 GENERAL
A connection test consisted of 12 fasteners installed in a three plate lap splice. The
splice was made up of a thick interior plate with thinner plates on the exterior. Specifically,

the middle plate was twice the thickness of an exterior plate. All tests involved the same



plates used by Riggleman (1994). The summation of all plate thicknesses within a
connection is the grip length of that connection. Grip length refers to the length of fastener
that exists within a connection. Connection tests evaluated three grip lengths of 27, 3”7, and
4”. Figure 2.1 shows the plates for all three grip lengths. All plates were 12” by 12” in plan
view. Table 2.1 is a summary of plate thicknesses for each grip length . Figure 2.2 is a

photo of the lap splice in the test set-up. Figure 2.3 shows the dimensions of the lap slice.

Thickness of Thickness of
Grip Length Interior Plate Exterior Plates
(inches) (inches) (inches)
2 1 1/2
3 1-1/2 3/4
4 2 1

Table 2.1: Plate Thicknesses for Three Grip Lengths

Out-of-flat plates present a significant challenge for fasteners in a slip-critical
connection.  All tests involved an out-of-flat interior plate. The exterior plates were flat.
The gap created between the middle plate and the exterior plate was either 3mm or 6mm at
the beginning of each test. The intent of tightening the fasteners was to eliminate this gap

and achieve the required final tension in the fasteners.



Figure 2.1: All plates used for the three double shear lap splices

Figure 2.2: Lap splice in test set-up
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Figure 2.3: Dimensions of lap splice
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It should be noted that the three grip lengths correspond to the three bent plate
thicknesses. Two grip lengths of equal total thickness, but with different thickness middle
plates will not produce the same test results. The intent of the three grip lengths is to
demonstrate the outcome of using three different thicknesses of bent plates. More force is
necessary to close the gap of a thicker bent interior plate.

This chapter describes the condition of the plates throughout the testing as well as
the preparation (Section 2.2) and measurement (Section 2.3) of each plate. Before every test,
each plate was measured and “shaped” as necessary through plastic bending. Exterior plates
were flattened to within 0.01”. Middle plates were bent to the required gap of 3mm (0.118”)
or 6mm (0.236™). All tests involved two methods of measuring the gap created by the shape
of the plates. The information from these two measuring methods is presented for each test
in Section 2.5. Plots in Appendix A graphically shows the change in gap around the

perimeter of the connection, after the snugging and tightening passes.

2.2 METHOD OF BENDING PLATES

In preparation for every test, exterior plates had to be made flat and interior plates

had to be bent to the required gap. Cold bending changed the shape of the plates. To bend a
plate, two bars supported the edges of the plate while a load was applied along the span
between the supports. A 600 kip test machine applied the load necessary for bending as
pictured in Figure 2.4 and Figure 2.5. The supports and applied load were along the entire
length of the plate. The single curvature induced (or removed for flat plates) was opposite in
direction to the applied loading. This curvature is about the longitudinal axis of the lap
splice.

The initial gap measured between the middle plate and the top plate was 3mm for
21 tests and 6mm for 8 tests. Two of the four figures for each test in Appendix A
graphically show the shape of this curve for the front and back edges of the middle plate.
Depending on the locations of the holes, the front or back edge curves varied slightly from
each other. A flat bar resting on top of the plate provided a reference to measure the
curvature and flatness of the plate. Calipers measured the gap between the flat bar and the

plate. This process is described in Section 2.3.
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Figure 2.4: Bars used for plate bending

Figure 2.5: 600 kip Satec test machine bending plate
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2.3 DEFORMATION MEASUREMENTS BEFORE AND AFTER
TESTS

The first method of gap measurement consisted of recording the bend that existed in

each plate before it was placed in the connection. This bend is described as the curve that
exists in a plate when looking at its front view. Relative to the alignment of the plate in the
connection, this curve is about the longitudinal axis of the splice connection. Eleven
locations at 1” intervals along the sides of each plate identify the gap measurement locations.
These eleven locations are seen in Figure 2.3, along the edges of the front and right side
views.

The front and back edges of each plate were measured for curvature. The left and
right edges remained fairly flat throughout all testing. Therefore, no initial measurements
were taken along these edges until the plates were in the connection test. Before each test, a
single flat bar (1/2”x15”x2") provided a reference for all front and back edge deformation
measurements. As seen in Figure 2.6, the flat bar created a gap between itself and the curved
surface of a plate. Calipers measured the total thickness of the flat bar, the plate, and any
gap that existed between the two, as seen in Figure 2.7. Subtracting the known thicknesses
of the bar and the plate from each of these measurements produced the gap depth. Applying
a load as described in Section 2.4 shaped the plate to the necessary flatness or curvature.
The gap depth was measured both before and after each test. The gap depth measured before
the test provided the data for the “no load” gap for the figures of Appendix A. The gap
depth measurements described in the next section provided the data for the “snug” gap, the

“tight” gap and the “touch-up” gap for the figures of Appendix A.

2.4 DURING TEST MEASUREMENTS

The measurement of the gap between plates during a connection test was a

challenge. ldeally, the gap that existed between plates throughout the connection could be
directly obtained. The particular gaps of interest would be the gap after a snug pass and the
gap after a tightening or touch-up pass. However, a method to “get inside the connection”

to measure the gap was beyond the scope of this research. The method actually used
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Figure 2.6: Flat reference bar on plate

Figure 2.7: Calipers measuring the total thickness of flat bar, plate, and gap

obtained gap information around the perimeter of the connection with the use of a feeler
gauge.Figure 2.8 shows the method of using the feeler gauge. The previous method of using

a flat bar and calipers would not fit on the plates when they were in the connection support
13



frame. A feeler gauge measured the gaps that existed between the plates while in the
connection. The gaps were measured after the snug, tight, and touch-up pass. Two levels of
gap were measured, specifically, the gap between the middle and top plate and the gap
between the middle and bottom plate. Data was taken around the entire perimeter of the
connection. As mentioned previously, the edges of the plates were marked at 1” increments.
These markings provided the locations of gap measurement with the feeler gauge. Eleven
locations were measured on the front and back of the connection, while eight locations were
measured on the left and right sides of the connection. Figure 2.3 shows the locations of
measurement. The feeler gauge measured the depth of the gap to within 0.005" increments.
It should be noted that the gap was not measured with a feeler gauge before the
snug pass. Information from the flat bar measuring method provided this initial "no load"
gap data. The closing of the gap for each test is described in Section 2.5. Information from

both methods of gap measurement create the curves presented in Appendix A.

2.5 GAP HISTORIES FOR TESTS

Using the gap information described above, four figures (Appendix A) for each test

present the change in gap between plates during a test. The test designations, such as
“CD2TN123.MTOQO” are defined in Chapter 4. While data was obtained for eight gaps in
each connection (four sides for both the interior / top plates and interior / bottom plates) only
the gaps of interest are presented. The front and back gaps between the interior and top plate
are presented first. Then the left and right side gaps between the interior and bottom plates
is presented. All data is plotted in reference to the location along the 1” increments of the
exterior plates. The eight points of measurement for the side gaps represent the overlap in
the lap slice of the interior and exterior plates. Each figure plots the gap at the edge of the
plates. Up to four lines exist on each plot. The orientation of the plots is just as the plates
would be viewed while in the connection support frame. The lines represent the edge of the
lower plate creating a gap with the upper plate. In other words, for the first two figures of
each test the plotted lines are the edge of the interior plate while the top x-axis represents the
edge of the top flat plate. For the second two figures, the plotted lines represent the bottom
plate with respect to the edge of the middle plate. The edge of the middle plate shown as the
top x-axis is physically above the bottom plate due to the initial curve of the middle plate.

14



The four lines plotted indicate no-load, snug, tight , and touch-up conditions. 12 of
the 29 tests have touch-up passes. It should be noted that if a snug, tight, or touch-up line is
mentioned in the figure’s legend, but is not visible on a plot, the gap is closed. The first test
CD3TN122. MTO does not have gap information.

Figure 2.8: During test gap measurements with feeler gage_

3. CHAPTER 3
BEHAVIOR OF THE BTM STRAIN GAUGE

3.1 GENERAL
All fasteners used in this study were instrumented with a special strain gauge

specifically intended for use in bolts. This gauge is produced by TML, a Japanese strain
15



gauge manufacturer. This gauge is designated as type BTM-6C by TML, and will be
referred to simply as the BTM strain gauge in this report. The BTM gauge is installed in a
2mm diameter hole drilled through the head of the fastener, and is located along the
longitudinal axis of the fastener, in the upper unthreaded portion of the fastener. All tested
fasteners employed the method of gauge installation developed by Riggleman (1994). The
Sheldon 10" horizontal lathe used for drilling the 2mm diameter hole in the fasteners is
pictured in Figure 3.1. Also, all the materials and tools used for installing the gauge in the
2mm hole are pictured in Figure 3.2. These are the same materials specified by
Riggleman (1994).

Understanding the performance limits of the BTM strain gauge is essential to
research study. The calculation of bolt tension required an accurate method of converting
recorded strain (micro in/in) to a fastener tensile load measured in kips. Unique to each
fastener, a calibration factor converted strain to tensile load. Various tests with conventional
fasteners evaluated the accuracy of this calibration factor, as discussed in Section 3.2.

Fastener tension is the primary force sought after throughout all tests. The data
produced by the strain gauge in a fastener is the information required for calculating this
tension force. However, a fastener can experience torque, bending, and yielding depending
on the type of fastener, the condition of the plates, and the method of tightening. The effect
of these forces on the strain gauge data must be understood.

In an effort to simulate these three conditions, four tests evaluated the performance
of strain gauges in conventional fasteners. Torque occurs in conventional fasteners due to

the rotation of the nut. Any fastener can experience some amount of bending if the plates
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Figure 3.1: Sheldon 10" horizontal lathe, 2mm drill bits also shown

Figure 3.2: M-Bond materials, acetone, syringe, BTM gauge, bolt, scale

are initially deformed. Conventional fasteners tightened with the turn-of-nut method usually
experienced the most yielding compared to calibrated wrench tightening and direct tension
Huck Fasteners. The set up and results of these four tests are discussed in Section 3.3.
Riggleman (1994) conducted a substantial number of tests to evaluate the accuracy
of the BTM strain gauge when used to measure tension in conventional and lock-pin and
collar fasteners. The additional calibration tests on conventional fasteners reported herein
are intended to supplement the work by Riggleman. The fasteners used in this current study

were taken from the same lots as those used by Riggleman.
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3.2 CALIBRATION TESTS ON CONVENTIONAL A325
FASTENERS

3.2.1 OVERVIEW OF TESTS PERFORMED

The calibration factor is the relationship between the fastener tension and strain
gauge output. For each fastener the load and strain data from a series of loadings established
a calibration factor. Specifically, a Satec Systems 600 kip tension / compression test
machine loaded a BTM strain gauged fastener in the fastener tension jig, as pictured in
Figure 3.3. The bolt tension jig with fastener configuration is also pictured in Figure 3.4.
The Satec machine was calibrated to a National Institute of Standards and Technology
certified load cell (NIST cell). The Satec loaded each conventional fastener to 40 kips using
10 kip increments. A digital data acquisition system consisting of a Hewlett Packard 3852
data acquisition unit (with digital voltmeter and multiplexer), constant voltage power supply,
and a 286 AT IBM compatible computer recorded the data. A total of nine readings
provided the data for the calibration factor. The nine readings for a conventional fasteners
were taken at the Satec dial readings of 0, 10, 20, 30, 40, 30, 20, 10, and finally 0 Kips.
These nine readings are referred to as the cycle of calibration loading. A regression analysis
of the load and strain data produced a best fit slope of the load versus the strain. The

regression line was forced through the origin. This slope is the value used for the
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Figure 3.3: Calibration of strain gauged fastener in the bolt tension jig
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Figure 3.4: Bolt tension jig with fastener configuration
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calibration factor, measured in kips. This calibration factor, when multiplied by the
recorded strains of the fastener, equates to tensile loads measured in kips. Figures 3.5a and
3.5b show sample plots used for this regression.

Initially, fasteners were cycled only once to obtain data for the calibration factor.
When a fastener was cycled for a second time, slight variation in this calibration factor was
observed. This indicated that the tension and strain relationship for other fasteners might be
different when loaded for a second time, as in a connection test. To evaluate this variance,
single fasteners were cycled numerous times. The 14 tests discussed in Section 3.2.2 show
some possible reasons for calibration factor variance, and indicate the steps taken to reduce

this variance.

3.2.2 RESULTS OF CALIBRATION TESTS

The evaluation of calibration factor variance involved using 14 conventional
fasteners. As described in Section 3.2, a cycle of loading (0, 10, 20, 30, 40, 30, 20, 10, 0
kips) produced the data to calculate the calibration factor. Each fastener experienced
between 5-12 cycles of loading to investigate the changes in its calibration factor.

Initially, three 4-1/4” conventional fasteners were cycled eight times through the
calibration loading. Each displayed different trends in calibration factor variance.
Figure 3.5 shows the % change of the calibration factor between each cycle. Initially, the
temperature of the fastener was not considered a factor in the accuracy of the calibration
factor. However, a cold fastener demonstrated a jump in the calibration factor of
approximately 3% between the first cycle and the second cycle. The description of cold is
used to indicate a fastener at an air conditioned temperature of 70-75 degrees, Fahrenheit.
The description of “warm” is used to indicate a fastener at lab temperature, between 85-95
degrees, Fahrenheit.

There are two possible explanations for this influence of temperature on the
calibration factor. The cold fasteners exhibited more initial strain per load. There may be
some slip between the adhesive and the steel of the fastener. The other possibility is that
there is some minor initial elongation in the fastener. More tests are needed to verify these

possibilities.
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Based on this initial indication of calibration factor variance due to temperature, all
remaining fasteners were calibrated at lab temperature. All connections tests were conducted
at lab temperature. A series of 11 more fasteners were checked for calibration factor
stability. The results of these tests are plotted in Figures 3.6 through 3.8. There appeared to
be a general leveling off of the calibration factor after approximately 5 cycles. After making
this observation, the remaining fasteners in all subsequent connection tests used the
calibration factor from the fifth cycle of loading. In the presentation of connection test
results in Chapter 4, all tests used this fifth calibration factor, except the six tests in Sections
421.1and4.2.2.1.

Actual plots of the regression data for the warm and cold 4-1/4" fasteners is shown
in Figures 3.5a and 3.5b. These plots show the 1st and 5th calibration factors for these
fasteners. All four plots are fairly linear.

To maintain perspective in reference to the above discussion, the following two
points are made. For the six tests of Sections 4.2.1.1 and 4.2.2.1, only a few fasteners were
calibrated in the “cold” condition. Fasteners were usually moved from an air conditioned
room to the lab floor in groups of 12. After calibrating approximately 3 fasteners (30
minutes), the remainder should have been at approximately lab temperature. Therefore, only
about 25% of the fasteners in a connection test might have tension values that were low by
about 1 kip. Also, the second point is that the variance between the initial and fifth
calibration factor of a warm fastener resulted in about a 1/2 kip change in fastener tension
values. This 1/2 kip difference is noted at a load of 40 kips. Therefore, the six tests in

question might vary by about 1/2 kip, due to not using the fifth calibration factor.

3.3 STRAIN GAUGE IN BENDING, TORSION, AND YEILDING

A total of four tests (one bolt each) investigated the effects of bending, torsion, and

yielding on the accuracy of the BTM strain gauge. For each test a strain gauged 4-1/4” long
7/8” A325 galvanized fastener was placed in a calibrated Skidmore-Wilhelm bolt tension
indicator as seen in Figure 3.9, (model # ML). This tension indicator was calibrated to the
Satec Systems 600 kip test machine, which was calibrated to the NIST cell mentioned

previously. A pressure transducer electronically measured the pressure in the Skidmore-.
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Wilhelm for both calibration and testing. This pressure was used to calculate the tension
indicated by the Skidmore-Wilhelm.

3.3.1 OVERVIEW OF TESTS PERFORMED

The intent of each test was to simulate the loading that a fastener may experience
while being installed in a connection. The first aspect of loading was that most fasteners
were snugged to between 12 and 25 kips. The fastener would then lose some or most of this
preload as other fasteners in the connection were snugged. The next loading would be to
approximately 40 kips due to a tightening pass. Following that, with some more loss in
tension, there might be additional tightening due to a touch-up pass.

The sequence of loading for all six tests followed the same path. A calibrated
torque wrench initially snugged each fastener to 20 kips, as seen in Figure 3.10. Then the
tension in the fastener was brought to zero with a hydraulic pump releasing the pressure in
the Skidmore-Wilhelm. Figure 3.11 shows the hydraulic set-up. This release in tension was
to simulate the effect of other fasteners being snugged. The torque wrench then tightened
the fastener up to 40 kips. The tension in the fastener was then reduced to 20 kips to again
simulate the effects of tightening other fasteners. Following this, the torque wrench
simulated a touch-up pass with a series of one to three 1/4 turns of the nut. The 1/4 turn of
nut was used to get as much information as possible before possible fracture of the fastener.
At the point of apparent yielding, the load in the fastener was decreased to zero by
increments of 10 kips. In summary, all loading was done with a torque wrench, and all
unloading was done by lowering the pressure in the Skidmore with the hydraulic pump.

The value of torque was recorded for each specified load or nut rotation. Strain
gauge and pressure transducer readings were recorded at every change in tension. By
comparing the values of the strain gauge, the pressure transducer, and required torque, a
series of observations were made regarding the accuracy of the strain gauge readings. These

are discussed in Section 3.3.2.
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Figure 3.9: Skidmore-Wilhelm bolt tension indicator

Figure 3.10: Initial snugging of fastener in Skidmore-Wilhelm with calibrated torque
wrench
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Figure 3.11: hydraulic pump set-up for releasing pressure in Skidmore-Wilhelm
during strain gauge test
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3.3.2 RESULTS OF BENDING, TORSION, AND YIELDING TESTS

Each fastener was subjected to one of four distinct conditions to observe the effects
of torsion and bending. Using an ASTM A563 Grade DH nut (lubricated and galvanized) or
a non-galvanized and unlubricated nut constituted two conditions for torsion comparison.
The unlubricated nut was expected to induce higher torsion forces.  The other two
conditions involved using a beveled washer in one test and only flat washers in the other test.
A beveled washer of 2.86 degrees simulated the maximum bending experienced by a
fastener in 3mm deformed plates. Five figures for each test illustrate the values of tension,
torque, and fastener yielding.

The initial figure for each test is a plot of BTM strain gauge loads and Skidmore-
Wilhelm loads measured with a pressure transducer. Both values are calibrated to the NIST
cell, and are measured in kips. They are plotted along the recorded load values indicated by
the dial of the Skidmore-Wilhelm. The dial served as a reference point for the initial target
loads of 0, 20, 0, 40, 20 kips and the unloading values of 40, 30, 20, and 0 kips. The three
1/4 turn-of-nut rotations occur after the hydraulic pressure release down to 20 kips. The
intent of the 1/4 turns is to simulate the loading of the fastener in a final tightening pass. The
value of 1/4 of a turn is used solely for the purpose of taking incremental readings of torque
and tension. The dial readings for each 1/4 rotation of the nut are on the longitudinal axis of
the plot between the initial target values and the unloading values.

The second figure for each test is a bar graph of torque required for each tightening.
For each test there are between five and six tightening passes done with the 600 ft Ib torque
wrench. Each test required initial fastener tightening to the target loads of 20 and 40 Kips.
The remaining fastener tightening was due to the subsequent 1/4 rotations of the nut. The
method of getting torque wrench values required gradual increases in the applied torque until
achieving the target loads or the 1/4 turn. Torque values above 600 ft Ib required the use of
a 4X torque multiplier. The second figure of each test shows the torque required compared
to the same Skidmore-Wilhelm dial readings used in the first figure.

The final three figures for each test show the changes in the diameter of the
unthreaded shank of each fastener. This portion of the fastener is of particular interest
because the BTM strain gauge is located at the core of the unthreaded shank. It is indicated

on the diagram of each figure. The same type of calipers used to measure plate deformation
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provided the information on diameter changes. Specifically, the diameter of the unthreaded
shank was measured at 15 locations. The six corners of the fastener head provided the
points for three imaginary planes cutting through the longitudinal side of the fastener. Five
levels (every 1/4” below the head of the bolt) along the longitudinal axis of the unthreaded
shank provided the location for measuring each of the diameters at the three planes. The
measurements of the diameter before and after the test provide the comparison illustrated in
the three figures. The comparison shows a reduction in diameter of the fastener. This
reduction of diameter is greatest near the threads. It is assumed that most of the yielding

occurs in the threads, however this shows some yielding in the unthreaded shank as well.

3.3.2.1 TORQUED TENSION TEST WITH LUBRICATED NUT

As described in Section 3.3.1, a 4-1/4” conventional fastener was placed in the
Skidmore-Wilhelm for tension and strain gauge comparison. This test used a lubricated nut
with ten hardened flat washers. Figure 3.12 shows very close agreement between the tension
values of the BTM strain gauge and the pressure transducer in the Skidmore-Wilhelm. The
BTM gauge measured about 1-1.5 kips higher than the Skidmore value after the first 1/4
rotation of the nut. The Skidmore indicated a tension of 49 kips. After another 1/4 rotation
of the nut, apparent yielding in the threads caused a slight decrease in tension as indicated by
both the BTM gauge and the Skidmore. Upon complete unloading, no residual stress was
indicated in the BTM gauge. Figures 3.14 through 3.16 show that there was some
permanent necking of the unthreaded shank of the fastener, with no apparent effect on the
BTM gauge. Necking of the threaded portion of the fastener is visible in the Figure 3.17,
showing the tested fastener on the left. Also apparent is the amount of stretching that took

place compared to the other fastener in the picture.
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Figure 3.17: Necking from TORQUED TENSION TEST WITH LUBRICATED
NUT (left) Slight Bending from TORQUED TENSION TEST WITH UNLUBRICATED
NUT AND BEVELED WASHER (right)
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3.3.2.2 TORQUED TENSION TEST WITH LUBRICATED NUT AND
BENDING

This test used a lubricated nut, a beveled washer and 8 hardened flat washers.
Figure 3.18 shows a picture of the fastener and all washers in the Skidmore-Wilhelm
tension indicator. Figure 3.19 shows a consistent difference of about 1 kip between the
BTM strain gauge value and the value indicated by the Skidmore-Wilhelm. The BTM gauge
indicates the higher tension load. A residual strain corresponding to about 1 kip of fastener
tension also appeared in the BTM strain gauge upon complete unloading. In is not known as
to when this residual strain developed. Normally, residual strain is considered an indication
of yielding. However, this would indicate possible yielding at the initial 20 kip load. This
yielding may be due to the bending of the fastener. Figures 3.21 through 3.23 show that
there was some permanent necking of the unthreaded shank of the fastener. Also, the
fastener appeared to be permanently bent in the threaded portion of the fastener. This
bending is similar to the shape of fastener on the right side shown on Figure 3.17. The

actual fastener pictured is from the test described in Section 3.3.2.4.

3.3.2.3 TORQUED TENSION TEST WITH UNLUBRICATED NUT

This test used an unlubricated nut with 9 hardened flat washers. Figure 3.24 shows
a variable difference of about 14-21 kips between the BTM strain gauge value and the
Skidmore-Wilhelm value for tension. This difference was apparent at the first 40 Kip
loading of the fastener. The BTM gauge measured 62 kips of tension, indicating possible
yielding. A 16 kip value also appeared as residual strain in the BTM strain gauge upon
complete unloading. In is not known when this residual strain developed. The third curve
on Figure 3.24 is the original BTM gauge values with the residual load of 16 Kips subtracted
from it. This “corrected” BTM gauge value does not match the Skidmore tension loads for
the dial values of 40, 20 and 45 kips. There is a 2-5 kip difference between the measured
loads. However, for the following two 1/4 turns and unloading increments, the values
agree very well.

At this point it is critical to note that this residual strain is subtracted from the strain

recorded in the fastener if an adjustment of over 1 Kip results. This process was used
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Figure 3.18: the beveled washer and 8 flat washers in Skidmore-Wilhelm tension indicator
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for all tests. The residual strain is subtracted from all the strains of a fastener recorded after
the last tightening of the fastener. Any attempt to adjust values before the last tightening is
subject to error because the actual point of residual strain development is unknown. Figure
3.24 offers a good example of this. The values of load for the corrected BTM and pressure
transducer in the Skidmore do not really match until after the final 1/4 turn of nut.

It is interesting to note that the steady increase in torsion indicated in Figure 3.25
does not seem to affect the closeness of the BTM gauge load and Skidmore load. Figures
3.26 through 3.28 show that there was some permanent necking of the unthreaded shank of
the fastener. There seems to be evidence that this fastener had more of a reduction in the
diameter of the unthreaded shank when compared to the fastener in Section 3.3.2.1 Of the
15 measurements taken, 10 show a reduction in diameter as compared to 7 measurements for
the fastener of Section 3.3.2.1. This might be considered a way to evaluate the likelihood of

yielding in the unthreaded portion of the fastener when all load was removed.

3.3.24 TORQUED TENSION TEST WITH UNLUBRICATED NUT
AND BENDING

This test used an unlubricated nut with beveled washer and 8 hardened flat washers.
Figure 3.29 shows minimal difference between the BTM strain gauge value and the
Skidmore-Wilhelm value for tension. In fact the only difference is at the 40 and 20 kip
loadings, as well as the first 1/4 rotation of the nut. The difference is between 1-2 kips.
There was no residual strain in the BTM strain gauge upon complete unloading. Figure 3.30
indicates the highest torque values of all 4 tests. This may indicate that torsion has little
effect on the BTM strain gauge under these conditions. Figures 3.31 through 3.33 show that
there was some permanent necking of the unthreaded shank of the fastener. Also, the
fastener was permanently bent in the threaded portion of the shank. Figure 3.17 shows the

fastener pictured on the right.

3.3.3 CONCLUSIONS FROM TESTS
Of the three conditions induced (bending, torsion, and yielding), only yielding was
taken into account during the actual connection tests in Chapters 4 and 5. Bending does not

seem to affect the accuracy of the strain gauge, as evident in the tests with the beveled
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washer. The increase in torsion for the tests with the unlubricated nut does not seem to
affect the strain gauge accuracy either.

During a connection test residual strain was evident in some fasteners after
complete unloading. This residual strain took the form of very small negative values and
sometimes larger positive values. The negative numbers, indicating the fastener had
somehow compressed, were ignored. However, if a positive residual strain equated to more
than 1 Kip, it was subtracted from the point of suspected yielding. For example, using Figure
3.24, upon unloading the fastener at the end of a connection test, the strain gauge indicates a
positive residual strain. When this strain is multiplied by the calibration factor the result is
16 kips. This 16 kips is subtracted from all the tension loads experienced by the fastener
after and including when it was last tightened. Since the BTM gauge indicates 66 kips of
tension upon final tightening 16 kips would be subtracted from the 66 kips and all load
readings after. The result is a corrected load value. It is an assumption that the residual

strain developed at the point of last tightening.
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4. CHAPTER 4
CONNECTION TESTS WITH CONVENTIONAL A325 FASTENERS

4.1 GENERAL

All 25 conventional fastener tests consisted of 7/8” diameter high-strength ASTM
A325 galvanized bolts. Twelve bolts connected three plates of ASTM A572 Grade 50 steel,
producing a slip-critical lap splice connection. The mill test certificate indicated yield
stresses ranging from 59.2 ksi to 55.2 ksi for the plates. Three connection grips were
evaluated. Figure 4.1 identifies the three bolt lengths and their respective connection (grip)
thicknesses. Figure 4.2 highlights the dimensions of the connection and the numbered rows
of bolts.

Bolt Length Total Grip Thickness of Thickness of
Interior Plate Exterior Plates
(inches) (inches) (inches) (inches)
3-1/4 2 1 1/2
4-1/4 3 1-1/2 3/4
5-1/4 4 2 1

Figure 4.1: Bolt Lengths and Grip Thickness

The bolts, nuts and washers satisfied the required ASTM specifications.
Specifically, the bolts met ASTM A325-93 standards. Direct tensions tests, rotational
capacity tests, and Rockwell hardness tests verified this compliance.  Nuts were
manufactured to the requirements of ASTM A563 Grade DH, and washers were within the
standards of the ASTM A436 specifications. All fastener assemblies consisted only of
mechanically galvanized bolts, nuts and washers. All fastener components used in these
tests were from the same production lots as those used by Riggleman (1994).

All tests involved a deformed interior plate. As described in Chapter 2, the single

curvature interior plate produced a 3mm or 6mm gap between itself and the top exterior.
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plate. This out-of-flatness is well within the limit (9.5mm) that the ASTM A6 specification
allows for steel plates.

The three primary components of a test set-up were the bolted connection, the
support frame, and the data acquisition system. Figure 4.3 shows a typical layout of these
components. C-clamps and steel blocks braced the connection against rotation during
fastener tightening, as seen in Figure 4.4. Only the force of the tightening fasteners
influenced the joining of the plates. Each bolt in the connection had a BTM strain gauge
epoxied within the core of the unthreaded shank. Throughout the tightening sequence strain
readings were constantly recorded with the data acquisition system for computation of
fastener tensions.

The presentation of fastener tensions (test results) follows the same format for each
test. For each series of tests, summary tables indicate four statistics for each pass conducted
on the bolts. There were three possible passes for each test. The snugging pass was always
followed by a tightening pass. If the resulting tensions were low, a touch-up pass followed
the tightening pass. Of the four statistics, the first indicates the Average Final Fastener
Tension. This is the average tension that existed in all twelve fasteners upon completion of a
snugging, tightening, or touch-up pass. The second statistic identifies the average initial
tension experienced by each bolt after it was snugged, tightened, or touched-up. The third
and forth statistics show the average loss between an initial snugging, tightening, or touch-
up tension in each bolt and the final tension upon completing the pass. Specifically, the third
statistic is an average tension loss experienced by the first two rows snugged, tightened, or
touched-up. The forth statistic is the average tension loss experienced by the last two rows
snugged, tightened, or touched-up. All four statistics have their respective standard
deviations indicated.

Appendix B contains five figures per test that present tension measurements in each
bolt. The first figure shows the complete history of all bolt tensions throughout the
sequence of snugging, tightening, and touch-up during a test. The second figure is a bar
chart of final tensions for each bolt at the end of the test. The remaining three figures
graphically show the tension histories experienced by three selected fasteners. The tensile

load history of a fastener is plotted throughout a pass. The first fastener snugged is always
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Figure 4.3: Typical test set-up: bolted connection, support frame, and data acquisition
system

Figure 4.4 Support frame for bolted connection during test

47



one of the three bolts graphically represented. The pattern of tightening determines the
remaining two bolts.

Figure 4.5 illustrates the numbering template used for all tests. While this template
is the same for each test, the three patterns of tightening follow three different sequences of
tightening. The bolt numbers underlined and in bold print indicate the bolts that are

graphically presented in the tensile load history figures.

Tightening Pattern Sequence of Tightening

Middle to Outside ~ 4,5,6,7,8,9,1,2,3,10,11,12

Left to Right 1,2,3,4,5,6,7,8,9,10,11,12

[ ] Outside to Middle 1,2,3,10,11,12,4,5,6,7,8,9

Numbering Template

Figure 4.5: Bolt Numbering Template and Tightening Pattern Sequences

Six variables identify each of the specific tests. These variables indicate the type of
fastener, the amount of plate deformation, the tightening method used, the amount of
snugging applied before tightening, the grip thickness of the connection, and the pattern used
in tightening. The eleven digit syntax is defined below:

1st Digit: Type of fastener

C: Conventional fasteners (for all tests in this chapter)

H: Huck C50L fasteners (for all tests in Chapter 5)
2nd Digit: Plate condition

D: Deformed interior plate (for all tests)

F: Flat plates
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3rd Digit: Middle gap created by single curvature interior plate before loading
3: 3mm gap between bent interior plate and top flat plate
6: 6mm gap between bent interior plate and top flat plate
4th & 5th Digits: Method of Installation
CW: Calibrated Wrench method
TN: Turn-of-Nut method
NS: No snug (for one Huck test only)
CS: Snug with 4 conventional fasteners before installing Huck fasteners
6th & 7th Digits: Snug tension applied before tightening method
12: 12 Kip tension
25: 25 Kip tension
41: 41 Kip tension
8th Digit: Grip thickness of connection
2: 2 inch grip
3:3inch grip
4: 4 inch grip
9th - 11th Digits: Pattern of Tightening
MTO: Middle to Outside
LTR: Left to Right
OTM: Outside to Middle

The label of the first test is CD3TN122.MTO. This describes a conventional
fastener test with deformed plates (3mm). The method of tightening the fasteners was turn-
of-nut after a 12 kip snugging pass. The thickness of the grip was 2 inches (consisting of the
1 inch interior plate and the 1/2 inch thick exterior plates). The pattern of tightening was

from the middle fasteners to the outside fasteners.

4.2 3MM DEFORMED PLATES

Eighteen tests involved the use of 3mm deformed plates. Prior to fastener

tightening, the 3mm gap existed between the bent interior plate and the flat exterior plate on
top. Two methods of fastener tightening joined the plates within the connection. Nine tests
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evaluated the turn-of-nut tightening method and the remaining nine tests evaluated the
calibrated wrench tightening method. Each tightening method tested all three grip lengths

and all three patterns of tightening.

4.2.1 TURN-OF-NUT INSTALLATION METHOD

The Bolt Specification states four critical conditions that must be met when using this
method. The first stipulation is that an initial snug tightening of the fasteners will bring the
deformed plates together in a “snug tight” condition. The second requirement is that fastener
tightening progress from the most rigid part of the connection (the middle two rows for
connection used in all tests) to the outside edges. The third stipulation is that subsequent
fastener loosening may require more than a single snugging pass of all fasteners. The fourth
and most critical requirement is that the method should achieve an initial minimum tension
of 39 kips in each bolt. The minimum tension of 39 kips applies to A325 bolts with a
diameter of 7/8”.

The following nine tests evaluated the effect of using a constant 12 kip tension
snugging pass followed by the stipulated rotation of the nut. No additional snugging was
applied. This is contrary to the Bolt Specification which stipulates follow on snugging
passes. A calibrated torque wrench produced a fairly consistent 12 kip tension snug. Before
each test, a Skidmore-Wilhelm bolt tension indicator verified the ability of the torque wrench
to deliver the specified 12 kip snug. By installing a minimum of 3 fastener assemblies in the
tension indicator, the setting on the adjustable torque wrench demonstrated a consistent 12
kip tension. A spud wrench with a 4 foot pipe extension, as seen in Figure 4.6, rotated the
subsequent 1/3 or 1/2 turn of the nut required. The 2” grip (3-1/4” fasteners = 3.71 bolt
diameters) required a 1/3 turn of the nut rotation after the snugging pass. The 3” grip (4-
1/4” fastener = 4.86 bolt diameters) and 4” grip (5-1/4” fastener = 6 bolt diameters) required

a 1/2 turn of the nut rotation.
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Figure 4.6: 4 foot pipe extension for turn-of-nut tightening

Figure 4.7: 600 ft Ib calibrated torque wrench used for
calibrated wrench tightening
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Two alternative tightening patterns produced results for comparison to the pattern
of progressing from the middle of the connection to the outside edges (MTQ). These two
tightening patterns are described as going from left to right across the pattern (LTR) and as
going from the outside edges to the middle of the connection (OTM). All three patterns and

their respective tightening sequences appear in Figure 4.4 mentioned previously.

4.2.1.1 MIDDLE TO OUTSIDE, 12 KIP SNUG

Three tests followed the middle to the outside tightening pattern, using 3mm
deformed plates applying a 12 kip snug before the turn of the nut tightening method.
CD3TN12_.MTO identifies this series of tests. The middle to outside tightening sequence is
intended to follow the requirement of progressing from the most rigid part of the connection
to the outside edges. Following the specified sequence, all twelve bolts received a 12 kip
snug with a calibrated torque wrench. The appropriate 1/3 or 1/2 turn-of-nut concluded the

tightening pass.

42.1.1.1 TEST RESULTS

Tables 4.1 and 4.2 and Figures B.1 through B.15 summarize the results of the
CD3TN12_.MTO series of tests. Table 4.1 demonstrates an apparent decrease in final snug
fastener tension as the grip length increased. This occurred even though the average initial
snug tension was greater as the grip length increased. The average tension lost in both the
first two rows snugged and the last two rows snugged increased with greater grip thickness.
The first two rows tightened lost more tension than the last two rows tightened. This seems
to indicate that thickness of grip affects the ability of fasteners to maintain an initial snug of
12 kips.

Table 4.2 indicates similar results for the tightening pass. However, there is an
apparent discontinuity between the 2” grip and the 3” grip. This may be related to the jump
from 1/3 of a turn rotation to 1/2 of a turn rotation. The parameters for a 1/3 turn rotation
are for lengths less than or equal to four diameters, or 3.5 for 7/8” bolts. The 2” grip uses

3-1/4” bolts, very near the limit of the maximum length for 1/3 of a turn rotation. This
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Averaae Averaoe Averaoe Averaae
Test #
Final Initial Tension Tension
For Standard Standard .| Standard .| Standard
Snua Snua Loss in Loss in
Middle Deviation Deviation Deviation Deviation
to Fastener Fastener 1st Two Last Two
Outside Rows Rows
Pattern || Tension Tension Snuaaed Snuaaed
CD3TN122 7.1 2.9 9.6 11 45 1.8 0.6 0.2
CD3TN123 5.7 5.0 12.8 0.8 10.2 2.6 4.8 3.3
CD3TN124 5.1 5.3 135 0.6 11.9 14 5.9 4.4
Note: All values in Kips

Table 4.1: Summary of fastener load results for CD3TN12_.MTO series tests - snugging pass

Averaae Averaoe Averaoe Averaae
Test #
Final Initial Tension Tension
For ) Standard ] Standard _ | Standard | Standard
Tiaht Tiaht Loss in Loss in
Middle Deviation Deviation Deviation Deviation
to Fastener Fastener 1st Two Last Two
Outside . . _Rows _Rows
Pattern || Tension Tension Tiahtened Tiahtened
CD3TN122 51.9 2.9 52.8 2.6 11 0.4 0.7 0.3
CD3TN123 54.2 5.5 55.8 4.5 2.4 12 0.9 0.3
CD3TN124 50.0 11.0 53.1 7.3 5.7 4.2 0.7 0.5
Note: All values in Kips

Table 4.2: Summary of fastener load results for CD3TN12_.MTO series tests - tightening pass
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observation may explain the jump in average final tight fastener tension and the average
initial tight fastener tension when comparing the 2” grip and 3” grip. The average tension
loss in the 1st two rows tightened increased with grip thickness. The last two rows
experienced average losses in tension of less than 1 kip. The standard deviation for the 3”
and 4” grips indicates a large scatter in the tension values. There is an apparent increase in
this scatter with an increase in grip thickness.

Figure B.11 of test CD3TN124.MTO indicates a significant drop in the tension of
fastener #4 and fastener #6 after the completion of the tightening pass. With a snug tension
of 12 kips the thicker grip may allow a larger gap to exist between plates as compared to
thinner grips. This may be an indication of the limit of the turn-of-nut method following a
single 12 Kip snugging pass. According to the Bolt Specification, the intent to the turn-of-
nut method is for a direct loading of the fastener, not the closing of a gap. Only the 4” grip
resulted in any fastener final tensions below 39 kips. Fasteners #4 and #6 were both below
39 kips at the completion of this test. The average final fastener tension, however, was well

above 39 kips.

4212 LEFT TO RIGHT, 12 KIP SNUG

Three tests followed the left to right tightening pattern, using 3mm deformed plates
applying a 12 kip snug before the turn-of-nut tightening method. CD3TN12_.LTR identifies
this series of tests. The left to right tightening sequence is in variance with the Bolt
Specification requirement of tightening from the most rigid portion of the connection to the
free edges. A calibrated torque wrench applied the 12 kip snug to all twelve bolts, followed
by the appropriate 1/3 or 1/2 turn-of-nut.

4.2.1.2.1 TEST RESULTS

Tables 4.3 and 4.4 and Figures B.16 through B.30 summarize the results of the
CD3TN12_.LTR series of tests.  Table 4.3 shows a decrease in Average Final Snug
Fastener Tension with an increase in grip thickness. This is more apparent between the 2”

grip and the 3” grip. The 3” and 4” grips have very similar values for final snug tensions
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Averaae Averaoe Averaoe Averaae
Test #
Final Initial Tension Tension
For Standard Standard .| Standard .| Standard
Snua Snua Loss in Loss in
Left Deviation Deviation Deviation Deviation
to Fastener Fastener 1st Two Last Two
Riaht Rows Rows
Pattern || Tension Tension Snuaaed Snuaaed
CD3TN122 8.7 2.6 11.9 0.9 4.1 1.8 2.8 2.9
CD3TN123 4.1 4.2 11.7 0.8 7.2 3.2 9.7 2.4
CD3TN124 4.0 3.9 11.6 1.2 7.2 4.1 9.7 1.7
Note: All values in Kips

Table 4.3: Summary of fastener load results for CD3TN12_.LTR series tests - snugging pass

Averaae Averaoe Averaoe Averaae
Test #
Final Initial Tension Tension
For ) Standard ] Standard _ | Standard | Standard
Tiaht Tiaht Loss in Loss in
Left Deviation Deviation Deviation Deviation
to Fastener Fastener 1st Two Last Two
Riaht . . _Rows _Rows
Pattern || Tension Tension Tiahtened Tiahtened
CD3TN122 52.1 1.9 53.2 1.7 1.2 0.1 12 0.4
CD3TN123 55.0 2.2 56.6 17 2.5 1.7 1.1 0.5
CD3TN124 42.1 11.0 48.9 9.7 7.6 2.4 7.1 6.5
Note: All values in Kips

Table 4.4: Summary of fastener load results for CD3TN12_.LTR series tests - tightening pass
and average tension losses. The last rows snugged lost slightly more tension than the first

rows snugged for both the 3” and 4” grips.
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Table 4.4 shows a consistent increase in average tension loss with an increase in
grip thickness. There is a jump in the Average Final Tight Fastener Tension of the 3” grip
when compared to the 2” grip. The average tension loss of rows tightened is very low,(1-3
kips) for both the 2” and 3” grips. The 4” grip has an average tension loss of over 7 kips for
both rows.

Figure B.27 for test CD3TN124.LTR shows an interesting limit regarding the left to
right tightening pattern. Fasteners #4, #7, and #10 all fell well below the minimum final

tension of 39 kips. These fasteners were the first of their respective rows to be tightened.

4.2.1.3 OUTSIDE TO MIDDLE, 12 KIP SNUG

Three tests followed the outside to middle tightening pattern, using 3mm deformed
plates applying a 12 kip snug before the turn-of-nut tightening method. CD3TN12_.0OTM
identifies this series of tests. The outside to middle tightening sequence is also at variance
with the Bolt Specification requirement of tightening from the most rigid portion of the
connection to the free edges. Each test received a snugging pass of 12 kips and a tightening

pass of the appropriate 1/3 or 1/2 turn-of-nut.

4.2.1.3.1 TEST RESULTS

Tables 4.5 and 4.6 and Figures B.31 through B.45 summarize the results of the
CD3TN12_.OTM series of tests. Table 4.5 shows a similar trend of decreasing average final
snug fastener tensions with an increase in grip thickness. Also, average tension loss of
snugged fasteners increased with grip thickness. While the 2” grip test had similar tension
losses for both the first two and last two rows tightened, the 3” and 4” grips had greater
losses in the first two rows tightened.

Table 4.6 reiterates the trend of increasing tension loss with increasing grip

thickness. It may be possible to think of the outside to middle tightening pattern as
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Averaae Averaoe Averaoe Averaae
Test #
Final Initial Tension Tension
For Standard Standard .| Standard .| Standard
Snua Snua Loss in Loss in
Outside Deviation Deviation Deviation Deviation
to Fastener Fastener 1st Two Last Two
Middle Rows Rows
Pattern || Tension Tension Snuaaed Snuaaed
CD3TN122 7.7 2.9 11.1 15 3.7 1.9 3.9 19
CD3TN123 4.7 3.6 11.6 1.2 8.3 2.8 6.5 3.4
CD3TN124 4.4 3.8 11.7 0.9 8.4 3.0 7.5 3.0
Note: All values in Kips

Table 4.5: Summary of fastener load results for CD3TN12_.OTM series tests - snugging pass

Averaae Averaoe Averaoe Averaae
Test #
Final Initial Tension Tension
For ) Standard ] Standard _ | Standard | Standard
Tiaht Tiaht Loss in Loss in
Outside Deviation Deviation Deviation Deviation
to Fastener Fastener 1st Two Last Two
Middle . . _Rows _Rows
Pattern || Tension Tension Tiahtened Tiahtened
CD3TN122 51.8 3.3 52.6 3.6 1.0 0.5 0.9 0.2
CD3TN123 53.2 9.1 54.4 9.3 0.7 0.4 2.0 1.3
CD3TN124 39.5 20.3 46.2 14.6 8.9 8.8 5.3 35
Note: All values in Kips

Table 4.6: Summary of fastener load results for CD3TN12_.OTM series tests - tightening pass
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“trapping” a gap between tightened rows. Average tension losses in the first row are more
than losses for the last row of fasteners tightened.

Figure B.42 of test CD3TN124 .OTM indicates a significant tension loss in
fasteners #10, #11, and #12. This resulted in all three being below 39 kips after the test was
completed. This outside edge of fasteners indicates that the “trapped” gap may have shifted

to the outside edge of the connection as the last two middle rows of fasteners are tightened.

4.2.1.4 TIGHTENING PATTERN COMPARISION

The first nine tests of the turn-of-nut method provide comparisons between the
three tightening patterns for all three grip lengths. For the 2” grip, the difference between
the Average Initial Snug Fastener Tension and the Average Final Snug Fastener Tension
increases in the order of middle to outside (MTO), left to right (LTR) and outside to middle
(OTM). The differences are 2.5 kips, 3.2 kips, and 3.5 kips. In other words the loss of
fastener tension seems to be the greatest for the OTM pattern of tightening. The results for
the 3” grip are not in the same sequence. The OTM pattern had the least difference between
the Average Initial Snug Fastener Tension and the Average Final Snug Fastener Tension.
For the MTO, LTR, and OTM the differences are 7.1 Kips, 7.7 Kkips, 6.9 kips respectively.
Finally, the 4” grip had the opposite trend of the 2” grip. The MTO, LTR, OTM differences
are 8.4 kips, 7.6 Kips, and 7.3 kips respectively. Therefore, the results do not seem to
appreciatively favor any pattern of tightening for the snugging pass.

For the tightening pass, the 2” and 3” grips do not offer any differences greater than
1 kip between the tightening patterns. However, the 4” grip shows more than double the
tension loss for the LTR and OTM patterns when compared to the MTO pattern. The
differences between the Average Initial Tight Fastener Tensions and the Average Final Tight
Fastener Tensions are 3.1 kips, 6.8 kips, and 6.7 kips for the MTO, LTR, OTM patterns
respectively. This could be evidence in support of the Middle to Outside tightening pattern,
at least for thicker connections.

All fasteners in the 2” grip for each of the three patterns met the required 39 Kip
minimum after the tightening pass. The 3” grip had only one fastener fall below the 39 kip

minimum as noted in Figure B.37 for the OTM test series. The 4” grip saw 3 fastener
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tensions fall below the 39 kip minimum for both the LTR and OTM tests. The average final

fastener tension was above 39 kips for all tests.

4.2.2 CALIBRATED WRENCH INSTALLATION METHOD

The Bolt Specification requires that essentially the same four critical conditions be
met as for the turn-of-nut installation method. The difference is that it permits subsequent
tightening passes. Snug tight fasteners must bring plates into firm contact with each other.
After this initial snug, the calibrated wrench tightening method can begin. The snugging and
tightening pattern must progress from the most rigid part of the joint to the free edges. The
calibrated wrench must achieve a minimum initial tension of 41 Kips in each bolt for the 7/8”
diameter bolts.

The following nine tests evaluated the effect of using a 25 kip and 12 kip tension
snug pass followed by a 41 Kip tightening pass. Six of the nine tests included a 41 kip
touch-up pass. The torque wrench was calibrated as specified in the Bolt Specification.
Before each test, a Skidmore-Wilhelm bolt tension indicator verified the ability of the torque
wrench to deliver the specified 12 kip or 25 kip snug and 41 kip tightening. The nine tests

used the same three tightening patterns as in the previous turn-of-nut tests.

4.2.2.1 MIDDLE TO OUTSIDE, 25 KIP SNUG

Three tests followed the middle to the outside tightening pattern, using 3mm
deformed plates, applying a 25 kip snug before the 41 Kkip tightening pass.
CD3CW25_.MTO identifies this series of tests. Riggleman performed previous calibrated
wrench tests but with a 12 Kip snug, therefore the following three tests used 25 kip snugging.
Following the specified sequence for the middle to outside tightening pattern, all twelve
bolts received a 25 kip snug with a calibrated torque wrench. A 41 kip tightening and touch-

up pass completed the tests, as seen in Figure 4.7.

4.2.2.1.1 TEST RESULTS
Tables 4.7 through Table 4.9 and Figures B.46 through B.60 summarize the results
of the CD3CW25 .MTO series of tests. Table 4.7 shows consistent decrease in Average
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Averaae Averaoe Averaoe Averaae
Test #
Final Initial Tension Tension
For Standard Standard .| Standard .| Standard
Snua Snua Loss in Loss in
Middle Deviation Deviation Deviation Deviation
to Fastener Fastener 1st Two Last Two
Outside Rows Rows
Pattern || Tension Tension Snuaaed Snuaaed
CD3CW?252 22.6 3.0 24.3 1.9 3.2 2.4 0.2 0.2
CD3CW253 18.9 8.4 26.2 2.3 135 3.6 1.3 1.0
CD3CW254 11.0 8.9 25.0 15 20.6 5.0 9.1 5.9
Note: All values in Kips

Table 4.7: Summary of fastener load results for CD3CW25_.MTO series tests - snugging pass

Averaae Averaoe Averaoe Averaae
Test #
Final Initial Tension Tension
For Standard Standard Standard Standard
Tiaht Tiaht Loss in Loss in
Middle Deviation Deviation Deviation Deviation
to Fastener Fastener 1st Two Last Two
Outside Rows Rows
Pattern || Tension Tension Tiahtened Tiahtened
cb3cw2s2||  40.9 2.0 41.4 2.1 0.7 0.1 0.5 0.1
cb3cw2s3||  41.0 3.7 41.5 2.9 0.8 15 0.5 0.2
CcD3Cw254||  40.8 3.9 42.7 3.1 3.4 2.4 0.4 0.2
Note: All values in Kips

Table 4.8: Summary of fastener load results for CD3CW25_.MTO series tests - tightening pass

Averaae Averaae Averaae Averaae
Test #
Final Initial Tension Tension
For Standard Standard _ | Standard .| Standard
. Touch-up .. |Touch-un o Loss in o Loss in L
Middle Deviation Deviation|| 1st Two | Deviation||Last Two|Deviation
to. Fastener Fastener Rows Rows
Outside ] ] Touched- Touched-
Pattern || Tension Tension uo un
cb3cw2s2f|  42.3 14 42.6 1.3 0.2 0.1 0.2 0.1
CcD3Ccw2s3||  40.2 2.4 40.2 2.4 0.0 0.2 0.1 0.1
CcD3cw2s4||  41.3 3.3 41.5 3.5 0.4 0.0 0.2 0.1

Note: All values in Kips
Table 4.9: Summary of fastener load results for CD3CW25_.MTO series tests - touch-up pass
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Final Snug Fastener tensions as the grip thickness increased, even with a fairly consistent
Average Initial Snug Fastener Tensions. The average tension loss is dramatic in the first two
rows snugged.

Table 4.8 indicates the Average Final Tight Fastener Tensions slightly exceeded the
required 39 kips for all grips. The touch-up pass was not really necessary. The minimum 39
Kip tension was developed in at least 32 of the 36 bolts tested in the three tests. The average
tension loss in the first two rows tightened is minor for all three tests. Table 4.9 shows
slight changes in the Average Final Touch-up Fastener Tensions. The 2” and 4” grips have
an increase of Average Final Touch-up Fastener Tensions while the 3” grip shows a
decrease. All changes are barely more than one kip in magnitude. There is less average
tension loss in the rows during the touch-up pass. This is expected with plates in firm
contact.

Figures B.46 through B.60 demonstrate a consistent maintenance of tension load
after the tightening pass. Of the nine Tensile Load Histories plotted for the
CD3CW25.MTO series of tests, not one shows a drop in tension below 39 kips upon

completion of the tightening pass.

4222 LEFT TORIGHT, 12 KIP SNUG

Three tests followed the left to right tightening pattern, using 3mm deformed plates
applying a 12 kip snug before the 41 kip calibrated wrench tightening method.
CD3CW12_.LTR identifies this series of tests. These tests offer a comparison to the results
of the CD3TN12_.LTR tests. The differences are the tightening method and the fact that
the CD3TN12_.LTR tests did not have a touch-up pass. Following the specified sequence
for the left to right tightening pattern, all twelve bolts received a 12 kip snug with a

calibrated torque wrench. A 41 kip tightening and touch-up pass completed the test.

42221 TEST RESULTS
Table 4.10 through 4.12 and Figures B.61 through B.75 show the results of the
CD3CW12_.LTR series of tests. The snug statistics of Table 4.10 are almost the same as

those of Table 4.3. This is noted as a verification of consistency in the 12 kip shugging
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Averaae Averaoe Averaoe Averaae
Test #
Final Initial Tension Tension
For Standard Standard .| Standard .| Standard
Snua Snua Loss in Loss in
Left Deviation Deviation Deviation Deviation
to Fastener Fastener 1st Two Last Two
Riaht . . Rows Rows
Pattern || Tension Tension Snuaaed Snuaaed
CD3CW122 8.9 3.3 12.5 1.6 5.1 1.8 2.5 2.6
CD3CW123 4.1 4.2 11.3 1.3 6.1 3.8 9.8 2.3
CD3CW124 45 34 11.8 0.6 6.5 2.9 9.9 1.6

Note: All values in Kips
Table 4.10: Summary of fastener load results for CD3CW12_.LTR series tests - snugging pass

Averaae Averaoe Averaoe Averaae
Test #
Final Initial Tension Tension
For ) Standard ] Standard | Standard _ | Standard
Tiaht Tiaht Loss in Loss in
Left Deviation Deviation Deviation Deviation
to Fastener Fastener 1st Two Last Two
Riaht . . _Rows _Rows
Pattern || Tension Tension Tiahtened Tiahtened
CD3CW122 39.9 2.5 40.6 2.4 0.8 0.1 0.7 0.2
cb3cwiz3||  41.7 3.7 43.7 2.2 2.9 2.6 1.3 0.8
CD3CW124 314 7.2 41.6 2.0 11.4 15 10.7 7.9

Note: All values in Kips
Table 4.11: Summary of fastener load results for CD3CW12_.LTR series tests - tightening pass

Averaae Averaae Averaae Averaae
Test #
Final Initial Tension Tension
For Standard Standard _ | Standard .| Standard
Touch-up .. |Touch-un o Loss in o Loss in o
Left Deviation Deviation|[ 1st Two | Deviation||Last Two| Deviation
to Fastener Fastener Rows Rows
Riaht ] ] Touched- Touched-
Pattern || Tension Tension uo un
cb3cwizz2ff  41.6 2.7 41.7 2.7 0.2 0.0 0.1 0.0
CcD3cwi123|| 43.2 3.3 43.2 3.3 0.0 0.1 0.0 0.1
cD3cwi124|| 40.1 2.8 40.4 2.6 0.5 0.4 0.2 0.2

Note: All values in Kips
Table 4.12: Summary of fastener load results for CD3CW12_.LTR series tests - touch-up pass
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pass. For the first tightening pass of the 4” grip, Table 4.11 indicates an Average Final
Tight Fastener Tension 7.6 kips below the minimum of 39 kips. Only the last three fasteners
of the tightening pass held a tension above 39 kips for the 4” grip. The calibrated wrench
method does not supply much tension beyond it’s intended 41 kip load. Riggleman had
similar results for the first tightening pass of his 12 kip snug, calibrated wrench test. As
expected for the 4” grip, the average tension loss in the first and second rows tightened is
greater than that of the 2” and 3” grips.

As recommended by the Bolt Specification, Table 4.12 indicates that the Average
Final Touch-up Fastener Tension meets the 39 kip requirement for all grips. However, even
after this touch-up pass, there was one bolt below the 39 kip minimum for the 2” and 3”

grips. There were four bolts that were just below the 39 kip tension for the 4” grip.

4.2.2.3 OUTSIDE TO MIDDLE, 12 KIP SNUG

Three tests followed the outside to middle tightening pattern, using 3mm deformed
plates applying a 12 kip snug before the 41 Kkip calibrated wrench tightening method.
CD3CW12_.0OTM identifies this series of tests. Following the sequence for the outside to
middle tightening pattern, all twelve bolts received a 12 kip snug with a calibrated torque

wrench. A 41 Kip tightening pass completed the test. A touch-up pass was not conducted.

4.2.2.3.1 TEST RESULTS

Tables 4.13 through 4.14 and Figures B.76 through B.90 show the results of the
CD3CW12_.0OTM series of tests. An increase in grip thickness caused increased tension
loss after the snugging pass. Most tension loss was in the first two rows tightened (on the
outside). The tightening pass reflects the same trend as the snugging pass. The Average
Final Tight Fastener Tensions for the 2” and 3” grips are above 39 kips. After the tightening
pass the 2" grip had one fastener that did not maintain the 39 kip minimum. The 3" and 4"
grips had 4 and 8 fasteners, respectively, that did not maintain the 39 kip minimum. The
Average Final Tight Fastener Tension for the 4” grip is 37 kips. The 4” grip clearly needed

a touch-up pass, however this was not conducted.
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Averaae Averaoe Averaoe Averaae
Test #
Final Initial Tension Tension
For Standard Standard .| Standard .| Standard
Snua Snua Loss in Loss in
Outside Deviation Deviation Deviation Deviation
to Fastener Fastener 1st Two Last Two
Middle Rows Rows
Pattern || Tension Tension Snuaaed Snuaaed
CD3CW122 8.6 2.3 11.6 1.2 2.8 1.6 3.7 2.0
CD3CW123 5.4 3.9 11.8 1.0 7.8 2.2 6.0 3.0
CD3CW124 4.4 4.2 12.4 0.9 8.9 2.3 8.5 3.3

Note: All values in K

ps

Table 4.13: Summary of fastener load results for CD3CW12_.OTM series tests - snugging pass

Averaoae Averaoe Averaoe Averaae
Test #
Final Initial Tension Tension
For Standard Standard Standard Standard
Tiaht Tiaht Loss in Loss in
Outside Deviation Deviation Deviation Deviation
to Fastener Fastener 1st Two Last Two
Middle . . _Rows _Rows
Pattern || Tension Tension Tiahtened Tiahtened
cb3cwiz2||  40.9 25 41.4 25 0.8 0.1 0.4 0.1
cb3cwiz3ff  39.9 3.9 40.9 3.1 0.3 0.2 2.2 1.8
CD3CW124 37.0 4.2 42.6 2.3 6.4 2.6 5.8 3.3

Note: All values in K

ps

Table 4.14: Summary of fastener load results for CD3CW12_.OTM series tests - tightening pass
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4224 TIGHTENING PATTERN COMPARISION

The first nine tests of the calibrated wrench method provide comparisons between
the three tightening patterns for all three grip lengths. Because the middle to outside (MTO)
tests (CD3CW25_.MTO) used a 25 kip snug, Riggleman’s CDCW series tests (12 kip snug)
will be used for the MTO comparison to the LTR and OTM tightening patterns.  The
CD3CW25_.MTO series of tests permit evaluation of the difference between the 12 and 25
kips snugging for the MTO pattern. This will be discussed at the end of this section.

For the 2” and 3” grips, the difference between the Average Initial Snug Fastener
Tension and the Average Final Snug Fastener Tension does not vary more than 1.5 Kips
between the MTO, LTR and OTM patterns. However, both the 2” and 3" grip indicate the
most tension loss for the LTR pattern. The 4” grip tests show that the LTR and OTM
patterns lost more tension than the MTO pattern of tightening. The differences between the
Average Initial Snug Fastener Tensions and the Average Final Snug Fastener Tensions are
6.4 Kips, 7.4 kips, and 8.0 kips for MTO, LTR, and OTM respectively. The results do not
seem to appreciatively favor any pattern of tightening for the snugging pass. With a
comparison to the snugging pass of the turn-of-nut method, there does not seem to be any
trend for which pattern sustains the most tension after the 12 kip snug pass.

For the tightening pass, the 2” and 3” grips do not offer any differences between the
tightening patterns that exceed 1 kip. However, the 4” grip shows nearly double the tension
loss for the MTO and LTR patterns when compared to the OTM pattern. The differences
between the Average Initial Tight Fastener Tensions and the Average Final Tight Fastener
Tensions are 10.1 kips, 10.2 kips, and 5.6 kips for the MTO, LTR, OTM patterns
respectively. This could be evidence in support of the Outside to Middle tightening pattern,
at least for thicker connections. This is contrary to the findings of the turn-of-nut series of
tests.

For Riggleman’s MTO pattern of tests, the 2” grip had four fasteners under the
required 39 kip minimum after the tightening pass. The 3” and 4” grip MTO tests had 10
and 8 fasteners, respectively, below the 39 kip minimum. The 2”7, 3” and 4” grips for the
LTR pattern of tightening had 2, 2, and 9 fasteners fall below the 39 kip minimum,
respectively. The OTM pattern of tightening faired slightly better with the 2” , 3” and 4”

grips having 1, 4, and 8 fasteners, respectively, below the 39 kip minimum. This is another
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way to look at the results supporting the OTM pattern for the calibrated wrench tightening
method.

When comparing the 12 kip and 25 kip snug for the MTO tightening pattern, there
are clear indications of which provides a higher final fastener tension . The 2” and 3” grips
show similar tension losses to within 1-2 kips for both the snugging and tightening passes.
The Average Final Tight Fastener Tensions are higher for the 25 kip snug pass. The 27, 3”
and 4” grip Average Final Fastener Tensions are 39.5, 35.4, and 30.4 for the 12 kip snug as
compared to 40.9, 41.0, and 40.8 for the 25 kip snug.

4.2.3 TIGHENING METHOD COMPARISION

All the average final snug fastener tensions are fairly similar between the two
tightening methods. This is expected since the snugging pass is independent of the
subsequent  tightening pattern. The Average Final Tight Fastener Tensions were
consistently higher for the turn-of-nut method. The turn-of-nut method averaged between
2.6 and 13.3 kips higher Average Final Tight Fastener Tensions for the 18 tests conducted.
All turn-of-nut methods produced Average Final Tight Fastener Tensions above 39 Kips.
The calibrated wrench method resulted in 2 tests averaging below 39 kips. Both were with

the 4” grip.

4.3 6MM DEFORMED PLATES

Seven tests involved the use of 6mm deformed plates. Prior to fastener tightening,

the 6mm gap existed between the bent interior plate and the flat exterior plate on top. Two
methods of fastener tightening joined the plates within the connection. Three tests
evaluated the turn-of-nut tightening method using 2”, 3”, and 4” grips. Four tests evaluated

the calibrated wrench tightening method using only the 3” and 4” grips.

4.3.1 TURN-OF-NUT INSTALLATION METHOD

The three tests with the 6mm gap used the same turn-of-nut method described in
section 4.2.1. However, the “snug tight” intent of the Bolt Specification became very
apparent. Two tests (the 2” and 3" grips) used a single snug pass of 12 kips. The 3” grip

produced an average final tight fastener tension well below the minimum tension of 39 Kips.
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The 4” grip test followed the Bolt Specification more closely by snugging the fasteners to
where the plates appeared to be in firm contact. The fasteners received a total of 3 snugging
passes. The first snugging pass was with a calibrated wrench set at 25 kips. The second and
third passes consisted of a 1/6 rotation of the nut for each pass. The intent was to bring the
plates into visible contact.

Before each test, a Skidmore-Wilhelm bolt tension indicator verified the ability of
the torque wrench to deliver the specified 12 kip or 25 kip snug. By installing a minimum of
3 fastener assemblies in the tension indicator, the torque wrench was calibrated. A spud
wrench with a 4 foot pipe extension rotated the subsequent 1/3 or 1/2 turn-of -nut required.
The 2” grip required a 1/3 turn of the nut rotation after the snugging pass. The 3” and 4”
grips required a 1/2 turn of the nut rotation. The tests with the 6mm gap plates used only the

middle to outside tightening pattern.

43.1.1 MIDDLE TO OUTSIDE, 12 KIP SNUG

Two tests followed the middle to the outside tightening pattern, using 6mm
deformed plates applying a 12 kip snug before the turn-of-nut tightening method.
CD6TN12_.MTO identifies this series of tests. The middle to outside tightening sequence is
intended to follow the requirement of progressing from the most rigid part of the connection
to the outside edges. Following the specified sequence, all twelve bolts received a 12 Kip
snug with a calibrated torque wrench. The appropriate 1/3 or 1/2 turn-of-nut concluded the

tightening pass for the 2” and 3” grip tests, respectively.

43.1.1.1 TEST RESULTS

Tables 4.15 through 4.17 and Figures B.91 through B.100 summarize the results of
the CD6TN12_.MTO series of tests. Table 4.15 indicates that the thicker the grip the lower
the Average Final Snug Fastener Tension. Most of the tension was lost in the first two rows
tightened.

Table 4.16 demonstrates similar results for the tightening pass. However, the
tension lost in the 3” grip was very substantial, resulting in an Average Final Tight Fastener
Tension of only 4.9 kips. The 12 kip snug did little to bring the plates into a “snug-tight”

condition. Even another 1/2 turn-of-nut produced a low 23.3 kip Average Final Touch-up
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Fastener Tension as indicated in Table 4.17. Both the 1st tightening pass and 2d tightening
had Average Initial Fastener Tensions below the 41 kip requirement. Apparently, the 1/2
turn-of-nut was simply continuing to close the gap instead of applying sustainable tensions
to the fasteners.

This is a clear indication of the importance of more than one snugging pass to bring
the plates into firm contact before attempting the turn-of-nut tightening method. The next

test with the 4” grip explores the multiple snugging pass procedure.

4.3.1.2 MIDDLE TO OUTSIDE, “CODE” SNUG

CD6TN254.MTO identifies this test. This test attempted to follow the Bolt
Specification’s criteria of having a “snug tight” condition before beginning the turn-of-nut
method. The middle to the outside tightening pattern was used. The middle plate had a
6mm gap in singular curvature. Initially, a 25 Kip snug was applied to the fasteners.
Following this, two incremental 1/6 turn-of-nut snugging passes brought the plates into
visual contact. The result of the two 1/6 turns is called the visual snug pass. The code
specifies that the plates should be in firm contact. A discussion of the test results will
indicate that plates in visual contact may not be in firm contact. One tightening pass of 1/2
turn-of-nut rotation followed the apparent visual “snug-tight” condition. It should be noted
that all information on this test is presented in the form of three passes: the 25 kip shug pass,

the visual snug pass, and the tightening pass.

43.1.2.1 TEST RESULTS
Tables 4.18 through Table 4.20 and Figures B.101 through B.105 summarize the
results of the CD6TN254.MTO test. The first snugging pass resulted in an average final

snug fastener tension of 7.5 kips. However, the first two rows tightened lost practically all
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Averaae Averaoe Averaoe Averaae
Test #
Final Initial Tension Tension
For Standard Standard .| Standard .| Standard
Snua Snua Loss in Loss in
Middle Deviation Deviation Deviation Deviation
to Fastener Fastener 1st Two Last Two
Outside Rows Rows
Pattern || Tension Tension Snuaaed Snuaaed
CD6TN122 5.9 4.2 11.5 2.0 8.5 2.4 3.2 2.2
CD6TN123 3.8 4.4 11.1 1.2 10.7 14 4.6 47
Note: All values in Kips

Table 4.15: Summary of fastener load results for CD6TN12_.MTO series tests - snugging pass

Averaoe Averaae Averaae Averaae
Test #
Final Initial Tension Tension
For . Standard ) Standard _ | Standard .| Standard
. Tiaht L Tiaht o Loss in o Loss in o
Middle Deviation Deviation Deviation Deviation
to Fastener Fastener 1st Two Last Two
Outside ] ] _Rows _Rows
Pattern || Tension Tension Tiahtened Tiahtened
CD6TN122 40.2 17.5 42.0 16.2 2.9 2.1 0.9 0.2
CD6TN123 49 5.0 14.6 4.8 14.2 4.0 6.1 4.8
Note: All values in Kips

Table 4.16: Summary of fastener load results for CD6TN12_.MTO series tests - 1st tightening pass

Averaae Averaae Averaae Averaae
Test #
Final Initial Tension Tension
For Standard Standard | Standard _ | Standard
] Touch-up ~_ |[Touch-un o Loss in o Loss in o
Middle Deviation Deviation|[ 1st Two | Deviation]|Last Two| Deviation
to, Fastener Fastener Rows Rows
Outside . . Touched- Touched-
Pattern || Tension Tension uo uo
CcDeTN122ff  N/A N/A N/A N/A N/A N/A N/A N/A
CD6TN123f[ 23.3 17.4 31.6 16.0 14.4 2.2 2.6 35
Note: All values in Kips

Table 4.17: Summary of fastener load results for CD6TN12_.MTO series tests - 2d tightening pass
of the initial 25 Kip snug tension applied. The second shugging pass showed improvements

in the ability to sustain a snug load. However, Table 4.20 indicates that even though an
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average initial tight fastener tension was 44.1 Kips, there was enough tension loss to result in
an average final tight fastener tension of only 35.4 kips. Six of the 12 fasteners were well

below the 39 kip minimum tension. This is shown in Figure B.102.

4.3.2 CALIBRATED WRENCH INSTALLATION METHOD

Essentially, the same application of the calibrated wrench method of tightening as
described in section 4.2.2 was applied for 4 more tests. The 6mm gap was the main
difference from the previous tests. In an attempt to handle this increased gap, a 25 kip
snugging pass was used for two of the four tests. The snugging and tightening pattern
progressed from the most rigid part of the joint to the free edges (MTQO). The calibrated
wrench method attempted to achieve a minimum tightening pass tension of 41 kips in each
bolt.

The following four tests evaluated the effect of using the set 12 kip and 25 kip
tension snug pass followed by a 41 kip tightening pass. All tests included a 41 kip touch-up
pass. The torque wrench was calibrated as specified in the Bolt Specification. Before each
test, a Skidmore-Wilhelm bolt tension indicator verified the ability of the torque wrench to
deliver the specified 12 kip or 25 kip snug and 41 kip tightening. The four tests used the

same tightening pattern of middle to outside.

4.3.2.1 MIDDLE TO OUTSIDE, 12 KIP SNUG

Two tests followed the middle to the outside tightening pattern, using 6mm
deformed plates, applying a 12 kip snug before the 41 Kkip tightening pass.
CD6CW12_.MTO identifies this series of tests. A 41 kip touch-up pass completed each test.
The tests used only the 3” and 4” grips.
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Averaae Averaoe Averaoe Averaae
Test # . . . .
Final Initial Tension Tension
For Standard Standard .| Standard .| Standard
] Snua o Snua o Loss in o Lossin o
Middle Deviation Deviation Deviation Deviation
to, Fastener Fastener 1st Two Last Two
Outside ) . Rows Rows
Pattern || Tension Tension Snuaaed Snuaaed
CD6TN254 7.5 104 25.6 3.6 25.0 4.4 13.4 9.4

Note: All values in Kips

Table 4.18: Summary of fastener load results for CD6TN254.MTO test - 25k snug pass

Averaae Averaoe Averaoe Averaae
Test # . . . .
Final Initial Tension Tension
For Standard Standard _ | Standard _ | Standard
] Re-Snua o Re-Snua o Loss in o Lossin o
Middle Deviation Deviation Deviation Deviation
to, Fastener Fastener 1st Two Last Two
Outside ] ] Rows Rows
Pattern || Tension Tension Re- Re-
Snuaaed Snuaaed
CD6TN254 13.0 15.2 17.5 13.2 6.4 1.9 3.0 3.2

Note: All values in Kips

Table 4.19: Summary of fastener load results for CD6TN254.MTO series tests - visual snug pass

Average Averacge Averace Average
Test # . o . .
Final Initial Tension Tension
For . Standard ) Standard _ | Standard .| Standard
. Tiaht L Tiaht o Loss in o Loss in o
Middle Deviation Deviation|[ 1st Two | Deviation]|Last Two| Deviation
to. Fastener Fastener _Rows _Rows
Outside ] ] Tiahtened Tiahtened
Pattern || Tension Tension
CD6TN254(f  35.4 18.1 44.1 13.4 13.6 4.8 4.5 6.2
Note: All values in Kips

Table 4.20: Summary of fastener load results for CD6TN254.MTO series tests - tightening pass
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43.2.1.1 TEST RESULTS

Table 4.21 through 4.23 and Figures B.106 through B.115 show the results of the
CD6CW12_.MTO series of tests. For the snugging pass the Average Final Snug Fastener
Tensions reflect the Average Initial Snug Fastener Tension. The 4” grip has an Average
Final Snug Fastener Tension of about 1 kip more than the 3” grip. The Average Initial Snug
Fastener Tension is also 1 kip greater for the 4” grip compared to the 3” grip. Tensions lost
were essentially the same between the two grips. Most tension loss occurred in the first two
rows tightened.

Tables 4.22 and 4.23 indicate that the 4” grip had an average final tight and touch-
up fastener tensions that were 6 and 3 kips lower than the 3” grip. Most tension loss
occurred in the first two rows tightened. Figure B.112 shows that six fasteners are below the
39 kip minimum. It would seem that the Average Final Tight Fastener Tension of 23 kips,
after the tightening pass should qualify as a “snug tight” condition. However, it should be
noted that Figure B.111 of Fastener Tensions shows that four of twelve fasteners are below
15 kips.

4.3.2.2 MIDDLE TO OUTSIDE, 25 KIP SNUG

Two tests followed the middle to the outside tightening pattern, using 6mm
deformed plates, applying a 25 kip snug before the 41 Kkip tightening pass.
CD6CW25 _.MTO identifies this series of tests. A 41 kip touch-up pass completed each test.
The tests used only the 3” and 4” grips.
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Averaae Averaoe Averaoe Averaae
Test # . . . .
Final Initial Tension Tension
For Standard Standard .| Standard .| Standard
] Snua o Snua o Loss in o Lossin o
Middle Deviation Deviation Deviation Deviation
to, Fastener Fastener 1st Two Last Two
Outside ) . Rows Rows
Pattern || Tension Tension Snuaaed Snuaaed
CD6CW123 3.4 4.6 11.0 1.2 10.8 1.7 5.2 4.6
CD6CW124 45 5.2 12.1 0.9 10.8 15 5.3 5.4

Note: All values in Kips
Table 4.21: Summary of fastener load results for CD6CW12_.MTO series tests - snugging pass

Averaae Averaae Averaae Averaae
Test #
Final Initial Tension Tension
For . Standard ) Standard _ | Standard .| Standard
. Tiaht L Tiaht o Loss in o Loss in o
Middle Deviation Deviation Deviation Deviation
to. Fastener Fastener 1st Two Last Two
Outside ] ] _Rows _Rows
Pattern || Tension Tension Tiahtened Tiahtened
cbscwizsff  29.0 12.3 42.1 35 23.4 4.4 3.3 1.4
cbecwiz24||  23.0 15.2 42.4 35 30.8 6.1 9.6 6.3
Note: All values in Kips

Table 4.22: Summary of fastener load results for CD6CW12_.MTO series tests - tightening pass

Average Averacge Averace Averaoge
Test #
Final Initial Tension Tension
For Standard Standard .| Standard .| Standard
. Touch-up __ |Touch-un o Loss in o Loss in o
Middle Deviation Deviation|[ 1st Two | Deviation]|Last Two| Deviation
0. Fastener Fastener Rows Rows
Outside ] ] Touched- Touched-
Pattern || Tension Tension uo un
coscwi2sff  42.0 3.9 42.7 3.6 13 0.5 0.2 0.2
cbecwiz4f  38.9 5.2 39.9 4.6 1.6 0.9 0.2 0.1
Note: All values in Kips

Table 4.23: Summary of fastener load results for CD6CW12_.MTO series tests - touch-up pass
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43.2.2.1 TEST RESULTS

Tables 4.24 through 4.26 and Figures B.116 through B.125 summarize the results
of the CD6CW25_.MTO series of tests. Table 4.24 shows consistent decrease in Average
Final Snug Fastener Tensions as the grip thickness increased, even with the same Average
Initial Snug Fastener Tensions. The average tension loss was extensive in the first two rows
snugged.

Table 4.25 indicates up to code average final tight fastener tensions for the 3” grip
only. The 4” grip depended on the touch-up pass to go from 36.4 kips to 41.9 kips. After
the touch-up passes only one fastener in each grip was below the 39 kip minimum. There
was less average tension loss in the rows after the touch-up pass. This is expected with

plates in firm contact.

4.3.2.3 KIP & 25 KIP SNUG COMPARISON

The 25 Kkip snug produced higher average final fastener tensions for all three passes
when compared to the 12 kip snug. However, only the 3” grip met the minimum
requirement of 39 kip average after the first tightening pass using the 25 kip snug. Both the
3" and 4” grips using a 12 kip snug and the 4” grip using the 25 kip snug needed the touch-
up pass to get close to the minimum of 39 kips. The 4” grip with the 12 kip snug actually
only averaged 38.9 Kips after this touch-up pass. Tension loss primarily came from the first
two rows tightened. The 25 kip snug tests showed much lower tension loss during the first

tightening pass when compared to the 12 Kkip snug tests.

4.3.3 TIGHTENING METHOD COMPARISION
Of the seven tests conducted with 6mm gap plates, four offer a comparison of the
two tightening methods (turn-of-nut and calibrated wrench). CD6TN123.MTO and
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Averaae Averaoe Averaoe Averaae
Test # . . . .
Final Initial Tension Tension
For Standard Standard .| Standard .| Standard
] Snua o Snua o Loss in o Lossin o
Middle Deviation Deviation Deviation Deviation
to, Fastener Fastener 1st Two Last Two
Outside ) . Rows Rows
Pattern || Tension Tension Snuaaed Snuaaed
CDB6CW?253 10.0 9.9 25.2 3.9 21.3 4.1 10.8 6.3
CD6CW254 7.6 9.8 25.2 2.2 23.5 2.7 13.9 8.9

Note: All values in Kips
Table 4.24: Summary of fastener load results for CD6CW25_.MTO series tests - snugging pass

Averaoe Averaoe Averacoe Averaoe
Test #
Final Initial Tension Tension
For . Standard ) Standard _ | Standard .| Standard
. Tiaht L Tiaht o Loss in o Loss in o
Middle Deviation Deviation Deviation Deviation
to Fastener Fastener 1st Two Last Two
Outside ] ] _Rows _Rows
Pattern || Tension Tension Tiahtened Tiahtened
cDeCw2s3||  40.9 35 42.3 2.5 2.7 2.1 0.4 0.2
CD6CW254|| 36.4 5.7 42.4 2.0 10.8 4.1 2.0 1.6
Note: All values in Kips

Table 4.25: Summary of fastener load results for CD6CW25_.MTO series tests - tightening pass

Averaae Averaae Averaae Averaae
Test #
Final Initial Tension Tension
For Standard Standard .| Standard .| Standard
. Touch-up __ |Touch-un o Loss in o Loss in o
Middle Deviation Deviation|| 1st Two | Deviation||Last Two| Deviation
to. Fastener Fastener Rows Rows
Outside ] ] Touched- Touched-
Pattern || Tension Tension uo un
cD6CwW253||  43.6 2.9 43.9 2.9 0.4 0.1 0.3 0.2
CcD6CW254|| 41.9 2.4 42.2 2.3 0.6 0.2 0.1 0.0
Note: All values in Kips

Table 4.26: Summary of fastener load results for CD6CW25_.MTO series tests - touch-up pass
CD6CW123.MTO have all the same conditions except for the method of tightening. Also,
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CD6TN254.MTO and CD6CW254.MTO will be compared. All tests included touch-up
passes.

For the 3” grip with 12 Kip snug, the average shug tensions and tension losses are
the same, as expected. However, the tightening pass shows a definite difference in values.
The Average Final Tight Fastener Tension for the turn-of-nut method is well below the value
for the calibrated wrench method. The Average Initial Tight Tension of 14.6 kips is well
below the 42.1 kips of the calibrated wrench method. This indicates that the “snug
tight” condition is critical to the turn-of-nut method. This concept is reinforced in the touch-
up pass also.

The 25 kip snug tests indicate the same results. Even though 25 kips were used to
snug, the turn-of-nut method never achieves an average final touch-up fastener tension over
39 kips. This might be interpreted as a benefit in using the calibrated wrench method for the

larger deformed plates.

44 PLATE DEFORMATION COMPARISON

The 3mm gap tests seem to support the turn-of-nut method and perhaps the middle

to outside tightening pattern for at least the thicker grip of 4”. All average final tight
fastener tensions were greater for the turn-of-nut method.

The 6mm gap tests support the calibrated wrench method over the turn-of-nut
method. However, the reason is due to the ambiguity in obtaining a “snug-tight” condition.
While the calibrated wrench method guarantees average initial tight fastener tensions of
about 41 Kips, the turn-of-nut offers no such guarantee if the plates are not in firm contact.
The 6mm gap clearly exposes the need for firm plate contact. A single snug pass or even the

appearance of “snug tight” does not qualify as firm contact.
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5. CHAPTERS
CONNECTION TESTS WITH HUCK C50L FASTENERS

5.1 GENERAL

The final 4 tests consisted of Huck International C50L lock-pin and collar
fasteners. The tests evaluated the same grip lengths as the previous tests that used
conventional  fasteners. The Huck fasteners were also 7/8” in diameter
(part #C50LFR-DBR28) and of three lengths. The fasteners had grip numbers 28, 44, and 60
corresponding to the 27, 37, and 4” length grips. All lock-pins were mechanically
galvanized. Non-galvanized collars secured the lock-pins to form the connection.

Twelve fasteners connected three plates of ASTM A572 Grade 50 steel, producing
a slip-critical lap splice connection. Three connection grips were evaluated. Figure 5.1
identifies the three fastener lengths and their respective connection (grip) grips. Referring

back to Figure 4.2 reiterates the dimensions of the connection and the numbered rows of

fasteners.
Grip Number Total Grip Thickness of Thickness of
Interior Plate Exterior Plates
(inches) (inches) (inches)
28 2 1 1/2
44 3 1-1/2 3/4
60 4 2 1

Figure 5.1: Fastener Lengths and Grip Thickness

All tests involved a deformed interior plate. As described in Chapter 2, the single
curvature interior plate produced a 3mm or 6mm gap between itself and the top exterior
plate. This out-of-flatness is well within the maximum gap (9.5mm) that the ASTM A6

specification allows for milled steel plates.
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The three primary components of a test set-up were the same as for the
conventional fastener tests. C-clamps and steel blocks braced the connection against
movement during fastener installation. Only the force of the tensioned fasteners influenced
the joining of the plates. Each lock-pin in the connection had a BTM strain gauge epoxied
within the core of the unthreaded shank. Throughout the installation sequence strain
readings were constantly recorded with the data acquisition system for future computation of
fastener tensions.

The presentation of fastener tensions (test results) follows the same general format
as for the conventional fastener tests conducted. The primary difference is that only one
pass of fastener tightening was conducted. Therefore, there is only one table for each series
of tests. For the Huck fasteners, one pass means that installation did not involve any
partial swaging of the collar. However, three tests incorporated a temporary snugging of the
plates using “snug-up” conventional fasteners before lock-pin and collar fasteners were
installed. The forth test had no snugging of the plates prior to complete lock-pin and collar
installation.

For each series of tests, the one summary table indicates the same final four
statistics as calculated for the conventional fastener tests. Of the four statistics, the first
indicates the Average Final Fastener Tension. This is the average tension that existed in all
twelve fasteners upon completion of installation pass. The second statistic identifies the
average initial tension experienced by each fastener right after it was installed. The third
and forth statistics show the average loss in tension between the initial installation tension in
each fastener and the final tension upon installing all twelve fasteners. Specifically, the third
statistic is an average tension loss experienced by the first two rows installed. These first
two rows were always the two interior rows for these tests. The forth statistic is the average
tension loss experienced by the last two rows installed. The last two rows were the exterior
rows. All four statistics have their respective standard deviations indicated.

In Appendix C, five figures for each test present fastener by fastener tensions. The
first figure shows the complete history of all fastener tensions throughout the sequence of
installation. The second figure is a bar chart of final tensions for each fastener at the end of
the test. The remaining three figures graphically show all the tensions experienced by three

selected fasteners. This tensile load history of a fastener is plotted throughout the
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installation of all fasteners. The first fastener installed is always one of the three bolts
graphically represented. Fasteners #8 and #2 are the other two fasteners plotted, as per all
the other middle to outside tightening pattern tests.

Figure 5.2 illustrates the numbering template used for all tests. For the three tests
involving the 4 conventional fastener snug, the letters a, b, ¢, and d indicate the four bolts
used to bring the plates together in an attempted snug-tight condition. The one test that
involved no snugging uses the same numbering template, excluding the letters a,b,c, and d.
The pattern of installation for all tests follows the middle to outside sequence, going from the
most rigid part to the connection to the free edges. The fastener numbers underlined and in

bold print indicate the fasteners that are graphically presented in the tensile load history

figures.
1 a/4 c/7 10
Installation Pattern Seqguence of Installation
2 5 8 1 )
Conventional
Fasteners for a,b,cd
3 b6 d9 12 Snug
Huck Fasteners 5, a*, 4, b*, 6, c*, 7, 8,
I ] (* = removal of d*,9,
y Conventional 12,3,10,11,12
[ ) Fasteners)

Numbering Template

Figure 5.2: Fastener Numbering Template Installation Sequences

The same six variables identify each of the specific tests. These variables indicate
the type of fastener, the amount of plate deformation, the tightening method used, the
amount of snugging applied before tightening, the grip thickness of the connection, and the
pattern used in tightening. For the four tests conducted with Huck fasteners, the eleven digit
syntax is defined below:

1st Digit: Type of fastener
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C: Conventional fasteners (for all tests in Chapter 4)
H: Huck C50L fasteners (for all tests in this chapter)
2nd Digit: Plate condition
D: Deformed interior plate (for all tests)
F: Flat plates
3rd Digit: Middle gap created by single curvature interior plate before loading
3: 3mm gap between bent interior plate and top flat plate (for three tests)
6: 6mm gap between bent interior plate and top flat plate (for one test)
4th & 5th Digits: Method of Installation
CW: Calibrated Wrench method
TN: Turn-of-Nut method
NS: No snug (for one test in this chapter)
CS: Snug with 4 conventional fasteners before installing Huck fasteners
6th & 7th Digits: Snug tension applied before tightening method
12: 12 Kip tension
25: 25 kip tension
41: 41 Kip tension
8th Digit: Grip thickness of connection
2: 2 inch grip
3:3inch grip
4: 4 inch grip
9th - 11th Digits: Pattern of Tightening
MTO: Middle to Outside (all tests in this chapter)
LTR: Left to Right
OTM: Outside to Middle

For example, the label of the first test is HD3CS412.MTO. This describes a Huck
fastener test with deformed plates (3mm). The method of installing the fasteners was with a
single pass after a plate snug using 4 conventional fasteners at 41 kips. The thickness of the
grip was 2 inches (consisting of the 1 inch interior plate and the 1/2 inch thick exterior

plates). The pattern of tightening was from the middle fasteners to the outside fasteners.
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5.2 3MM DEFORMED PLATES

Three tests involved the use of 3mm deformed plates. Prior to fastener installation,

the 3mm gap existed between the bent interior plate and the flat exterior plate on top. Four
conventional fasteners with 41 kips of tension brought the plates together before the
installation of the Huck fasteners, as seen in Figure 5.3. The tests evaluated each of the three

grip lengths. All three tests used the middle to outside tightening pattern.

5.2.1 SINGLE PASS INSTALLATION METHOD, WITH
CONVENTIONAL BOLT SNUG

As noted by Riggleman, deformed plates present a significant challenge to the lock-
pin and collar fastener. Partial swaging of the collar, in an attempt to produce a “snug-tight”
condition in the plates, introduces a limit on the fastener's ability to close the gap upon
further swaging. Once the first few grooves of a collar are swaged, subsequent full swaging
must begin at the point of initial swaging. Swaging can only extend the finite length of the
collar. A gap may still exist after full swaging. The values of Average Final Tight Tension
for Riggleman's tests with partial swage snugging were 34.6 Kips, 37.9 kips, and 33.1 Kips
for the 2", 3", and 4" grips. It represented a slight improvement over the tests that involved
no snugging (38.9 kips, 32.5 kips, and 31.5 kips).

In an effort to follow the Bolt Specification, the four conventional fasteners with 41
kips of tension required a few passes with a torque wrench to bring the plates into firm
contact. Before each test, a Skidmore-Wilhelm bolt tension indicator verified the ability of
the torque wrench to deliver the specified 41 kip snug. During the snugging process,
tensions were monitored to indicate the need for subsequent passes. However, without a
monitoring device a few passes with a calibrated wrench will ensure a 41 kip tension in all
bolts. Once all four conventional fasteners had 41 kips of tension, the Huck fasteners were
installed. The intent was to avoid beginning the swaging process until a "snug-tight"
condition existed. Figure 5.3 shows the first Huck fastener just before swaging.

The following three tests evaluated the effectiveness of using the 4 conventional
bolt snug. Huck fasteners systematically filled the open holes or replaced the conventional
fasteners one at a time using one pass of complete swaging. The Bolt Specification requires

the same initial minimum tension of 41 kips in each fastener. This initial tension is 5%
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greater than the minimum tension of 39 kips required of all fasteners in the connection after
the completion of the installation pass. The sequence of installation is described above in

Figure 5.2.

5.2.1.1 TEST RESULTS

Table 5.1 and Figures C.1 through C.15 summarize the results of the
HD3CS41 .MTO series of tests. Table 5.1 shows a decrease in Average Final Fastener
Tension as the grip thickness increased. Only the 2" grip test sustained an average tension
above the 39 kip minimum. Most tension loss occurred in the first two rows of fasteners
installed for all the tests. The Average Initial Fastener Tensions for the 2" and 3" grips are
slightly lower for than the required 41 Kips.

Figure C.1 of test HD3CS412.MTO shows that the fasteners maintained their initial
installation tension fairly well. The two out of three fasteners that did not finish the test with
tensions above 39 kips had low initial tensions to begin with. For all three tests, as the
conventional fastener #c was removed, the most recently installed Huck fastener #6 tended
to loss up to 1 Kip of tension. As the other conventional fasteners were removed, most Huck
fasteners did not change tension. It is possible that the installation of fastener #8 prior to the
removal of #c would have kept tensions more consistent in fastener #6.

Figures C.7 and C.12 of the 3” and 4" grips indicate fasteners that fell well below
39 Kips despite initial tensions above 41 kips. The HD3CS413.MTO test had 7 fasteners
below the 39 kip minimum, five of which had initial tensions above 39 kips (but all below
the 41 kip minimum). The HD3CS414.MTO test had ten fasteners fall below 39 kips by the

end of the test. Seven of the ten initially had tensions above 41 Kips.
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Figure 5.3: Four conventional fasteners (41 kips of tension)
before installation of Huck fasteners

5.2.2 TIGHTENING METHOD COMPARISON

Nine tests are available for comparison between the three tightening methods for
Huck fasteners. The results of Riggleman's two tightening methods (six tests) and the
tightening method used for the previous three tests are presented in Table 5.1.  The tests
involved all three grip lengths. All tests used the 3mm deformed plates, and followed the
same middle to outside installation principle. When using the 4 conventional fasteners for

snugging, the first two fasteners (#4 and #5) were installed in reverse order to maintain at
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least 4 fasteners in the connection before removing the conventional fasteners. This was the
only difference in the installation sequence among the nine tests.

The "snug-tight" condition that existed before fastener collars were fully swaged is
the primary difference between the three tightening methods involved. Riggleman evaluated
the no snug condition and the partial snug condition using three tests for each. The no shug
tests (HDNS-_) consisted of full installation of each fastener using only one pass. For the
tests with snug (HDS- ), partially swaged collars induced a target tension of 12 Kips in the
fasteners. After a complete snugging pass, a tightening pass completely swaged the collars
and break-necks fractured inducing a target tension of 41 kips. The last three tests
(HD3CS41_.MTO), with the 4 conventional bolts for a snug-tight condition, involved full

installation of each Huck fastener using only one pass, collars fully swaged and break-necks

fractured.
12 kip Snug 41 Kip snug
No Snug Using Partial Swaging Using 4 Conventional
of Huck Fasteners Fasteners
(HDNS- ) (HDS-) (HD3CS41_.MTO)
2" grip 38.9 34.6 395
3" grip 325 37.9 37.4
4" grip 315 33.1 36.2

Note: All values in Kips
Table 5.1: Average Final Fastener Tension for Huck fasteners, 3mm deformed plates
The HD3CS41 _.MTO tests show a slight trend towards achieving the target
Average Final Fastener Tension of 39 kips. However, only the 2" grip test ends with a
average above 39 kips. In order to ensure a fair comparison, the Table 5.2 shows the
Average Initial Tensions for each test. This is the average of the initial tension experienced

by each fastener right after it was installed.

41 kip snug H

12 kip Snug
Using 4 Conventional

H No Snug H Using Partial Swaging
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of Huck Fasteners Fasteners
(HDNS- ) (HDS-)) (HD3CS41_.MTO)
2" grip 39.2 36.4 40.1
3" grip 39.6 38.7 40.1
4" grip 425 41.0 415

Note: All values in Kips

Table 5.2: Average Initial Fastener Tension for Huck fasteners, 3mm deformed plates

These values indicate that regardless of the initial tension that each fastener had
upon installation, the grip thickness and the amount of snug prior to installation are
controlling factors in the Average Final Fastener Tensions. The method of using 4
conventional fasteners for “snug-tight" condition seems to provide higher Average Final
Tight Fastener Tensions. However, as stated earlier, this method is still not effective for the

3" and 4" grip tests.

5.3 6MM DEFORMED PLATES

One Huck fastener test involved the use of 6mm deformed plates. Prior to fastener

installation, the 6mm gap existed between the bent interior plate and the flat exterior plate on
top. The method of fastener installation involved full swaging using only one pass. This test
used the 2" grip thickness. The intent was to evaluate the effect of the larger deformation on

a grip that seemed to be averaging fairly well with the other tightening methods.

5.3.1 SINGLE PASS INSTALLATION METHOD, NO SNUG

This one test followed the middle to the outside tightening pattern, using 6mm
deformed plates, with a one pass complete installation without any snug. HD6NS--2.MTQO
identifies this series of tests. The middle to outside tightening sequence is intended to follow
the requirement of progressing from the most rigid part of the connection to the outside
edges. Following the specified sequence as in Figure 4.4, all twelve fasteners joined the

plates in the connection.
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5.3.1.1 TEST RESULTS

Table 5.3 and Figures C.16 through C.20 show the results of this test. The Average
Final Fastener Tension was below 39 kips despite the 40.3 kip average for initial fastener
tension. Significant loss of tension occurred in the first two rows installed. Eleven of the
twelve fasteners installed fell below the 39 kip minimum for final fastener tension by the end

of the test. The lowest final fastener tension was that of fastener #7 at 22.4 kips.

5.3.2 PLATE DEFORMATION COMPARISON

Four other 2" grip tests provide the basis for comparison of the HD6NS--2.MTO
test results. Riggleman performed three of these tests. The first test (HFNS-2) involved no
plate deformation and no snugging, simply a single full swage pass. The second test
(HDNS-2) used 3mm deformed plates and no snugging, also using only a full swage pass.
The third test (HDS-2) used partial swaging for an initial 12 kip snug pass followed by a full
swaging pass. The fourth test (HD3CS412) used only a full swage pass after 4 conventional
bolts provided an initial snug-tight condition. The four statistics for all five tests are

presented in Table 5.3.

Average Average Average Average
Test #
Final Initial Tension Tension
All Standard Standard Standard Standard
Fastener Fastener Loss in Loss in
Middle Deviation Deviation Deviation Deviation
to Tension Tension 1st Two Last Two
Outside Rows Rows
Pattern Installed Installed
HFNS-2 38.4 0.8 38.4 0.7 0.4 0.3 0.3 0.3
(GAIN)
HDNS-2 38.9 1.6 39.2 1.7 0.5 0.7 0.0 0.2
HDS-2 34.6 15 36.4 1.7 2.7 0.6 1.2 0.3
full swage full swage
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HD3CS412|| 39.5 1.0 40.1 1.0 0.8 0.3 0.4 0.3

HDG6NS--2|[  36.6 5.2 40.3 2.4 7.2 3.7 0.4 0.5

Note: All values in Kips

Table 5.3: Summary of all 2" Grip Huck Fastener Tests

Only the tightening method used in HD3CS412 meets the requirements of the Bolt
Specification. However, this method becomes less effective as the grip length increases, as
discussed in section 5.2.2. For the 2" grip, the single pass method begins to loose its
effectiveness for meeting the required 39 kip minimum tension as the gap increases. There
seems to be clear evidence that the snug-tight condition of the Bolt Specification is a critical

requirement for obtaining the final 39 kip minimum tension in fasteners.

6. CHAPTERG6
OVERALL SUMMARY AND CONLUSIONS

Four primary factors (the method of installation, the pattern of tightening, the
thickness and out-of-flat condition of the connected material, and the degree of “snug tight”
existing between the material before final tightening) provide a basis for an evaluation of the
installation characteristics of high strength fasteners. Table 6.1 through Table 6.6
summarize the results of all tests in the form of average initial and final tensions for the
snugging, tightening, and touch-up passes. The turn-of-nut and calibrated wrench methods

of installation represent the majority of tests.
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For 3mm deformed plates, the turn-of-nut method of installation provided a more
consistent level of acceptable final fastener tension after the tightening pass. 9 tests used the
turn-of-nut method of installation with 3mm deformed plates. All tests averaged final
fastener tensions above 39 kips. The 9 tests using the calibrated wrench method of
installation averaged only 7 tests above 39 kips. The 3 alternative design fastener test had 1
of 3 tests that averaged above 39 Kips.

For 6mm deformed plates, the calibrated wrench method of installation provided
consistently higher final fastener tensions after the tightening pass. The average of the 4
calibrated wrench tests was 32.3 kips compared to an average of 19.4 kips for the 3 turn-of-
nut tests. Both averages are after the tightening pass. The one alternative design test
averaged only 36.6 Kips.

The three patterns of tightening were middle to outside, left to right, and outside to
middle. 6 tests of each pattern (3mm gap) provide a comparison of the three patterns. The
Middle to outside produces an almost 3 kip higher average final fastener tension after the
tightening pass. It should be noted that if only the 2” and 3” grip test results are considered,
there is only a difference of about 1 kip between the tightening patterns. However, when 4”
grip tests are compared, the middle to outside tightening pattern produced the higher final
fastener tensions.

The greater the thickness of the plates and the more the initial curvature of the
center plate, the lower the final average fastener tensions after the tightening pass. It is
noted that the calibrated wrench method of installation provides more dependable average
final fastener tensions for these cases.

A comparison of the data in Appendix A and Appendix B reveals two important
points. A turn of nut of 1/2 of a rotation moves the nut 0.053” for a 7/8” diameter bolt
(ignoring any elongation of the bolt). Almost all 3mm gap tests had gaps less than 0.05”
after the snugging pass. All tests had average final tight fastener tensions greater than 39
kips. The 6mm gap tests that resulted well below 39 kip averages had gaps greater than
0.05” after the snugging pass.

The second point is a suggestion on how to ensure the turn-of-nut method meets the
requirement of the code. For plate deformations creating gaps greater than 3mm the turn-of-

nut method should be checked after the tightening pass. A suggestion would be to check at
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least the first few fasteners tightened (most likely to be loose) with a calibrated torque
wrench.

A 12 kip “snug tight” condition was used for 19 of the 29 tests. This proved fairly
satisfactory until plate deformations of 6mm were encountered. The turn-of-nut method of
installation, which relies heavily upon a snug tight condition, failed to meet the minimum of
39 Kips final fastener tension. The calibrated wrench method a touch-up pass, as required in

the Bolt Specification, provided the most consistent final fastener tensions of at least 39 kips.

Average | Average | Average | Average
Average Average Initial Final Initial Final
Install. Initial Snug| Final Snug | “Tight” | “Tight” | Touch-up | Touch-up
Method Tension Tension | Tension | Tension Tension Tension
Turn-of-Nut
12 kip Snug 9.6 7.1 52.8 51.9 N/A N/A
MTO
Turn-of-Nut
12 kip Snug 119 8.7 53.2 52.1 N/A N/A
LTR
Turn-of-Nut
12 kip Snug 111 7.7 52.6 51.8 N/A N/A
OTM
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Calibrated
Wrench
25 kip Snug
MTO

24.3

22.6

41.4

40.9

42.6

423

Calibrated
Wrench
12 kip Snug
LTR

12.5

8.9

40.6

39.9

41.7

41.6

Calibrated
Wrench
12 kip Snug
OT™M

11.6

8.6

414

40.9

N/A

N/A

Huck C50L
4 Bolt Snug
MTO

N/A

N/A

40.1

39.5

N/A

N/A

Note:

Table 6.1: Summary of fastener tensions - 2” gri

All Values in Kips
MTO = Middle to Outside Tightening Pattern
LTR = Left to Right Tightening Pattern

OTM = Outside to Middle Tightening Pattern

p, 3mm deformed plate tests

Average | Average | Average | Average
Average Average Initial Final Initial Final
Install. Initial Snug| Final Snug | “Tight” [ “Tight” |Touch-up| Touch-up
Method Tension Tension Tension | Tension | Tension | Tension
Turn-of-Nut
12 kip Snug 12.8 5.7 55.8 54.2 N/A N/A
MTO
Turn-of-Nut
12 kip Snug 11.7 4.1 56.6 55.0 N/A N/A
LTR
Turn-of-Nut
12 kip Snug 11.6 4.7 54.4 53.2 N/A N/A
OTM
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Calibrated
Wrench
25 Kkip Snug
MTO

26.2

18.9

41.5

41.0

40.2

40.2

Calibrated
Wrench
12 kip Snug
LTR

11.3

41

43.7

41.7

43.2

43.2

Calibrated
Wrench
12 kip Snug
OT™M

11.8

5.4

40.9

39.9

N/A

N/A

Huck C50L
4 Bolt Snug
MTO

N/A

N/A

40.1

37.4

N/A

N/A

Note:

All Values in Kips
MTO = Middle to Outside Tightening Pattern

LTR = Left to Right Tightening Pattern

OTM = Outside to Middle Tightening Pattern

Table 6.2: Summary of fastener tensions - 3” grip, 3mm deformed plate tests

Average | Average | Average | Average
Average Average Initial Final Initial Final
Install. Initial Snug| Final Snug | “Tight” | “Tight” | Touch-up| Touch-up
Method Tension Tension Tension | Tension | Tension | Tension
Turn-of-Nut
12 kip Snug 13.5 5.1 53.1 50.0 N/A N/A
MTO
Turn-of-Nut
12 kip Snug 11.6 4.0 489 421 N/A N/A
LTR
Turn-of-Nut
12 kip Snug 11.7 4.4 46.2 39.5 N/A N/A
OT™M
Calibrated
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Wrench
25 Kkip Snug
MTO

25.0

11.0

42.7

40.8

415

41.3

Calibrated
Wrench
12 kip Snug
LTR

11.8

4.5

41.6

31.4

40.4

40.1

Calibrated
Wrench
12 kip Snug
OT™M

124

4.4

42.6

37.0

N/A

N/A

Huck C50L
4 Bolt Snug
MTO

N/A

N/A

41.5

36.2

N/A

N/A

Note:

All Values in Kips
MTO = Middle to Outside Tightening Pattern

LTR = Left to Right Tightening Pattern

OTM = Outside to Middle Tightening Pattern

Table 6.3: Summary of fastener tensions - 4” grip, 3mm deformed plate tests
Average | Average | Average | Average
Average Average Initial Final Initial Final
Install. Initial Snug | Final Snug | “Tight” | “Tight” |Touch-up | Touch-up
Method Tension Tension Tension | Tension | Tension Tension
Turn-of-Nut
12 kip Snug 115 5.9 42.0 40.2 N/A N/A
MTO
Huck C50L
No Snug N/A N/A 40.3 36.6 N/A N/A
MTO
Note:  All Values in Kips, MTO = Middle to Outside Tightening Pattern

Table 6.4: Summary of fastener tensions - 2” grip, 6mm deformed plate tests

‘ Average

Average

Average

Average




Average Average Initial Final Initial Final
Install. Initial Snug | Final Snug | “Tight” | “Tight” | Touch-up|Touch-up
Method Tension Tension Tension | Tension | Tension | Tension
Turn-of-Nut
12 kip Snug 11.1 3.8 14.6 4.9 31.6 23.3
MTO
Calibrated
Wrench
12 kip Snug 11.0 3.4 421 29.0 42.7 42.0
MTO
Calibrated
Wrench
25 kip Snug 25.2 10.0 42.3 40.9 43.9 43.6
MTO
Note:  All Values in Kips, MTO = Middle to Outside Tightening Pattern

Table 6.5: Summary of fastener tensions - 3” grip, 6mm deformed plate tests

Average | Average | Average | Average
Average Average Initial Final Initial Final
Install. Initial Snug | Final Snug | “Tight” | “Tight” | Touch-up|Touch-up
Method Tension Tension Tension | Tension | Tension | Tension
Turn-of-Nut
25 Kkip Snug
then
Code Snug 25.6 7.5 17.5 13.0 44.1 35.4
MTO
Calibrated
Wrench
12 kip Snug 12.1 4.5 42.4 23.0 39.9 38.9
MTO
Calibrated
Wrench
25 kip Snug 25.2 7.6 42.4 36.4 42.2 41.9
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MTO | I | I | |

Note:  All Values in Kips, MTO = Middle to Outside Tightening Pattern

Table 6.6: Summary of fastener tensions - 4” grip, 6mm deformed plate tests
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APPENDIX A
GAP HISTORIES FOR ALL TESTS
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A.1 Front gap between interior plate and top exterior plate

CD3TNI23.MTO. it
A.2  Back gap between interior plate and top exterior plate

CD3TNI23.MTO ittt
A.3 Left side gap between interior plate and bottom exterior plate

CD3TNIL23.IMTO ...ttt e
A.4  Right side gap between interior plate and bottom exterior plate

CD3TNI23.MTO. ittt ettt
A.5 Front gap between interior plate and top exterior plate

CD3TNI24.IMTO ...ttt
A.6  Back gap between interior plate and top exterior plate

CD3TINI24.MTO... ittt
A.7  Left side gap between interior plate and bottom exterior plate

CD3TNI24.IMTO....ci ittt
A.8 Right side gap between interior plate and bottom exterior plate

CD3TNI24.MTO... ittt
A.9 Front gap between interior plate and top exterior plate

CD3TINI22.LTR ettt nneas
A.10 Back gap between interior plate and top exterior plate

CD3TINI22.LTR ettt
A.11 Left side gap between interior plate and bottom exterior plate

CD3TINI22.LTR ettt ettt neeas
A.12 Right side gap between interior plate and bottom exterior plate

CD3TINI22.LTR it
A.13 Front gap between interior plate and top exterior plate

CD3TINI23.LTR ittt sttt
A.14 Back gap between interior plate and top exterior plate

CD3TNI23.LTR .ottt bbbt
A.15 Left side gap between interior plate and bottom exterior plate

CD3TINI23.LTR ettt bbb



A.16 Right side gap between interior plate and bottom exterior plate

CD3TINI23.LTR .ottt
A.17 Front gap between interior plate and top exterior plate

CD3TINIZ24.LTR ettt bbb
A.18 Back gap between interior plate and top exterior plate

CD3TINIZ24.LTR oottt sttt et nnees
A.19 Left side gap between interior plate and bottom exterior plate

CD3TINIZ24.LTR oottt
A.20 Right side gap between interior plate and bottom exterior plate

(O X V2 R I S URTTR
A.21 Front gap between interior plate and top exterior plate

CD3TINI22.0T M. it
A.22 Back gap between interior plate and top exterior plate

CD3TINI22.0T M.ttt ettt
A.23 Left side gap between interior plate and bottom exterior plate

CD3TNI22.0TM..iiiiiiiiie ettt bt
A.24 Right side gap between interior plate and bottom exterior plate

CD3TINI22.0T M. ittt
A.25 Front gap between interior plate and top exterior plate

CD3TNI23.0TM..iiiiiiieie ettt et
A.26 Back gap between interior plate and top exterior plate

CD3TINI23.0T M. ittt bbbt
A.27 Left side gap between interior plate and bottom exterior plate

CD3TNI23.0TM..iiiiiiicie ettt
A.28 Right side gap between interior plate and bottom exterior plate

CD3TINI23.0T M. ittt ettt
A.29 Front gap between interior plate and top exterior plate

CD3TNI24.0TM..iiiiiiiiieiee e e
A.30 Back gap between interior plate and top exterior plate

CD3TINI24.0T M. . ettt

A.31 Left side gap between interior plate and bottom exterior plate
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CD3TINI24.0T M.ttt ettt
A.32 Right side gap between interior plate and bottom exterior plate

CD3TINI24.0T M.t
A.33 Front gap between interior plate and top exterior plate

CD3CW252.MTO ..ttt ettt
A.34 Back gap between interior plate and top exterior plate

CD3CW252.MTO ..ottt bbbt
A.35 Left side gap between interior plate and bottom exterior plate

CD3CW252.MTO ..ttt bbb
A.36 Right side gap between interior plate and bottom exterior plate

CD3CW252.MTO ..ottt
A.37 Front gap between interior plate and top exterior plate

CD3CW253.MTO ..ttt
A.38 Back gap between interior plate and top exterior plate

CD3CW253.MTO ..ottt
A.39 Left side gap between interior plate and bottom exterior plate

CD3CW253.MTO ..ttt
A.40 Right side gap between interior plate and bottom exterior plate

CD3CW253.MTO ..ottt sttt ettt sneas
A.41 Front gap between interior plate and top exterior plate

CD3CW254.MTO ..ottt
A.42 Back gap between interior plate and top exterior plate

CD3CW254.MTO ..ottt
A.43 Left side gap between interior plate and bottom exterior plate

CD3CW254.MTO ..ot
A.44 Right side gap between interior plate and bottom exterior plate

CD3CW254.MTO ..ottt ettt sttt
A.45 Front gap between interior plate and top exterior plate

CD3CWI22.LTR .ottt et
A.46 Back gap between interior plate and top exterior plate

CD3CWIL22.LTR ettt



A4T7

A.48

A.49

A50

A5l

A.52

A.53

A.54

A.54

A.56

A.57

A58

A.59

A.60

A6l

A.62

Left side gap between interior plate and bottom exterior plate

CD3CWI22.LTR ..ottt
Right side gap between interior plate and bottom exterior plate

CD3CWIL22.LTR ettt
Front gap between interior plate and top exterior plate

CD3CWIL23.LTR ettt sttt
Back gap between interior plate and top exterior plate

CD3CWIL23.LTR ettt
Left side gap between interior plate and bottom exterior plate

CD3CWIL23.LTR ettt sttt
Right side gap between interior plate andbottom exterior plate

CD3CWI23.LTR et
Front gap between interior plate and top exterior plate

CD3CWIL24.LTR ettt ettt
Back gap between interior plate and top exterior plate

CD3CWI24.LTR ..ottt sttt
Left side gap between interior plate and bottom exterior plate

CD3CWIL24.LTR ettt et
Right side gap between interior plate and bottom exterior plate

CD3CWI24.LTR ..ottt bt
Front gap between interior plate and top exterior plate

CD3CWIL22.0TM ..ottt bbbt
Back gap between interior plate and top exterior plate

CD3CWI22.0TM ..ottt
Left side gap between interior plate and bottom exterior plate

CD3CWIL22.0TM ..ottt ettt
Right side gap between interior plate andbottom exterior plate

CD3CWI22.0TM ..ottt
Front gap between interior plate and top exterior plate

CD3CWIL23.0TM ...ttt

Back gap between interior plate and top exterior plate
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CD3CWIL23.0TIM ..ottt bbbt
A.63 Left side gap between interior plate and bottom exterior plate

CD3CWI23.0TM ..ot
A.64 Right side gap between interior plate and bottom exterior plate

CD3CWIL23.0TIM ..ttt ettt
A.65 Front gap between interior plate and top exterior plate

CD3CWI24.0TM ..ottt
A.66 Back gap between interior plate and top exterior plate

CD3CWIL24.0TM ..ottt bbbt
A.67 Left side gap between interior plate and bottom exterior plate

CD3CWI24.0TM ..ottt
A.68 Right side gap between interior plate and bottom exterior plate

CD3CWIL24.0TM ...ttt
A.69 Front gap between interior plate and top exterior plate

CDBTNI22.IMTO ...ttt e
A.70 Back gap between interior plate and top exterior plate

CDBTINI22.MTO ittt
A.71 Left side gap between interior plate and bottom exterior plate

CDOBTNI22.MTO.. ittt sttt nree e
A.72 Right side gap between interior plate and bottom exterior plate

CDBTINIZ22.MTO ittt
A.73 Front gap between interior plate and top exterior plate

CDBTINI23.MTO.. ittt et
A.74 Back gap between interior plate and top exterior plate

CDBTNI23.MTO..iiiiieiieieie et
A.75 Left side gap between interior plate and bottom exterior plate

CDBTINI23.MTO.. ittt bbb
A.76 Right side gap between interior plate and bottom exterior plate

CDBTNI23.IMTO ..ttt et
A.77 Front gap between interior plate and top exterior plate

CDBTNZ54.MTO...eiiiieit ettt



A.78 Back gap between interior plate and top exterior plate

CDBTN254.IMTO ...ttt
A.79 Left side gap between interior plate and bottom exterior plate

CDBTINZ54.MTO... ittt
A.80 Right side gap between interior plate and bottom exterior plate

CDBTNZ54.MTO...eiiiiieit ettt et nreennees
A.81 Front gap between interior plate and top exterior plate

CDBCWIL23.MTO ..ottt
A.82 Back gap between interior plate and top exterior plate

CDBCWIL23.MTO ..ottt sttt
A.83 Left side gap between interior plate and bottom exterior plate

CDBCWIL23.MTO ..t
A.84 Right side gap between interior plate and bottom exterior plate

CDBCWIL23.MTO ..ttt
A.85 Front gap between interior plate and top exterior plate

CDBCWI24.IMTO ..ottt bt
A.86 Back gap between interior plate and top exterior plate

CDBCWIL24.MTO ..ottt bbb
A.87 Left side gap between interior plate and bottom exterior plate

CDBCWI24.IMTO ...ttt e
A.88 Right side gap between interior plate and bottom exterior plate

CDBCWIL24.MTO ..ottt bbbt
A.89 Front gap between interior plate and top exterior plate

CDBCW253.MTO ..ottt
A.90 Back gap between interior plate and top exterior plate

CDBCW253.MTO ..ttt bbb
A.91 Left side gap between interior plate and bottom exterior plate

CDBCW253.MTO ..ttt
A.92 Right side gap between interior plate and bottom exterior plate

CDBCW253.MTO ..ttt

A.93 Front gap between interior plate and top exterior plate
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CDBCW254.MTO ..ot s

A.94 Back gap between interior plate and top exterior plate

CDBCW254.MTO ..o

A.95 Left side gap between interior plate and bottom exterior plate

CDBCW254.MTO ...t s

A.96 Right side gap between interior plate and bottom exterior plate

CDBCW254.MTO ..ot

A.97 Front gap between interior plate and top exterior plate

HD3CS4A12.MTO ..ottt s

A.98 Back gap between interior plate and top exterior plate

HDBCSAL12.MTO ..ottt

A.99 Left side gap between interior plate and bottom exterior plate

HD3CS4A12.MTO ...t s

A.100 Right side gap between interior plate and bottom exterior plate

HDBCSAL12.MTO ...t

A.101 Front gap between interior plate and top exterior plate

HD3CSA13.MTO ..ot s

A.102 Back gap between interior plate and top exterior plate

HD3CSAL3.MTO ..ot

A.103 Left side gap between interior plate and bottom exterior plate

HD3CSA13.MTO.....ciiiiiiiiiece s

A.104 Right side gap between interior plate and bottom exterior plate

HD3CSAL3.MTO ...t

A.105 Front gap between interior plate and top exterior plate

HD3CSALA.MTO ...t

A.106 Back gap between interior plate and top exterior plate

HD3CSALAMTO ..ottt

A.107 Left side gap between interior plate and bottom exterior plate

HD3CSALA.MTO ..ot

A.108 Right side gap between interior plate and bottom exterior plate

HD3CSALAMTO ..ot



A.109 Front gap between interior plate and top exterior plate

HDBNS--2.MTO ..ottt e 131
A.110 Back gap between interior plate and top exterior plate
HDBNS--2.MTO ..ottt 131

A.111 Left side gap between interior plate and bottom exterior plate

HDBNS--2.MTO .. .ottt snae e eennne e 131
A.112 Right side gap between interior plate and bottom exterior plate
HDBNS--2.MTO ..ottt b s 131
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Location along Top Exterior Plate, in

1 2 3 4 5 6 7 8 9 10 11 12
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02 s . — - P
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-
.10 = = = NoLoad = -
12

Figure A.1: Front Gap Between Interior Plate and Top Exterior Plate CD3TN123.MTO

Location along Top Exterior Plate, in

1 2 3 4 5 6 7 8 9 10 11 12
.00 ———— e e —
[ Teo——————-
£ 0 LI ="
) ight ~ -
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O o8} — —snug s LT
.10 = = = No Load N . P
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Figure A.2: Back Gap Between Interior Plate and Top Exterior Plate CD3TN123.MTO

Location along Top Exterior Plate, in

0 1 2 3 4 5 6 7 8 9 10 11 12
- — ————
cull Tight
%.06 m— == Snug
O .08 = = = No Load
| N
a2

Figure A.3: Left Side Gap Between Interior Plt. and Bottom Exterior Plt. CD3TN123.MTO

Location along Top Exterior Plate, in

0 1 2 3 4 5 6 7 8 9 10 11 12
.00 | |
£ Tight
%.06 = == Snug
O .08 = = = No Load
.10 L bttt f e f et et e et e
12

Figure A.4: Right Side Gap Between Interior Plt. and Bottom Exterior Plt. CD3TN123.MTO
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Location along Top Exterior Plate, in

0 1 2 3 4 5 6 7 8 9 10 11 12
.00 ————
® — — —
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c 04 . —_— e — PR
. .06 Tigh 7
& 08 H R -
O 104 — T Snug A ] o =
1244 = = = Noload N 2
14 .

Figure A.5: Front Gap Between Interior Plate and Top Exterior Plate CD3TN124.MTO

Location along Top Exterior Plate, in

0 1 2 3 4 5 6 7 8 9 10 11 12
.00 e — —
— — —
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10 1 = = = NoLoad S - ="
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Fiagure A.6: Back Gap Between Interior Plate and Top Exterior Plate CD3TN124.MTO

Location along Top Exterior Plate, in

0 1 2 3 4 5 6 7 8 9 10 11 12
.00 e —— ——
.02 ‘ ‘
£ .04 Tight
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O .08+ = = = NoLoad
.10 ‘ ‘ ___________________
12

Figure A.7: Left Side Gap Between Interior PIt. and Bottom Exterior Plt. CD3TN124.MTO

Location along Top Exterior Plate, in

0 1 2 3 4 5 6 7 8 9 10 11 12
.00
02 | | il
< o L Tight
%.06 | | == == Snug
O.o084 = = = NolLoad
10 | I A
12

Figure A.8: Right Side Gap Between Interior Plt. and Bottom Exterior Plt. CD3TN124.MTO
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.00
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Location along Top Exterior Plate, in
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Figure A.9: Front Gap Between Interior Plate and Top Exterior Plate CD3TN122.LTR

.00
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Figure A.10: Back Gap Between Interior Plate and Top Exterior Plate CD3TN122.LTR

Location along Top Exterior Plate, in
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Figure A.11: Left Side Gap Between Interior Plt. and Bottom Exterior Plt. CD3TN122.LTR

Location along Top Exterior Plate, in

0 1 2 3 4 5 6 7 8 10 11 12
.00 —
02 [
=on i Tight
%.06 | | == ==Snug
O.o084 = = = NolLoad
.10 ‘ ‘
12 e e ——————————

Figure A.12: Right Side Gap Between Interior PIt. and Bottom Exterior Plt. CD3TN122.LTR
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Gap, in

Gap, in

Gap, in

Location along Top Exterior Plate, in

0 1 2 3 4 5 6 7 8 9 10 11 12
.00 ———
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Figure A.13: Front Gap Between Interior Plate and Top Exterior Plate CD3TN123.LTR

Location along Top Exterior Plate, in
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Fiagure A.14: Back Gap Between Interior Plate and Top Exterior Plate CD3TN123.LTR

Location along Top Exterior Plate, in

0 1 2 3 4 5 6 7 8 9 10 11 12
.00
ol 1T g e p——
04 M Tight
.06 4 = ==Snug
.08 4/ = = = NoLoad
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12

Figure A.15: Left Side Gap Between Interior Plt. and Bottom Exterior Plt. CD3TN123.LTR

0 ||

o6} ™ ™ Snug
084 = = = Noload
.10 ‘ ‘

Location along Top Exterior Plate, in
0 1 2 3 4 5 6 7 8 9 10 11 12

‘ ‘ — e — — . —

Tight

Figure A.16: Right Side Gap Between Interior PIt. and Bottom Exterior Plt. CD3TN123.LTR
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Location along Top Exterior Plate, in
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Figure A.17: Front Gap Between Interior Plate and Top Exterior Plate CD3TN124.LTR
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Fiagure A.18: Back Gap Between Interior Plate and Top Exterior Plate CD3TN124.LTR

Location along Top Exterior Plate, in
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Figure A-19: Left Side Gap Between Interior Plt. and Bottom Exterior Plt. CD3TN124.LTR

Location along Top Exterior Plate, in

0 1 2 3 4 5 6 7 8 9 10 11 12

.00
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Figure A.20: Right Side Gap Between Interior PIt. and Bottom Exterior Plt. CD3TN124.LTR
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Location along Top Exterior Plate, in
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Figure A.21: Front Gap Between Interior Plate and Top Exterior Plate CD3TN122.0TM

Location along Top Exterior Plate, in
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Fiagure A.22: Back Gap Between Interior Plate and Top Exterior Plate CD3TN122.0TM

Location along Top Exterior Plate, in
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Figure A.23: Left Side Gap Between Interior PIt. and Bottom Exterior Plt. CD3TN122.0TM

Location along Top Exterior Plate, in
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Figure A.24: Right Side Gap Between Interior Plt. and Bottom Exterior Plt. CD3TN122.0TM
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Location along Top Exterior Plate, in
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Figure A.25: Front Gap Between Interior Plate and Top Exterior Plate CD3TN123.0TM

Location along Top Exterior Plate, in
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Fiagure A.26: Back Gap Between Interior Plate and Top Exterior Plate CD3TN123.0TM

Location along Top Exterior Plate, in
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Figure A.27: Left Side Gap Between Interior PIt. and Bottom Exterior Plt. CD3TN123.0TM

Location along Top Exterior Plate, in
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Figure A.28: Right Side Gap Between Interior Plt. and Bottom Exterior Plt. CD3TN123.0TM
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Figure A.29: Front Gap Between Interior Plate and Top Exterior Plate CD3TN124.0TM
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Figure A.30: Back Gap Between Interior Plate and Top Exterior Plate CD3TN124.0TM
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Figure A.31: Left Side Gap Between Interior PIt. and Bottom Exterior Plt. CD3TN124.0TM
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Figure A.32: Right Side Gap Between Interior Plt. and Bottom Exterior Plt. CD3TN124.0TM
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Figure A.33: Front Gap Between Interior Plate and Top Exterior Plate CD3CW252.MTO
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Fiaure A.34: Back Gap Between Interior Plate and Top Exterior Plate CD3CW252.MTO
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Figure A.35: Left Side Gap Between Interior Plt. and Bottom Exterior Plt. CD3CW252.MTO
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Figure A.36: Right Side Gap Between Interior PIt. and Bottom Exterior Plt. CD3CW252.MTO
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Figure A.37: Front Gap Between Interior Plate and Top Exterior Plate CD3CW253.MTO
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Fiagure A.38: Back Gap Between Interior Plate and Top Exterior Plate CD3CW253.MTO
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Figure A.39: Left Side Gap Between Interior PIt. and Bottom Exterior Plt. CD3CW253.MTO
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Figure A.40: Right Side Gap Between Interior Plt. and Bottom Exterior Plt. CD3CW253.MTO
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Figure A.41: Front Gap Between Interior Plate and Top Exterior Plate CD3CW254.MTO
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Fiagure A.42: Back Gap Between Interior Plate and Top Exterior Plate CD3CW254.MTO
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Figure A.43: Left Side Gap Between Interior PIt. and Bottom Exterior Plt. CD3CW254.MTO
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Figure A.44: Right Side Gap Between Interior Plt. and Bottom Exterior Plt. CD3CW254.MTO
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Figure A.45: Front Gap Between Interior Plate and Top Exterior Plate CD3CW122.LTR
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Fiagure A.46: Back Gap Between Interior Plate and Top Exterior Plate CD3CW122.LTR
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Figure A.47: Left Side Gap Between Interior PIt. and Bottom Exterior Plt. CD3CW122.LTR
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Figure A.48: Right Side Gap Between Interior Plt. and Bottom Exterior Plt. CD3CW122.LTR
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Figure A.49: Front Gap Between Interior Plate and Top Exterior Plate CD3CW123.LTR
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Figure A.50: Back Gap Between Interior Plate and Top Exterior Plate CD3CW123.LTR
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Figure A.51: Left Side Gap Between Interior Plt. and Bottom Exterior Plt. CD3CW123.LTR
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Figure A.52: Right Side Gap Between Interior PIt. and Bottom Exterior Plt. CD3CW123.LTR
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Figure A.53: Front Gap Between Interior Plate and Top Exterior Plate CD3CW124.LTR
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Fiaure A.54: Back Gap Between Interior Plate and Top Exterior Plate CD3CW124.LTR
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Figure A.55: Left Side Gap Between Interior PIt. and Bottom Exterior Plt. CD3CW124.LTR
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Figure A.56: Right Side Gap Between Interior Plt. and Bottom Exterior Plt. CD3CW124.LTR
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Figure A.57: Front Gap Between Interior Plate and Top Exterior Plate CD3CW122.0TM
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Fiagure A.58: Back Gap Between Interior Plate and Top Exterior Plate CD3CW122.0TM
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Figure A.59: Left Side Gap Between Interior Plt. and Bottom Exterior Plt. CD3CW122.0TM
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Figure A.60: Right Side Gap Between Interior Plt. and Bottom Exterior Plt. CD3CW122.0TM
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Figure A.61: Front Gap Between Interior Plate and Top Exterior Plate CD3CW123.0TM
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Fiagure A.62: Back Gap Between Interior Plate and Top Exterior Plate CD3CW123.0TM
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Figure A.63: Left Side Gap Between Interior Plt. and Bottom Exterior Plt. CD3CW123.0TM
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Figure A.64: Right Side Gap Between Interior Plt. and Bottom Exterior Plt. CD3CW123.0TM
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Figure A.65: Front Gap Between Interior Plate and Top Exterior Plate CD3CW124.0TM
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Figure A.66: Back Gap Between Interior Plate and Top Exterior Plate CD3CW124.0TM
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Figure A.67: Left Side Gap Between Interior Plt. and Bottom Exterior Plt. CD3CW124.0TM
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Figure A.68: Right Side Gap Between Interior Plt. and Bottom Exterior Plt. CD3CW124.0TM
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Figure A.69: Front Gap Between Interior Plate and Top Exterior Plate CD6TN122.MTO
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Figure A.70: Back Gap Between Interior Plate and Top Exterior Plate CD6TN122.MTO
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Figure A.71: Left Side Gap Between Interior Plt. and Bottom Exterior Plt. CD6TN122.MTO
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Figure A.72: Right Side Gap Between Interior Plt. and Bottom Exterior Plt. CD6TN122.MTO
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Fiagure A.73: Front Gap Between Interior Plate and Top Exterior Plate CD6TN123.MTO

Location along Top Exterior Plate, in

0 1 2 3 4 5 6 7 8 9 10 11 12
.00 ——
~ N — \ \ -
c 05 S\ L — ~ .
~ .10 ~ -~ — -
o 2d 1/2 Turn ~ L - d
13 - ’

C 15 )| =—i1st1/2 Tumn [ .
o — — N ~ - -

20 Snug s -~

= = = NoLoad S e . "
25 ‘ ‘ ‘ e

Figure A.74: Back Gap Between Interior Plate and Top Exterior Plate CD6TN123.MTO
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Figure A.75: Left Side Gap Between Interior PIt. and Bottom Exterior Plt. CD6TN123.MTO
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Figure A.76: Right Side Gap Between Interior PIt. and Bottom Exterior Plt. CD6TN123.MTO
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Figure A.77: Front Gap Between Interior Plate and Top Exterior Plate CD6TN254.MTO
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Fiagure A.78: Back Gap Between Interior Plate and Top Exterior Plate CD6TN254.MTO
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Figure A.79: Left Side Gap Between Interior PIt. and Bottom Exterior Plt. CD6TN254.MTO
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Figure A.80: Right Side Gap Between Interior Plt. and Bottom Exterior Plt. CD6TN254.MTO
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Figure A.81: Front Gap Between Interior Plate and Top Exterior Plate CD6CW123.MTO
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Figure A.82: Back Gap Between Interior Plate and Top Exterior Plate CD6CW123.MTO
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Figure A.83: Left Side Gap Between Interior PIt. and Bottom Exterior Plt. CD6CW123.MTO
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Figure A.84: Right Side Gap Between Interior Plt. and Bottom Exterior Plt. CD6CW123.MTO
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Figure A.85: Front Gap Between Interior Plate and Top Exterior Plate CD6CW124.MTO
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Fiagure A.86: Back Gap Between Interior Plate and Top Exterior Plate CD6CW124.MTO
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FigureA.87: Left Side Gap Between Interior PIt. and Bottom Exterior Plt. CD6CW124.MTO
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Figure A.88: Right Side Gap Between Interior PIt. and Bottom Exterior Plt. CD6CW124.MTO
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Figure A.89: Front Gap Between Interior Plate and Top Exterior Plate CD6CW253.MTO
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Figure A.90: Back Gap Between Interior Plate and Top Exterior Plate CD6CW253.MTO
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Figure A.91: Left Side Gap Between Interior PIt. and Bottom Exterior Plt. CD6CW253.MTO
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Figure A.92: Right Side Gap Between Interior Plt. and Bottom Exterior Plt. CD6CW253.MTO
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Figure A.93: Front Gap Between Interior Plate and Top Exterior Plate CD6CW254.MTO
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Figure A.94: Back Gap Between Interior Plate and Top Exterior Plate CD6CW254.MTO
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Figure A.95: Left Side Gap Between Interior PIt. and Bottom Exterior Plt. CD6CW254.MTO
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Figure A.96: Right Side Gap Between Interior Plt. and Bottom Exterior Plt. CD6CW254.MTO
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Figure A.97: Front Gap Between Interior Plate and Top Exterior Plate HD3CS412.MTO
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Fiagure A.98: Back Gap Between Interior Plate and Top Exterior Plate HD3CS412.MTO
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Figure A.99: Left Side Gap Between Interior PIt. and Bottom Exterior Plt. HD3CS412.MTO
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Figure A.100: Right Side Gap Between Interior PIt. and Bottom Exterior Plt. HD3CS412.MTO
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Figure A.101: Front Gap Between Interior Plate and Top Exterior Plate HD3CS413.MTO
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Figure A.102: Back Gap Between Interior Plate and Top Exterior Plate HD3CS413.MTO
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Figure A.103: Left Side Gap Between Interior Plt. and Bottom Exterior Plt. HD3CS413.MTO
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Figure A.104: Right Side Gap Between Interior Plt. and Bottom Exterior Plt. HD3CS413.MTO
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Figure A.105: Front Gap Between Interior Plate and Top Exterior Plate HD3CS414.MTO
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Figure A.106: Back Gap Between Interior Plate and Top Exterior Plate HD3CS414.MTO
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Figure A.107: Left Side Gap Between Interior PIt. and Bottom Exterior Plt. HD3CS414.MTO
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Figure A.108: Right Side Gap Between Interior PIt. and Bottom Exterior Plt. HD3CS414.MTO
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Figure A.109: Front Gap Between Interior Plate and Top Exterior Plate HD6NS--2.MTO
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FigureA.110: Back Gap Between Interior Plate and Top Exterior Plate HD6NS--2.MTO
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Figure A.111: Left Side Gap Between Interior PIt. and Bottom Exterior Plt. HD6NS--2.MTO
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Figure A.112: Right Side Gap Between Interior PIt. and Bottom Exterior Plt. HD6NS--2.MTO
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APPENDIX B
RESULTS OF CONNECTION TESTS
WITH CONVENTIONAL FASTENERS
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Fastener Number

4 5 6 7 8 9 1 2 3 | 10 [ 11 [ 12
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5 | 43100/ -08] -0.7] -0.7| -0.9] -0.9] -0.8] -0.8] -0.8] -0.8] -0.8
5 6 ) 50| 4.5[10.2| -0.7] -0.7 -0.7| -0.9] -0.7| -0.7| -0.8] -0.7| -0.7
) 7 2.7] 3.4| 9.6 85| -0.8] -0.8] -0.9] -0.8] -0.7| -0.8] -0.8] -0.8
o 8 | 28] 23] 86| 42| 85| -1.0] -1.0] -0.9] -0.8] -0.9] -0.9] -0.8
=y 9 ) 36| 32| 69| 48| 5.4 7.1| -0.3] -0.2| -0.2] -0.2| -0.3] -0.2
S 1 29| 26| 6.3] 53| 59| 6.8/ 9.4| -0.1] 0.0| -0.1| -0.2| -0.1
=2 2 § 32| 24| 54| 54| 6.1] 69| 9.2 99| -0.1] -0.1| -0.2| -0.1
5 3 § 3] 26| 57| 53| 6.2|] 6.8 9.1] 9.2] 9.3] -0.1| -0.2| -0.1
10 39| 29| 6.1] 3.7 49| 6.2| 9.0] 9.1f 87]11.1] -0.2] -0.1
11 § 39| 31| 65| 40| 48| 5.4 9.0] 9.2| 86]|10.9/10.7| -0.1
12 § 39| 31] 68| 40| 50| 47 89| 9.1 86]10.8|10.0{10.5
4 §53.7] 29| 70| 37| 51| 5.1] 9.7] 9.4] 85/10.8] 9.8/10.0
5 §53.0/525] 6.4 38| 39| 5.0 9.7/]10.0] 85|10.8] 9.8/10.1
5 6 §52.9[/52.0{53.8| 3.8] 4.0] 3.6/ 9.7/10.0] 9.2/10.8] 9.8/10.1
) 7 §52.8/51.7/53.3]47.5| 3.5| 3.7 9.6/10.0] 9.0/11.2/10.0/10.0
®) 8 ]52.8/51.8/53.4|47.0/50.14] 3.3] 9.7|10.0] 9.2{11.3]10.5/10.1
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12 §52.7/51.7]53.1] 46.5]48.2] 48.6{54.6]54.1]50.9]52.2]| 56.1] 53.9
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Figure B.1: Fastener Tensions for test CD3TN122.MTO
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Figure B.2: Final Installed Tensions for Test CD3TN122.MTO
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Figure B.3: Tensile Load History for Fastener #4 - Test CD3TN122.MTO
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Figure B.4: Tensile Load History for Fastener #8 - Test CD3TN122.MTO
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Figure B.5: Tensile Load History for Fastener #2 - Test CD3TN122.MTO
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S |7 ls00f41.1(52.2[54.8] 0.2] 1.3] 85| 7.2[12.2] 3.2] 8.1[12.9
O | 8 ls0.1]40.0{51.5[53.7[55.7] 1.1] 85| 7.2]12.2] 3.6] 7.5[12.8
@ |9 |s0.1]40.1]49.5]53.6]/54.9{56.9] 8.4] 7.1[12.5] 3.8] 7.9]11.4
c |1 050.2[40.3[49.5[53.4]54.7]56.3]59.3] 7.0/12.8] 3.8] 7.9/11.5
£ |2_|s0.2[40.1]40.5] 53.4] 54.6] 56.0] 58.6] 58.6{ 13.6] 3.7] 7.8[11.4
© | 3 150.3[40.4[49.6[53.2|54.5]56.0|58.5|58.2] 58.7] 3.8] 7.9/11.6
= |10 150.2]40.3]49.5[53.3[ 54.5| 55.8| 58.2[ 58.0{ 57.9] 56.4] 7.8[11.5
11 J50.1{40.2{40.4{53.2[54.5]55.7] 58.2] 57.9] 57.7| 55.6] 59.4] 12.0

12 §50.1140.2[49.4]53.1] 54.4] 55.8[ 58.1] 57.9] 57.5] 55.5[ 58.9] 59.9

Tension in Kips

Average Fastener Tension
(after snugging) = 5.7 Kips T 4 7 10
(after tightening) =  54.2 Kips

4-1/4" Conventional Fasteners
3" Grip
Deformed Plates (3mm gap) I )

Turn-of-Nut Installation (with 12 kip Snug) y

Tightened from Middle to Outside [ )
Fastener Numbers

Figure B.6: Fastener Tensions for test CD3TN123.MTO
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Figure B.7: Final Installed Tensions for Test CD3TN123.MTO

1 2

\— —_—

e

f— Snug

= = 39 Kip Min.

i

5 6

7 8 9

1 2

3 10 11 12

Installed Fastener Number
Figure B.8: Tensile Load History for Fastener #4 - Test CD3TN123.MTO
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Tensile Load (Kips)

Tensile Load (Kips)

60
50 ¥
40 = = m m = m =m s =mE =mE =m m mE | =" O =E =mE = = W m
30 Snug
= = 39 Kip Min.
10 l, \
() —
6 7 8

9 1 2 3 10 11 12

Installed Fastener Number
Figure B.9: Tensile Load History for Fastener #8 - Test CD3TN123.MTO

4 5

60

50 ¥

VD = = = = = = = = = = = = wm wm | w m =W
30 I Snug N
/ e Tight
20 —
= = 39 Kip Min.
10 / N\

7 N\

0 L

4 5 6 7 8 9 1 2 3 10 11 12
Installed Fastener Number

Figure B.10: Tensile Load History for Fastener #2 - Test CD3TN123.MTO
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Fastener Number

4 5 6 7 8 9 1 2 3 [10] 11 ] 12
4 §13.1| -0.1] o0.0f 0.0| -0.1] -0.1f -0.1] -0.2] 0.0 0.1] 2.0] 0.0
5 5.2/12.6] 0.0f 0.0] -0.1] -0.2| -0.1] 0.0] 0.0] 0.1] 2.3] -0.1
= 6 5.4| 3.8|12.6] 0.0] -0.1] -0.2| -0.1] 0.0] 0.0] 0.0] 2.2] 0.0
35 7 09| 1.7]11.0)14.4] -0.1] -0.2| -0.14] 0.0] 0.1] -0.1] -0.1] -0.1
o) 8 16| 1.1| 81| 6.3]/12.9f -0.1) -0.1| -0.1| 0.0] -0.1] -0.1| -0.1
> 9 2.6 1.7] 46| 53| 5.0/13.2| -0.1] -0.1| -0.1f -0.1] -0.2] -0.1
= 1)-01] 02 08| 75| 6.9[16.5/13.7 -0.1] 0.0| -0.1f -0.2| -0.2
2 2 ]-01] -02| 0.0l 80| 6.8/16.8] 4.9]/14.0| 0.0] 0.0] -0.2] -0.1
& 3 ]-0.1]| 03| 01| 83| 7.0{156] 4.8] 7.1[13.6] -0.1]| -0.2] -0.2
10 § -0.1] -0.2| -0.1] 1.0 3.1/13.5| 6.2] 7.8|14.1]14.1| -0.1] -0.1
11 ) -0.1] -0.3] o0.0f 16| 1.0| 9.1| 6.5| 8.1|14.7| 5.7|13.8] -0.1
121 -01)-03] oof 27| 1.1) 38| 66 83150 60| 3.8]14.4
4 136.6| -1.4| -1.af -1.0] -1.2] 0.4f 1.3] 4.7[136] 4.8] 2.3[/13.5
5 §27.7]52.7] -1.1] -1.0] -1.3] -1.4] 2.3] 3.4|10.6] 5.3] 1.8[125
5 6 J28.0|/48.2|40.0] -09] -1.2| -1.3] 2.5| 45| 84| 56| 2.3[11.2
© 7 §23.1146.7]39.3]52.3] -1.2| -1.3] 29| 47| 85| 0.3] 0.5[11.2
@] 8 |23.3|/44.9|37.7/50.1|54.9| -1.3] 3.0/ 48| 86| 0.1| -0.8] 7.5
=3 9 ]23.4|45.0{32.6/50.3|52.7|56.9] 3.0/ 5.0 9.2 0.3] -1.0] 3.2
c 1 )23.5|45.2[32.7|50.1|52.5[56.4|59.7| 2.7| 8.8] 0.3| -0.9] 3.3
g 2 |23.8|45.4/33.0/50.2|52.5/56.4/59.1|58.9] 6.5| 0.4] -0.9] 3.3
= 3 ]23.8|/45.5/32.9/50.0|/52.4/56.4/59.1|58.0{56.4] 0.3] -0.9] 3.4
= 10 §23.9/45.5/33.0{49.3|52.1|56.4/59.1|58.3|56.3/53.7| -1.3] 1.8
11 §23.9|45.5/33.0/49.4[/51.8/56.2|59.1]|58.3] 56.2| 53.1| 55.8] -0.6
12 123.9)45.4]33.2]49.5/52.0)1556]59.0{58.3]56.3| 53.1]54.4]/59.0
Tension in Kips
Average Fastener Tension
(after snugging) = 5.1 Kips T 4 7 10
(after tightening) 50.0 Kips > 5 8 11
3 6 9 12

5-1/4" Conventional Fasteners

4" Grip

Deformed Plates (3mm gap)
Turn-of-Nut Installation (with 12 kip Snug)
Tightened from Middle to Outside

Fastener Numbers

Figure B.11: Fastener Tensions for test CD3TN124.MTO
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Final Installed Tension (Kips)

Tensile Load (Kips)
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Figure B.12: Final Installed Tensions for Test CD3TN124.MTO

3 10 11 12

Snug

Tight

= 39 Kip Min.

N — /™~

4 5 6 7 8 9 1 2

3 10 11 12

Installed Fastener Number
Figure B.13: Tensile Load History for Fastener #4 - Test CD3TN124.MTO
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Tensile Load (Kips)

Tensile Load (Kips)

60

50 ¢

— Snug

30

20

= = 39 Kip Min.

10 | /<
/ I R \
—
0 I
4 5 6 7 8 9 1 2 3 10 11 1
Installed Fastener Number

Figure B.14: Tensile Load History for Fastener #8 - Test CD3TN124.MTO

2

60

50 ¥

40 = = m m Em m O =mE = = = - m = = wm = - -
— Snug

30 ]

20 T
= = 39 Kip Min.

10 | VAN

0 /

4 5 6 7 8 9 1 2 3 10 11 12
Installed Fastener Number

Figure B.15: Tensile Load History for Fastener #2 - Test CD3TN124.MTO
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Fastener Number

1 [ 2 [ 3] 4]5]6] 7] 8] 9o ]10]11]1

1 Ja12.1] o0af oaf o.0] 00| 0a] o0a] o0a] o.0] 0.5] 0.6] 0.0

2 | 7.3]12.0] o0.0| 0.0] 0.0] 0.0l 0.0] 0.0f o.0f 05[] 0.7] 0.0

~ |3 | 75| 8.7]12.4] 0.0l 0.0 0.0 0.0] 0.0] 0.0] 0.6] 0.6] 0.0
S |4 I 85 85[11.0[11.3] 0.0l 0.1 0.0 0.1 0.0] 03] 0.6] 0.0
O L5 | 89l 9.4]10.4] 7.8[12.5[ o0.2] 0.a] 0.a] 0.2 0.4] 03] 01
o | 61 86| o04l101] 8.0 85[104] 0.0] 0.0l 0.0l 03] 01] 0.0
% 71 86| 0.4[100] 51| 7.0] 9.7]12.8] 0.0] 0.0] 0.0] 0.0] 0.0
> |8 | 86| 95100 5.2] 5.0 8.1] 8.4[11.7] 0.0] 0.0] 0.0] 0.0
5 |21 86l os5l10.2] 5.4f 5.1 s5.0] 8.4l 71l11.0 0.0] 0.0] 0.0
10 | 8.6] o5[102[ 6.1 5.6[ 5.5] 6.5] 5.7] 9.8[13.3] 0.1] 0.1

11 | 89| o6[103] 6.2] 58] 59| 6.8 59| 9.2]13.7[12.7] 0.2

12 | 8.7] o6l101] 6.1] 58] 6.0] 6.7] 6.2] 8.7]13.6]/12.4/10.6

1 Js7.2] 96| 0.0 5.4 56| 5.8] 6.6] 6.0] 8.1]13.1]11.8/10.0

2 I56.4[53.7]10.3] 55| 6.0 5.9] 6.6 6.0/ 8.1[13.1{11.8[10.0

5 |3 Is6.4|53.1]530] 55] 6.1] 6.4] 6.7] 6.1] 8.1]13.1]12.9[10.1
S | 4 ls6.4[52.8[52.2[51.4] 5.2] 6.4] 5.0] 5.6] 8.1]13.1]11.9/10.0
O | 5 Is6.4[52.8[52.1{50.6[53.4] 5.9] 5.1] 45 7.8/13.1/11.9/10.1
© | 6 |s6.4|52.8]52.1]50.5[52.6{52.6] 5.1] 4.6] 6.3]13.1]11.9]10.0
c |7 _|s6.3[52.7]52.0]50.4] 52.4] 51.8[ 52.6] 4.2] 6.4]13.5[12.0]10.0
£ |8 Is6.3[52.7]52.0]50.4] 52.4] 51.7] 51.8[ 52.8] 5.0[13.5[12.4]10.1
© | 9 |s6.3[52.7[51.9]50.3]52.4]51.6{51.6]/51.9]51.3]13.5[12.4]10.7
= |20 Js6.2]52.5]51.8] 50.2{ 52.2]{ 51.4] 51.3[ 51.3] 50.3| 55.1] 12.6[ 10.7
11 J56.3[52.6{51.8{50.2[52.2] 51.4] 51.2] 51.3] 50.2| 54.6] 51.1{ 10.9

12 J56.2[52.5(51.7[50.1]52.1]51.3]51.1] 51.1] 50.1] 54.4] 50.3] 53.8

Tension in Kips

Average Fastener Tension
(after snugging) = 8.7 Kips T 4 7 10
(after tightening) =  52.1 Kips

3-1/4" Conventional Fasteners
2" Grip
Deformed Plates (3mm gap) I ,

Turn-of-Nut Installation (with 12 kip Snug) %____jl

Tightened from Top Left to Bottom Right [ )
Fastener Numbers

Figure B.16: Fastener Tensions for test CD3TN122.LTR
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Final Installed Tension (Kips)

Tensile Load (Kips)
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Figure B.17: Final Installed Tensions for Test CD3TN122.LTR
m— Snug
= = 39 Kip Min.
N
— —
1 2 3 4 5 6 7 8 9 10 11 12

Installed Fastener Number
Figure B.18: Tensile Load History for Fastener #1 - Test CD3TN122.LTR
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Tensile Load (Kips)

Tensile Load (Kips)

60
50 ¢
40 = - - - - - - - - - - - - - - - - - - -
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Figure B.19: Tensile Load History for Fastener #5 - Test CD3TN122.LTR
60
50 /;
40 = - - - - - - - - - 7 - - - - - - - - -
— Snu
30 J
20
/ = = 39 Kip Min.
10 | /NG e E—
0 /

1 2 3 4 5 6 7 8 9 10 11 12
Installed Fastener Number

Figure B.20: Tensile Load History for Fastener #7 - Test CD3TN122.LTR
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Fastener Number
1|l 21 3] 4| 5| 6| 7| 8] 910 11] 12

11.1] 0.0] 0.0] 0.0] 0.0] 0.0/ 0.0f 0.0 0.0] 0.6] 1.8] 1.5
6.7/11.7] 0.0f 0.0/ 0.0] 0.1] 0.0] 0.0/ 0.0] 0.6 2.3] 2.0
6.8] 59]12.0] 0.0/ 0.0f 0.0] 0.0] 0.0] -0.1] 0.6] 2.6 2.4
29| 2.8] 9.4]11.6] 0.0/ 0.0] 0.0/ 0.0] -0.2] 0.1] 2.1 2.9
28] 1.7] 78] 4.7]/12.1] 0.0] 0.0 0.0] -0.1] 0.0] 1.6f 2.0
3.1] 1.8] 5.4] 49| 5.1/12.0]f 0.0] 0.0] -0.1] 0.2] 1.5 1.1
3.6] 2.0] 6.2] 0.0] 1.4/10.6/10.3] 0.0] -0.2] -0.1] -0.1f 0.0
4.1] 2.1] 74| 0.0 0.4] 6.1] 5.1]112.2] -0.1] 0.0f 0.0] 0.0

Snugging Order

4.1] 2.4] 82| 0.1] 0.3] 1.5| 6.3] 4.3]/11.2| 0.0f -0.1] 0.1

5.0 2.5] 88| 1.4] 1.5 4.0 0.0] 0.3] 6.6/13.1] -0.1| -0.1
49| 24| 95| 19| 1.8] 5.2| 0.0] 0.0] 2.5 5.8/10.7] 0.0

47| 26l107] 23] 23] 46l 03] 00| 01l 7.1 127

1] 15

549] 1.2]11.2] 0.3] 1.3 48] 0.1] 0.0] 0.0] 6.9] 1.6(/12.2

54.6]158.4] 8.0] 0.3] 0.5 4.0f 0.1] 0.0] -0.1] 6.9] 1.6{/12.1
54.4]158.5|57.4] 0.3] 0.4 0.7 0.1] 0.0] -0.3] 6.9] 1.6/12.1
54.4]58.3|56.7| 56.7] 0.0/ 0.2] 0.0] 0.0] -0.4] 5.4] 1.6/12.3

54.3]158.0] 55.4] 53.7] 56.0f -0.1f 0.0] 0.0] -0.5] 5.8] 1.6{11.7
54.3]158.2| 55.6] 53.8| 53.8/ 58.1] 0.1] 0.0] -0.5] 6.0 2.0{11.0
54.2] 58.1| 55.5/ 52.6] 53.5[ 57.3] 57.6] 0.0] -0.5] 0.3] 0.8]11.1

54.1] 58.0] 55.3] 52.7] 52.4| 56.5] 56.4] 57.1] -0.6] 0.1] 0.0f 8.5

54.0] 58.0] 55.4] 52.6] 52.5] 54.1] 56.3] 56.3] 53.1] 0.4] 0.0 4.2
54.0] 58.0] 55.4]| 52.6| 52.4| 54.1] 55.9] 56.0| 52.5| 58.1] 0.1 3.2

Tightening Order

54.1] 58.0| 55.3] 52.6] 52.4] 54.1] 55.9] 55.9| 52.1| 57.6/ 54.3] 1.6

[y I I ==
] b =] e el R K= G EN S Y Y s = e e R e U B S Y

54.1] 58.0] 55.3/ 52.6] 52.4] 54.11 55.9] 56.0] 51.8] 57.5] 53.8/ 57.9
Tension in Kips

Average Fastener Tension
(after snugging) = 4.1 Kips 1.4 7 10
(after tightening) =  55.0 Kips

4-1/4" Conventional Fasteners
3" Grip
Deformed Plates (3mm gap) I .

Turn-of-Nut Installation (with 12 kip Snug) vl

Tightened from Top Left to Bottom Right [ — )
Fastener Numbers

Figure B.21: Fastener Tensions for test CD3TN123.LTR
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Final Installed Tension (Kips)

Tensile Load (Kips)
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Fastener Number

Figure B.22: Final Installed Tensions for Test CD3TN123.LTR

— Snug

= ™= 39 Kip Min.

1 2 3 4 5 6 7 8 9 10 11 12

Installed Fastener Number
Figure B.23: Tensile Load History for Fastener #1 - Test CD3TN123.LTR
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Tensile Load (Kips)

Tensile Load (Kips)

60

IN
50
40 = = = = = = =mm m E = E =m | E = E = = = m
30 — Snug
20

= ™= 39 Kip Min.
10 /7 N
~~ — —
() C—
6 7 8 9 1

1 2 3 4 5
Installed Fastener Number
Figure B.24: Tensile Load History for Fastener #5 - Test CD3TN123.LTR
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30 f— Snug
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= = 39 Kip Min.
10 ¢ /N
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1 2 3 4 5 6 7 8 9 10 11 12
Installed Fastener Number

Figure B.25: Tensile Load History for Fastener #7 - Test CD3TN123.LTR
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Fastener Number

1 2 3 4 5 6 7 8 9 [10] 11 ] 12
1 J13.0] o0.0] 0.0/ 0.0] 0.0f 0.0/ 0.0| 0.0/ 0.0] 03] 0.2] 1.7
2 8.2/11.9] 0.0f 0.0] 0.0] 0.0 0.0/ 0.0] 0.0] 0.5| 0.2 2.2
= 3 8.0 6.4]10.7] 0.0] 0.0] 0.0 0.0] 0.0] 0.0] 0.7] 0.3] 2.2
35 4 2.6] 40| 9.4]12.2] 0.0 0.0] 0.0] 0.0l 0.0f 0.1] 0.0] 1.6
o) 5 2.3] 2.7| 6.8 4.9|13.4| 0.0/ 0.0] 0.0] -2.0] 0.0 0.0 0.6
o 6 2.8] 29| 3.7] 47| 5.9]10.8] 0.0] 0.0] -2.0f 0.0] 0.0] 0.0
= 7 2.8] 41| 57| 0.1] 2.0| 83[11.8] 0.0] -2.0] 0.0| 0.0f 0.0
2 8 32| 43| 6.7 0.1] 09| 42| 5.8/10.9| -1.9] 0.0] 0.0] 0.0
& 9 35| 5.1] 6.8] 0.2| 0.7] 1.0] 6.0 4.4] 9.2 0.0] 0.0 0.0
10 § 50| 59| 8.2] 1.0l 1.6] 25| 0.2] 1.1] 6.1]12.0] 0.0 0.0
11 ) 52| 6.2| 9.6 1.4] 19| 34| 0.3] 00| 15| 4.1]12.6] 0.0
121 52) 661107 1.7] 2.0 30| 05 00 -13] 47| 42/10.9
1 )s6.9] 06| 9.1] -0.4] 0.1f 1.8] -0.2| -0.1| -1.4] 45| 3.9/10.5
2 |52.2|58.0] 1.5| -0.3] -0.4f 0.1] -0.1] -0.1] -1.1] 4.3] 3.4[10.7
5 3 |51.8|/53.5|56.9] -0.3] -0.1| -0.2| -0.1] -0.1f -1.1| 45| 3.5 9.1
© 4 §48.5|51.7|55.4/42.5] -0.1] -0.2] -0.1] -0.1] -1.0f 3.4] 3.0] 9.4
@] 5 ]49.0|/51.7|53.2]35.0|/51.8] -0.2| -0.1]| -0.1| -1.0] 3.6| 2.4 85
=3 6 J49.0|/52.4|51.8/34.8|/45.8/52.8] -0.1| -0.1| -1.0| 4.0| 2.5 6.6
c 7 149.2|52.5|51.9/29.9|/44.2|52.1|34.6| -0.1| -1.0| -0.1| 0.6 6.2
g 8 149.2|52.6/52.0/30.3|42.1]50.0/25.4|56.0] -0.9] -0.1] -0.1] 1.2
= 9 ]49.2|52.6/52.3/30.6|42.6]45.0/24.2|47.4]48.4| -0.1]| -0.1] -0.1
= 10 149.1|52.6|52.2{31.2|42.7|45.2]/18.3| 43.5|45.4/26.9]| -0.1] -0.1
11 §49.1152.6|52.2|31.2/42.7/45.2|19.0|43.1)| 44.0| 25.4|53.3] -0.1
12 149.1152.6]152.2{31.2]142.8) 453]19.1{43.4]43.9|255]|51.8] 48.2]
Tension in Kips
Average Fastener Tension
(after snugging) = 4.0 Kips T 4 7 10
(after tightening) 42.1 Kips > 5 8 {1
3 6 9 12

5-1/4" Conventional Fasteners
4" Grip
Deformed Plates (3mm gap)

Turn-of-Nut Installation (with 12 kip Snug)
Tightened from Top Left to Bottom Right

Fastener Numbers

Figure B.26: Fastener Tensions for test CD3TN124.LTR
153



Final Installed Tension (Kips)

Tensile Load (Kips)
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Figure B.27: Final Installed Tensions for Test CD3TN124.LTR
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Figure B.28: Tensile Load History for Fastener #1 - Test CD3TN124.LTR

154




Tensile Load (Kips)

Tensile Load (Kips)

60

50

40

30

20

10

40

35 1
30
25 1

20
15
10

Installed Fastener Number
Figure B.30: Tensile Load History for Fastener #7 - CD3TN124.LTR
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Figure B.29: Tensile Load History for Fastener #5 - Test CD3TN124.LTR
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Fastener Number

1 2 3 [10]11f12] 4 5 6 7 8 9
1 J11.4] o0.0] 0.0/ 0.0] 0.0f 0.1] 0.0] 0.0/ 0.0/ 0.0/ 0.0] 0.0
2 6.8]11.1] 0.0] 0.0] 0.1 0.0f 0.0] 0.0] 0.1] 0.0] 0.0/ 0.0
= 3 6.3] 6.1]11.3] 0.0/ 0.0| -0.1| -0.1] -0.1| 0.0] -0.1] 0.1 0.0
3 10 | 5.3] 53| 9.3/14.4| -0.2] 0.1 -0.1] -0.2| -0.1| -0.1] -0.1] -0.1
o 11 ) 54| 5.1| 8.2[12.5|10.7| -0.1] -0.1] -0.1| -0.1| 0.0| -0.1f -0.1
o |12 5.4} 50] 68/12.4] 7.5/10.4} -0.1} 0.1} 0.2} -0.1} -0.1] -0.1
‘B 4 6.2] 5.0| 6.8[12.0| 7.1]10.0/10.9] -0.1| -0.2| -0.1]| -0.1f -0.1
2 5 6.4 5.1| 6.3]12.0| 68| 9.2| 85| 7.8 -0.2| -0.1]| -0.1f -0.1
5 6 6.4 53| 58[12.1] 69| 86| 88| 47[11.6] -0.1]| -0.1f -0.1
7 6.4 53| 58[126| 69| 86| 55| 3.9[11.4/11.0| -0.1f -0.1
8 6.4 54| 58[12.8| 71| 88| 52| 2.6/10.0] 9.0/11.4] -0.1
9 6.4 55| 6.0[127] 73] 93] 53] 25| 66| 90| 9.6]11.7]
1 J43.1] 5.7 5.9]12.6] 7.2 9.1| 58| 2.6/ BG| 8.8 9.3/11.1
2 J43.1|54.8| 65[12.6] 7.2| 9.1] 59| 29| BG| 88| 9.4[11.1
5 3 J43.1|54.0{52.3[12.6] 7.2] 9.2| 59| 29| BG| 88| 9.4[11.2
s 10 §43.1|53.8|/51.8[52.9] 76| 9.2 59| 29| BG| 9.2| 9.5[11.2
@) 11 §43.1|53.5|51.4[52.1|55.0] 9.6/ 59| 29| BG| 9.2| 9.9[11.2
© | 12 §43.1]1535]51.3|52.1/54.5[54.4] 59| 29| BG| 9.2[10.0]11.7
= 4 §43.1|53.5|/51.2/52.0|/54.2|53.6(/54.6| 2.3] BG| 7.3] 9.4/11.8
g 5 ]43.1|53.5|51.1/51.9|54.0{53.5/53.7|49.4] BG| 7.4| 7.9[/11.5
[=) 6 J43.1|53.4/51.2]/51.8|/54.0/53.4/53.5/489| BG| 7.5| 8.1 9.9
= 7 J43.1|53.4/51.1/51.8|53.9/53.4/53.4|48.8] BG|53.6| 7.5[10.0
8 ]43.0/53.4/51.0/51.7|53.9/53.3/53.4|48.8] BG|53.0/55.3] 9.7
9 143.0]153.4]51.0{51.7|53.9)153.4]53.4/48.8| BG|52.8|545|53.4
Tension in Kips
Average Fastener Tension
(after snugging) = 7.7 Kips T 4 7 10
(after tightening) 51.8 Kips o 5 8 11
3-1/4" Conventional Fasteners 3 6 9 12
2" Grip

Deformed Plates (3mm gap)
Turn-of-Nut Installation (with 12 kip Snug)
Tightened from Outside to Middle

Fastener Numbers

Figure B.31: Fastener Tensions for test CD3TN122.0TM
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Final Installed Tension (Kips)
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4

11
1
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Figure B.32: Final Installed Tensions for Test CD3TN122.0TM

Snug

= = 39 Kip Min.

2 3 10 11 12

4

5 6 7 8

Installed Fastener Number
Figure B.33: Tensile Load History for Fastener #1 - Test CD3TN122.0TM
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Tensile Load (Kips)

Tensile Load (Kips)

60

50

40 -

30
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20

= = 39 Kip Min.

10 ¢

/‘——T— =

1 2 3 10 11 12 4 5 6 7 8

Installed Fastener Number

Figure B.34: Tensile Load History for Fastener #10 - Test CD3TN122.0TM
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Installed Fastener Number
Figure B.35: Tensile Load History for Fastener #5 - Test CD3TN122.0TM
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Fastener Number

1 2 3 J1wo]u1]12] 4| 5 6 7 | 8 ] 9
1 J213.3] 0.1] 0.0] 2.0] 0.0f 1.6/ 0.0] 0.0] 0.0] 0.0] 0.0 0.0
2 | 88| 96| 00| 24| 0.0f 2.3] 0.0] 0.0] 0.0 0.0] 0.0] 0.0
5 3 | 86| 52|13.4| 2.6/ 0.0] 2.8] 0.0] 0.0] 0.0 0.0] 0.0] 0.0
o 10 | 7.7] 45]11.9]10.8] 0.0] 0.0] 0.0] 0.0] 0.0f 0.0] 0.0] 0.0
o) 11 | 7.7] 4.2]11.5| 1.0/12.7] 0.0] 0.0] 0.0] 0.0 0.0] 0.0] 0.0
o |12y 75| a2f112] 2.5] 1.5]12.2] 0.0f 0.0} 0.0] 0.0] 0.0| 0.0
S 4] 3.2] 33]10.1] 1.9] 1.5/11.9/10.9] 0.0] 0.0] 0.0] 0.0] 0.0
> 5 | 35| 25| 84| 2.1| 1.3[11.3] 4.6]12.0] 0.0 0.0] 0.1] 0.0
5 6 | 37| 26| 6.0l 23] 1.6[106]| 4.7] 6.6/ 9.9] 0.0] 0.0] 0.0
7 | 47| 28| 6.2] 0.0l 0.4[10.7] 1.1] 4.0] 8.7[12.9] 0.0] 0.0
8 | 49| 29| 65| 0.0/ 0.0f 9.0] 08| 2.6] 6.3] 8.4[11.6] 0.0
9 1 49l 33 68| 00| 03 67| 09l 23] 32 89] 87[10.9
1 )57.9] 22| 7.3] 0.0] 03| 6.9] 06| 2.6] 35| 9.1] 8.7[10.3
2 |s57.4|56.5| 55| 0.0] 03] 7.0 0.7] 2.1| 35| 9.2| 8.8|10.4
= 3 |57.3|56.8|/59.4] 0.1 0.4 7.2| 0.8] 25| 2.4 9.3] 89105
o 10 |57.0|56.3|58.5|/25.2| 0.0f 3.0] 1.4] 30| 2.7 38| 57|11.1
O 11 J56.9]/56.1|58.3|24.7/56.8] 0.2| 1.5| 32| 2.9 4.3] 46| 9.9
© | 12 §56.8/56.1]58.3| 24.7{56.2|55.0| 1.5 3.4] 2.8] 4.5| 5.0] 5.9
'c 4 J57.1|56.3|58.2/24.7[56.2|54.4]59.7| 1.6] 2.7] 0.9] 3.0 6.0
£ 5 |57.1|56.2|58.1|24.7/56.154.2|58.3|56.4] 1.3] 0.7] 1.1| 4.3
f=2 6 |57.1|56.4|58.2|24.7/56.1/54.1|58.3|55.2|54.3] 0.8 1.1] 1.6
= 7 |57.1]56.3|58.2| 24.8]/56.2]/ 54.0|57.2| 54.9| 53.8/55.6] 0.7] 1.6
8 |57.0/56.2|58.1|24.9/56.3[54.0|57.2|53.8|53.2[55.0{58.4] 1.3
9 _157.0156.2[58.1]24.9[56.3[54.2{57.2]53.9] 50.7| 54.8| 57.7]| 57.2
Tension in Kips
Average Fastener Tension
(after snugging) = 4.7 Kips T 4 7 10
(after tightening) 53.2 Kips o 5 8 11
3 6 9 12

4-1/4" Conventional Fasteners

3" Grip

Deformed Plates (3mm gap) I
Turn-of-Nut Installation (with 12 kip Snug)
Tightened from Outside to Middle [

Fastener Numbers

Figure B.36: Fastener Tensions for test CD3TN123.0TM
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Final Installed Tension (Kips)

Tensile Load (Kips)
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Figure B.37: Final Installed Tensions for Test CD3TN123.0TM
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Figure B.38: Tensile Load History for Fastener #1 - Test CD3TN123.0TM
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Tensile Load (Kips)

Tensile Load (Kips)

40

35 ¢
30 ¢

25 ¢ /
20 Snug

15 / Tight

10 //' = = 39 Kip Min.
5 | ; \
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2 3 10 1

12 4 5 6 7 8
Installed Fastener Number

Figure B.39: Tensile Load History for Fastener #10 - Test CD3TN123.0TM
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Figure B.40: Tensile Load History for Fastener #5 - Test CD3TN123.0TM
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Fastener Number

1 | 2] 3]0 ]12] 4] 56 7]8]0
1 Ja2.a] 0.0 0.0 0.2] 01| 1.8] 0.0 0.0 0.0] 0.0] 0.0] 0.0
2 | 7.2l13.1] o.0f 02| o] 23] 0.0 o.0f 0.1 o0.0| 0.0 0.0
- 31 70| 78|12.1] 0.2] 0.0] 25| 0.0[ -0.1] 0.0] 0.0] 0.0] 0.0
S | ol ss] 7.5[13.0[11.5] -0.1] -0.a] 0.1] -0.a] 0.1] -0.1] -0.1] -0.1
O |ti] ssl 7.3/13.0] 2.0[12.6] 0.0] 0.0] 0.0] 0.0] 0.0] 0.0] 0.0
o | 121 6.0 7.6]125] 3.7] 2.4]11.0] -0.1] -0a] -0.1] -0.1] 0.0 -0.1
% L4 | 26] 56[12.1] 2.5] 2.0[10.4[11.7] -0.1] 0.0] 0.0] 0.0] 0.0
© | 5 ] 29| 41[104] 2.5] 1.7] 0.4 6.1[11.3] 0.0] 0.0] 0.0] 0.0
5 &1 3.4l a3l 75] 271 1.0l 78] 56| 5.1] 9.9] 0.0] 0.0] 0.0
7 | 38| a9 80 07] o8] 7.8 15[ 2.6] 8.3[11.4] 0.0[ 0.1
8 | 40| 5.0| 8.4] 07] 0.2] 6.0] 1.0[ 1.3 6.1] 7.1]11.0[ 0.1
9 | 42| 55] 84 o9l o2 31] 1.0[ o8] 2.6] 7.2] 6.1[1238
1 Js8.0] 05| 6.9] 1.5 05| 3.6] 0.2] 0.3] 25| 4.8 5.0[12.1
2 Is5.7]57.8] 1.8] 1.6] 0.6] 4.2] 0.2] o0.0] 1.1] 4] 3.8[11.1
s |3 |ss5.8]56.0{57.1] 1.7[ 0.8] 48] 0.2] 0.0] 0.0] 4.3] 36] 7.4
© |20 |ss.7[s59]56.7]15.6] 0.0] 1.1] 0.1] 0.0] 0.a] 0.1] 0.8] 7.7
O | 11 Jss56[55.7]56.5] 1.4[255] 0.1] 0.1] -0.2] 0.4 o0.1] -0.a] 1.3
© | 12 |s5.7]55.7]55.6] 2.1] 7.4]28.6] 0.2] 0.2 0.1] 0.5] -0.1] 0.1
c |4 |s4.3[552]55.5] 1.6] 6.4]27.8[49.2] -0.2] 0.0] 0.0] 0.0] 0.0
£ L5 |s4.7]s5.2]54.6] 1.7] 5.9]26.5[43.5[56.2] -0.1] -0.1] -0.1] 0.0
© | 6 |s4.7[556[53.9] 1.7] 6.3]252[43.6]/52.349.2] -0.1] -0.1] -0.1
= |7 _ls4.8]/55.7]53.9] 0.0] 2.6]/24.4]39.1[51.0]48.6]48.3] -0.2] -0.1
8 l54.8]55.7]53.9] 0.0 1.6]22.0]30.1[49.2]47.3]45.0]54.5] 0.1
9 _l549]558]54.1] 00l 1.9]122.6]30.2[402]43.2]46.0]/53.1[54.6

Tension in Kips

Average Fastener Tension
(after snugging) = 4.4 Kips T 4 7 10
(after tightening) =  39.5 Kips

5-1/4" Conventional Fasteners
4" Grip
Deformed Plates (3mm gap) I ,

Turn-of-Nut Installation (with 12 kip Snug) %____jl

Tightened from Outside to Middle [ )
Fastener Numbers

Figure B.41: Fastener Tensions for test CD3TN124.0TM
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Final Installed Tension (Kips)
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Figure B.42: Final Installed Tensions for Test CD3TN124.0TM
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Figure B.43: Tensile Load History for Fastener #1
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Tensile Load (Kips)

Tensile Load (Kips)
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Tight

39 Kip Min.

10 11 12 4 5
Installed Fastener Number

Figure B.44: Tensile Load History for Fastener #10 - Test CD3TN124.0TM
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Figure B.45: Tensile Load History for Fastener #5 - Test CD3TN124.0TM
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Tension in IZips

Average Fastener Tension

(after snugging) = 22.6 Kips 1T 4 7 10
(after tightening) = 40.9 Kips
(after touch-up) = 42.3 Kips 2 5 8 N

3-1/4" Conventional Fasteners
2" Grip

Deformed Plates (3mm gap) I

Cal. Wrench Installation (with 25 kip Snug) y

Tightened from Middle to Outside [

Fastener Numbers

Figure B.46: Fastener Tensions for test CD3CW252.MTO
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Final Installed Tension (Kips)

Tensile Load (Kips)
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Figure B.47: Final Installed Tensions for Test CD3CW252.MTO

2 3 10 11 12

Snug

Tight

Touch-up

= 39 Kip Min.

4 5 6 7 8 9 1 2

3 10 11 12

Installed Fastener Number
Figure B.48: Tensile Load History for Fastener #4 - Test CD3CW252.MTO
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Tensile Load (Kips)

Tensile Load (Kips)
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Figure B.49: Tensile Load History for Fastener #8 - Test CD3CW252.MTO
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Figure B.50: Tensile Load History for Fastener #2 - Test CD3CW252.MTO
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Fastener Number

4 233] 0.2] 02 0.2] 0.1 02 0.1] 02 0.1] 0.2 0.4] 0.3
5 10.5| 24.2] 0.2 02 0.2| 0.2 02| 0.2 02 0.2 02 03
o 6 10.8 11.1] 26.0/ 0.1 0.1} 0.2 02| 0.2 02 0.2 0.2 0.3
© 7 10.4f 9.9] 244| 241] 0.2] 0.2 02| 0.2 0.1] 0.2 0.2 0.3
O 8 12.1] 9.9] 23.1] 15.1] 29.0) 0.2 02| 0.3] 02 0.2 02 0.4
)] 9 12.5| 11.7] 20.3] 14.7] 21.5] 23.2| 0.1] 03] 0.1] 0.2 0.2/ 0.3
£ 1 48] 59| 17.0] 159] 22.1| 23.7] 25.0] 0.2 0.2 0.2 0.2 0.4
% 2 56|/ 49| 13.6] 15.9] 22.4] 24.4] 23.5] 26.6] 0.2 0.2] 0.2 0.4
2 3 57| 5.7 11.4] 15.9] 22.5| 25.1] 23.6{ 23.8] 26.7] 0.3] 0.3] 0.4
n 10 70| 6.3 12.3] 9.3| 16.4] 21.4] 23.5] 23.7] 26.3| 27.2] 0.3] 0.5
11 7.0 6.5[ 12.8] 9.9] 15.2| 18.2| 23.4] 23.7| 26.1| 26.5] 28.7] 0.5
12 L0l _66[ 1321 00| 15901 16.0] 23.4[ 23.7] 261] 26.41 2811 30.0
4 41.5] 6.0] 12.9] 20.4] 15.2] 16.3] 23.0] 23.5] BG]| 25.9] 27.5] 28.4
5 41.0] 39.9| 12.3] 22.6] 13.5] 16.0] 23.2| 23.5] BG]| 25.9] 27.6] 28.5
) 6 41.0] 39.2| 37.4| 23.5] 13.5] 13.5] 23.2| 23.6] BG| 25.9] 27.7| 28.4
© 7 40.2] 39.1] 36.9] 45.7] 13.6{ 13.6] 23.2| 23.6] BG| 25.8] 27.8] 28.4
o 8 40.2] 38.8] 36.7] 47.1] 40.6{ 13.6] 23.2| 23.6] BG| 25.9] 27.8] 28.5
o 9 40.2] 38.8] 34.5| 46.9] 40.3| 41.8] 23.1| 23.6] BG| 25.9] 27.8] 28.6
g 1 40.2] 38.8] 34.5| 49.2| 40.2{ 41.6] 39.3| 23.8] BG| 25.9] 27.9]| 28.7
Q 2 40.2] 38.7] 34.6] 47.5| 40.2{ 41.5] 39.2| 41.8] BG| 25.9] 27.9] 28.7
< 3 40.2] 38.8] 34.5| 47.5| 40.1{ 41.4] 39.0| 41.4] BG| 25.9] 27.8] 28.7
-E’ 10 J 40.2] 38.8] 34.5| 48.0] 40.1] 41.4] 39.0{ 41.3] BG| 38.8] 27.9] 28.7
11 § 40.1] 38.7{ 34.5| 47.4] 40.1] 41.4] 38.9] 41.2| BG| 38.4] 43.3| 28.7
12 8 40.1] 38.7) 3451 47.4) 4011 41.4) 389] 41.11 BGJ| 38.2] 43.0| 46.9
4 39.9] 38.3| 34.1] 39.3] 39.6] 40.7] 38.2] 40.3] BG]| 37.1] 42.2| 44.5
o 5 39.8] 38.5| 34.1| 38.8] 39.6 40.7] 38.2| 40.3] BG| 37.1] 42.2| 44.6
% 6 39.8] 38.4] 37.4] 35.7] 39.6] 40.6] 38.2| 40.3|] BG| 37.1] 42.2| 44.5
= 7 39.8] 38.4] 37.1| 38.0] 39.6] 40.6] 38.2| 40.3] BG| 37.1] 42.2| 44.6
o 8 39.8] 38.4] 37.1]| 35.3] 41.5] 40.7] 38.2| 40.3] BG| 37.1| 42.2| 44.6
% 9 39.9] 38.4] 37.1]| 36.8] 41.5] 41.5] 38.2| 40.3] BG| 37.1] 42.2| 44.6
= 1 39.8] 38.4] 37.1| 38.4] 41.5] 41.4] 39.4| 40.3] BG| 37.2| 42.3]| 44.6
S 2 39.8] 38.4| 37.1| 37.5| 41.4] 41.4] 39.4| 40.7] BG| 37.1] 42.2| 44.6
(e} 3 39.8] 38.4] 37.1]| 35.5| 41.4] 41.4] 39.3| 40.6] BG| 37.1| 42.2| 44.6
= 10 J 39.8] 38.4f 37.1] 33.6] 41.4] 41.4] 39.3] 40.6] BG| 37.8] 42.2| 44.6
11 § 39.8] 38.4f 37.1] 32.2| 41.4]| 41.4] 39.3] 40.6] BG| 37.8] 42.4] 44.6
12 § 30.8] 38.4] 37.0]| 384 41.4] 41.4) 393| 40.6] BG| 37.8] 42.4] 45.4

Tension in Kips

Average Fastener Tension

(after snugging) = 18.9 Kips 1.4 7 10
(after tightening) = 41.0 Kips
(after touch-up) = 40.2 Kips 2 5 8 N

4-1/4" Conventional Fasteners
3" Grip
Deformed Plates (3mm gap) I )

Cal. Wrench Installation (with 25 kip Snug) y

Tightened from Middle to Outside  ——————————
Fastener Numbers

Figure B.51: Fastener Tensions for test CD3CW253.MTO
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Bad Gauge

_li -
I

4 5 6 7 8 9 1 2 3 10 11 12
Fastener Number

Figure B.52: Final Installed Tensions for Test CD3CW253.MTO

2
>
; — Snug
s 25 N —Tight
= 20 N
Qo Touch-up
7 \
o 15 \ = = 39 Kip Min.
() —
|_ 10 i B — — \
5 1 \_ __ —— — — —
0

4 5 6 7 8 9 1 2 3 10 11 12
Installed Fastener Number

Figure B.53: Tensile Load History for Fastener #4 - Test CD3CW253.MTO
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Tensile Load (Kips)

Tensile Load (Kips)

45 T
40 77- - - - - - - - - - - - - - - -
35 §
30 ¢
AN
25 l
20 \. —
15 ! f— Snug \ —
d .
10 /
I Touch-up
5 I = = 39Kip Min.
0 T T T
4 5 6 7 8 9 1 2 3 10 11 12
Installed Fastener Number
Figure B.54: Tensile Load History for Fastener #8 - Test CD3CW253.MTO

45 ‘ ‘
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35 ¢
30 ¥
25 | /\
20 l m— Snug |
15 —Tight ]
10 II Touch-up

5 = = 39 Kip Min. —]

4 5 6 7 8 9 1 2 3 10 11 12
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Figure B.55: Tensile Load History for Fastener #2 - Test CD3CW253.MTO



Fastener Number

Z L o1 6 [ 7 18T o1 T T > 13T 10 1T 10

4 | 250] 02 02] 02 01 02| 01 0] 02 09| 04] 26

5 | 10.1] 242 03[ 03[ 02 03[ 0.2 02 02[ 19[ 06] 1.9

. |6 |01 75[228[ 02 0.2[ 03[ 02 02 02 2.4 06| 1.4
8 |1 2454l 227[26.8] 02[ 03[ 02[ 02[ 02 03[ 03[ 03
S I8 |34 as[ 187 114 27.7] 0.4] 0.2[ 03] 03[ 0.4] 03[ 0.3
O [To 49 5.8 13.6] 10.2] 1659] 23.7] 0.2] 02| 02| 0.3] 03[ 02
© I'1 " o3[ 03[ 55 16.0] 20.3[ 28.7] 23.3 0.3] 0.3] 0.4] 0.4 0.3
S 2 | 03[ 01 07] 17.6] 22.0] 3L.2] 8.9[ 245 03[ 04] 04 03
S I3 | o02[ 00[ 0.2] 18.1] 23.2[ 30.8] 9.0[ 10.0] 26.2] 0.3[ 03[ 0.3
€ [10 " o02[ 07[ 03[ 47| 13.1] 24.9] 10.3[ 9.8] 26.0] 23.9] 0.3] 0.3
O P11 o2 o8] 03[ 58] 8.1] 18.6] 10.1] 9.6] 26.4] 13.0] 26.2] 0.3
12 1 02 07 03 63 8ol 124l 99l 95 263[ 146 182 252

4 | 42.6] 02| 06| 11| 44 13.0] 7.5] 9.4 26.4] 14.6] 18.5] 24.8

5 | 39.1] 40.3[ 0.5] 0.8 2.4] 10.0[ 8.1] 9.5 25.0] 14.7| 18.4] 24.8

~ [ 6 |39.2[37.7] 41.1] 09 2.1] 52[ 82[ 10.3| 24.6] 14.8] 185 24.2
S I 357[36.9] 40.7[ 49.6] 1.4 52[ 8.4 10.5] 24.7] 12.8] 18.7] 24.3
S I8 I 356[35.4[39.8[47.9[ 28.0[ 4.4 8.4[ 105] 24.8] 13.3[ 18.5[ 24.4
= |2 | 35.7[ 35.3[ 35.8] 47.8] 46.6] 44.0] 8.4] 10.7] 25.0] 13.4] 18.8] 23.8
< 1 | 35.7] 35.5] 35.9] 47.8] 46.5] 43.5] 40.5] 8.9] 24.8] 13.4] 18.9] 23.8
S | =235.9 356 36.1] 47.8] 46.5[ 43.5] 402 40.3] 23.9[ 13.4] 18.9] 238
£ | 3135.9[ 35.7] 35.9] 47.8] 46.5] 43.4] 40.1] 39.7] 40.1| 13.5] 18.9] 23.9
S |20 |35.9] 35.7] 36.0] 47.5] 46.6] 43.4] 40.1] 39.7| 39.9] 41.8[ 18.9] 23.9
|11 | 35.9] 35.7] 36.0] 47.5] 46.5] 43.5] 40.1] 39.6] 39.9| 41.5] 41.8] 23.6
12 1 35901 3571 36,0l 4a7.6] 265[ 433401 306[ 308[ 414 41.4] 425

4 | 38.9| 34.3] 34.8| 45./| 44.9] 41.4] 38.7| 3/.8] 38.2] 39.3] 39.5| 40.2

5 | 38.9] 37.8] 34.9] 45.8] 45.0] 415| 38.8] 37.9] 38.3] 39.4] 39.6] 40.4

o 6 | 38.9] 37.7] 39.0] 45.8] 45.0[ 41.2 38.8] 37.9] 38.3] 39.4] 39.6] 40.3
° 7 | 38.8] 37.6] 38.9] 49.4] 44.9] 41.1| 38.8] 37.8] 38.2] 39.3] 39.6] 40.3
O 8 | 38.9] 37.8] 39.1] 49.5] 46.0] 41.4] 38.9] 38.0] 38.4] 39.6] 39.8] 40.5
o 9| ss.9[ 37.7[ 38.0]"49.4] 45.9[ 42.8] 38.0] 37.0] 38.3] 30.5] 39.7] 40.4
z 1 | 38.7] 37.6] 38.8] 49.2| 45.8| 42.6] 40.2] 37.8] 38.2| 39.3] 39.5] 40.3
3 2 | 38.8[ 37.6] 38.8] 49.2| 45.8] 42.6] 40.1] 40.4| 38.2] 39.4] 39.6] 40.3
3 3 | 38.6] 37.4] 38.6] 49.0] 45.6] 42.4] 39.9] 40.1] 39.3] 39.1] 39.4] 40.1
+— |10 | 38.6] 37.4] 38.6] 49.0] 45.6] 42.3] 39.9] 40.1] 39.2[ 42.0] 39.3] 40.1
11 | 38.7] 37.6] 38.8] 49.2] 45.8| 42.6] 40.1| 40.3[ 39.3[ 42.2| 40.8] 40.3

12 | 386 37.5] 38.6] 49.0 456 42.4] 39.9] 40.1] 30.2[ 41 0] 40.6] 41.9]

Tension in Kips

Average Fastener Tension

(after snugging) = 11.0 Kips
(after tightening) = 40.8 Kips
(after touch-up) = 41.3 Kips

5-1/4" Conventional Fasteners

4" Grip

Deformed Plates (3mm gap)

Cal. Wrench Installation (with 25 kip Snug)
Tightened from Middle to Outside

Fastener Numbers

Figure B.56: Fastener Tensions for test CD3CW254.MTO
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Final Installed Tension (Kips)

Tensile Load (Kips)

45

40 -
35 -
30 -

20
15
10

4 5 6 7 8 9 1 2 3
Fastener Number

Figure B.57: Final Installed Tensions for Test CD3CW254.MTO

1\ Snug N
Tight H
\ Touch-up H
e - = = 39KipMin. ||
i \ — — \
4 5 6 7 8 9 1 2 3 10 11

Installed Fastener Number

Figure B.58: Tensile Load History for Fastener #4 - Test CD3CW254.MTO
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Tensile Load (Kips)

Tensile Load (Kips)

50
45
40
35
30
25
20
15
10

45
40
35
30
25
20
15
10

| = —
I — Shug
-------r----—Tight - T
I Touch-up
II‘ = = 39 Kip Min.

| I Yo~ T T

4 5 6 7 8 9 1 2 3 10 11 12
Installed Fastener Number
Figure B.59: Tensile Load History for Fastener #8 - Test CD3CW254.MTO

I I R R

[
I m— Snug

ll l\ Touch-up

| /
1 /N —

[

4 5 6 7 8 9 1 2 3 10 11 12
Installed Fastener Number
Figure B.60: Tensile Load History for Fastener #2 - Test CD3CW254.MTO

‘\ = = 39 Kip Min. [
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Fastener Number

T 1 21 31 2 15T 6 T 7 181 011071 11117

T 1 iL.1] 0.0] 0.0] 0.0] 0.0 0.0] _ 0.0] 0.0 0.0]_ 0.0] 0.3] 0.5

2 6.0 12.1] 0.0l 0.0] -0.1] 0.0l 0.0] -0.1] 0.0l 0.0] 0.4] 05

o 3 58] 7.8] 12.0] 0.0l 0.0 0.0l 0.0 0.0 0.0l 0.0] 05] 0.3
g 4 6.3 7.3] 11.4] 13.1] 0.0] 0.0] 0.0] 0.0l 0.0l 0.0] 0.1] 0.5
= 5 6.4] 7.9] 10.0] 9.0] 12.0] 0.0 0.0 0.0] 0.0 0.0 0.0 0.2
) 6 6.5] 8.2] 95| 9.3 7.8] 135 0.1] 0.1] 0.0] 0.0] 0.0] 0.0
2 7 6.4 83| 9.4 6.8 6.5] 125 8.9] 0.0] 0.0 0.0 0.0] 0.0
S 8 6.3] 8.2] 9.4 65| 4.2] 10.2] 5.2] 13.8] -0.1] -0.1] -0.1] 0.0
= 9 6.3 8.3] 9.7] 6.8] 4.2] 6.0 5.4] 8.6] 14.4] -0.1] 0.0] 0.0
c 10 6.4] 84| 9.7] 7.6] 4.7] 6.4] 45| 7.3] 13.3] 13.6] 0.0] 0.0
n 11 6.4] 83| 9.7] 75| 48] 6.6 4.6] 7.5 12.7] 13.5] 14.2] 0.0
12 64l 83 o7l 75l 23867 a6l 76 1251 1331 121/ 116

T 1 4L2] 8.1] 9.2] 7.5] 4.5 6.4 4.3 7.3 12.5] 12.5] 13.3] 10.6

2 | 40.8] 436] 9.5 7.6] 4.8] 6.5 43| 7.3] 12.5] 12.5] 13.3] 10.6

- 3 | 40.5] 42.8] 39.0] 7.6] 4.9] 6.9 4.4] 7.4] 12.6] 12.6] 13.3] 10.6
g 4 | 40.6] 42.8] 38.5] 42.2] 4.0l 6.9] 2.8] 6.7] 12.7] 12.6] 13.3] 10.6
o) 5 | 40.6] 42.9] 38.5] 41.8] 39.8] 6.5] 2.9] 55| 12.5] 12.7] 13.4] 10.7
> 6 | 40.6] 42.9] 38.4] 41.7] 39.5] 40.9] 2.9 5.6] 11.6] 12.6] 13.4] 10.7
c 7 | 40.5] 42.9] 38.3] 41.4] 39.3] 40.6] 34.5] 5.0] 11.6] 13.0] 13.4] 10.6
< 8 | 40.5] 42.8| 38.2| 41.4] 39.2] 40.4] 33.8] 42.0] 11.3] 12.9] 13.7] 10.6
2 9 | 40.4] 42.8] 38.2] 41.3] 39.2] 40.4] 33.7] 41.5| 43.0] 12.9] 13.7] 10.9
S |10 | 40.4] 42.7] 38.1| 41.3] 39.1] 40.3| 33.6] 41.3| 42.5| 41.2] 13.8] 10.9
= 11 | 40.5] 42.8] 38.1] 41.3] 39.1] 40.3] 33.6] 41.3] 42.3] 40.8] 38.8] 11.2
12 1 404 2271 3801 412 3911 4021 335 412 42.2] 406] 38.4[ 415

1 1 40.3] 42.4] 37.8] 40.9] 38.7] 39.9] 33.1] 40.7] 41.6] 39.9] 37.7] 40.3

2 | 40.2| 43.7] 37.8] 40.9] 38.7] 39.9] 33.1] 40.7] 41.6] 39.9] 37.7] 40.3

5 3 | 40.2] 43.6] 39.9] 43.6] 41.2] 39.9] 33.1] 40.7| 41.6] 39.9] 37.7] 40.2
) 4§ 40.2] 43.6] 39.8] 43.5] 41.1] 43.0] 33.1] 40.7] 41.6] 39.9] 37.7] 40.2
o) 5 | 40.1] 43.5| 39.8] 43.5| 41.1] 42.9] 33.1] 40.7] 41.6] 39.9] 37.7] 40.2
a 6 | 40.2] 43.5] 39.8] 43.4] 41.0] 42.9] 33.1] 40.7] 41.6] 39.9] 37.7] 40.2
2 7 | 40.2| 43.5] 39.7] 43.4] 41.0] 42.9] 34.5] 40.7| 41.6] 39.9] 37.7] 40.2
S 8 | 40.1] 43.5] 39.7] 43.4] 41.0] 42.9] 34.4] 42.7] 44.8] 39.9] 37.7] 40.2
3 9 | 40.2| 43.5] 39.7| 43.4] 41.0] 42.9] 34.4] 42.7| 44.7] 39.9] 37.7] 40.2
[t 10 | 40.1] 43.5] 39.7| 43.4] 40.9] 42.8] 34.3] 42.6] 44.6] 42.6] 37.7] 40.2
11 | 40.2| 43.5] 39.7] 43.4] 40.9] 42.8] 34.3] 42.6] 44.6] 42.5] 41.5| 43.3

12 | 402] 4351 39,71 434] 409|428 34 3| 42.6| 446 42.4] 414 432|

Tension in Kips
Average Fastener Tension

(after snugging) = 8.9 Kips
(after tightening) = 39.9 Kips
(after touch-up) = 41.6 Kips

3-1/4" Conventional Fasteners

2" Grip

Deformed Plates (3mm gap)

Cal. Wrench Installation (with 12 kip Snug)
Tightened from Top Left to Bottom Right

Fastener Numbers

Figure B.61: Fastener Tensions for test CD3CW122.LTR
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1 2 3 4 5 6 7 8 9 10 11 12
Fastener Number
Figure B.62: Final Installed Tensions for Test CD3CW122.LTR

Snug —
20 Tight —
15 Touch-up | ]

Tensile Load (Kips)
N
al

10 N = ™= 39 Kip Min.

1 2 3 4 5 6 7 8 9 10 11 12
Installed Fastener Number

Figure B.63: Tensile Load History for Fastener #1 - Test CD3CW122.LTR
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Tensile Load (Kips)

Tensile Load (Kips)

45
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I Snug
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—/ 1

1

2 3 4 5 6 7 8 9 10 11 12
Installed Fastener Number

Figure B.64: Tensile Load History for Fastener #5 - Test CD3CW122.LTR

s

|
m— Snug

= ™= 39 Kip Min.

[
I Tight
I Touch-up
/
/

/

1

2 3 4 5 6 7 8 9 10 11 12
Installed Fastener Number

Figure B.65: Tensile Load History for Fastener #7 - Test CD3CW122.LTR
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Fastener Number
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Figure B.66: Fastener Tensions for test CD3CW123.LTR
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Final Installed Tension (Kips)
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Figure B.67: Final Installed Tensions for Test CD3CW123.LTR
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Figure B.68: Tensile Load History for Fastener #1 - Test CD3CW123.LTR
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Tensile Load (Kips)
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Figure B.69: Tensile Load History for Fastener #5 - Test CD3CW123.LTR
I Snug
I Tight
Touch-up
I = = 39 Kip Min.
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/ N
5 N N
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Installed Fastener Number
Figure B.70: Tensile Load History for Fastener #7 - Test CD3CW123.LTR
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Fastener Number

Tension in Kips
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Deformed Plates (3mm gap)

Turn-of-Nut Installation (with 12 kip Snug)

Tightened from Top Left to Bottom Right

Fastener Numbers

Figure B.71: Fastener Tensions for test CD3CW124.LTR
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Tensile Load (Kips)

20
15
10

1 2 3 4 5 6 7 8 9 10 11 12
Fastener Number
Figure B.72: Tensile Load History for Fastener #1 - Test CD3CW124.L TR

Snug
Tight
Touch-up
N = ™= 39 Kip Min.
\ p
2 M \ —— ‘- T —

\-_—_—-—_

1 2 3 4 5 6 7 8 9 10 11 12
Installed Fastener Number

Figure B.73: Tensile Load History for Fastener #1 - Test CD3CW124.LTR
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Tensile Load (Kips)

Tensile Load (Kips)

40 = - - - - - - - - - - - - - - - - -
N Il
35 I \
25 I
— Snu
20 ?
I —Tight
15 I Touch-up
10 /\\ = = 39Kip Min.
s | .
O \. — — —

1 2 3 4 5 6 7 8 9 10 11 12
Installed Fastener Number
Figure B.74: Tensile Load History for Fastener #5 - Test CD3CW124.LTR

= Snug I
/

15 Touch-up

10 = = 39Kip Min. I/. \
N
5 | L N
6

1 2 3 4 5 7 8 9 10 11 12
Installed Fastener Number

Figure B.75: Tensile Load History for Fastener #7 - Test CD3CW124.LTR

\-——_
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Fastener Number

1 2 3 ] 10] 11| 12 4 5 6 7 8 9
1 J10.7] 0.0l 0.0/ 0.4] 0.0 0.1] 0.0| 0.0/ 0.7] 0.0] 0.0] 0.0
2 6.0/10.3] 0.0 05| 0.1 0.2 0.0] 0.0] 0.6] 0.0] 0.0/ 0.1
5 3 5.7] 59]115] 05| 01| 0.1] 0.0] 00| 0.7] 0.0] 0.0f 0.1
S 10 J 54| 56[10.4[12.0] 0.1] 0.2] 0.1] 0.1] 0.5 0.2 0.2] 0.2
o) 11 ) 53| 53| 93| 9.6[12.1] 0.1] 0.1] 0.1] 0.0l 0.1 0.1] 0.1
o | 12 5.4} 53] 81| 95/10.9/12.0] 0.1] 0.0f 0.4} 0.1} 0.1} 0.1
S 4 59| 5.4| 83| 9.0/10.5[12.4[13.5| 0.1] 0.3] 0.1] 0.1] 0.1
2 5 6.1] 6.1| 7.8 9.2|/10.4[11.9/10.6/21.9| 0.2] 0.1] 0.1f 0.1
5 6 6.1] 6.1] 7.2| 9.1]10.4/11.4[10.8] 9.0/10.9] 0.1] 0.1] 0.1
7 6.1] 6.1] 7.3] 9.4]10.6[/11.4f 82| 8.4]11.4] 9.3] 0.1] 0.1
8 6.2] 6.2| 7.4| 9.7]10.9]11.6f 7.8] 6.3/10.5| 7.7/11.6] 0.1
9 6,11 6.2) 75| 96/109]112.1] 79| 60| 7.3 7.8/ 95124
1 043.3| 65| 7.4 95/10.8[11.9] 82| 6.2| 6.2| 7.7|] 9.2|/11.6
2 J42.8|40.0| 78] 9.5[10.8/11.9] 83| 65| 6.2 7.7] 9.3]/11.6
5 3 J42.8|39.8/44.4] 9.6/10.9|12.0| 8.4| 6.6] 3.4 7.8 9.4[11.8
) 10 §42.7|/39.5/43.9/40.8/11.0/11.9] 83| 6.6/ 3.1 79| 9.3]11.7
o 11 §42.6/39.5/43.7/40.4] 40.0]12.1]| 83| 6.6/ 2.9] 80| 9.6[11.7
© | 12 142.6]39.4]43.7|40.4/39.7[40.0] 8.4] 6.6/ 2.8[ 80| 9.7]12.1
'c 4 142.6/39.3]143.6/40.2|39.5/39.7|/44.2| 6.0 26| 7.0] 9.3]12.1
% 5 ]142.5/39.4|435/40.1|39.3]139.5/43.9|44.8| 23| 70| 8.2[11.9
f=) 6 §42.5/39.3/43.5[40.1/39.3|39.4|43.8|44.4/36.5] 7.1| 8.3[10.6
= 7 §42.5/39.3/43.4/40.1]39.3|39.3|43.6/44.2|36.3/39.7| 7.8/10.6
8 §42.5/39.3/43.4/40.1]39.3|39.2|43.7|44.3|36.2]/39.4/39.9/10.2
9 §42.5(39.3]43.4]40.1139.3]39.2| 43.6{44.2] 36.2]1 39.3/39.6] 43,5
Tension in Kips
Average Fastener Tension
(after snugging) = 8.6 Kips T 4 7 10
(after tightening) 40.9 Kips o 5 8 11
3 6 9 12

3-1/4" Conventional Fasteners

2" Grip

Deformed Plates (3mm gap)
Cal. Wrench Installation (with 12 kip Snug)
Tightened from Outside to Middle

Fastener Numbers

Figure B.76: Fastener Tensions for Test CD3CW122.0TM
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Final Installed Tension (Kips)

Tensile Load (Kips)

1 2 3 10 11 12 4 5 6 7 8 9
Fastener Number

Figure B.77: Final Installed Tensions for Test CD3CW122.0TM

45

40 - - - - - - - - - - - - - - - - - - - - L

35

30 ¢

25 Snug
20

15

= = 39 Kip Min.

10 ING

1 2 3 10 11 12 4 5 6 7 8 9
Installed Fastener Number

Figure B.78: Tensile Load History for Fastener #1 - Test CD3CW122.0TM
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Tensile Load (Kips)

Tensile Load (Kips)

m— Snug

2 /
/ ——Tight
/

= = 39 Kip Min.

1 2 3 10 11 12 4 5 6 7 8 9
Installed Fastener Number

Figure B.79: Tensile Load History for Fastener #10 - Test CD3CW122.0TM

35 ¥ /
30

Snug
25 II e Tight

= = 39 Kip Min.

15 /
107: //\—\
/

1 2 3 10 11 12 4 5 6 7 8 9
Installed Fastener Number

Figure B.80: Tensile Load History for Fastener #5 - Test CD3CW122.0TM
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Fastener Number

1 2 3 ] 10] 11| 12 4 5 6 7 8 9
1 J11.4] o0.0] 0.0/ 1.3] 0.0 0.8] 00| 0.0/ 0.0] 0.0/ 0.0] 0.0
2 7.7]112.5] 00| 1.6] 0.1 1.2f 0.1] 0.0] 0.1] 0.0] 0.0/ 0.0
= 3 7.4] 86/13.0] 1.7] 02| 1.4] 0.0/ 0.0] 0.0/ 0.0] 0.0f 0.1
S 10 ) 69| 6.7[12.3] 9.5| 0.0] 0.0] 0.0] 0.0] 0.0] 0.0 0.0] 0.0
o) 11 ) 70| 5.7[11.8] 2.5[11.1] 0.0] 0.0] 0.0] 0.0] 0.0 0.0] 0.1
o | 121 7.0} 51]11.6] 3.9{ 0.9/12.0] 0.0{ 0.0f 0.0} 0.0} 0.0| 0.0
S 4 3.7] 36|11.1] 2.8] 0.8[11.4[11.5] 0.0] 0.1] 0.0] 0.0/ 0.0
= 5 42| 28] 98| 28| o0.8|10.6] 7.0/21.7] 0.4] 0.1] 0.1f 0.1
5 6 43| 33| 74| 28] 09| 94| 7.1]| 6.4]11.3] 0.0] 0.1] 0.1
7 5.0 32| 75| 03] 05 9.3] 3.8] 4.6/10.8/12.6] 0.0/ 0.1
8 5.1] 33| 7.7] 02| 02| 78| 35| 2.7| 86| 9.8/13.1] 0.1
9 50] 34| 80f 04] 03| 53| 36| 24| 44/10.1] 9.9/123]
1 J39.6| 3.0] 88| 00| 03| 54| 33| 29| 4.7]10.2| 9.8/11.8
2 §396|416] 6.6/ 00| 03] 54| 35| 24| 48[10.2] 9.9[11.8
5 3 J39.5|41.7/453] 0.0] 0.2] 56| 35| 2.7 3.4/10.3] 9.9/12.0
) 10 §39.4|/41.6/44.9[34.4] 0.0 25| 47| 3.4| 38| 42| 6.8[12.3
o 11 §39.3|/41.5/44.6/33.8/42.7] 0.1| 48| 3.7| 46| 47| 55[10.9
© | 12 139.3141.4)44.6|33.7[42.1{45.0] 4.7| 38| 4.7 47| 62| 7.2
'c 4 139.5/41.5144.5|33.8|42.0/44.8/38.4] 2.2 46| 19| 48| 7.3
% 5 139.6|/41.5|44.6/33.8|/42.1|44.7/36.7|41.1| 25| 18| 2.7 5.9
f=) 6 §39.6/41.6/44.8/33.8/42.1|44.5/36.7|39.9/37.7] 1.8 2.4] 3.0
= 7 §39.6|/41.7/44.8[34.0/42.3|144.6/35.6/39.7|37.6[41.7] 2.1] 3.0
8 §39.5/41.6/44.8/34.0/42.3|144.5|/35.6/38.6/36.9/41.5[42.4] 2.4
9 §39.5141.6[44.8|34.0[42.4]|446)356(386]33.1]41.4]/41.8]41.4
Tension in Kips
Average Fastener Tension
(after snugging) = 5.4 Kips T 4 7 10
(after tightening) 39.9 Kips o 5 8 11
3 6 9 12

4-1/4" Conventional Fasteners

3" Grip

Deformed Plates (3mm gap) I
Cal. Wrench Installation (with 12 kip Snug)
Tightened from Outside to Middle I

Fastener Numbers

Figure B.81: Fastener Tensions for Test CD3CW123.0TM
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Final Installed Tension (Kips)

Tensile Load (Kips)

20
15
10

1 2 3 10 11 12

4 5 6 7 8 9

Fastener Number
Figure B.82: Final Installed Tensions for Test CD3CW123.0TM

m— Snug
NG = = 39 Kip Min.
i — — —— — l\ |
N—

1 2 3 10 11 12

4 5 6 7 8 9

Installed Fastener Number
Figure B.83: Tensile Load History for Fastener #1 - Test CD3CW123.0TM
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Tensile Load (Kips)

Tensile Load (Kips)

40 . - - - - _ - - - - - - - - - -
35
30
25 II mm—— Snug
20 I Tight
15 - 39 Kip Min.
10 1 .
/
5 1 \ — —
I I (I \
0
1 10 11 12 4 5 6 7 8
Installed Fastener Number
Figure B.84: Tensile Load History for Fastener #10 - Test CD3CW123.0TM
45
3 / -
30 I m— Snug
25 II Tight
20 = = 39KipMin. | |
10 F—N\
N
5 I / T—
N/ —
0
1 10 11 12 4 5 6 7 8

Installed Fastener Number
Figure B.85: Tensile Load History for Fastener #5 - Test CD3CW123.0TM
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Fastener Number

1 2 3 ] 10] 11| 12 4 5 6 7 8 9
1 J11.0| o0.0] 0.0/ 2.8] 05[] 2.7| -0.1] 0.0] 0.0] 0.0] 0.0] 0.0
2 4.6|12.2| 0.0] 32| 09| 3.4 0.0] 0.0] 0.0] 0.0] 0.0] 0.0
. 3 47| 5.0/13.8] 35| 1.2] 32| 0.0/ 00| 0.0] 0.0] 0.0/ 0.0
3 10 § 45| 5.0[14.0{11.5] 0.0] 0.0| -0.1] 0.0] 0.0] 0.0 0.0] 0.0
o) 11 ) 51| 5.0[13.6] 3.3]11.6] 0.0] -0.1] 0.0] 0.0] 0.0] 0.0] 0.0
o | 12 ] 54| 55]134] 3.6 1.5/12.4] 0.0| 0.0f 0.0} 0.0] 0.0] 0.0
S 4 1.6] 3.8[12.7] 2.4] 1.1]11.7/12.1] 0.0f 0.0] 0.0] 0.0] 0.0
=2 5 1.8] 2.6/10.1] 2.4] 0.9/10.6| 6.0{12.4] 0.0] 0.0/ 0.0/ 0.0
5 6 2.3] 2.7] 6.0 2.6] 1.0] 9.1f 56| 5.7]12.7] 0.0] 0.0] 0.0
7 29| 35| 6.8] 03] 02| 87 1.6] 3.1]11.3/12.6] 0.0/ 0.0
8 3.2] 36| 76| 01| oo0f 6.7] 1.1] 1.6] 8.0] 8.0/11.8] 0.0
9 34] 42| 81] 03] 00| 33| 1.1] 1.0l 26| 82 6.4]14.2]
1 J385| 0.2 55| 09| 0.0f] 39| 00| 0.1] 2.2| 6.7] 5.3/13.8
2 §346/439] 04| 1.0] 0.0] 46| -0.1] 0.0] 06| 6.0 4.1[13.1
5 3 J34.7140.0[45.2] 1.2] 0.1] 5.6| 0.0/ 0.0] 0.1] 6.0] 39| 8.8
) 10 §34.0/39.9/45.6/46.2] 0.0] -0.1] -0.1| 0.0] 0.1 0.0 0.0] 4.8
o 11 §33.5/39.1/44.8[37.5|41.4] -0.2| -0.2| -0.1] -0.1] -0.1| -0.2] 0.2
© | 12 133.4]|38.8|42.9|37.9/34.1{41.0] -0.3]| -0.2|] -0.2] -0.2| -0.2] -0.3
'c 4 131.3[37.8/42.8|36.2|33.4|40.5|42.6] -0.2| -0.2| -0.2] -0.2]| 0.2
% 5 131.8|/37.7|41.5/36.0/33.2/39.6/38.3]/39.9] -0.3] -0.2| -0.3] -0.3
f=) 6 §31.9/38.4/40.0{36.1]33.3/38.4|38.3|34.9/41.3] -0.2| -0.3| -0.3
= 7 §32.1]38.5/40.1]35.5/33.5/38.5|33.8|33.5/40.9/44.1| -0.2| -0.2
8 J32.1/38.5/40.1/35.8/33.4|38.3|133.6/31.5/39.3/41.4[/42.6] -0.3
9 J32.0(385]40.2)35.7(33.6]37.9]1 33.6(/31.3134.3] 41.4]40.7) 443
Tension in Kips
Average Fastener Tension
(after snugging) = 4.4 Kips T 4 7 10
(after tightening) 37.0 Kips o 5 8 11
3 6 9 12

5-1/4" Conventional Fasteners

4" Grip

Deformed Plates (3mm gap) I
Cal. Wrench Installation (with 12 kip Snug)
Tightened from Outside to Middle I

Fastener Numbers

Figure B.86: Fastener Tensions for Test CD3CW124.0TM
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Final Installed Tension (Kips)

Tensile Load (Kips)

1 2 3 10 11 12
Fastener Number

Figure B.87: Final Installed Tensions for Test CD3CW124.0TM

4 5

— Snug
N = = 39 Kip Min.
N
AN
- T ——
\ — —
1 2 3 10 11 12 4 5 6 7 8 9

Installed Fastener Number

Figure B.88: Tensile Load History for Fastener #1 - Test CD3CW124.0TM
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Tensile Load (Kips)

Tensile Load (Kips)

50
45 i\
40 = - - - - - - - - - - - - - - - - -
3 | /
30 I — Snug
25
15 I = = 39 Kip Min.
10 A\

S ; — \ — —

0 — ' \

1 2 3 10 11 12 4 5 6 7 8
Installed Fastener Number
Figure B.89: Tensile Load History for Fastener #10 - Test CD3CW124.0TM
40 - - - - - - - - - ] - - - - - - - -
35 a3 \
30 ¢
25 m— Snug
20 I em—Tight
15 I = = 39 Kip Min.
10 | /\
\~
5¢% ~
——
0

1 2 3 10 11 12 4 5 6 7 8
Installed Fastener Number

Figure B.90: Tensile Load History for Fastener #5 - Test CD3CW124.0TM
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Fastener Number

4 1 5] 6] 7] 8]o 1] 2]3[10]11]1

4 113.3] o.0] o.0| oaf-01] o.2] oa] o0a] o1 o.0] 05| 04

5 | 3.9]109] 0.1f 0.2] 0.0] 0.2] 0] o0.1] o0.0] -0.1] 0.6] 0.2

= |8} 48l 2.al10a] o1l oo ool o01] oof ool ool o8l 01
< L7 | 37 1.2[105] 9.6] 0.0] 0.1] o0.1] 0.1] o0.0] 0.0 0.0] 01
O |8 1 43| o6 9.6] 5.2[ 80l 0.2] 0.1] 0.1] 0.0l -0.1] 0.0] 01
o | 9 [ 49| o9 66| 47] 3.0[141] 02[ 0] 0.af-0a] 0a] 01
5 L | o6] o.0] 3.7] 5.0] 3.4[14.1]11.0] 0.1] 0.0] 0.0] 0.0] 01
© 2| 07| -01] 1.3] 5.6] 3.4[14.5] 5.4[12.8] 0.0] -0.1] 0.0] 0.1
& |3} ozl oal ool 57] 3.5114.7] 54[10.2] 9.1] 0.0[ 0.0] 01
10 | 12[ oaf 1.4] 2.9] 2.0[12.1] 5.3[10.2] 8.7[14.3] 0.1 0.2

11 ] 13| oaf 1.7] 2.9] 1.7] o0.0] 5.2/10.2] 8.7] 90.4[12.9] 0.1

12 ) 13l o1l 1.7] 2.7] 20l 7.3] 53/10.2] 86| 02[110[11.8

4 §24.4] 00| 1.7] 1.2] o.6] 7.3] 6.2[10.5] 8.5] 9.4[10.0[11.1

5 J21.1|22.8] 1.1f 09| -0.2] 5.7] 6.3[11.4] 8.7] 9.5[11.0[11.2

5 |6 _J210l21.1]435] 1.0[ 03] 2.6] 6.3/11.4] 04| 04l111]22.2
© |7 Ju18.2[20.1[43.0l16.4] -0.2] 2.8] 6.3/11.3] 9.3 8.9[11.1]11.2
O |8 lis.0[18.342.6[14.6{104] 2.3] 6.3[11.3] 0.3] 8.8]11.6[11.3
o | 9 li8.1]18.5]42.1]14.5/17.9/47.6] 6.2{11.3] 0.4] 8.8[11.7]12.0
= |1 lis.1{18.3[42.0{145[17.7]47.0]54.0]11.4] 9.4] 8.7]11.7]12.0
2 |2 lis.0l18.6]42.0l14.6]17.7]46.9]53.4[55.7] 9.8] 8.7[11.7]11.9
© | 3 J18.0{18.5[42.0]14.6]17.7{46.7]53.2] 54.9] 56.9] 8.6/11.7]11.0
= |0 Ji18.1[18.6]42.0[14.5[17.6]46.6]53.1]54.8[56.3] 54.8] 11.0[11.9
11 J18.0]18.4[42.0/14.5]17.7] 46.5[53.1]54.6] 56.2| 54.1[ 53.6] 12.1

12 J18.0[18.4[419]14.4]17.8]463[52.9/54.5]56.1]54.0[52.9]54.8

Tension in Kips

Average Fastener Tension
(after snugging) = 5.9 Kips 1T 4 7 10
(after tightening) =  40.2 Kips

3-1/4" Conventional Fasteners
2" Grip
Deformed Plates (6mm gap) I )

Turn-of-Nut Installation (with 12 kip Snug) vl

Tightened from Middle to Outside I |
Fastener Numbers

Figure B.91: Fastener Tensions for Test CD6TN122.MTO
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i
o

Final Installed Tension (Kips)
w
o

(o2}
o

a1
o

20
10 |
0 i
4 5 6 7 8 9 1 2 3 10 11 12
Fastener Number
Figure B.92: Final Installed Tensions for Test CD6TN122.MTO
40 = - - - - - - - - - - - - ‘ - -‘ - ﬂ - - -
35 Snug
g 30 Tight
>
=z 2 N = = 39Kip Min.
cﬂ S
S 20 ¢ N
% 15 |
3 10 N
0 —_— e

4 5 6 7 8 9 1 2

Installed Fastener Number
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Figure B.93: Tensile Load History for Fastener #4 - Test CD6TN122.MTO
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Tensile Load (Kips)
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Figure B.94: Tensile Load History for Fastener #8 - Test CD6TN122.MTO
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40 = = Em E E E E E O =mE m = = - |
m— Snug
30
20 o
= = 39 Kip Min.

10— I/

0

4 5 6 7 8 9 1 2 3 10 11 12
Installed Fastener Number

Figure B.95: Tensile Load History for Fastener #2 - Test CD6TN122.MTO
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Fastener Number

Average Fastener Tension

(after snugging) =
(after 1st 1/2 turn) =
(after 2d 1/2 turn) =

Tension in Kips -

3.8 Kips
4.9 Kips
23.3 Kips

4-1/4" Conventional Fasteners

3" Grip

Deformed Plates (6mm gap)
Turn-of-Nut Installation (with 12 kip Snug)
Tightened from Middle to Outside

Z 1 o1 61 18T oT 1T 2T 3T 0T 11119

4 | 123 -0.1] 0.0 0.0] 0.0] -0 00| 02| 04 03] 02| 0.8

5 |__45[ 125 0.0 0.0 0.0[ 0.0 0.0[ 01 -02[ 07 0.1 06

5 L6 | 52[ 5.0 93] -0.1 0.0[ -0.1] -0.1] -0.1] -0.4[ 1.0 0.1] 04

oS |7 | o6[ 21 o0[ 118 0.1 01 0.1] -0.1] -0.3[ 0.1 -0.2] 0.0

O 8 [ 16[ 17[ 6.6 3.7[ 126 0.0[ 0.1 -0.1] -0.4] -0.2[ -0.2[ 0.0

o 9 |25 2.8 33[ 39 38[ 11.6] 0.0 -0.1] -0.3[ -0.2[ 0.3] 0.1

S 11 ool o1i] -01[ 48[ 46] 13.3[ 10.8] -0.2[ -0.4] -0.2] -0.2] -0.1

S 2101 oo[ 01 52 a7[ 128 2.7] 108[ -0.3[ -0.1] 0.1 0.1

= =101 o0l 0.0[ 5.4 52121 32 2.0[ 9.8[ -01[ -02] 0.2

% 10 oo 03[ 01 03[ 2.4 114 53] 3.0 108 9.0[ -0.4[ 0.0

11 | 0.0 0.4 oo 1.0[ 08[ 7.2] 58] 3.0] 122[ 39[ 10.7] 0.0

12 I o1 oal—oal 17/ 1325 56 30 1290l a7 21113

— |4 150 0.1] 0.1] -02] -0.2] 0.8] 0.4] 18] 12.0] 3.3] 1.4] 11.6

& [ 5 [104 86[ 02 04 02 -02[ 05[ 1.2] 11.3[ 32[ 11 112

T e |00 e[ 179 -02[ -02[ -0.2] 1.a] 1.4 42[ 33[ 1.4 81
O |71 oo o05[142[ 1655 -0.2[ 03] 1.6] 19 52[ 03[ 0.2] 85
© I's |01 oi[ 47 23[258[ 0] 13[ 2.1 6.2[ 05 -0.6] 4.0

= [ J o0 oi[ 04 36[ 11.6] 19.0[ 1.7] 25| 55 1.3] 05 08
¢ [T o102 03[ 2.6 108[189[ 12.7] 0.2 3.3[ 2.3 -0.2[ 1.0
S = —o2[~-0.4[ 0.0 28[ 101183 43[146[ -Li[ 2.4 -0.3[ 1.2
2 3 -1 -0a[-0.2[ 2.9[ 10.2[ 16.6] 5.1 3.2[ 125[ 2.4] -0.2[ 23
.. [ 10 o00[ o0 0.1 03[ 81 175 56| 3.5 12.3] 9.2 -0.8[ 1.1
& 21 ool o0 01 07] 57[ 152 59[ 34| 128 4.6] 10.3] -0.3
12 100l ool 02l 1172 88 59l 351133 54l 06 137

= L4 [ 207 0] 0.2] 03] To[ 75 02| 2.2] 13.0] 4.2 0.8 13.6]
© 5 | 126[ 250 03[ 03[ -02[ 29[ 0.6] 1.2] 10.3] 4.4] 0.7] 13.8

2 6|32 16.0 24.9] 0.4 -0.3[ 0.3 0.9 1.6 48[ 44] 1.3 12.4

O "7 1 6.4 13.0[ 238 385 0.2 03[ 2.0[ 23] 52| 0.4 -0.6] 12.9

© I8 |65 96| 20.2] 29.8[ 52.2[ -0.4[ 2.2 25 5.7 0.7 -0.8] 7.2

= [ f 6.7 10.6] 13.1] 29.9] 46.0] 50.0 2.3] 2.7] 7.1] -0.6] -0.8] 0.8

S [T |37 06| 135 29.7] 45.7] 48.9] 40.9] 0.1 5.4 -0.6] -0.7[ 0.7

< 2 I a1[ 9.4 12.7] 29.8] 45.5] 48.9] 40.7] 43.4] 1.1 -0.6] -0.6] 0.8

= 3|21 10.0[11.9] 29.8] 45.5[ 49.0] 40.6] 44.0] 48.9] -0.6] -0.6] 0.8

- 2o |27 10.1["11.9[ 20.2[ 41.0[ 47.4] 40.4] 43.8] 48.3[ 7.0] -1.0] 0.1

N |11 |47 10.3[12.4] 20.3] 38.9] 43.7] 40.6] 43.8] 48.2] 3.5] 9.3] -0.3

12 | 27102 1271207389 37.8] 40.4] 437 28.0[ 35 09 180

2 5 8 11

3 6 9 12

Fastener Numbers

Figure B.96: Fastener Tensions for Test CD6TN123.MTO
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Figure B.97: Final Installed Tensions for Test CD6TN123.MTO
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Figure B.98: Tensile Load History for Fastener #4 - Test CD6TN123.MTO
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Tensile Load (Kips)

Tensile Load (Kips)
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Figure B.99: Tensile Load History for Fastener #8 - Test CD6TN123.MTO
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Figure B.100: Tensile Load History for Fastener #2 - Test CD6TN123.MTO
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Fastener Number

2 1 o1 6 1 7 18T o T 1 T > T3 T 10 111 17
4 129.3] -01] -0.1] 0.0[ 0.0 0.0 -0.1] 0.0] -0.1] 2.1 1.2 0.9
= 5 J103] 288 -0.2] 0.0 00[ 00[ -02] -0.1] -0.1] 2.6] 0.9] 1.1
3 6 f 112 77270 o] o1[ o1] -0.2] -0.1] -0.1] 2.7 o0.8[ 1.4
S 7 1.6] 4.6[ 26.2] 23.3] 0.0 0.0 -0.1] 0.0] 0.0 -0.2[ 0.0 -0.3
> 8 28] 3.2] 19.6] 7.6] 26.9] 0.0 -0.1[ -0.1] 0.0 -0.1 0.1] -05
= 9 5.4 48] 9.2 6.4 83[ 27.1] -0.2[ -0.1] -0.1] -0.2] 0.0] -0.5
5 1 0.0 -0.4] 0.5[ 10.0] 10.6] 31.6] 22.4] -0.1] -0.1] -0.1] 0.0] -0.5
« 2 0.0 -0.6] 0.0] 11.8] 10.4[ 30.9] 5.1] 23.3] -0.1] 0.1 0.0[ -0.4
o 3 0.0 -0.6] 0.3[ 12.6] 11.1[ 28.6] 4.8 2.9] 28.1] 0.3 -0.1] 0.3
N 10 I o.0] 05 07 1.4 53[249] 7.7 4.2] 28.9] 16.7[ 0.0] -0.5
11 F 0.1] 04 o8] 3.0 17[ 149] 83] 4.4] 30.1] 2.2[ 26.3] -0.5
12 1 ool o7l ool b4l 271 a4l 81l 47] 304 27] 41 279
4 6.6] -1.3] 1.1] 4.6] 48] 75| 72| 69| 41.4] 3.4] 5.2] 26.3
= 5 5.4 30 1.0 42 42[ 67 7.2 6.2] 40.7] 3.4 5.2] 26.4
) 6 52| 22| 84 41 37] 44| 73] 6.0] 38.7] 3.6] 5.3] 26.3
o 7 1.7] 10[ 80[ 155 1.7 41 7.3[ 6.1] 38.8[ 15[ 4.3] 26.8
o 8 1.1] o1 6.3[ 110 16.1] 2.2 7.3[ 5.6] 38.4] 1.4] 28| 256
= 9 1.1] -0.2] 3.5] 11.0] 11.3] 16.9] 7.5 5.7] 36.6] 1.7] 3.0] 22.0
7 1 0.3] -0.5] 3.7 10.4] 11.0[ 16.7] 16.8] 3.4] 36.4] 1.9] 3.3] 22.1
e 2 0.2] -0.7] 3.3[ 10.0] 10.1] 16.3[ 15.1] 23.9] 35.1] 1.9 3.3] 22.1
5 3 0.2] -0.8] 2.5] 10.0] 9.8] 14.7] 15.0] 22.9] 52.9] 1.9 3.3] 22.1
-‘>£ 10 I 03] 05 2.7 7.2] 9.0[ 15.2] 15.2] 22.9] 52.6] 8.1 1.5] 21.2
11 I o0.4] 05 2.8 7.0 6.8] 14.8] 15.2] 23.0] 52.6] 4.2 14.0] 15.3
121 o4 o5 31] 80l 70[ 102] 1521 231] 52.7] 40[ 58] 277
4 1414 15[ 2.2 0.4] 2.8 89 9.5 19.0] 52.1] 3.9] 5.7] 27.3
5 341345 1.2 03] 1.0[ 52[ 10.1] 18.1] 50.6] 4.1 5.4] 27.5
) 6 | 33.8] 26.2] 49.3 0.3] 0.8] 0.5] 10.1] 19.2] 48.7 4.2] 5.7] 26.8
2 7 | 25.8] 23.4] 48.5] 40.5] 0.0] 0.6] 10.7] 19.5] 48.9] 0.3] 2.8 27.1
o 8 | 25.5] 20.6] 46.4] 32.0] 49.9] 0.0] 10.8] 19.6] 48.9] 0.0 0.7] 21.7
= 9 | 25.7] 20.4] 38.6] 32.0] 43.9] 55.0] 10.8] 19.8] 49.2] 0.0] 0.5 12.4
= 1 | 25.8] 20.6] 38.7] 32.0] 43.7] 54.3] 54.2| 19.7] 49.3] 0.0 0.5] 12.6
Q 2 | 25.9] 20.6] 38.8] 31.9] 43.8] 54.0] 53.9] 57.2] 49.2] 0.0 0.5] 12.5
< 3 | 25.9] 20.6] 38.7[ 31.9] 43.6] 53.9] 53.9] 56.8] 52.8] 0.1 0.5] 12.5
= 10 ) 26.5] 20.8] 38.9] 19.9] 38.1] 53.2| 53.8] 56.8] 52.7] 13.6] -0.1] 8.2
11 J 26.7] 20.8] 39.2] 19.3] 33.3[ 50.3| 54.0] 56.9] 52.8] 5.6] 26.5] 1.3
12 1 2671 2071 39.1] 20.1] 338 483] 539] 56.9] 52.8] 53] 12.8] 544
Tension in Kips
Average Fastener Tension
(after snugging 25 kips) = 7.5 Kips T 4 7 10
(after 2 x1/6 turn for vis. snug) = 13.0 Kips
(after tightening 1/2 turn) = 35.4 Kips 2 5 8 1

5-1/4" Conventional Fasteners

4" Grip

Deformed Plates (6mm gap)
Turn-of-Nut Installation
(w/ 25 kip Snug then 1/3 turn total for visual plate contact)
Tightened from Middle to Outside

Figure B.101: Fastener Tensions for Test CD6TN254.MTO
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Figure B.102: Final Installed Tensions for Test CD6TN254.MTO
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\ 25k Snug
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N
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Installed Fastener Number

Figure B.103: Tensile Load History for Fastener #4 - Test CD6TN254.MTO
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Tensile Load (Kips)
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?.

w25k Snug
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Tight
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Figure B.104: Tensile Load History for Fastener #8 - Test CD6TN254.MTO
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Figure B.105: Tensile Load History for Fastener #2 - Test CD6TN254.MTO
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Fastener Number

Deformed Plates (6mm gap)
Cal. Wrench Installation (with 12 kip Snug)
Tightened from Middle to Outside

201

2 1 o1 6 1 7 18T o T 1 T > 13T 0] 111 17
4 [12.3] -01] 0.0 -0.1] 0.0 0.0 0.0 0.0 -0.1] 0.0 1.2] 0.0
5 5.7] 11.2] 0.2 -0.2] -0.1] -0.2] -0.1] -0.1] -0.1] 0.0[ 1.1 0.1
5 6 6.1] 3.0 12.0[ -0.1] 0.0 0.0 0.0 0.0 -0.1] -0.1] 1.2] 0.1
- |7 0.7] _0.9] 10.1] 10.3] -0.1] -0.1[ -0.1] 0.0] 0.0] -0.1] -0.3[ 0.0
ol BE 1.5] o6] 6.4] 29[ 12.5] -0.1] -0.1] 0.0[ -0.1] -0.1] -0.3] 0.0
o L9 28] 13] 2.8 3.1 3.0 11.5] -0.1] 0.0 -0.1] -0.1] -0.3] 0.0
£ 1 101l ool 01 43 47[ 124 96] 0.0 -0.1] -0.1] -0.3] 0.1
S L2101 o1l oof 48 53] 113[ 1.7] 11.2] -0.1] -0.1] -0.3] 0.0
2 [ 3 [ -01] -01] -0 48] 62] 102] 18] 15[ 11.1] 0.0] -0.3[ 0.2
» |10 ] o0 o1] -01] oo 0.9] 9.8 3.1 23] 12.0[ 10.3[ -0.4] -0.1
11 | o1 o.a] -0 o7[ o3[ 7.2[ 32 2.4] 12.9] 35[ 83] 0.0
12 | o1l ool 01l 14l os] 29[ 321 25| 130 42] 07] 116
4 J385] -0.3] -0.3] -0.7] -0.4] -0.4] -0.3] -0.2] 8.4| 18] 0.2] 10.2
5 |51 224 42.3] -01] -07] -0.3] -03[ -0.2] -02[ 23] 20[ 02] 75
< | 6 | 234] 25.0[ 41.3] -0.6] -0.3] -0.3[ -0.3] -0.4] -0.6] 23] 0.6] 6.2
o L7 1 225] 24.2] 39.4] 437] -0.3] -0.5] -0.1] -0.4] 0.1 -0.3] -1.1] 5.5
o> |8 | 233] 22.7] 36.1] 33.2] 425 -0.4] o0.1] -0.2] 1.2[ -04] -1.0] 1.2
£ |9 [ 234] 24.1] 30.9] 32.0] 29.4] 43.7] 0.0] 0.1] 2.5] -0.4] -0.8] -0.4
S 1 I 10.3[ 16.0] 27.8] 32.0[ 29.0] 42.7] 41.3[ -0.4] -0.6] -0.4] -0.8] -0.4
£ |2 [10.9] 149[ 21.4] 31.9] 28.9] 43.3] 36.9] 40.8] -0.6] -0.4] -0.8] -0.4
© [ 3 |10.8] 15.8] 19.5] 31.9] 28.9] 43.6] 37.2] 37.3] 40.3] -0.3[ -0.7] -0.4
— |10 | 11.5] 16.2] 20.0] 18.5] 16.8] 36.0] 37.2| 37.2| 39.6] 44.1] -0.6] -0.4
11 | 11.4] 16.2] 20.3] 19.1] 15.1] 30.0[ 37.2| 37.2| 39.5] 40.4] 36.3] -0.3
12 1 1141 16.3] 20.6] 193] 16.0] 27.8] 37.2] 37.2] 30.4] 40.5] 31.7] 50.6
4§ 42.2] 16.2] 20.6] 17.8] 15.8] 27.9] 37.2] 37.1] 39.1] 40.4] 31.7/] 49.6
5 [ 41.7] 39.3[ 20.5] 17.8] 15.2] 27.9[ 37.3[ 37.1] 39.1] 40.4] 31.7] 49.6
o 6 | 41.7] 38.8] 41.2| 17.8] 15.2] 27.2| 37.3[ 37.1| 39.1| 40.4] 31.7| 49.6
J= 7 | 40.6] 38.5] 40.7| 42.7] 14.9] 27.0[ 37.1] 37.0] 39.0] 40.4] 31.6] 49.4
O 8 | 40.6] 37.8] 40.6[ 42.1] 42.6] 27.2| 37.2] 37.1] 39.1| 40.5] 31.8] 49.5
= 9 | 40.6] 37.8] 39.5[ 41.9] 42.2] 44.1[ 37.1] 37.0] 39.0[ 40.4] 31.8] 49.5
= 1 ) 40.5] 37.6] 39.4] 41.8] 42.0] 43.8] 41.9] 37.0] 38.9] 40.4] 31.8] 49.4
3] 2 | 40.5] 37.6] 39.4] 41.8] 41.8] 43.8[ 41.8] 41.9] 39.0] 40.4] 31.8] 49.5
3 3 | 40.5] 37.6] 39.5] 41.7] 41.9] 43.7] 41.7| 41.9] 43.8] 40.4[ 31.7] 49.4
= 10 | 40.5] 37.4] 39.4| 41.5] 41.7] 43.4] 41.5] 41.6] 43.4] 46.2] 31.7] 49.3
11 | 40.5] 37.4] 39.4] 41.4] 41.7] 43.4] 41.5] 41.6] 43.3[ 46.0] 36.2] 49.4
12 1 2051 3751 30.4] 41.6] 417] 436] 41.6] 41.6] 43.4] 46,0 36.2] 51.0
Tension in Kips
Average Fastener Tension
(after snugging) = 3.4 Kips T 4 7 10
(after tightening) = 29.0 Kips
(after touch-up) = 42.0 Kips 2 5 8 1
4-1/4" Conventional Fasteners 3 6 9 12
3" Grip

Fastener Numbers
Figure B.106: Fastener Tensions for Test CD6CW123.MTO
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Figure B.107: Final Installed Tensions for Test CD6CW123.MTO
\ — Snug
e Touch-up
\ = = 39 Kip Min.
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Figure B.108: Tensile Load History for Fastener #4 - Test CD6CW123.MTO
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Tensile Load (Kips)
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25 == Snug ‘\
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Figure B.109: Tensile Load History for Fastener #8 - Test CD6CW123.MTO
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Figure B.110: Tensile Load History for Fastener #2 - Test CD6CW123.MTO
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Fastener Number

S 1 6 1 /7 [ 8T o T 1T T > T3 T0 1 11117

4 | Ti2] 02| 08 0] 03] 01 00| -01] 0] -0.6] 0.0 13

5 |40l 112 08[ 01 02[ 0.1 0.0[ 01 00[ 08[ 02 13

5 [ 6 | 38 3.1 123 0.0[ 0.2 0.1 0.0 -0.1] 0.0] -0.7] 02[ 1.4

S 7 114 o7[142[ 141 01[ o1 01 0.0[ -0.1 0.1 0.2 05

O 8 |25 o02[11.9] 6.0[ 119[ 0.1 0.0 0.0 -0.1] -0.1] -0.1] 0.4

o [ 9 | 42 o8] 86 49 3.9[ 110 -0.1] -0.1] -0.3[ 0.1 0.0[ -04

S 0.0 02 1.9[ 67 5.8[ 161 11.1] 0.0] -0.2[ 0.0 0.0[ -05

& |2 | 0.0 02 05 7.8 6.1 16.3] 2.3] 12.8] -0.1] 0.0] 0.0] 04

2 3 |00 -02[ 0.8 85 6.9 15.1] 23] 29[ 12.6] -0.1] 0.0] 0.4

o3 [ 10 | o00[ 04| 06 17 29[ 128 3.9 45[ 14.7] 116[ 0.0] 0.4

11 | 00| -04] 03[ 25 11] 8.6 40[ 47| 150 3.8[ 12.5] 0.5

12 1 oil -oal 02 33 15[ 38 21] 57769 30 38[ 127

4 | 36.4] -0.1] 0.6] 0.2] 0.1] 0.2 0.0] 0.1 11.6] 1.7] 26| 12.7

5 | 108/ 39.7] 08[ 02| 02 0.1 00[ 01 28 17 22| 93

& |6 [ 115 95/ 456 0.2 -0.1] 04| 0.1 -0.1] 03[ 24 31| 7.1

S 7 I 21 29[ a18[46.7] 0.2 00 19 08[ 0.6] 02| -0.1] 41

O T8 | 27 21 39.0[ 341 421 o4 25[ 16 17] -0.2[ -0.2] 0.0

o oI 33[ 36[ 35.1] 32.4[ 20.0 41.6] 3.0 2.6] 3.8] -0.2[ -0.1] 0.6

S "1 |01 02[257] 359 32.5] 44.1] 37.8] 0.1] -0.4] 03[ -0.2] 05

& |21 0.1 0.0[ 132] 36.0] 33.2] 46.3] 20.5] 46.7] 0.3] 0.3 0.1 -0.5

£ 3T -0.1]0.8[ 10.0] 35.9] 33.2] 46.6] 21.0] 38.6] 44.0[ -0.3[ -0.2] 0.5

2 |Czo I oa[ 1.2[11.7[ 16.7] 17.8] 35.1] 21.1] 38.7] 43.3] 40.3[ -0.1] -0.3

11 | 04| 11| 13.2[ 18.3] 13.3[ 24.4] 212 38.8] 43.2| 24.1] 41.5] 0.2

12 | o1l 11133187 1451032121388 432[ 25 5[ 333464

= L4 | 340 05[] 133 14.7] 13.4] 19.5] 21.0] 39.2] 43.0] 25.7] 33.3] 45.4
5 | 33.0] 34.6] 12.7] 14.3] 12.0] 10.1] 21.2[ 39.2] 43.1 25.7] 33.3] 45.4

5 6 | 32.8] 33.8] 38.0] 14.6] 11.9] 16.6] 21.1| 39.2| 42.8] 25.6] 33.3] 45.2
° 7 | 31.1] 33.7] 37.9] 44.3] 11.3] 16.6] 21.3[ 39.4] 42.9] 25.6] 33.4] 45.3
o 8 | 31.0[ 33.1] 37.8] 43.5] 35.9] 15.9| 21.3] 39.4| 42.9] 25.7| 33.4| 45.4
o [ 9o [ 31.0[ 33.0[ 35.9] 43.4] 35.3] 42.1] 21.3[ 39.4| 43.0] 25.7 33.4] 45.1
7 1 | 30.9] 33.0] 35.8] 43.2] 35.1] 41.8] 34.0[ 39.3] 42.9] 25.7] 33.4] 45.0
S 2 | 30.9] 32.9] 35.8] 43.2] 35.1] 41.7| 33.8] 43.3 42.9] 25.7| 33.4] 45.1
3 3 | 30.9] 32.9] 35.8] 43.2] 35.2] 41.7] 33.9] 43.3] 45.1] 25.8] 33.5] 45.1
~ |20 ]30.9]32.9] 35.7] 43.0[ 35.1 41.6] 33.7| 43.2] 44.9] 38.7| 33.4] 45.0
11 | 30.9] 32.9] 35.7] 43.0[ 35.1] 41.6] 33.7] 43.2] 44.8] 38.5] 41.7] 45.0

12 | 3091 32.8 3571430/ 35.0 416 33.7] 432 248 383 415 46|

Tension in Kips

Average Fastener Tension

(after snugging) = 4.5 Kips T 4 7 10
(after tightening) = 23.0 Kips
(after touch-up) = 38.9 Kips 2 5 8 1

5-1/4" Conventional Fasteners
4" Grip

Deformed Plates (6mm gap) I

Cal. Wrench Installation (with 12 kip Snug) vl

Tightened from Middle to Outside I

Fastener Numbers
Figure B.111: Fastener Tensions for Test CD6CW124.MTO
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Tensile Load (Kips)

)]

o

4 5 6 7 8 9 1 2 3 10 11 12
Fastener Number
Figure B.112: Final Installed Tensions for Test CD6CW124.MTO

m— Snug
\ Touch-up
N = = 39Kip Min.
[ \- —

4 5 6 7 8 9 1 2 3 10 11 12
Installed Fastener Number

Figure B.113: Tensile Load History for Fastener #4 - Test CD6CW124.MTO
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Tensile Load (Kips)

Tensile Load (Kips)

45

35 ¥

30
25
20
15
10

50

45 |

40

35

30
25
20
15
10

5

0

Installed Fastener Number
Figure B.114: Tensile Load History for Fastener #8 - Test CD6CW124.MTO

J \
/ m— Snug \

e Tight \

Touch-up \\

= = 39Kip Min. ~—

1 ) - == AN
~ — .

4 5 6 7 8 9 1 2 3 10 11 12

Installed Fastener Number
Figure B.115: Tensile Load History for Fastener #2 - Test CD6CW124.MTO
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Fastener Number

4-1/4" Conventional Fasteners

3" Grip

Deformed Plates (6mm gap)
Cal. Wrench Installation (with 25 kip Snug)
Tightened from Middle to Outside
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2 1 o1 6 1 7 18T o T 1 T > 13T 10 111 17
4| 249 01| -0./] -0.1] 0.0 -01] -0-1] 01 02| -02| 12 18
_ 5 | 37[ 271 o1 01 o1 o1 o1l 0.0 -01] 03[ 18] 17
@ 6 | 51 6.8[ 287 -01] 0.1] 0.0 01 o1 01] -02[ 22 13
B 7 | 13] 1.9 269[ 255 0.0 0.0 0.1 0.1 -0.2[ -0.2[ -0.1] -0.1
o 8 | 2.8 1.8 10.1] 10.0[ 26.3] 0.0 0.0 0.1 -0.2[ -0.2[ -0.1] -0.1
© 9o [ 43[ 35[ 131 9.8[11.7] 25.7[ 0.4] 0.1 -0.1] -0.1] 0.0[ 0.0
S L [ -0.1] -0.4] 10.3[ 13.8[ 14.9] 29.1] 24.0] 0.0 -0.3[ -0.4[ 0.0] -0.1
o [ J—-0.a]~-0.2[ 6.8[ 138 15.3[ 305 7.5 27.7[ -0.2[ -0.3[ 0.0[ -0.1
= 3 | 0.0[ -0.2] 55[ 13.9[ 1653 30.1] 8.4 17.4] 27.2[ -0.4] 0.0] 0.1
" |10 |_o0.0[ -0.2[ 151 3.6] 7.3[ 23.8] 8.6] 17.5] 26.7] 20.5] 0.0 -0.1
11 | o0 01 12.7] 39[ 50[ 16.3[ 8.6] 17.3] 26.8] 8.0] 15.2[ -0.1
12 1 ool -oil 113l a7 571 88l 86l 174 27,0l 7.7 00[ 295
4 | 38.9] 03] BG| 12| 34 89| 8.8| 1/.6] 26.8] 7.6 03] 28.7
- 5 | 358 435 BG| 09] 1.3] 6.7] 9.0] 17.8] 26.6] 7.6] 0.3] 28.7
X 6 | 359 41.8] BG| 11| 1.2 3.6 9.0] 18.0] 25.7] 7.6] 0.4] 285
5 7 | 33.0 40.9] BG[ 421 0.7 3.5 8.9] 17.9] 25.6] 3.1 -0.1] 285
= |21 33.0[394] BG[ 412[ 437 3.1] 8.9[ 18.0] 25.7] 3.4 -0.1] 286
c 9 [33.0] 39.1] BG| 41.0[ 42.9] 42.2] 8.9] 18.0] 25.7] 3.4] -0.2] 28.9
= 1 | 33.2[ 39.3] BG| 40.9] 42.8] 41.9[ 41.7] 18.3] 25.8] 3.4] -0.1| 28.9
g 2 | 33.3[39.3] BG| 41.0[ 42.7] 41.8] 41.4] 44.0] 26.2[ 3.4] -0.1] 2838
S |3 | 333[39.3[ BG| 40.8] 42.7] 41.6] 41.3[ 44.1| 46.3] 3.5 -0.2] 28.8
= |10 |'334] 39.4] BG| 39.6] 42.6] 41.6] 41.3[ 44.0[ 46.1] 39.2] 0.2 29.1
11 | 33.4] 39.4] BG| 39.7] 42.4] 41.6] 41.2] 43.9] 45.9] 38.7| 38.8] 29.5
12 1 3341 3041 BG| 30.0[ 424 417] 412] 433] 4538[ 38.6] 387 446
T |4 ] 38.1] 39.2] BG| 39.8] 42.2| 4L1.4] 40.9] 43.3] 45.3] 38.4] 38.1| 44.1
5 | 38.0] 4.0 BG[ 39.6] 42.2] 41.3] 40.8] 43.3| 45.2| 38.4] 38.1] 44.0
o) 6 | 38.0] 40.9] BG[ 39.8] 42.2] 41.3] 40.9] 43.3| 453 385[ 38.1] 44.1
° 7 | 37.9] 40.7] BG[ 435[ 42.1| 41.2] 40.8] 43.2| 45.1] 38.3[ 38.0] 43.9
O 8 | 37.8] 40.7] BG| 43.2[ 45.7] 41.1] 40.8] 43.2| 45.2[ 38.4] 38.0] 44.0
o |91 37.8[40.7] BG| 43.2| 45.6] 44.8] 40.7| 43.2] 45.2] 38.3] 38.0[ 43.9
7 1 | 37.8] 40.8] BG| 43.2[ 455 44.7] 44.1] 43.2] 45.1] 38.4] 38.0[ 44.0
S 2 | 37.7] 40.6] _BG[ 43.1] 45.5] 44.6] 44.0] 46.3| 45.1| 38.4] 38.0] 44.0
3 3 | 37.7] 40.7] BG| 43.3[ 45.4] 44.7| 44.0] 46.2| 48.2[ 38.3[ 38.0] 43.9
— |10 [ 37.8] 40.8] BG| 43.2[ 45.5] 44.6] 44.0] 46.3| 48.1] 43.5] 38.0] 44.0
11 | 37.7] 40.6] BG| 43.0[ 45.3[ 44.2[ 43.7| 45.0] 47.7] 43.2| 40.9] 43.9
12 1 3771 4071 BGl 430 2531 24 3] 43 3] 459] 47.7] 432[ 409 26.6]
Tension in Kips
Average Fastener Tension
(after snugging) = 10.0 Kips T 4 7 10
(after tightening) = 40.9 Kips
(after touch-up) = 43.6 Kips 2 5 8 1
3 6 9 12

Fastener Numbers
Figure B.116: Fastener Tensions for Test CD6CW253.MTO



Final Installed Tension (Kips)

Tensile Load (Kips)

| =
- 39 Kips |=
>
3
o
©
&

|
I L
|

>
L]

4 5 6 7 8 9 1 2 3 10 11 12
Fastener Number
Figure B.117: Final Installed Tensions for Test CD6CW253.MTO
35 ~—
30 Snug
25 \ Touch-up
20 Tight
15 \‘ = = 39 Klp Min.
10 \
5T —
\ — — \
0
4 5 6 7 8 9 1 2 3 10 11 12

Installed Fastener Number
Figure B.118: Tensile Load History for Fastener #4 - Test CD6CW253.MTO
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Tensile Load (Kips)

Tensile Load (Kips)

50

45 A

40
35
30
25
20
15

10

50

45 -
40

35
30
25
20

15

10

* ]
= - - - - - - l - - - - - - - - - - | - -
Ir Snug
I Tight
I I\ Touch-up
Il' \ = = 39 Kip Min.
, ;™ - \
—~—
4 5 6 7 8 9 1 2 3 10 11 12
Installed Fastener Number

Figure B.119: Tensile Load History for Fastener #8 - Test CD6CW253.MTO
P U N IO A A

— Snug

em—Tight /

Touch-up / ,I‘

= = 39Kip Min. / y \

e —— I ‘e e aas
/
7

4 5 6 7 8 9 1 2 3 10 11 12

Installed Fastener Number
Figure B.120: Tensile Load History for Fastener #2 - Test CD6CW253.MTO
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Fastener Number

2 T o T e T T T o T T T o T 5 T 0T T T 2]
4 1223 0.0 -0.1] 0.0] 0.1 0.5 0.0] -0.1] -0.1] 1.8] 0.7] 0.5
5 59] 26.6] 0.0] 0.0[ 0.1 -0.1] 0.0[ -0.1] 0.0] 19] 1.2] 0.6
o 6 6.5] 5.9] 27.4] 0.0[ 0.0 0.0 o1 -0.1] -0.1] 18] 1.1] 0.6
° 7 | -01] 3.0[22.8] 25.8] 0.0 0.0 0.1] 0.0] 0.0] -0.2] -0.1] -0.3
O 8 05] 3.1[ 155 9.2] 25.8] 0.0 0.0] -0.1] -0.1] -0.2] 0.0] -0.3
o [ 9 1.8] 49 8ol 87] 9.4 22.9] o.0] -0.1] -0.1] -0.2] -0.I] -0.3
S L 0.0 0.0 -0.1] 9.4] 10.7] 29.2[ 21.5] 0.0] -0.1] -0.1] -0.1] -0.3
o |2 | -01] oo -0.1] 10.7] 10.2] 29.0] 2.6] 28.1] -0.1] 0.4] -0.2] -0.4
2 3 | -01[ -0.2] o.0[ 11.4] 10.7] 27.4] 3.2 9.5] 26.3] 0.9] -0.1] -0.3
» [0y -01] o4 o.1] 0.8 3.0l 20.8] 5.7] 11.0[ 27.3] 25.7] -0.1] -0.3
11 | o1 o4] o2 18] 17[ 11.6] 5.8] 10.8] 28.0] 8.0] 22.8] -0.3
12 1 o1l o5l o2l 371 26l 29[ 571 11.1] 280 7.8 2.4 27.0
4 §430] 0.2] 0.0 -0.2] -0.1] 0.7] 0.3] 5.8] 26.6] 6.5] 1.8] 26.6
5 [313[ 433 0.0] -0.2] -0.1] -0.2[ 1.0] 5.2] 22.6] 6.9] 1.4] 24.8
o | 6 [315[35.3[ 42.0 0.0 -0.1] -0.1] 1.3] 6.5] 19.6] 7.2[ 1.7] 22.8
D |7 | 26.1] 33.0[ 41.4] 44.3] -0.1] -0.2[ 2.0] 7.0] 19.8] 2.0[ 0.6] 22.4
O |8 I 26.5] 30.8] 39.5[ 37.9] 42.6] -0.2] 22] 7.2[ 20.1] 1.2] 0.1] 17.7
oI 9 [ 26.7] 30.7] 33.3] 38.0] 38.0[ 41.1] 2.4] 7.4] 20.8] 1.3[ 0.1] 107
- 1) 23.7] 31.0] 33.5] 38.1] 37.8] 40.7] 37.9] 4.3[ 19.3[ 13] 0.1] 10.7
@ |2 | 24.1] 31.4] 33.7] 38.0] 37.8] 40.4] 36.8] 43.3] 15.0] 1.4] 0.0] 10.7
< |3 [ 23.1] 31.6] 33.8] 38.0[ 37.7] 40.4] 36.9] 41.8] 44.6] 13] 0.0] 10.9
= |10 | 24.6] 31.7] 33.9] 32.2] 33.8] 40.0] 36.8] 41.8] 44.3[ 42.8] -0.3] 49
11 | 24.7] 31.7] 34.1] 33.2| 32.4] 36.7| 36.9] 41.8] 44.2] 39.5] 425 0.1
12 1 2471 3171 341] 3321 3321 3471 36| 41.8] 442] 308] 383 445
4§ 42.0] 32.5] 33.7] 32.5] 33.2] 34.7| 36.6] 41./] 43.8] 39.6] 38.2] 44.0
5 | 41.7] 43.2] 33.6] 32.5] 32.9] 34.7| 36.6] 41.7] 43.8] 39.6] 38.1] 43.9
o 6 | 41.6] 43.0] 41.3] 32.6] 32.9] 34.3| 36.7| 41.8] 43.9] 39.6] 38.1] 44.0
o 7 | 41.3] 43.0] 41.2] 42.7] 32.8] 34.2| 36.7| 41.8] 43.9] 39.6] 38.2| 44.0
O 8 | 41.3] 42.9] 41.1[ 42.5] 40.7] 34.1] 36.6] 41.7] 43.8] 39.6] 38.1] 44.0
o 9 | 41.2] 42.8] 40.7[ 42.5] 40.5] 40.2| 36.6] 41.8] 43.8] 39.5] 38.2] 43.9
2 1 Y 41.2] 42.7] 40.6] 42.3] 40.5] 40.0] 37.8] 41.8] 43.8] 39.6] 38.1] 43.9
S 2 [ 41.1] 42.7] 40.6] 42.3] 40.4] 40.0[ 37.8] 44.1] 43.8] 39.5] 38.1 43.9
3 3 | 41.2] 42.7] 40.5] 42.3] 40.4] 39.9] 37.7| 44.1| 46.4] 39.6] 38.1] 43.9
= 10 | 41.1] 42.6] 40.5] 42.3] 40.3] 40.0[ 37.8] 44.1| 46.3] 42.0] 38.1] 43.9
11 | 41.1] 42.7] 40.5] 42.3] 40.3] 40.0[ 37.8] 44.1] 46.3[ 42.0] 41.0] 43.9
12 1 a1a] 4271 20.4] 42.2] 403] 30.0[ 37.7] 44.0] 46.3] 41.9] 400[ 452]
Tension in Kips
Average Fastener Tension
(after snugging) = 7.6 Kips T 4 7 10
(after tightening) = 36.4 Kips
(after touch-up) = 41.9 Kips 2 5 8 1
5-1/4" Conventional Fasteners 3 6 9 12
4" Grip

Deformed Plates (6mm gap)
Cal. Wrench Installation (with 25 kip Snug)
Tightened from Middle to Outside
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Fastener Numbers
Figure B.121: Fastener Tensions for Test CD6CW254.MTO



Tensile Load (Kips)

45
40
35
30
25
20
15
10

4 5 6 7 8 9
Fastener Number
Figure B.122: Final Installed Tensions for Test

1

2

3 10 11 12

\

J\

Snug

Touch-up

-

\——(\

Tight
= 39 Kip Min.

4 5 6 7 8 9

1

2

3 10 11 12

Installed Fastener Number
Figure B.123: Tensile Load History for Fastener #4 - Test CD6CW254.MTO

211



Tensile Load (Kips)

Tensile Load (Kips)

45
35
v
30 I Snug
25 I i Tight
20 \ Touch-up
15 I. \\ = = 39 Kip Min.
10 - / — \
5 N\
ol — —
0
4 5 6 7 8 9 1 2 3 10 11 12
Installed Fastener Number
Figure B.124: Tensile Load History for Fastener #8 - Test CD6CW254.MTO
45 ’
\ \ \ —
40 = - - - - - - - - - - - - - - - - - -
30 Snug I
25 Tight I I’\\
20 Touch-up \
15 = ™= 39 Kip Min. I
10 ] >
| /
0
4 5 6 7 8 9 1 2 3 10 11 12

Installed Fastener Number
Figure B.125: Tensile Load History for Fastener #2 - Test CD6CW254.MTO
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APPENDIX C
RESULTS OF CONNECTION TESTS
WITH HUCK C50L FASTENERS
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C-2
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C-5
C-6
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C-9
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C-13
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C-16
C-17
C-18
C-19
C-20
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Fastener Number

alblcld|l5]4f[6]7]8[9]1]2[3]10]11[12
a j 403] 0.0] -0.1] 0.0] 0.0 -0.1] 0.3] 05| -0.1] -0.3] -0.2] -0.2| -0.3] -0.1] -0.1] 0.0
g’ b 38.7] 36.4] 0.0 0.2 0.0/ 0.0] 04| o0.5] 0.0] -03] -0.1] -0.2] -0.3] -0.2] -0.2| -0.1]
oy C 38.2] 35.9] 47.8] 0.2 0.1 0.1 04] o0.6] 0.1} 0.0 -0.1] -0.2] -0.3] -0.1] -0.1] 0.0
n d 38.2| 35.6] 45.6] 48.3] 0.0| -0.1] 0.2] o0.6] -0.1f -0.2| -0.2] -0.3] -0.3] -0.1] -0.2| 0.0
5 | 38.3| 34.8| 44.9] 46.6| 40.2| 0.0]| -0.2| o0.6| -0.1] -0.2] -0.1] -0.1] -0.2] 0.0 -0.1] 0.0
a* -0.2| 34.8] 44.6] 46.6] 40.2| -0.1] -0.1] o0.6] 0.0f -0.1] 0.0f -0.1] -0.2] -0.1] -0.2| 0.0
4 -0.2| 34.9] 44.8] 46.6] 40.0] 40.9] 0.0f o0.8f 0.1 -0.1} 0.0} -0.1} -0.3} -0.1] -0.2| -0.1
b* -0.5] 0.1] 44.7] 46.3|] 40.2| 40.1] 0.0/ 0.8] 0.0f -0.2| 0.0] -0.2] -0.3] -0.1] -0.2] 0.1
B 6 -0.3] -0.1] 44.7|] 46.2|] 39.6| 40.1] 41.7] 0.8] 0.0] -0.2| 0.0] -0.1] -0.4] -0.1] -0.2| 0.0
-E c* -0.3] 0.0] -0.4] 46.4] 39.6| 39.8] 40.9| 0.9 0.0] -0.2| -0.1] -0.2] -0.4] -0.2] -0.3] 0.0
o 7 -0.2| 0.0] -0.4] 46.1| 39.7| 40.0] 41.1| 40.2] 0.1 -0.1} 0.0 0.0} -0.2) -0.1] -0.1] 0.1
g 8 -0.4] 0.1] -0.2] 46.0] 39.7| 40.0] 41.2| 39.3] 38,5 0.0f 0.0] -0.1] -0.3] -0.1] -0.2] 0.0
g d* -0.1] 0.2] -0.2] -0.4| 39.5| 39.8] 40.9| 39.2| 38.5| -0.2| -0.1}] -0.2] -0.3] 0.0] -0.1] 0.1
T 1.9 ) 02 00| -04] -07f 394 39.7] 40.9| 39.0| 37.5| 39.8] 0.1 -0.2] 03] -0.1] -0.2] 02
7) 1 -0.2| 0.1] -0.3] -0.8] 39.4| 40.2| 40.6f 39.0] 37.5] 39.1| 39.8] -0.2] -0.3] 0.0] -0.1] 0.2
£ 2 -0.3] 0.1] -0.3] -0.7| 39.8| 40.3] 40.6f 39.1] 37.6] 39.2| 39.9] 40.5] -0.3] 0.0] -0.1] 0.2
3 -0.4] 0.1] -0.3] -0.6] 39.8| 40.2| 40.9] 39.0] 37.5| 39.0|] 39.7| 40.2| 40.9] -0.1] -0.2| 0.1
10 § -0.3] o0.1] -0.3] -0.8] 39.7] 40.1| 40.8| 39.0] 37.4| 39.0] 39.6] 40.1] 40.3| 38.2| -0.2] 0.1
11 f -0.3] 0.0] -0.3] -0.7| 39.7| 40.2] 41.0| 39.0 37.8] 39.1| 39.7| 40.2] 40.1| 38.2| 40.7| 0.2
12 § -0.2] 0.0] -0.4] -0.9] 39.6] 40.1] 40.7| 38.8| 37.6] 39.4] 39.5| 40.0| 40.0| 37.9| 40.7| 40.2
Tension in Kips
Average Fastener Tension
(after snugging with 4 conventional bolts) =  41.9 Kips
(after installation) = 39.5 Kips
28 Grip Huck C50L Fasteners 1 &4 cf7 10
2" Grip 2
5 8 11
Deformed Plates (3mm gap)
One Pass Intallation 3 b6 d9 12

Installed from Middle to Outside

Fastener Numbers

Figure C.1: Fastener Tensions for Test HD3CS412.MTO
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Tensile Load (Kips)

45

4 6 7 8 9 1 2
Fastener Number
Figure C.2: Final Installed Tensions for Test HD3CS412.MTO

3 1

0 11 12

40 &=

35 1
30 ¢
25

A A

20

15

10

Tight

™= 39 Kip Min.

4 6 7 8 9 1 2

3

Installed Fastener Number
Figure C.3: Tensile Load History for Fastener #5 - Test HD3CS412.MTO
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Tensile Load (Kips)

Tensile Load (Kips)

= ™= 39Kip Min.

4 5 6 7 8 9 1 2 3 10 11 12
Installed Fastener Number
Figure C.4: Tensile Load History for Fastener #8 - Test HD3CS412.MTO

I e Tight
15
/

10 = = 39KipMin. | |
5 i B
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Figure C.5: Tensile Load History for Fastener #2 - Test HD3CS412.MTO
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Fastener Number

alblcld]5]4]6]7]8]9]1]2]3]10]11]12
a 39.1 0.1} 0.0/ 0.1 0.0 0.0] -0.1f 0.1} -0.2] 0.0f 0.0y 0.1} -0.1} 0.1] 0.1] 0.1
? b 28.7] 50.2 0.1 o0.0f 0.1} o0.0] 0.1f 0.1} o0.0] 0.0f 0.0y 0.1f 0.0f 0.0 0.1 o0.0
UC) C 28.3| 48.5] 525 o0.1f 0.0 0.0f -0.1} o0.0] -0.2f 0.0f 0.0f 0.1] o0.0] 0.1 0.1 0.1
d 29.5| 49.0] 45.7] 39.2 0.0 0.0] -0.1f 0.0/ 0.0] 0.0f 0.0y 0.0] 0.0f 0.0] 0.1 0.1
a 36.3| 48.6] 45.5] 38.7| 0.0 0.0] -0.1f -0.1] 0.0] 0.1} 0.0 0.0] -0.2 0.0 0.1] 0.0
5 32.8| 45.7| 45.3] 38.2| 39.4| 0.0] -0.1] -0.1] 0.0] 0.1} 0.0y 0.1] B.G.] 0.0 0.1] 0.0
a* 0.1] 45.9] 44.9| 38.0] 41.4] 0.1] 0.1 0.0f 0.1 0.2] 0.1 0.1} B.G.| 02| 0.2] 0.0
4 0.1] 45.8| 45.0| 38.2] 37.1] 40.1] 0.1] 0.2 0.1 0.1] o0.1] 0.2] B.G| 0.2 0.2] 0.0
b* 0.0 0.2] 44.6| 37.3] 42.2] 39.9|] -0.1] 0.2 -0.1] 0.0 0.1} 0.2 B.G.| 03| 0.2] 0.0
E 6 0.1l 0.3] 45.1| 37.7] 36.5] 39.7| 40.6/ 0.3] 0.1} 0.1] 0.1} 0.2] B.G.| 03| 0.2] 0.0
-9 c* 0.1l 0.2] 0.3| 40.6] 35.6] 39.5| 39.4] 0.4| -0.1] 0.1] 0.1 0.2 B.G.|] 03| 0.3] 0.1
O 7 0.1] 0.3] 0.3] 37.2] 36.8] 39.2] 40.1] 42.8] 00| 0.1] 0.1] 03] B.G.| 03| 04] 0.1
g 8 0.1 0.3] 0.4| 33.8] 36.4] 39.3| 40.7] 39.5| 40.6/ 0.1] 0.1} 0.2 B.G.| 03| 0.3] 0.1
< Lo o1f 03] o4 02| 358] 39.3] 40.0] 39.8[ 41.7] 0.1 01| 02| BG.| 03] 03[ 0.0
C=U 9 0.1l 0.1] 0.2 0.0] 36.4] 39.3] 40.1] 39.6| 38.0] 38.8] 0.1] 0.2 B.G.| 03] 0.3] 0.1
ﬁ 1 0.1] 0.2 0.3] 0.1] 34.8] 38.5] 38.3] 39.7| 38.2] 38.9] 40.9] 0.3] B.G.|] 03| 04] 0.1
£ 2 0.1] 0.3] 0.3] 0.2] 34.7] 38.8] 35.7| 39.8| 38.1] 39.0] 40.2] 39.8] B.G.| 0.3] 0.4]| 0.0
3 0.1l 0.7] 0.3] 0.2] 35.0] 38.7| 33.8] 39.7| 38.1] 39.3] 40.1|] 39.8] B.G.| 0.3] 0.3] 0.0
10 0.1l 0.6] 0.2 0.0] 34.9] 38.7| 33.9] 37.2| 36.7| 37.6] 40.1|] 39.6] B.G.| 36.3|] 0.4] 0.1
11 0.1] 0.7] 0.4]| 0.1] 35.0] 38.7] 33.9] 37.4| 36.4] 35.4] 40.1] 39.6] B.G.| 36.1| 41.2] 0.1
12 0.2 0.7] 0.4| 0.2] 35.0] 38.7| 33.9] 37.2| 36.4] 34.2] 40.1|] 39.5| B.G.| 35.6| 40.8] 40.1]
Tension in Kips
Average Fastener Tension
(after snugging with 4 conventional bolts) =  42.3 Kips
(after installation) = 37.4 Kips
. 1 4 cf7 10
44 Grip Huck C50L Fasteners al4 cf
3" Grip 2 5 8 11
Deformed Plates (3mm gap)
One Pass Intallation 3 b6 d9 12

Installed from Middle to Outside

Fastener Numbers

Figure C.6: Fastener Tensions for Test HD3CS413.MTO
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Figure C.7: Final Installed Tensions for Test HD3CS413.MTO
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Figure C.8: Tensile Load History for Fastener #5 - Test HD3Cs413.MTO
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Tensile Load (Kips)

Tensile Load (Kips)
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= = 39 Kip Min.

4 5 6 7 8 9 1 2 3
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Figure C.9: Tensile Load History for Fastener #8 - Test HD3CS413.MTO
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Figure C.10: Tensile Load History for Fastener #2 - Test HD3CS413.MTO
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Fastener Number

alblcldl5]4f[6]7]8[o]1]2f[3]1]11[12
a 38.1 -0.1f -0.1f -0.2f -0.1} -0.1] -0.3] -0.1 -0.1] 0.1} 0.0y 0.0] 0.1} 0.0 0.0 0.0
? b 22.0| 46.1f -0.1f -0.1f -0.1} -0.1] -0.1f 0.0/ 0.1} 0.0f 0.0y 0.0] 0.1} 0.0] -0.1] 0.0
e C 20.3| 44.6| 38.7| -0.2| -0.2|] -0.2| -0.2] 0.0] 0.0f 0.0] -0.1] -0.1] 0.0] -0.1] -0.2] 0.0
« d 26.0] 46.5| 30.0] 45.8f -0.2| -0.2] -0.3] 0.1 0.0] 0.0f 0.0 0.0] 0.0} -0.1] -0.2| -0.1
a 39.2| 45.5| 30.2] 45.6f -0.1| -0.1] -0.3] 0.0/ 0.0] 0.1} 0.0 0.0] 0.0f 0.0 0.0 0.0
C 39.0] 45.7] 39.0] 44.9| -0.2| -0.2] -0.1] 0.1} 0.1} 0.0f 0.0f -0.1] o0.0] o0.0] -0.1] 0.1
5 31.4] 39.9] 38.9] 45.9|] 414| 0.0] -0.2] 0.1} o0.0f 0.0 -0.1] -0.1] 0.0] 0.0] -0.1] 0.1
ax -0.1] 40.9] 36.9] 44.3| 43.9| -0.2] -0.2] 0.2] -0.1] -0.1] -0.1] -0.2] -0.1] -0.2] -0.2| 0.0
4 -0.1] 39.5| 38.6] 45.9| 37.2| 41.2|] -0.2f 0.3] -0.1] -0.1} -0.1} -0.1}] 0.0 0.0] -0.1] 0.1
b* -0.1] 0.7] 37.2] 445| 42.4| 419| -0.1] 03] 0.0f 0.1 0.0] -0.1] 0.0] -0.1] -0.1] 0.1
E 6 -0.1] 0.6] 38.6] 45.2| 36.7| 40.4] 44.7] 0.2] 0.0f 0.0 -0.1] -0.1] 0.0] 0.0] -0.1] 0.1
-E c* -0.2| 0.7] 1.0] 48.9| 34.1| 39.1] 41.1f 0.3] 0.0 0.1} -0.1} -0.1}] 0.0y 0.0] -0.1] 0.7
O 7 -0.1] 0.8] 1.1 44.3| 36.9| 40.0] 43.7| 42,5 0.0 0.1} -0.1} 0.0] 0.1} 0.0] -0.1] 0.8
g 8 -0.1] 0.7] 0.9] 38.0] 37.1| 41.1] 45.2] 36.0] 42.6] 0.0 -0.2] -0.1] 0.0] -0.1] -0.1] 0.7
% d* -0.2| 0.8] 0.9] -0.3| 34.4| 39.8] 44.4| 37.2| 46.5| -0.1| -0.2] -0.2] -0.1] -0.2] -0.3] 0.5
T L9 ) 02 o7 10] -01f 37.2] 41.0] 443| 359| 38.3| 406 01| -0.1] 00f -01] -0.1] 07
47} 1 -0.2| 0.8] 1.0/ 0.0 31.9| 36.2] 40.8| 36.3] 38.6] 40.8| 41.9] -0.1] 0.0] -0.1] -0.3] 0.5
£ 2 -0.2] 0.8] 1.1] 0.0] 30.6| 36.9] 36.9] 36.2] 38.7| 41.2| 38.3] 40.5] 0.0] -0.1] -0.2| 0.5
3 -0.3] 0.7] 0.9] -0.2| 31.1] 36.8] 36.8] 33.1] 35.6] 38.5| 38.2] 36.3| 38.2] -0.1] -0.3] 0.5
10 § -0.2] o0.7] o0.8| -0.1] 31.3] 37.3| 37.1]| 29.7| 32.2| 36.4| 38.3|] 36.4| 38.3| 42.1| -0.2| 0.
11 § -03] 0.7] o0.8| -0.2] 31.3| 37.2| 37.4] 30.3| 30.9] 32.7| 38.2| 36.3| 38.2| 40.7| 41.2 0.4]
12 f 0.2 0.7] 0.9| 0.0 31.2] 37.2| 37.7| 30.2| 31.5] 32.0] 38.2| 36.3| 38.2| 40.7| 38.5 42.4|
Tension in Kips
Average Fastener Tension
(after snugging with 4 conventional bolts) =  42.1 Kips
(after installation) = 36.2 Kips
60 Grip Huck C50L Fasteners 1 a4 cfr 10
4" Grip 2 5 8 11
Deformed Plates (3mm gap)
One Pass Intallation 3 b6 do 12

Installed from Middle to Outside

e

—————————

Fastener Numbers

Figure C.11: Fastener Tensions for Test HD3CS41.MTO
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7 8 9 1 2 3 10 11 12
Fastener Number
Figure C.12: Final Installed Tensions for Test HD3CS414.MTO
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= ™= 39Kip Min.
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Installed Fastener Number

Figure C.13: Tensile Load History for Fastener #5 - Test HD3CS414.MTO
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Tensile Load (Kips)
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Figure C.14: Tensile Load History for Fastener #8 - Test HD3CS414.MTO

20 I —Tight

= = 39Kip Min.

4 5 6 7 8 9 1 2 3 10 11 12
Installed Fastener Number
Figure C.15: Tensile Load History for Fastener #2 - Test HD3CS414.MTO
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Fastener Number

4 5 6 7 8 9 1 2 3 | 10| 11 ] 12
4 1421 o02] o01] o.0] -01] 0.0 0.1 02| 02] 0.1] 04] 0.1
5 | 36.3[ 39.6] 0.1] 0.0[ 0.0 0.0] 03] 01 o0.1] o0.0] 09[ 0.0
6 | 36.4] 36.9] 44.8] 0.0] 02| 00| 0.2 0.0f 0.1 0.0] 06] 0.2
S 7 | 35.4] 35.0] 43.2] 36.4] 0.0] o0.0] 03] 01f 0.1 o0.1] 03] 0.2
b= 8 | 33.6] 34.5] 42.9] 26.0] 42.0] 0.0] 05] 0.1 o0.1] o0.1] o06] 0.2
T 9 | 33.7[ 34.5[ 42.1] 25.2] 36.0] 39.4] 0.2 0.0 0.0 0.0] 0.7] 0.2
g 1 | 33.6] 33.9] 41.3] 25.3] 36.0] 38.6] 40.0] 0.1 0.1 0.0] 0.6] 0.3
= 2 | 34.0] 34.1] 39.9] 25.2] 36.1] 38.6] 39.7[ 38.9 0.2[ 0.1] 0.7] 0.3
3 | 34.5| 34.2] 39.7] 25.2] 36.1] 38.5] 39.4| 38.7[ 40.7[ 0.1] 0.9] 0.4
10 | 34.4] 34.1] 39.7] 22.5] 34.8] 38.0] 39.4] 38.6] 40.0] 38.3] 0.8] 0.4
11 | 34.8] 34.0] 39.5] 22.4] 34.4] 36.9] 39.2| 38.6] 40.0] 38.8] 38.0] 0.3
12 | 34.7] 34.0] 39.5] 22.4] 34.5] 36.4] 39.2] 38.5] 39.8] 38.5] 38.1] 43.6
Tension in Kips
Average Fastener Tension
(after Installation) =  36.6 Kips 1T 4 7 10
2 5 8 11
3 6 9 12

28 Grip Huck Fasteners

2" Grip

Deformed Plates (6mm gap)
One Pass Installation

Tightened from Middle to Outside

Figure C.16: Fastener Tensions for Test HD6NS--2.MTO
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Figure C.17: Final Installed Tensions for Test HD6NS--2.MTO
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Figure C.18: Tensile Load History for Fastener #4 - Test HD6NS--2.MTO
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Figure C.19: Tensile Load History for Fastener #8 - Test HD6NS--2.MTO
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Figure C.20: Tensile Load History for Fastener #2 - Test HD6NS--2.MTO
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