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SUMMARY

The design procedures of bolted connections with fillers is based on limited experimental data, thereby
creating uncertainty in understanding and quantifying their behavior. A more comprehensive
experimental study has been initiated with the global goal of developing design recommendations for
steel girder splice connections utilizing high strength materials in A490 bolts and Grade 70 ksi steel
plates. In this first phase of the project, tests had been conducted to failure on a single and three bolt
assemblies utilizing undeveloped fillers with 7/8” diameter bolts. The objectives were to quantify the
effect of fillers up to 2” thick on the assembly’s ultimate capacity and slip resistance. The results of the
assembly test verified the current design equation for high strength steels, but only for filler thicknesses
up to 1 in. The results indicated a significant conservatism in the design equation for thicker fillers, which
also exhibited higher ultimate strengths and comparable failure deformations as assemblies with thinner
fillers.

Strengths of assemblies using multi-ply fillers were most susceptible to filler thickness and produced the
lowest ultimate strengths. The use of oversized holes resulted in lower ultimate strengths than for
assemblies with no fillers, but little quantifiable difference was observed when fillers were used. The
most significant detriment in using oversized holes was the large deformations, which were found to be
even more significant than the use of multi-ply fillers.

In Phase 2, the research focused on the tension flange of a girder connection utilizing high strength bolts
and steels with fillers. The connection conditions were intended to more closely resemble a girder
connection and differ from the Phase 1 assembly tests in terms of the load application and the utilization
of unsymmetrical single side filler. The girder connections were designed to fail in the bolts and were
evaluated utilizing four point bending with a 27.5 ft span and 5.3 ft between the application of load. Total
of 28 large scale flexure tests were conducted with HPS 70W steels, A490 bolts and fillers up to 2” thick.
Although the largest of the considered fillers thicknesses is unlikely to occur in a girder situation, the 2 in
filler thickness was included to remain complementary to the Phase 1 assembly tests.

The effects of fillers were evaluated by analyzing maximum load, deformation at ¥ in, ultimate
deformation and onset of slip. In analyzing the maximum load, the fillers were found to reduce the
capacity of the connection to a significantly higher degree than in phase 1. The reduction continued to
increase even for the thickest considered fillers. The use of multiply fillers exhibited similar capacities as
those with single fillers. A consistent failure pattern in the bolts indicated that the bolt failed in the plane
without the filler, likely caused by the transfer of load to the stiffer shear plane. The failure plane in the
bolts combined with the recorded capacities indicated that the single side installation of fillers used in
girders flange connections exhibits different behavior than the symmetric filler installation utilized in
phase 1 and in previous research efforts.

The deformations at failure increased with larger filler thickness, but the magnitudes were shown to be
lower than phase 1. When comparing the deformations at % in movement, which formed the basis of the
current design practice, the effect of fillers thickness correlated well to the design equations. This
correlation however is not representative of the connection strength capacity of the girder connections.
Consequently, design procedures may need to reflect the consequences of the difference in behavior
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observed between deformation trends and capacity trends and in between symmetric and single side filler
installations.

Comparisons of the onset of slip did not indicate reduction in slip coefficient with larger fillers or with
presence of multiple fillers. The slip values themselves had been recorded to correlate well to those
recorded in phase 1, but were found to be lower than expected for class B surface. A slip study was
therefore conducted on the surfaces used in this research. A total of 24 tests were conducted between
various combinations of HPS 70W and Grade 50 steels that were surface treated consistently with the
girder tests. These test showed that the methods used to evaluate slip in the assembly and connection
experiments resulted in similar slip coefficients, which happen to be lower than those expected.
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1.0 INTRODUCTION

1.1 Filler Plates in Bolted Connections

Bolted splice connections of steel plate girders of different plate thicknesses can be accommodated
though the use of filler plates as shown in the example in Figure 1. Filler plates are also used in bolted
connections of long span truss members and in column splices where different size members are needed
to be connected. Limited data exists regarding the effects of undeveloped filler plates on bolted
connections especially for high strength materials, leading to the research summarized in this report and
conducted at the infraStructure Testing and Applied Research (iSTAR) Laboratory at Portland State
University.
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Figure 1: Examples of Filler Plate Connections in Steel Girders (source: Oregon DOT)

1.2 Bolt Shear Strength

Some of the earliest experimental values of ultimate shear strength of bolts in double shear considered
various fasteners including 7/8 in heavy head A490 bolts, similar in size to those considered in this
research (Wallaert & Fisher 1965). The bolts tensile preload and location of shear planes were found to
have little effect on the ultimate shear strength capacity of A490 bolts. The grip length, represented by the
thickness of the connection, was also found to not affect the shear strength and deformation at the
ultimate load, leading to recommendations of not having special provisions for high-strength bolts.

1.3 Current Design Approach

Filler plates create a common faying surface between flange and web transitions that allow girders to be
sliced together. Filler plates may be developed so as to act together with the connection plates or
undeveloped where no special accommodations are made to make the filler part of the connection.
Developed fillers can be made by extending and bolting fillers past the connection, resulting in stresses



that are shared by the filler plate and connecting plate, causing them to act as one unit. Undeveloped
fillers work only to provide the common faying surface and do not extend past the splice. Since the
undeveloped fillers do not share the stresses of the girder they therefore move independently as stresses
build.

Yura et al. (1982) conducted some of the first published tests of undeveloped filler plates and their effects
on the shear strength of bolted connections. The data consisted of 10 tests of single and multi-ply fillers
ranging from O to 3/4 in where the results showed that the greater the undeveloped filler thickness, the
greater the flexibility of the joint. The resulting bending of the bolt reduced the strength of the connection
and increased the deformation at failure. In addition it was found that multi-ply fillers reduced the
capacity to a greater degree than single-ply, although the difference between the ultimate load and
maximum deformation for three 0.25 in. filler plates and one 0.75 in. filler plate were negligible. With
these results an empirical design factor was proposed that related the reduction in shear strength of the
bolt as the filler plate size increased.

R, =1-0.4t (1)

Where Ry, is the bolt shear strength modification factor and t is the filler plate thickness. For example a
reduction of 15% is recommended to a loose filler of 0.75 in. thickness. Recognizing that the tests were
designed for short joints and that longer joints would behave differently, it was recommended delaying
implementation until further testing could be conducted.

Using the work of Yura et al. as a basis, Sheikh-Ibrahim (2002) began working on a design equation that
took into consideration the areas of the filler and connection plates. The developed equation provided for
the number of bolts needed for a connection with the filler either developed or undeveloped.

P A
N, =—-|1+—— (2)
or, A + A

In this equation, Ny is the total number of bolts required, @r, is the design shear strength of one bolt, At is
the filler area taken as the sum of the fillers” areas on both sides of the main plate, and A, is the area of
the connected plates taken as the smaller of either the main plate area or the sum of the splice plate areas
on both sides of the main plate. This equation produced a shear strength reduction factor that was more
conservative than both the AISC and Yura et al. In addition the equation was only applicable to a
connection of the type Yura et al. had tested.

Design guides and specifications rely on this limited experimental data (RCSC 2001, AASHTO 2004),
where the 2004 RCSC Design Guide for Bolted Joints allows for undeveloped filler plates up to 0.25 in.
thickness without a reduction in bolt shear strength. A reduction in strength is recommended for filler
plates greater than 0.25 in.



2.0 BOLTED ASSEMBLIES WITH FILLERS — PHASE 1

2.1 Objectives

Despite the trend toward the implementation of higher strength steels, no data on connections with fillers
was found for steel plate grades higher than 50 ksi nor for A490 bolts. Current codes and design practice
guidelines restrict filler thicknesses to below %47, a limitation likely imposed by the limited dataset
available (AASHTO 2006, RCSC 2001). Extrapolation beyond this limit would be difficult without
experimental evidence. Yet applications of filler thicknesses in excess of those limits continue to occur
requiring the need for data outside the existing boundaries.

Oversize holes can also occur in these types of connections due to inadvertent conditions or unexpected
field modifications. In addition, fabricators and erectors have the necessity to or could desire to modify
connection details to introduce oversize holes at the design stage in an effort to achieve fit in the field
under potentially foreseeable difficult circumstances. Experimental data incorporating oversize holes was
therefore also needed.

Tests on assemblies of single-bolt and multi-bolt connections were designed with the objectives to
determine:

e the behavior of connections utilizing high strength steels and bolts
o the effect of filler plates on the connection ultimate capacity and slip resistance
o the effect of oversized holes in combination with fillers

2.2 Specimen Layout and Test Matrix

An initial test plan was proposed in this research to include several variables and a narrow band of filler
thicknesses. The tests originally focused on strength issues and did not include repeated tests on the same
configuration in an effort to cover different variables such as lower grade of fillers. An ad hoc meeting on
this plan was formed at the 2007 North American Steel Construction Conference in New Orleans in
April 2007 to discuss the planned tests with selected AISC and RCSC members. Valuable comments
were generated and consequently the test matrix had been modified despite the fact that all material had
already been fabricated at that time. The added delay and cost in modifying the test matrix were deemed
worth the added benefit to the research outcomes. The main changes were:

e surface preparation of the faying surfaces by blast cleaning instead of using the more variable
clean mill scale

e conducting two tests per configuration to obtain a sense of repeatability especially since
monitoring slip became important, but thereby also reducing the number of potential variables
that could be tested

o applying fillers to both sides of the pull plates to reduce eccentricities in applying the load at the
connection during the assembly tests instead of trying to replicate the typical filler installation of
single side filler on steel girders flanges

e expanding the scope past the current limits of filler thickness of 0.75 in.



To address the objectives of investigating connections with high strength materials, high performance
steel A709 HPS70W along with A490 bolts were selected as the main focus of the research. Two
thickness plates of HPS were available for these tests and were 1.75 in and 1.125 in thick for the pull
plates and splice plates respectively. Bolt diameter of 7/8 in was selected because that size was found to
be the most common in field splice connection for steel plate girder bridges. The filler plates were A709
grade 50W, which was deemed to be consistent with the design intent that typically specifies steels grades
of plates other than the main girder to be grade 50 weathering steels.

The assembly was designed to induce bolt failure, with bolt threads excluded from the shear planes. Bolt
holes were spaced at 3 in on center with 1.5 in edge distance. Two types of bolt holes were considered.
A standard size bolt hole, which is typically 1/16 in larger than the nominal bolt diameter, was used
resulting in 15/16 in diameter hole. The oversize holes were chosen to be 1 1/16 in diameter in order to
maintain sufficient area under the washer to maintain the pretension force (RCSC 2001). An attempt was
made at each bolt installation so as to maximize the movement in the holes, in effect trying to bolt the
assembly in reverse bearing relative to the applied force. A complete reverse bearing was not always
possible with multi-bolt assemblies, a situation that would be expected to become increasingly more
difficult with larger number of bolts.

Each assembly consisted of an undeveloped test connection and a developed connection as shown in
Figure 2. The developed end was primarily done with additional bolts securing the filler and in a limited
number of connections, the filler was welded to act together with the pull plate to achieve the
development. Connection arrangements of a single bolt assembly and of a multi-bolt assembly consisting
of three bolts were considered, along with the main filler thickness variable. When considered, multi-ply
fillers consisted of ¥ in plates to make up the total required thickness. The test matrix for the assembly
tests is summarized in Table 1. Different bolt lengths were needed to accommodate the varying
connection thickness. Each test configuration was conducted two times, resulting in 56 individual tests.

In majority of the tests, mill scale was removed from the faying surfaces of the connection plates as well
as the fillers. The surface was shot blasted to SP-10, also known as NACE 2 near-white metal blast
cleaning. A limited number of tests were conducted with clean mill scale and those are denoted with a
footnote in the table.
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Figure 2: Typical Bolted Assembly Layout

2.3 Test Setup and Installation

A modular self-reaction frame was specially designed for the bolted assembly tests. The frame consisted
pull plates between base and top double-beams. The base beams were welded together with built-up
supports extending and supporting the top beams. The pull plates extended both from the top and the
bottom beams and were used to secure the test assembly. To generate the large forces required,

a mechanical leverage of 2:1 ratio was used to translate the compressive force from the hydraulic ram to
a tensile force in the tested connections as illustrated in Figure 3a. The hydraulic ram contains a rotational
bearing to allow for the generated movement. The top beams as well as the pull plate connections on both
ends rested on rocker bearings. Photograph of the installed test setup is shown in Figure 3b. The design
capacity of the load frame was 600 Kip, a force sufficient for the planned tests. The scale of the tests
necessitated the use of the laboratory overhead crane to lift specimens in and out of the test setup.
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Figure 3: Schematic of Test Setup

To prepare a connection for testing, the plates were first scrubbed with a degreasing solvent and a 3M
green scouring pad. After being dried, the plates were assembled together on the floor loose and lifted to
an upright position for alignment. The filler plate in the lower test side was positioned up so that the slice
plate and pull plates holes were in reverse bearing, while the filler was positioned as closely as possible to
center the bolt in the hole. This tried to ensure that the bolts were not in bearing and any filler plate
movement during the test was initiated by friction produced by the tension of the bolt and not as a result
of a bolt bearing on the filler. The bolts were tightened to snhug tight and the connection lowered to the
ground to apply the bolt pre-tension. The assembly was then lifted into the load frame using the crane and
bolted between the swing arms. Turn-of-the-nut was performed on the bolts in the swing arms to
complete the installation.

2.4 Instrumentation

Instrumentation was installed after the test specimen was bolted in the test frame. All of the displacements
at the connection were measured independent of any deformations in the test frame using Novotechnik
TR-50 and TR-100 displacement transducers. A MIG welder was used to tack-weld small brackets to the
side of plates such that the displacement transducers could measure the relative displacement. The plate
thicknesses allowed the tacking of a rigid instrumentation without any intrusion into the slip planes.

A schematic of the instrumentation layout at the connection is shown in Figure 4. Four displacement
transducers were used to measure the specimen behavior (LVDT 3, 4, 5 and 6) and three were of
secondary nature, measuring the load frame behavior (LVDT 1, 2 and 7). The data was continuously
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collected using National Instruments LabView software and SCXI data acquisition chassis at 100Hz
sampling rate so as to capture any sudden events during the tests. The force was measured using a
calibrated delta-P pressure transducer connected to the hydraulic ram.

LVDT 6 LWDT 7
Meosures displacement . Measures displacement
between the upper swing . be;""iﬁ” the uppea 5;‘”19 arm
arm and the splice plate ||f: (m. € upper pull plate
LVDT 4 : di F LVDT S
Measures displacement | . , Measures displacement
between the upper Nl ' k)e:tween the lower
ond lower pull plotes E L Lsowolr;g :ﬁrer\ur;c:a::e
i 2 .
T
LVDT 2 . LVDT 3
Measures displacement . Ee:sur‘estﬁlsleqcemen‘tu
between the lower swing orm etween e \ower pu
and the lower pull plate plate and the splice plate

I
LVDT 1 (hot shown)
Measures ram displacement

Figure 4: Schematic of Displacement Transducer Measurements

3.0 BOLT TENSION EVALUATION

For each connection test, the clamping force from the tensioned bolts was needed in order to effectively
study the slip behavior. Typical steel girder field connection installations rely on the turn-of-nut
procedures instead of any torque-to-tension relationship to develop the required bolt tension, because the
turn-of-nut was found to result in more consistent values (RCSC 2001). The turn-of-nut procedure
elongates the bolt by specifying the number of turns required to achieve the minimum pretension value.
Using a similar approach, the bolt tension force was obtained by developing the required turn-of-nut
relationships for the bolts used in the experiment. The approach taken for the assembly tests was to
tighten each bolt such that the plateau of the bolt force was achieved. The pre-tension force does not
significantly affect the bolt’s shear strength (Wallaert & Fisher 1965) and therefore reaching the tension
plateau provides for a consistent clamping force for each connection test.
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3.1 Test Setup

In order to exclude bolt threads from the shear planes while using various filler thicknesses among the
different connection options in the assembly tests, bolts of lengths ranging from 6 in to 9 in were used as
summarized in Table 1. A shorter 5.5 in A490 bolt was also used in the test setup to connect the test
specimen to the load frame. The bolts were acquired such that each length originated from the same batch
of bolts, thereby minimizing variability within a bolt length. A relationship of bolt tension versus the
number of turns was developed for each bolt length using the Skidmore-Wilhelm torque wrench unit,
which is capable of measuring the bolt tension.

For each bolt length, representative numbers of plates were used to make up the required total thickness
expected in the connection tests as illustrated by the example in Figure 5a. Bolts were tightened using

a torque wrench to a snug tight position. Additional turns were then applied with the aid of a torque
multiplier shown in Figure 5b in the same method as planned for the connection tests. Each bolt was
tightened to snug tight and then followed by quarter turns. The force was recorded at the end of each
quarter turn.

(a) Multi-plate Built-up for Required Thickness (b) Torque Wrench and Torque-multiplier

Figure 5: Test Setup Using Skidmore-Wilhelm Torque Wrench

3.2 Achieved Bolt Tension

Each bolt test was conducted to failure. Five samples of each bolt length were tested except for the 7 in
long A490 bolts for which only three bolts were available without compromising the planned connection
tests. The results of the tests are shown in Figure 6, where discrete points designate the recorded data
points and the continuous line represents the average values.
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Figure 6: Achieved Tension in Bolts

For each length, the bolt tension plateaus after % turn past snug tight, except for the 7 in long A490 bolts,
which were found to plateau after % turn past snug tight. Based on these tests, the bolts in the connection
region were always tightened to just past % turn past snug tight. The average value of bolt tension at

3/4 turn was used as the pre-tension value in the connection for each respective length.
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Additional turn-of-nut tests were conducted on the 6 in bolt along with oversized holes to ensure that the
effect of the oversize hole was considered. Results were similar to recorded standard size holes,
confirming the that the bolt tension force in the oversize hole would not be adversely affect the tension in
the bolt tension (RCSC 2001).

4.0 BOLTED ASSEMBLY TEST RESULTS

Of primary interest was the behavior of the undeveloped end of the bolted assembly. This section
summarizes the observations and results from the assembly experiments.

4.1 Force Deformation Behavior

The deformation of the pull plate at the loose end of the assembly relative to the splices was used as the
measure for connection deformation. A representative force versus deformation behavior is shown in
Figure 7 for the three-bolt assembly tests. The general trend of the bolted connection assembly was
signified by an initial slip, connection movement leading to bearing, inelastic deformation and finally
failure. After the initial slip, the increase in deformation was signified by only a nominal increase and at
times decrease in resistance until the bolts engaged the plate holes in bearing. In bearing the stiffness
increased resulting in non-linear behavior as both the bolt and the plates deformed inelastically. Regions
of plastic deformations were observed in the permanent deformation of the hole edges and in the bolts,
some of which are photographed in Figure 8. As per the specimen design objectives, the failure occurred
in the bolts. Parts of each bolt shot out of the joint at failure in majority of the tests, which was caused by
the release of pre-tension in the bolt.

The presence of fillers affected the force deformation response and thereby the performance of the bolted
connections. The following sections further discuss the results of the tests in terms of the individual
metrics of ultimate strength, connection deformation and slip resistance.
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Figure 7: Examples of Three-bolt Assembly Force Deformation Results

Figure 8: Sample Deformed Bolts upon Removal From Connection Assembly
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4.2 Ultimate Strength

The maximum load recorded in each test was summarized in Figure 9 for the single bolt and three-bolt
assemblies. The discrete data represent the recorded ultimate strengths, while the continuous line
represents the average values for increasing filler thickness. The strengths from the one bolt assembly
tests are higher than for the three-bolt tests when comparing strength per bolt. Nonetheless, the results
indicate similar trends.

For the standard size holes, the ultimate strengths of assemblies with fillers were lower than those without
fillers. However, the ultimate strength did not exhibit continued decrease with increasing filler thickness.
The lowest ultimate strength was recorded for fillers of 17, where the strength decreased by 6% and 9%
for the one bolt and three bolt assemblies respectively. These values compare in line with the current
guidelines suggesting 15% reduction for 3/4" filler thicknesses (RCSC 2001). The assemblies with 2”
thick fillers were stronger than any of those using thinner fillers.

The assemblies with oversize holes and without fillers exhibited lower strengths than the same assembly
with standard size holes. Other than the assemblies with no filler, the oversize holes did not appreciably
influence the ultimate strength. Similar to the trends observed for the standard size holes, the oversized
holes with 17 thick fillers exhibited the lowest strength, while the 2” thick fillers tended to improve the
strength to levels comparable to not having filler plates at all.

The fracture pattern in the bolts indicated that a lack of a defined shear plane was found to influence the
ultimate strength of the bolted assemblies. The reduction of strength for connections with fillers was
attributed to the combined effect of flexural deformations imposed along with shear. For single ply fillers,
the influence of flexural deformation increased as the bolt deformed within the constraints of the holes for
filler thickness up to 1. The 2” thick fillers reduced the flexural influence as the bolt deformation started
to approximate that of the shear dominated behavior in connections without any fillers.

The detrimental influence of the bolt flexural deformation was especially evident for the multi-ply fillers.
Since the individual plies shifted and re-arranged as the deformation increased, the bolt was minimally
restrained within the thickness of the filler. Consequently, the assembly ultimate strength was
significantly lower when compared to single-ply fillers and would be expected to decrease further for
thicker fillers.
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4.3 Connection Deformation

The deformation needed to achieve bearing from the point of initial slip is evident when comparing the
results from the standard size holes to the oversize holes illustrated in Figure 7a) and b). Larger
connection deformation was needed to engage the bolts in bearing for the oversize holes for connection
without fillers as well as with fillers. The needed deformation for oversize holes was larger even when
compared to the multi-ply fillers in Figure 7c) for similar filler thickness.

Current design guidelines for connections with fillers are primarily based on the limited dataset available
in which the load being resisted at a deformation limit of 1/4" was used to establish the shear strength
reduction design equations discussed in Section 1.3 (Yura et al 1982). This limit was chosen to represent
a performance level beyond which a connection would experience excessive deformations and would not
be considered useful (Perry 1981). In an effort to compare the current design recommendations to the
results from this research, the resisting load was extracted at 0.25 in deformation. The results for the
standard size hole tests are shown in Figure 10, where the experimental data were normalized to the
average load for connections without fillers. The discrete points represent the test data for single bolt and
three-bolt tests, the solid lines represent the average values while the dashed line shows the current design
equation (RCSC 2001).
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Figure 10: Normalized Resistance at 0.25 in Compared to Current Design Equations

The data was in close correlation to the design equation for filler thicknesses up to 1 in, with the single
bolt data showing slight conservatism. The resistance further decreased for 2 in fillers, but not in the
linear manner suggested by the design equation. The results of the tests showed that the design equation is
overly conservative for fillers thicker than those previously considered.
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The load recorded at 0.25 in was summarized in Figure 11 for the single bolt and three-bolt assembly. The
large scatter in test results involving the same filler thickness was caused by the deformation needed to
engage the bolts in bearing for oversize holes. Nonetheless, similar trend of reduced effect for 2” filler
thickness was observed for oversized holes also. The load in multi-ply fillers decreased at a larger
gradient than for the single-ply fillers, resulting in significantly lower resistance. The current design
equations would be unconservative for multi-ply fillers.

The deformation at failure consists of a combined effect of slip deformation needed to engage the bolts in
bearing, shear and flexural deformation of the bolts and the hole deformations in the plates. The failure
mode for the three bolt assembly was typically a near-simultaneous failure of all bolts in the splice. The
total maximum recorded deformations are summarized in Figure 12 for the single bolt and three bolt
assemblies. In general, the three bolt assembly deformed more than the single bolt for the same filler
thickness, but exhibited similar trends.

The oversize holes assemblies recorded the largest deformations for in a particular filler thickness,
exceeding even those in multi-ply fillers. The deformation increased with increasing filler thickness only
up to 1 in thick. The 2 in thick fillers in both standard and oversize holes did not show further increase in
the deformations. The deformation did not further increase from the 1 in filler as the flexural deformation
of the bolt was constrained within the hole of the thick filler. This flexural constraint also contributed to
the ultimate strength as previously discussed in Section 4.2.

The current design equations were based on tests conducted with fillers up to 0.75 in thick and used A325
bolts in Grade 50 ksi plate steel. The high strength steels used in these experiments exhibited similar
behavior for the range previously considered, suggesting minimal influence of high strength materials in
the response up to 0.25 in deformation. When evaluating deformation at failure, the high strength steels
were found to exhibit significant plastic deformations. The oversize holes had the highest deformations at
failure for a given filler thickness, but the deformations did not increase for fillers exceeding 1 in
thickness due to the flexural deformation restraint in the bolts.
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4.4 Slip Resistance

Slip critical joints rely on the slip resistance between the surfaces of the plates rather than the shear
strength of the bolts in the connection. The slip was identified by the displacement transducer measuring
deformation of the splice plate relative to the pull plate. The slip was not always accompanied by a
sudden movement or reduction in load. A coefficient of friction pu was calculated using

TN ©)
where F is the shear force equal to the half the pull force since there were two sides to each pull plate and
N is the normal force generated by the pretensioned bolts. The pretension force was taken to be equal to
the number of blots times the force in the bolt when installed to a minimum of 3/4 turn as detailed in
Section 3.0. The first measurable slip values are summarized in Figure 13 for the single bolt and three-
bolt assemblies. In general, the variability in slip resistance make deterministic evaluations difficult with
just two data points per filler thickness, but general trends were certainly observed.

Slip values from single bolt assemblies resulted in higher slip coefficients as compared to the three-bolt
assemblies of the same filler thickness. These higher values were consistently observed for standard size
hole, oversize hole as well as multi-ply filler assemblies. In both the single bolt and the three-bolt
assemblies, the slip values for standard size holes were consistently lower for connections with fillers as
compared to connections without fillers. The decrease in slip was further exaggerated for multi-ply fillers,
which exhibited the lowest slip coefficients.

The slip values for oversize holes along with fillers did not exhibit appreciable differences when
compared to the standard size holes. The slip values remained approximately constant across the different
filler thicknesses. When no fillers were used, the oversize holes were found to have lower slip resistance
as compared to the standard size holes. Since the procedure for tightening the bolts was the same
regardless of size of bolt hole or the number of fillers, the pretensioned force was assumed to be the same
also. The cause for the decrease in slip resistance requires additional investigation especially for the case
of standard size holes.
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5.0 GIRDER SPLICE CONNECTION WITH FILERS — PHASE 2

5.1 Research Objectives

The first objective of this phase of the research was to examine the strength and behavior of spliced girder
connections using both fillers and no fillers. Testing was performed to analyze the effects of filler plates
of thicknesses ranging from % in to 2 in on overall connection slip and strength. Testing was performed
with both standard and oversized holes. The connection and specimen properties in phase 2 were similar
to those used in the phase 1 (7/8 in. diameter A490 bolts, Grade 70 ksi steel plate girders and splice
plates, Grade 50 ksi filler plates) in order to more efficiently compare the data and conduct tests using
standardized methods.

The second objective was to utilize the information found via testing to develop design recommendations
for spliced girder connections where different flange sizes are connected through the implementation of
filler plates. Current design codes limit the implementation of fillers in the field to thicknesses below 0.75
in. (AASHTO 2008, RCSC 2001). This is due to the lack of experimental evidence providing strength and
deformation values for connections utilizing fillers larger than 0.75 in. Experimental data on higher
strength steels as well as fillers up to 2 in. thick can be used to verify current design guidelines and
implement modifications to current code as needed.

Fillers are used to connect plates of different thicknesses by creating a common faying surface which, in
turn, allows plate girders of different flange thicknesses to be spliced together. Along with creating a
common faying surface, the filler plates create a common shear plane on both sides of the splice as well
as ensure that there are no large eccentricities in the joint. Within the connection, filler plates can be
classified as “developed” or “undeveloped.” Developed filler plates extend past the splice and are either
bolted or welded to the girder, meaning that stresses developed in the girder are distributed over the
combined cross-section of the filler plate and splice, causing them to act as one unit.

Undeveloped filler plates do not extend past the splice, and are inserted only to provide a common faying
surface. Undeveloped fillers also move independently as stresses build because they do not share the
stresses of the girder. Because of this movement, combined with a lack of defined shear plane,
undeveloped fillers will encounter higher than usual bending stresses. When necessary, the splice
connections created in the phase 2 testing used a developed filler connected to a undeveloped filler(s) in
order ensure the expected failure mode on the undeveloped side of the connection. Figure 14 shows an
illustration of a developed filler connected to a undeveloped filler. The undeveloped side (6 bolts in the
connection) was designed to fail before the developed side (10 bolts in the connection) so as to investigate
the filler effects.
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Figure 14: Developed and undeveloped fillers in a splice connection

5.2 Specimen Layout

Figure 15 depicts the general form for the test specimen used in the tests. The specimen consisted of two
plate girders, an upper top flange splice plate, two lower top flange splice plates and filler plates of
guantity and thickness determined in the test matrix. The two 21 1/2 ft A709 GR70 W high performance
steel (HPS) plate girders were connected at mid-span using a splice connection. The girders were identical
in geometry with a 1 1/8 in. x 30 in. web, 1 1/8 in. x14 in. flange, and 1 % in. x 14 in. flange (see Figure
16). Figure 15 displays the bolt hole layout where the first five rows of holes on each end of the girder
were 1 1/16 in. (oversize) diameter and the next 20 rows of holes on each end were 15/16 in. (standard)
diameter. The holes were spaced 3 in. on center and 1.5 in. from the edges.

The upper splice plate was 14 in. x 24 in, and the lower two splice plates were 4 in. x 24 in. All splice
plates were 1 1/8 in. thick A709 GR70 W HPS with a hole spacing of 3 in. on center and edge distances
of 1.5 in. The hole sizing in the splice plates (standard or oversize) corresponded to the hole sizing in
plate girders. The filler plates were made of A572GR50 steel and varied in size from %4 in. to 2 in. thick.

Splice and filler plates were shot blasted to remove mill scale at a local fabricator, Fought Steel & Co. in
Portland, OR. The girders were prepared as a class B surface. This process was selected to remove mill
scale and leave a roughened surface consistent with Oregon Department of Transportation specifications.
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5.3 Girder Splice Test Setup

Figure 17 illustrates the methods by which the splice connection with fillers was tested. The test set up
utilized a four point loading system to create a maximum bending moment over the splice connection.
The forces were applied from two sets of two SPX Powerteam 60 ton Hydraulic cylinders spaced 32”
from the center of the connection on each side. The specimen was constrained by downward forces
located 165 from the center of the connection on each side using 1” diameter threaded rods that were
bolted into the reinforced concrete laboratory floor. In order to allow pivoting of the girders under the
loading, the four point load forces were applied through 2 diameter A36 solid steel rods as shown in
Figure 18. As the hydraulic cylinders pushed the connected girders upward, the threaded rod pulled with
equal force downward, thus creating the required forces in the bolted connection.

Figure 18: Applied loading points for girder splice test.
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5.4 Force Measurement

By using a four point loading system, a constant moment was created across the splice connection with
minimal shear forces. An analytical model for shear and moment forces throughout the girder setup is
depicted in Figure 19. From the shear and moment diagrams illustrated in Figure 19, the theoretical shear
at the splice was 0 while the theoretical maximum moment was 2660 kip-ft. The theoretical values were
generated assuming the maximum force possible for each ram was 120 kips/ram. Using the data obtained
for maximum load capacity for a single bolt failure from phase 1 testing, the four hydraulic cylinders
spaced with the given geometry were capable of creating the tensile force necessary to fail a 6 bolt splice
connection on the top flange of the girder. The pressure delivered from the hydraulic cylinders while
applying load to the specimen was measured using a pressure transducer. The pressure transducer was
connected to a data acquisition system (DAQ) and readings were recorded using the computer software
LabVIEW 7.
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Figure 19: Analytical model for girder splice connection.

5.5 Test Preparation and Instrumentation

Prior to assembly of the splice connection all splice plates, filler plates, and girder portions involved in
the connection were scrubbed clean using a degreasing solution and a 3M green scouring pad. After
allowing the scrubbed pieces to dry, the girders were connected similar to the illustration in figure 1 using
16 A490 bolts. All girder splices were connected at the upper flange using two splice plates (one on each
side of the web) on the bottom side of the upper flange, and one splice plate on the top of the upper
flange. The filler plates were inserted between the top splice plate and the top of the upper flange. The
bolts were tightened to “snug tight” by hand and the connection was then inspected to ensure all filler and
splice plates were in the proper position. Once all plates were properly inspected, a STC5AE Simple
Torgon and a TD-1000 torque multiplier were used to perform turn-of-the-nut on the bolts.
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All displacement measurements were taken using linear variable differential transformers (LVDT’s). The
LVDT layout for this experiment is illustrated in Figure 20. LVDT 1 measured the vertical displacement
of the bottom of the girders at the splice connection. LVDT’s 2 and 3 measured the vertical displacement
of the hydraulic cylinders. LVDT 4 measured the displacement between the girders at the middle of the
connection. LVDT’s 5 and 6 measured the displacement on each side of the connection between the
splice plate and the top of the girder. LVDT’s 8 and 9 measured the displacement on each of the filler
plate(s) relative to the top of the girder. The set-up process was designed in order to have comparable
measurements to those taken during phase 1 one testing. All LVDT’s were connected to the DAQ, along
with the pressure transducer , and readings were recorded in LabVIEW 7 at a rate of 100 samples per

second.

LVDT's 8§ & 6: Measure displacement between
girder and splice plate,

LVDT's 7 & 8: Measure displacement between
girder and filler plate. LVDT 4: Measures displacment

between girders,
LVDT 8 LVDT 6 LVDT & LVDT ©
S

LVDT 1: Measures displacement of
LVDT 3: Measures girders at splice connection
hyvdraulic evclinder
displacement

7 LVDT 2: Measures
hydraulic cylinder
displacement

Figure 20: LVDT layout on the test apparatus

5.6 Girder Splice Test Matrix

Each girder had four rows of bolt holes through the flanges (top and bottom) on both ends of the girder.
Figure 21 illustrates how each test was performed using only two rows of the holes, thus two tests were
performed on the same flange (one test using inner rows and one test using the outer rows). A total of
eight tests were conducted (2 tests on each flange, and on both sides of the girder) before the girders were
cut to remove the tested bolt holes. All tests used 7/8” A490 bolts. Eight tests were performed using
oversized holes, while all the others used standard size.
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Table 2 outlines the test matrix for all the testing conducted in this experiment. Each test is labeled with a
test number (1 through 28) and lists the associated description of the tests in terms of: Test series
identification (standard, oversize or multi-ply), Filler plate size and configuration, Developed and
undeveloped flange specification and Inner or outer flange hole use.

Figure 21: Filler 1 in Thick utilizing (a) inner flange holes and (b) outer flange holes.

5.7 Bolt Pre-Tension

A STC5AE Simple Torgon and a TD-1000 torque multiplier were used to perform turn-of-the-nut on the
bolts in order to pre-tension them. The pre-tensioning of the bolts was achieved by tightening the bolt
until the tension created reached the bolt’s yield stress. Although test results from Wallaert and Fisher
(1965) show that pre-tension has little effect on a bolt’s shear strength, pre-tensioning enables all tests to
be conducted with consistent bolt tension and ensures the accuracy of slip values measured during testing.

Four different lengths, from 4.5 to 6.5 in., of A490 bolts were used for the tests. All bolts had a 7/8 in.
diameter and for each designated length were all from the same lot. For all tests, the bolt length was such
that the shear planes went through the shank and not the thread of the bolt. The bolting up procedure for
this report called for performing turn-of-the-nut on each bolt in order to achieve a consistent clamping
force. This would take the bolt to its yield point thus producing its maximum and consistent tension. In
order to find the amount of turn-of-the-nut needed, tests were performed using a Skidmore-Wilhelm
device similar to Phase 1 of this research and photographed in Figure 22 to determine the tension created
when the bolt was snug tightened and also at quarter turn intervals thereafter.

Figure 23 outlines the values from the tests conducted for each bolt with an average line running through
the data sets. The tension produced is on the ordinate with the relative nut to bolt rotation on the abscissa.
Each bolt length (4.5, 5, 5.5 and 6.5 inches) had 5 separate tests. Based on these tests, it was determined
that every bolt needed to be turned a % turn in order to bring them to their yield point.
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Figure 22: The Skidmore-Wilhelm bolt tensile testing device (left) and plates added to the device to
accommodate the length of bolt (right).
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6.0 GIRDER SPLICE TEST RESULTS

The behavior of the undeveloped side of the bolted connection was the primary point of interest for this
testing, so as to provide a valuable means of comparison to the results found from Phase 1. This section
provides a summary of the results for ultimate strength, deformation behavior and slip resistance for
standard hole, multi-ply and oversize hole tests.

The results for each test consisted of displacement data from LVDT’s 1-8 (see Figure 20), as well as force
data recorded from the pressure meter. The pressure transducer recorded the total pressure in the system
due to the load of four 60 ton rams. Labview 7 converted this pressure reading into a total force reading in
pounds. In order to convert the total pushing force (Ibs) from the two point loadings into the tensile force
at the top of the connection, the following equation using apparatus geometry was used:

Fr connection (Kips) = [F(Ibs)/(2*1000 Ibs/kip)]*[(132in/12in)/(32in/12in)]

Where Fr connection = The tensile force in the connection in kips, F = the total force in the entire system (i.e.
both vertically pushing point loads) in Ibs. as measured by the pressure transducer, 132 in. is the length
between top and bottom loading points on one side of the girder and 32 in. is the height of the girder.

For each test, plots were made of the load (Ft connection) VS. LVDT displacement, LVDT displacement vs.
time and Load vs. Time. Graphs for LVDT’s 2 and 3 were for ensuring that both point loads were pushing
the girders upward at an even rate, LVDT’s 5-8 were for monitoring displacement of the splice plate and
fillers on both sides of the connection relative to the girders, LVDT 1 was for monitoring total vertical
girder deflection at the connection and LVDT 4 was for measuring separation in the middle of the splice
from one girder relative to the other. Figure 24 shows a representative plot of LVDT’s 2 and 3 vs. time
which illustrates that the specimen was under constant displacement and that nothing unexpected
occurred in regards to the loading of the test specimen.
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Figure 24: Typical ram velocity for girder splice testing
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Figure 25 illustrates the typical load vs. displacement graphs for LVDT 5 or 6 (undeveloped splice plate
displacements) and LVDT 7 or 8 (undeveloped filler plate displacements) vs. load for test 5 (1 inch
undeveloped filler with oversize holes) and test 13 (1 inch undeveloped filler with standard size holes).
The graphs show how connection displacement was larger for oversize hole testing than for standard
holes, and how oversize hole tests had a slightly lower ultimate load than standard hole tests. The
standard holes had less measured slip before bearing when compared to the oversized holes, and as a
result, the oversize hole tests produced larger values of connection displacement. The graphs also
illustrate where slip had occurred in the connection both on the 6 bolt side and then the 10 bolt side. Two
different slip values were expected because the clamping force for each side was different due to the
difference in the number of bolts.
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Figure 25: Undeveloped splice plate deformarion and undeveloped filler plate deformation for standard
and oversize 1 inch filler tests

Figure 26 shows sheared bolts from the 6 bolt side of the splice connection after testing. One difference
from phase 1 testing is the consistently defined shear plane for bolt failure throughout all of the tests with
fillers (this includes oversize tests, standard tests and multi-ply tests). Tests without fillers behaved
similar to phase 1 no filler tests in that bolts sheared into three pieces along the two defined shear planes
between the top splice plate and girder, and between the bottom splice plate and girder. In all other filler
tests, bolts sheared into two pieces along the shear plane between the bottom splice plate and the girder.
The current design equation attributes the cause for a reduction in ultimate load achieved by a bolt in
shear to be because of an undefined shear plane. The load reduction found during phase 1 multi-ply
testing due to the undefined bolt shear planes was not found during phase 2 testing. Even for multi-ply
filler testing (the most probable tests to create undefined shear planes), the bolts failed on the exact same
plane as all the previous filler tests. As a result, there was no recorded reduction in ultimate load from
solid filler to multi-ply filler tests where similar net thicknesses were used.
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Figure 26: Examples of failed bolts for all filler thicknesses used during girder splice tests.

6.1 Ultimate Strength

The ultimate strength of a splice connection can be altered by factors such as an undefined shear plane in
bolt failure and an increase in the bending of a bolt as the splice connection separates. As filler plate
thickness increases, the potential for the bolt to bend also increases, thus resulting in a decrease in
ultimate load strength. A decrease in ultimate connection strength can also be the result of increased
tensile forces in the bolts due to lap plate prying (RCSC 2004). Figures 16, 17 and 19 illustrate the trend
that developed between increasing filler plate thickness vs. ultimate load. The RCSC has developed
guidelines concerning strength reduction due to the implementation of fillers for 50 ksi steel and A325
bolts, where the use of a0.75 in. filler results in a strength reduction of 15 %. The strength reduction
found from girder splice testing for standard size holes on 70 ksi steel and A490 bolts shows an average
strength reduction of 8.7% for 0.625 in. fillers, 18.7% for 1 in. fillers, and 21 % for 2 in. fillers. The
multi-ply series saw a strength reduction of 10 % for 2x.3125 in. fillers, 15.8% for 4x.25 in. fillers and
22.6% for 0.25 in. + 1.75 in. fillers. The oversized holes saw a strength reduction of 10.8% for 0.625 in.
fillers, 21.8% for 1 in. fillers and 29.2% for 2 in. fillers.

In contrast to phase 1 testing, the implementation of a 2 in. thick filler did not as effectively create a
scenario where the thicker filler impeded bolt bending and acted like a stiffener. Rather, the 2 in. filler in
the spliced girder connection reduced the ultimate strength of the connection to a value less than the 1
inch filler test. Figures 16, 17 and 19 show that the loss in ultimate load from 1 in. to 2 in. filler tests was
considerably less than for the no filler to 1 in. filler tests. As a result, the stiffening action of the 2 in.
filler was seen to be much less effective in girder tests when compared to pure tension tests. Also of
importance was the ability of multi-ply connections to withstand similar ultimate loads when compared to
single fillers of equivalent thickness. As previously explained, the consistent shear plane for standard and
multi-ply tests provided a bolt shear strength for both types of filler configurations that could withstand
similar ultimate loads.

In comparing the ultimate load reductions from phase 1 and phase 2, there is a discrepancy between the
magnitude of load lost due to the implementation of fillers in the standard and oversize tests. A possible
explanation for this difference is that excess bolt tension developed in the bolts on the undeveloped side
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of the girder connection due to the prying action of the splice plate. As fillers increased in thickness, the
prying action could have also increased. The phase 1 standard and oversize tests did not see the same
outward prying action in the connection because the tests were in pure tension. However, Figure 28
illustrates a large ultimate load reduction for phase 1 multi-ply filler tests (even larger than the girder
tests). Observation from phase 1 indicated outward “plate fanning” that occurred during the multi-ply
tests; which would result in an increase of tensile load in the bolts. The plate fanning observed in phase 1
tension tests was only observed after bolt failure for phase 2 tests with fillers; however the prying action
of the tensile/bending load was still assumed to be present. The data suggests that the plate fanning of
multi-ply fillers in pure tension is more detrimental to overall connection strength than the prying action
observed through the combined tensile/bending load of the girder testing. Since the prying action was
observed for all girder tests series, this serves as another explanation why the multi-ply fillers compared
much more favorably to standard tests in phase 2, than they did in phase 1. The idea of the “prying
action” and its subsequent effects on connection strength is only a possible explanation; therefore a
substantial amount of uncertainty exists as to the specific reasoning behind the higher load reduction in
phase 2 tests as fillers are introduced into the connection.

Ultimate Loads Reached for Standard Hole Tests

The maximum load recorded for each standard hole test and a comparison to phase 1 testing is
summarized in Figure 27. All comparisons to phase 1 testing were done by taking the average ultimate
load for each filler thickness during the 3 bolt tension tests, and doubling it (for an equivalent 6 bolt
strength). An average line is used to better illustrate load trends for varying thickness of fillers. As the
thickness of fillers increases, the ultimate load decreases. Phase 1 testing recorded an ultimate load
increase from 1 inch fillers to 2 inch fillers, however this trend is not maintained during the phase 2
testing. As fillers are introduced into the connection a drop in shear strength is recorded due to bending
that occurs in the bolts. Previous tension testing found that a much thicker filler (2 in.) created a space too
thick for the bolts to bend around, and in turn created a stiffer connection with a defined shear plane. The
result of this observation was an increase in ultimate load for the 2 in. filler tests. Phase 2 testing
maintained a consistent shear plane throughout all filler size testing, resulting in a consistent drop in
ultimate load as filler thickness was increased due to increased bending in the bolts.

Ultimate Loads Reached for Multi-Ply Tests

Figure 28 summarizes the ultimate loads achieved for multi-ply filler testing as well as a comparison to
the phase 1, 3 bolt, multi-ply average ultimate strength values. An average value line is also displayed on
the figure. The filler thickness values on the abscissa represent the overall thickness of the filler as
follows: 0.625 in. =2x 0.3125in., 1in. =4 x 0.25 in. (3 tests), 1 in. = 0.25 in. + 0.75 in. (2 tests), 2 in. =
0.25in. + 1.75 in. Ultimate loads for the multi-ply tests compared favorably with the ultimate loads for
the standard tests due to the shear failure plane on the bolts being the same for both test cases. Figure 29
illustrates the bearing impact each individual multi-ply filler (4 x 0.25 in. tests) had on the bolts in the
connection, yet the failure still occurred at the interface between the bottom splice plate and girder. The
increased bolt bending observed in pure tension (phase 1) due to the movement of each plate was not
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found to be an issue in decreasing overall strength during girder splice testing (compared to the standard

filler tests).
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Figure 29: Impact of multi-ply fillers on a bolt and failure plane for a 4 x 0.25 in. test

Ultimate Loads Reached for Oversize Hole Tests

Figure 30 outlines the ultimate loads reached for testing oversize holes with fillers up to 2 in. thick as well
as a comparison to the average ultimate load values found from phase 1 testing. The trend of ultimate load
vs. filler thickness stayed consistent with the trends found for standard and multi-ply tests; as the filler
thickness increased, the ultimate load decreased. The ultimate loads recorded for oversize tests were
roughly 4.4% lower than the loads achieved from the standard tests. The largest difference in ultimate
loads between standard and oversize cases came with the implementation of the 1 and 2 inch fillers. The
ultimate strength comparison between standard and oversize cases for phase 2 testing was similar to the
trends produced from phase 1 testing. The slight lowering of ultimate load for oversize holes was
expected because the increased hole size allowed for greater bending in the bolt. Figure 31 more
effectively illustrates the effect that oversize holes have on bolt bending. The figure illustrates the
difference in splice deformation at bearing and failure for standard and oversize cases. The angles were
measured from the center of the girder hole to the center of the splice plate hole, and were used as
theoretical values to predict the angles the bolts were likely to see in bending. The largest difference
between phase 1 and phase 2 testing was that a strength rebound did not occur from the 1 inch filler to the
2 inch filler. The stiffening action of the 2 in. thick filler in the pure tension tests appeared to be non-
existent in the tensile/bending loading from performed in the girder tests.
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Figure 30: Ultimate loads reached during (a) oversize hole tests for every filler thickness and (b) oversize
holes tests compared to 3 bolt oversize hole tests from phase 1.
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Figure 31: Theoretical bolt deformation angle at bearing and failure for standard and oversize cases.

6.2 Force Deformation Behavior

From Phase 1, the measure of connection deformation was defined as the deformation of the pull plate at
the loose end of the assembly relative to the splice plates. The displacement of the undeveloped splice
plate with respect to the girder (LVDT 5 or 6 depending the test) most accurately coincides with the
measure of connection deformation defined in the previous sentence. A representative force versus total
deformation plot for all three cases and different size fillers is shown in Figure 32. As illustrated in Figure
32, the general trend for each of the connections involved an initial slip followed by connection
movement leading to bolt bearing, and finally inelastic deformation ending in failure. After the initial slip,
the increase in deformation was measured against little or even decreasing resistance until the bolts were
fully engaged in bearing. The amount of displacement measured in the connection from the time of initial
slip to complete bearing varied from test to test. This issue is addressed in further detail in the sections to
follow. After engaged in bearing, the resistance began to rise in a nonlinear fashion, thus causing the bolts
and plates to deform inelastically. Permanent deformations in the splice plates as well as the bolts (see
Figure 26 and Figure 34) signify regions of plastic deformations within the connection. As per specimen
design objectives, failure occurred in the bolts on the undeveloped side of the connection. Tests
performed with no filler plates forced the bolts to fail on both shear planes (top splice plate to flange and
bottom splice plate to flange), thus causing the bolts to break into three pieces. Tests performed with filler
plates caused the bolts to fail on one shear plane (between the bottom splice plate and girder) where the
bolt was broken into 2 pieces. The presence of filler plates affected the force deformation as well as the
overall performance of the bolted connection.
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Figure 32: Representative force vs. displacement plots for (a) standard tests, (b) multi-ply tests and (c)
oversize tests.

Figure 33: Regions of plastic deformation after girder tests in (a) the top splice plate/bolts and (b) the

bolts holes.
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Deformation at Failure

Figure 34, Figure 35 and Figure 37 show the deformation of the undeveloped splice at failure plotted
against varying filler thickness for all three test cases as well a comparison to the average displacements
recorded during phase 1, 3 bolt tests. The failure observed during all of these tests involved an
approximate-simultaneous failure of all 6 bolts on the undeveloped side of the connection. For standard
tests an average total displacement value for the 2 in. fillers was seen to be lower than that found during
the 1 in. filler tests; however this trend was not observed for the multi-ply and oversize series. It is
possible that the 2 inch solid filler acted as a restraint to bending in the bolt, thus causing a decrease in
overall deformation. A similar trend was found in the phase 1 testing for both standard and oversize tests;
however the stiffening action also provided a rebound in strength that the girder tests did not show with
regard to strength.

For all three test series the deformation at failure for no filler cases was approximately the same for phase
1 and phase 2 testing; however the inclusion of fillers caused much greater connection deformation in the
phasel tension tests. As previously shown in the ultimate load analysis, the phase 1 filler tests were able
to withstand higher (relative) ultimate loads than the phase 2 tests. The four point bending load in phase 2
testing induced bolt bending at lower tensile connection forces than recorded in phase 1. As a result,
girder tests failed more quickly and were not allowed the excess load capacity to reach the deformation at
failure that was recorded during the phase 1 tests.
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Figure 34: Plate deformation at failure for (a) standard tests and (b) standard tests compared to phase 1, 3
bolt standard tests

Figure 35 illustrates a difference in plate deformation trend from 1 in. to 2 in. filler tests when comparing
the standard and multi-ply series. As the plot illustrates, the plate deformation at failure continued to
increase as the filler thickness in the connection was increased. It appears that the multi-ply 2 in. thick
filler was not able to act as a solid restraint to prevent bolt bending (as seen in the 2 in. standard tests) due
to the individual movement of each filler. Figure 36 illustrates the differential movement of each filler
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with respect to the girder for a 1 in. and 2 in. multi-ply test. Because the restraining action of the 2 in.
solid filler was not present during multi-ply tests, the deformation at failure was allowed to increase.
Overall, the multi-ply tests had observed deformation at failure values that were comparable to the
standard tests (the only exception being the 2 in. filler tests previously explained above). Phase 1 testing
showed the multi-ply tests to perform much more poorly in pure tension. This can be attributed to the lack
of defined shear plain as well as the fanning action of the fillers.
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Figure 35: Plate deformation at failure for (a) Multi-ply tests and (b) Multi-ply tests compared to phase 1,
3 bolt multi-ply tests.
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Figure 36: Multi-ply series individual filler plate deformation for 1 in. tests (a) before and (b) after
testing; and 2 in. filler tests (c) before and (d) after testing.
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The oversize testing displayed a substantially larger deformation at failure when compared to the standard
and multi-ply tests. A plot summarizing the plate deformation at failure compared to varying filler
thicknesses for oversize holes is found in Figure 37. The oversize testing saw a similar trend to the multi-
ply tests in that the failure deformation increased as filler thickness was increased from 1 in. to 2 in. This
trend contradicts the phase 1 testing which observed a decrease in failure deformation as fillers were
increased from 1 in. to 2 in. It appeared that the oversize holes in the 2 in. filler girder testing allowed for
increased bolt bending, thus negating the restraining effect of the 2 in. filler that was observed during the
standard test series as well as phase 1 testing.
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Figure 37: Plate deformation at failure for (a) oversize hole tests and (b) oversize hole tests compared to
phase 1, 3 bolt oversize hole tests

Figure 34, Figure 35 and Figure 37 illustrate a considerable amount of difference in deformation at failure
from phase 1 to phase 2 testing. Unlike phase 1 testing, where bolts were installed butted against the holes
in reverse bearing for standardized deformation until bearing, the phase 2 tests had bolts placed in the
holes at unspecified positions due to apparatus constraints. Because of this unknown placement of bolts
within the holes, the potential existed for some connections to be brought to bearing with less
displacement than others, even if the same size of fillers were used. Since all phase 1 tests recorded
displacement from the reverse bearing bolt position, it serves as another explanation why the phasel
values for maximum connection deformation would be greater than the phase 2 values.

The result of the unknown bolt placement within the holes was also seen as reasoning for the data scatter
of failure deformation points within each graph of load vs. deformation found in Figure 34, Figure 35 and
Figure 37. Figure 38 illustrates the potential maximum displacement of the connection prior to complete
bolt bearing. The distance illustrated in Figure 38 represents the maximum possible difference in
deformation at failure that could be possible for tests using the same size fillers.
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Deformation Limit

Yura et al. specified a deformation limit of 0.25 in. to govern as the point at which a connection was unfit
to perform satisfactorily due excessive displacement. Design equations developed by the RCSC as well as
the American Institute of Steel Construction (AISC) use this deformation limit of 0.25 in. based upon
previous filler testing. Table 4 outlines the loads for all tests at a deformation of 0.25 in. based again upon
the deformation of LVDT 5 or 6 (undeveloped splice plate deformation). Figure 39 summarizes the trend
for load at 0.25 in. of deformation vs. filler thickness for standard, multi-ply and oversize test series.
Figure 39 illustrates that as filler plate thickness increased, the load required to cause 0.25 in. deformation
decreased. This effect can again be attributed to the larger filler plates allowing increased bending in the
bolts. In both standard and multi-ply tests, the shear strength reduction is not nearly as drastic as with the
oversize tests. This is because the oversize holes allow for more connection deformation until the bolts
are completely brought into bearing, thus making the loads reached at 0.25 in. considerably lower than the
standard and multi-ply cases. Similar to the phase 1 tests, the loads required to reach 0.25 in. deformation
for the oversize series appeared to reach a lower limit due to the bolts’ lack of time to be fully brought
into bearing and increase its resistance against deformation. For this reason, the oversize series saw loads
at 0.25 in. of deformation that were similar to the slip loads.
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Figure 39: Load at 0.25 in. deformation for (a) standard tests (b) multi-ply tests and (c) oversize tests for
every filler plate thickness

Of concern is the reduction in shear strength affiliated with the implementation of fillers in tests with
standard size holes. The equation proposed for shear strength reduction by Yura is 1-0.4t, where t is the
thickness of the undeveloped filler in the splice connection. The RCSC sites this equation as a general
guideline for shear strength reduction in the design of connections implementing fillers with standard
holes. This design recommendation follows the trend that as filler plate’s thickness increases, the bolts’
shear strength decreases. Figure 40 illustrates a comparison of the strength reduction found during girder
splice testing and Yura’s shear strength reduction equation. The shear strength reduction for each point
was calculated as each test’s load reached at 0.25 in. deformation divided by the average load observed
for the no filler tests. An average line was then calculated (seen overlapping the data in figure 29) and its
slope taken as the shear reduction factor. As seen in Figure 40, the results from girder splice testing
created a reduction line that was much less conservative (1-0.2t) than Yura’s proposed reduction line (1-
0.4t) for 0 to 1 inch fillers, and even less conservative (1-0.08t) for fillers from 1 in. to 2 in. Phase 1
testing for the 3 bolt series showed results much closer to Yura’s equation (1-0.37t); however the testing
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recorded a similar trend in the reduction found from 1 in. to 2 in. fillers (1-0.18t). This similarity in trend
suggests that (as stated earlier) when a filler plate’s thickness is increased from 1 in. to 2 in., a stiffening
effect occurs that aids in limiting the amount of bolt bending that would cause the connection deform.
This stiffening action was recorded in all test series (ultimate load and deformation behavior) during
phase 1 testing, but is not as prevalent in girder splice tests. The stiffening effect of the 2 in. filler was
evident in standard series deformation at failure and in standard loads at 0.25 in. deformation, yet was not
observed in the analysis of ultimate loads.
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Figure 40: Shear strength reduction lines for girder splice testing compared to Yura's line for suggested
shear strength reduction in standard hole tests for every filler plate thickness

It should be noted that the data for load at 0.25 in. deformation showed phase 2 tests to perform well in
terms of strength reduction compared to phase 1 tests, whereas the data for ultimate strength showed the
phase 2 tests to have a much higher strength reduction than the phase 1 tests. The 0.25 in. displacement
data can be misleading when taken out of context. Since most of the phase 2 tests did not have recorded
displacements much larger than 0.25 in., their loads were close to ultimate loads at this limit. The phase 1
tests (with higher deformation at failure) were not nearly as close to their ultimate loads at the 0.25 in.
displacement limit. As previously explained, the phase 1 connections began displacing from the reverse
bearing position, while the positioning for the phase 2 tests was unspecified. This would enable phase 2
tests to resist higher loads (be brought into full bearing) at lower measured displacements. As a result, the
comparison of phasel to phase 2 loads at 0.25” deformation is not an accurate measure of true strength
reduction in the connection.

Girder Rotation

Another component that was monitored was the rotation angle of the girder as load was applied. LVDT 1
measured the overall upward deflection of the splice connection vs. force and time. Figure 41 illustrates
how the test apparatus geometry along with the recorded displacements of LVDT 1 and LVDT 5/6 were
utilized to calculate the rotation angle of girders. Since some girder splice tests recorded larger values of
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splice plate movement on the developed side of the connection than others, the rotation angle based upon
the displacement of LVDT 1 did not show a consistent representation of displacement as a result of the
undeveloped filler side. This is why the rotation angle of 8’ seen in Figure 41 is calculated as the girder
rotation angle due to undeveloped connection deformation only. The results found in Figure 42 illustrate
similar trends to those recorded for the deformation at failure in the connection. This makes sense because
the upward deflection angle of the girders will directly affect the splice plate displacement relative to the
upper flange (pull plate). Each graph has an accompanying average value line overlapping the data to
better illustrate the load vs. rotation trends.

The standard series were the only tests to show signs of a recovery in rotation angle as filler thickness was
increased from 1 in. to 2 in. The oversize and multi-ply tests recorded a continued increase in girder
rotation as filler thickness was increased. Standard tests recorded the lowest overall girder deflection;
however multi-ply test deflection calculations were within 10 percent of the standard values on average.
The oversize holes had recorded deflection values that were nearly 1.85 times the deflection values of the
standard tests. The same explanation for these results was explained earlier in the “deformation at failure”
section of the report. These results further support the case that multi-ply filler could be a viable
construction option when thicker fillers are not available, while oversize holes would better be suited for
slip critical connections, as opposed to bearing type.
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Figure 41: Girder rotation angle analysis.
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for every filler plate thickness.

6.3 Slip Resistance

Slip resistance for each test was analyzed using methods specified by the RCSC. The coefficient of

friction, p, was calculated using

u=F/N

where F is % (double shear) the tensile force in the connection immediately prior to the first incidence of
slip, and N is the normal force generated by the pre-tensioned bolts. The pretension force of the bolts was
equal to the number of bolts in the connection multiplied the by the tensile force in the bolt as a result of
the % turn of the nut. The force from the %2 turn of the nut was known from the bolt tension calibration.

The AISC specifies minimum load capabilities for slip critical joints. A slip critical joint is one which
relies on frictional resistance between plate surfaces rather than the shear strength of the bolts in order to
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hold the connection in place. For this reason, undeveloped fillers are deemed appropriate for use slip
critical joints. The AISC minimum load is calculated as

wn = IUDu hsch N S

where represents the design shear strength (kips) for the connection, p is the coefficient of slip (AISC
value is taken as 0.5 for an unpainted blast cleaned surface known as class B), D, is a multiplier that
represents the ratio of the mean installed bolt pretension to the specified minimum bolt pretension (taken
as 1.13 for general cases), hg is the hole factor (1 for standard hole, 0.85 for oversize holes), N; is the
number of slip planes (2 slip planes for these tests) and Ty is the minimum fastener tension (AISC value is
49 Kips for 7/8 in. bolts). The AISC minimum load value is independent of the inclusion of filler plates.
Figures 30, 31 and 32 show a line indicating the AISC design slip resistance for a slip critical joint. From
the figures, a comparison was made between the AISC design slip resistance and the tested slip resistance
for each thickness of fillers.

Slip Loads for Standard Hole Tests

Figure 43 summarizes the load at which the slip first occurred in the splice connection for standard test
cases as well as the corresponding slip coefficient for each test. Previous filler testing by Lee and Fisher
indicated that fillers up to a thickness of 1 in. had no effect on the slip load, while Yura. et al. showed a
decrease in slip load from the addition of a 0.25 in. filler as well as a further load reduction for the
addition of 3 x 0.25 in. fillers (1982). Tests from phase 1 displayed a similar contrast in slip effects where
the one bolt tests showed no slip load decrease with the addition of fillers, yet the 3 bolt tests showed a
decrease in slip load with an increase in filler thickness. 2001 testing from Sugiyama et al. showed an
increase in slip coefficient values in high strength bolted connections with the insertion of fillers. The data
in Figure 43 shows that the slip loads appeared to be relatively unaffected by the inclusion of fillers into
the connection. A slight lowering of slip load can be seen, however the amount decrease was not nearly as
prevalent as seen in the phase 1 testing. Overall, the girder splice testing reinforces the RCSC’s
conclusion that fillers with surface conditions similar to that of other joint components do not
significantly affect the slip resistance of the joint.

Figure 43 shows that most of the slip coefficients for standard tests were in the range of 0.2 to 0.3. These
values are similar to the phase 1 testing. Chapter 10 of the RCSC Design Guide for Bolts indicates that
slip coefficient values for grit blasted surfaces (class B) are shown to be on the magnitude of 0.5. Because
of this disconnect in values, specialized slip testing was conducted to complement the data found during
the girder splice testing. These slip tests are discussed in later section. Since surface treatment as well as
steel elements were identical for phase 1 and phase 2 testing, a similar explanation was proposed for the
low values of slip coefficient.
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Figure 43: Slip loads (with the AISC slip critical line) and slip coefficients for standard tests.

Slip Loads for Multi-ply Tests

Figure 44 displays the results for slip loads and slip coefficients for the multi-ply cases. The slip loads
seen in the multi-ply tests were comparable to those found for the standard cases. Most slip loads
appeared in the range between 200 and 250 kips, with the accompanying slip coefficient values in the 0.2
to 0.3 range. A comparison shows that multi-ply fillers had little to no effect on the slip resistance of
bolted girder connections.
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Figure 44: Slip loads (with the AISC slip critical line) and slip coefficients for multi-ply tests.
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Slip Loads for Oversize Hole Tests

Figure 45 summarizes the results for slip loads and slip coefficients found for oversize tests. The results
indicate that filler thickness appears have had little effect on slip load. Similar to the previous cases, the
oversize tests saw slip coefficient values in the 0.2 to 0.3 range. Out of the three test cases, the slip
coefficients calculated for the oversize tests were the lowest. The coefficients were on average 3.8 %
lower than the standard cases. The slip loads (with the exclusion of the 1 in. fillers) also tended to
increase as filler thickness was increased. A similar trend was found in phase 1 testing.
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Figure 45: Slip loads (with the AISC slip critical line) and slip coefficients for oversize tests.

7.0 SLIP COEFFICIENT TESTING

7.1 Introduction

In addition to the slip coefficient calculation using the girder splice test data, 24 compression slip tests
were performed on various combinations of A709GR70 W (HPS) and A572GR50 W structural steel with
an SP-10 surface treatment identical to that of the girders, splice plates and fillers utilized during the
girder splice testing. This testing was done in order to supplement the results calculated from the girder
testing and provide a more comprehensive analysis of the plate slip within each connection.

7.2 Test Setup

The dimensions of the steel specimen were selected such that the faying surface area would be the same
as that of the specimen specified in the RCSC 2004 Specifications for Structural Joints. As illustrated in
Figure 46, the coupons had a face that was 5 inches tall by 3 inches wide with a 15/16 inch hole in the
center with respect to the width and 3 inches from the bottom with respect to the height (on center). Due
to limitations on materials, the thickness of each A709GR70 W (HPS) specimen was 1 3/4 inch while the
thickness of each A572GR50 W specimen was 5/8 inch.
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Figure 46: Geometry of coupons used in supplemental slip testing

The coupons were tested using an MTS vertical load frame which was controlled using an MTX 407
controller box. The configuration of the test setup (see Figure 47) was chosen to match the schematic
specified by the RCSC (2004). To ensure that the axial force would be applied orthogonally to the
clamping force and in order to prevent rotation a spherical head was placed between the actuator head and
the specimen. The relative displacement between the coupons was measured using an MTS laser
extensometer and the clamping force was measured using a pressure meter. All data was logged using the
computer program Labview Data Logger.

wverahesg "\
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Figure 47: RCSC schematic of the slip test set up compared to actual set up.
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7.3 Test Procedure

Prior to assembly the faying surfaces of the coupons were washed using a degreasing agent and a 3M
scouring pad. A 7/8 inch diameter threaded rod capable of withstanding a tensile load of 125 kips without
yielding was passed through the holes of the coupons which were secured up to a nut and washer against
the left plate. A washer and 1.25 inch inner diameter nut were added to the rod and moved up against the
right plate. The oversized nut was large enough that it could slide down the rod and was in place to
simulate an actual bolted connection. Another washer was added then a hydraulic ram was secured with a
final washer and a locking nut. All the washers were ASTM F436 washers and the nuts were DH A563’s.
The specimen was then loaded into an MTS vertical load frame such that the metal coupons were the only
pieces in line with the load frame’s actuator head; the hydraulic ram was supported by a frame such that
the entire specimen remained orthogonal to the actuator head. The hydraulic ram had a pressure
transducer attached on the hydraulic line which was used to determine the clamping force. The coupons
were put into reverse bearing so that the greatest amount of distance could be traveled before bearing
occurred against the rod and to prevent the rod from taking any shear load. The reverse bearing position
was then secured by pressuring the system using the hydraulic ram. Shims were then placed on the
bottom at the inner edges (in line with the faying surface) of the right and left coupons and on the top
center of the center coupon. The spherical head was then placed on top of the specimen. Finally, the
laser extensometer was put into position and initialized.

The extensometer, pressure transducer, and load cell from the load frame were connected to a data
acquisition system and the readings were recorded using Labview Data Logger. The clamping force was
increased to 49 kips and was maintained throughout testing within 0.5 kips. The rate of loading from the
load frame was dictated by the RSCS guidelines which specify that the load placed on the specimen is not
to exceed 25 Kkips per minute and the rate of slip is not to exceed 0.003 inches per minute. The loading
rate was controlled using an MTX 407 controller box. The test was terminated when 0.05 in of slip was
achieved.

7.4 Results of Slip Tests

Total of 24 tests were conducted to investigate the slip coefficient of the two types of metals used in the
girder splice testing. Three different combinations (8 tests each) of coupons were tested as follows:
combination 1 — HPS slipped against HPS, combination 2 — Grade 50 slipped against Grade 50, and
combination 3 — HPS slipped against Grade 50. The test matrix with accompanying test results for slip
loads and slip coefficients is found in Table 8.

The p values obtained from the slip coefficient testing were analogous to the p values calculated from the
girder splice tests. For HPS to HPS slip tests, [average Was equal to 0.308; for the Gr50 to Gr50 tests, [average
was equal to 0.32; and for the Gr50 to HPS tests, Maerage Was equal to 0.326. Figure 48 illustrates the
comparison between slip coefficient values for all girder splice tests for different filler thicknesses, slip
coefficient test values, and phase 1 tests (3 bolt). As previously discussed, the expected slip coefficient
values for class B surfaces based upon previous research is around 0.5. Based upon all three phases of
research conducted in the iISTAR laboratory (phase 1 testing, girder splice testing and slip coefficient
testing) the average slip coefficient for the steel used in the splice plates, filler plates and girders prepared
as a class B surface was in the 0.26 to 0.32 range. There is no definite explanation for this disconnect in
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slip coefficient values, however the consistency of the slip data for all three phases suggests that the
procedures used to for monitoring slip loads (similar steel, similar surface treatment, a known normal
force via data from ‘turn of the nut’) were working correctly.
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Figure 48: Frequency of slip coefficient values from slip coefficient tests, girder splice tests, and phase 1
tests (3 bolt)

8.0 SUMMARY AND CONCLUSIONS

In general, the introduction of fillers into a spliced girder connection induced a reduction in ultimate load
and an increase in connection deformation. These characteristics are likely due to increased bolt bending
as a result of a thicker filler plate. Both previous filler tests showed similar trends for fillers up to 1 in.
thick. Pure tension tests (phase 1) found that increasing a filler from lin. to 2 in. enabled the filler to act
as a rigid form reducing the amount of allowed bolt bending, thus preventing increased connection
deformation and a loss in ultimate load. Girder testing has revealed that this rebound in connection
strength was not present, however a drop in connection deformation was observed for standard series
tests. Girder testing has shown that ultimate loads in all test series decreased as larger thicknesses of
fillers were used.

The deformation at failure for multi-ply and oversize series increased for all tests as filler plate thickness
was increased to 2 in. The deformation at failure for the standard tests experienced a reduction in total
deformation from the 1 in. filler test to the 2 in. filler test. This trend was also found in the phase 1
testing. The shear reduction of the bolts based upon loads reached at 0.25 in. deformation for standard
hole girder tests also showed a slight strength increase from 1 in. filler tests to 2 in. filler tests. This again
showed that the 2 inch filler in the girder testing was much less effective at providing a rigid form to
prevent bolt deformation due to the difference in loading from phase 1 testing and girder splice testing.
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The main detriment of oversized holes was found to be the allowance of increased bolt bending within the
connection which was responsible for the loss recorded in ultimate strength as well as the recorded
increase in connection deformation. The oversized hole connections had recorded displacements at failure
that were nearly twice the size of standard hole tests on average. The oversized connections also reached
0.25 in. of deformation at loads close to the recorded slip loads. Since slip loads were found to be
unaffected by standard or oversized hole use, the use of oversized holes in slip critical connections could
be a viable design option; providing that the proper coefficient of slip was used to design the connection.

In a stark contrast to phase 1 testing, multi-ply filler test data proved to be comparable to standard size
hole tests in terms of both ultimate load and connection deformation. Ultimate loads for multi-ply tests
were seen to be less than 2 % lower than those reached for standard tests on average. Because the shear
failure planes in the bolts during multi-ply tests were the same as those observed in the standard tests,
there was no significant ultimate load reduction found in the bolts’ shear strength. The deformation
behavior of the multi-ply tests was found to be nearly 8 % larger than the deformation for standard tests.
The additional deformation was likely due to the differential movement of individual filler plates within
the connection allowing for slightly more bolt bending; however test data shows a load reduction of only
3 % for loads at 0.25 in. of deformation for multi-ply tests compared to standard tests.

Additional slip coefficient testing provided a more comprehensive slip analysis for the materials and
surface treatment used during testing. Results from slip tests where normal force and slip force were
continuously monitored proved to be comparable to the results recorded during girder splice tests as well
as 3 bolt phase 1 tests. In all three tested cases, the majority (over 65 %) of slip coefficients were found to
be in the 0.25 to 0.32 range. These slip coefficients are much lower than the value of 0.5 specified by the
AISC and RCSC. The reasoning for this disconnect is not known with certainty, but the slip data from
these 3 tests indicates that there may be an issue with the shot blasted surfaces of the A572Gr50 and
HPSGr70 steel that was used.

Future experimental research into the effects of fillers in girder splice connections should consider the
application of a measured shear force in the splice connection. All testing up to this point has been
assumed to be tension loading with minimal (no) shear, thus it could prove beneficial to investigate the
behavior of connections with an added shear force.
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APPENDIX — TABLES

Table 1: Test Matrix for Both Single and Multi-bolt Assembly Tests

Bolt Bolt Length Filler Thickness Hole Size

Grade (in) (in)

A325 6 0 (mill scale) standard -
A325 6 Y (mill scale) standard oversize
A490 6 0 (mill scale) standard -
A490 6 0 standard oversize
A490 6 Ya standard oversize
A490 6 2XYa standard -
A490 7 1 standard oversize
A490 7 4 XYy standard -
A490 9 2 standard oversize
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Table 2: Test matrix for girder splice tests.

Holes Filler Thickness Test
Test Used 11/8" Flange 13/4" Flange Series
1* Inner Flange | No Filler Plate U (East) | No Filler Plate D (West) | Oversize
2 Outer Flange 7/8" D (East) 1/4" U (West) Oversize
Jx* Inner Flange | No Filler Plate U (East) | No Filler Plate D (West) | Oversize
4 Outer Flange 5/8" U (West) No Filler Plate D (East) Oversize
5 Inner Flange 1"u 3/8"D Oversize
6 Outer Flange 1"u 3/8"D Oversize
7 Inner Flange 2" U 13/8"D Oversize
8 Outer Flange 2" U 13/8"D Oversize
9* Inner Flange | No Filler Plate U (East) | No Filler Plate D (West) | Standard
10 Outer Flange 7/8" D (East) 1/4" U (West) Standard
11** | Inner Flange | No Filler Plate U (East) | No Filler Plate D (West) | Standard
12 Outer Flange 5/8" U (West) No Filler Plate D (East) | Standard
13 Inner Flange 1"uU 3/8"D Standard
14 Outer Flange 1"u 3/8"D Standard
15 Inner Flange 2"U 13/8"D Standard
16 Outer Flange 2"U 13/8"D Standard
17 Inner Flange 2x5/16"U No Filler Plate Multi-Ply
18 Outer Flange 2x5/16" U No Filler Plate Multi-Ply
19 Inner Flange 4x1/4"U 3/8"D Multi-Ply
20 Outer Flange 4x1/4"U 3/8"D Multi-Ply
21 Inner Flange 1/4"+ 3/4" U 3/8"D Multi-Ply
22 Outer Flange 1/4"+ 3/4" U 3/8"D Multi-Ply
23 Inner Flange 1/4"+13/4" U 13/8"D Multi-Ply
24 Outer Flange 1/4"+13/4" U 13/8"D Multi-Ply
25 Inner Flange 5/8" U No Filler Plate Standard
26 Outer Flange 7/8" D 1/4" U Standard
27 Inner Flange 1"u 3/8"D Standard
28 Outer Flange 4x1/4"U 3/8"D Multi-Ply

* =1.125 in. flange connected to 1.125 in. flange.
** =1.75 in. flange connected to 1.75 in. flange.

D = Developed side of the connection
U = Undeveloped side of the connection.
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Table 3: Bolt tension data from turn of the nut method using the Skidmore-Wilhelm device.

Tension Tension Tension Tension Tension Tension Tension
4.5 inch Bolt (kips) (kips) (kips) (kips) (kips) (kips) (kips)
Test Number Snug 1/4 turn 1/2 turn 3/4 turn 1turn 11/4turn | 11/2turn
1 0 20 47 62.5 65.5 65.5 66 63
2 0 19 55 63.5 65.5 64 61.5 58
3 0 19 49 63.5 65.5 64.5 59.5
4 0 16 49 64 65.5 X X
5 0 19 48 63 65 62 57 54
Avg. 0 18.6 49.6 63.3 65.4 64 61 58.33333
5 inch Bolt
Test Number Snug 1/4 turn 1/2 turn 3/4 turn 1 turn 11/4 turn
1 0 18 55.5 69.5 71.5 69 64.5
2 0 18 55.5 71.5 71.5 69 69
3 0 18 48 68.5 71.5 68.5 68.5
4 0 20 51.5 68.5 73 72 68
5 0 17 52.5 68.5 71 70 64.5
Avg. 0 18.2 52.6 69.3 71.7 69.7 66.9
5.5 inch Bolt
Test Number Snug 1/4 turn 1/2 turn 3/4 turn 1 turn 11/4 turn
1 0 19 48 66 68.5 67.5 64
2 0 19 50 68.5 69.5 66 62
3 0 20 50 68 69 66 62
4 0 19.5 53 67.5 68 65 62.5
5 0 17 51 66 67.5 64.5 61.5
Avg. 0 18.9 50.4 67.2 68.5 65.8 62.4
6.5 inch Bolt
Test Number Snug 1/4 turn 1/2 turn 3/4 turn 1 turn 11/4 turn
1 0 15 26 48.5 65 67.5 65
2 0 14.5 34 59 65 66.5 64
3 0 16 35 61.5 66.5 66 64
4 0 15 38 59.5 66.5 65 62.5
5 0 15.5 34.5 61.5 66 64 61.5
Avg. 0 15.2 33.5 58 65.8 65.8 63.4
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Table 4: Test specimen properties.

Component Material Properties Size Surface
Bolts A490 7/8 in. dia. -
Filler Plates A572 Grade 50 .25 to 2 in. thick (Std & Ovr size holes) SP-10
Splice Plates A709 GR70 W HPS 1.125 in. thick (Std & Ovr size holes) SP-10
Girders A709 GR70 W HPS - SP-10
Slip Test Blocks A709 GR70 W HPS 1.75 in. thick (Std. holes) SP-10
Slip Test Blocks A572 Grade 50 .625 in. thick (Std. holes) SP-10
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Table 5: Deformation at failure and load at 0.25 in. deformation for all tests.

Test Test Equivalent Filler Load at 0.25" Deformation
Series Number Thickness (in.) Deformation (kips) at Failure (in.)
Oversize 1 0 253 0.448
Oversize 2 0.25 482 0.299
Oversize 3 0 660 0.339
Oversize 4 0.625 283 0.519
Oversize 5 1 295 0.504
Oversize 6 1 360 0.415
Oversize 7 2 271 0.512
Oversize 8 2 277 0.582
Standard 9 0 768 0.203
Standard 10 0.25 683 0.174
Standard 11 0 758 0.197
Standard 12 0.625 650 0.225
Standard 13 1 620 0.298
Standard 14 1 491 0.313
Standard 15 2 600 0.232
Standard 16 2 582 0.275
Standard 25 0.625 734 0.32
Standard 26 0.25 726 0.29
Standard 27 1 628 0.19
Multi-Ply 17 0.625 713 0.241
Multi-Ply 18 0.625 661 0.242
Multi-Ply 19 1 650 0.266
Multi-Ply 20 1 630 0.295
Multi-Ply 21 1 622 0.297
Multi-Ply 22 1 628 0.314
Multi-Ply 23 2 560 0.31
Multi-Ply 24 2 471 0.343
Multi-Ply 28 1 590 0.245
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Table 6: Ultimate loads for all tests.

Oversize Holes Standard Holes Multi-Ply
Equivalent Equivalent Equivalent
Filler Plate Maximum Filler Plate Maximum Filler Plate Maximum
Thickness (in.) Force (kips) | Thickness (in.) | Force (kips) | Thickness (in.) Force (kips)
0 750 0 768 0 768
0 760 0 760 0 760
0.25 700 0.25 685 0.625 714
0.625 673 0.25 730 0.625 661
1 595 0.625 655 1 650
1 586 0.625 740 1 640
2 535 1 650 1 636
2 534 1 584 1 659
1 628 1 640
2 601 2 583
2 605 2 600
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Table 7: Measured load in the splice connection at the first occurrence of slip.

Oversize Holes Standard Holes Multi-Ply
Force Force Force
Equivalent at Equivalent at Equivalent at
Filler Plate First Coefficient | Filler Plate First Coefficient | Filler Plate First | Coefficient
Thickness Slip Thickness Slip Thickness Slip
(in.) (kips) of Slip, 1 (in.) (kips) of Slip, u (in.) (kips) of Slip, 1
0 175 0.223 0 240 0.306 0 240 0.306
0 207 0.241 0 230 0.267 0 230 0.267
0.25 215 0.262 0.25 200 0.243 0.625 310 0.487
0.625 240 0.279 0.25 135 0.164 0.625 248 0.288
1 175 0.213 0.625 240 0.279 1 460 0.669
1 170 0.207 0.625 360 0.418 1 210 0.365
2 260 0.329 1 215 0.262 1 235 0.286
2 263 0.333 1 190 0.231 1 228 0.277
1 210 0.255 1 150 0.182
2 215 0.272 2 210 0.266
2 225 0.285 2 185 0.234
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Table 8: Test matrix and results for slip coefficient testing.

Clamping Force | Force at Slip | Slip Coefficient | Clamping
Test Slip Surface "N" (kips) "F" (kips) "k" Variance
HH1 | HPS to HPS 48.43 32.2 0.3324 0.0563
HH2 | HPS to HPS 48.80 28.0 0.2869 0.0720
HH3 | HPS to HPS 48.75 28.5 0.2923 0.0581
HH4 | HPS to HPS 49.52 28.1 0.2839 0.0866
HH5 | HPS to HPS 49.19 32,6 0.3314 0.0740
HH6 | HPS to HPS 49.91 30.2 0.3020 0.0663
HH7 | HPS to HPS 49.47 32.0 0.3233 0.0952
HH8 | HPS to HPS 49.51 31.4 0.3171 0.0765
GG1 | Gr50to Gr50 49.55 33.8 0.3412 0.0592
GG2 | Gr50to Gr50 49.61 30.0 0.3024 0.0943
GG3 | Gr50to Gr50 48.87 30.3 0.3096 0.1056
GG4 | Gr50to Gr50 49.47 33,5 0.3386 0.0886
GG5 | Gr50to Gr50 49.21 30.3 0.3079 0.0565
GG6 | Gr50to Gr50 49.86 32.6 0.3269 0.0522
GG7 | Gr50to Gr50 49.43 32.6 0.3297 0.0812
GG8 | Gr50to Gr50 49.96 30.4 0.3042 0.0948
GH1 | Gr50 to HPS (HPS in middle) 49.66 31.7 0.3192 0.0718
GH2 | Gr50 to HPS (HPS in middle) 49.59 30.8 0.3105 0.1599
GH3 | Gr50 to HPS (HPS in middle) 49.33 32.9 0.3334 0.1261
GH4 | Gr50 to HPS (HPS in middle) 49.93 32.1 0.3214 0.0989
GH5 | Gr50 to HPS (Gr50 in Middle) 49.51 34.0 0.3433 0.1072
GH6 | Gr50 to HPS (Gr50 in Middle) 49.81 33.8 0.3393 0.1030
GH7 | Gr50 to HPS (Gr50 in Middle) 49.00 31.1 0.3174 0.0856
GH8 | Gr50 to HPS (Gr50 in Middle) 49.16 32.1 0.3265 0.0955
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