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ABSTRACT

This document reports the results of sixteen experiments of bolted slip-critical
connections with fillers. Fifteen of the connections used oversized holes and one
connection used standard holes to establish a baseline comparison. Such connections
with oversized holes are commonly fabricated for use with structures such as long-span
trusses, since the use of oversized holes allows erection in-place rather than first
assessing fit-up on the ground. Filler plates are used to connect members of different
depths or widths. The Specification for Structural Steel Buildings of the American
Institute of Steel Construction (AISC, 2005) currently requires connections with
oversized holes to be designed as slip-critical at what is termed the “required strength
level,” for which a resistance factor (LRFD) ¢ of 0.85 and a safety factor £2 (ASD) of
1.76 are specified. These slip strengths are typically below values that had been used for
years in the Specification for Structural Steel Buildings: Allowable Stress Design and
Plastic Design (AISC, 1989). In addition, when fillers are used in these connections, the
AISC (2005) provisions do not require changes in the strength calculations, whereas if
standard holes are used, options are provided for connection design that include reduction
of the bolt shear strength or development of the connection.

The sixteen experiments reported herein highlight the behavior of bolted steel
connections with oversized holes in which fillers are included and are undeveloped,
partially developed, or fully developed. Both single-ply and two-ply filler are
investigated, as are welded fillers, and specimens fabricated using either turn-of-the-nut
or tension-controlled bolts. Extensive instrumentation was used on the specimens to
document the flow of forces through the connection.

The results document the slip and shear strengths of these connections, propose formulas
for assessing these strengths for the different conditions investigated, provide revised
recommendations for design of these types of connections, and include suggestions for
further work.
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Chapter 1

INTRODUCTION
1.1 Background

Filler plates are used in bolted steel connections where hot-rolled structural steel
members of different depths are joined. Filler plates are commonly found in long span
truss connections, steel girders splices, and column splices. Figure 1 shows a typical
bolted splice connection between two wide flange members of different depths, requiring
filler plates. Limited research has been conducted on the effect of filler plates on the slip-
critical resistance and shear strength in bearing of the connection. This report
summarizes research conducted at the University of Illinois at Urbana-Champaign
exploring the influence of filler plates on the behavior of bolted splice connections.

Figure 1 — Example of filler plate connection in steel truss (from W&W Steel)

Typical filler plate thicknesses range from 1/4 in. to 4 in. or larger. For long-span trusses
in particular, recent fabrication and erection practices have favored the use of oversized
holes in connections with fillers so that the trusses may be erected in place without first
checking fit-up through a trial erection on the ground.

1.1.1 AISC Design Provisions for Bolted Slip Critical Connections

The Specification for Structural Steel Buildings of the American Institute of Steel
Construction (AISC) specifies in Section J3.8 on “High-Strength Bolts in Slip-Critical
Connections” that all connections with oversized bolt holes must be designed as slip-
critical connections (AISC, 2005). This section also distinguishes between connections
designed as a “serviceability limit state,” for which a resistance factor (LRFD) ¢ of 1.0
and a safety factor £ (ASD) of 1.5 are specified, and connections designed at the
“required strength level”, for which a resistance factor (LRFD) ¢ of 0.85 and a safety
factor €2 (ASD) of 1.76 are specified. The section indicates that connections with



oversized holes or slots parallel to the direction of force must be designed to prevent slip
at the required strength level. For connections with standard holes, it would often be
customary to design the connection as a serviceability limit state. The slip critical
strength of bolted connections is given in these provisions as:

Rn = ;Uhsc DuTb N s (1)

where R, is the slip-critical strength of a single bolt; 4 is the slip coefficient, equal to 0.33
for Class A surfaces and 0.5 for sand-blasted Class B surfaces (which is the value
typically used for the bolted connections considered in this research); D, equals 1.13 and
is a multiplier that reflects the ratio of the mean installed bolt pretension to the specified
minimum bolt pretension from Table J3.1; hy is a hole factor that equals 1.0 for standard
holes, 0.85 for oversized holes, and 0.70 for long slotted holes and accounts for the
potentially detrimental effects to the structure and attached non-structural elements after a
connection slips into bearing; Ty, is the specified minimum bolt pretension from Table
J3.1 of AISC (2005); and Ns is the number of slip planes (implicitly, this is taken as the
minimum number of primary slip planes, i.e., for the specimens tested in this research, Ns
would be taken as 2, regardless of the number of fillers used in the connection).

Section J5 of the 2005 AISC Specification on “Fillers” then states the following
regarding fillers:

In welded construction, any filler 1/4 in. (6 mm) or more in thickness shall
extend beyond the edges of the splice plate and shall be welded to the part
on which it is fitted with sufficient weld to transmit the splice plate load,
applied at the surface of the filler. The welds joining the splice plate to the
filler shall be sufficient to transmit the splice plate load and shall be long
enough to avoid overloading the filler along the toe of the weld. Any filler
less than 1/4 in. (6 mm) thick shall have its edges made flush with the
edges of the splice plate and the weld size shall be the sum of the size
necessary to carry the splice plus the thickness of the filler plate.

When a bolt that carries load passes through fillers that are equal to or less
than 1/4 in. (6 mm) thick, the shear strength shall be used without
reduction. When a bolt that carries load passes through fillers that are
greater than 1/4 in. (6 mm) thick, one of the following requirements shall

apply:

1. For fillers that are equal to or less than 3/4 in. (19 mm) thick, the shear
strength of the bolts shall be multiplied by the factor [1 — 0.4(t — 0.25)]
[S.I.: [1 —0.0154(t — 6)]], where t is the total thickness of the fillers up
to 3/4 in. (19 mm);

2. The fillers shall be extended beyond the joint and the filler extension
shall be secured with enough bolts to uniformly distribute the total
force in the connected element over the combined cross section of the
connected element and the fillers;
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3. The size of the joint shall be increased to accommodate a number of
bolts that is equivalent to the total number required in (2) above; or

4. The joint shall be designed to prevent slip at required strength levels in
accordance with Section J3.8.

The AISC 2005 Specification Commentary for Section J5 states:

The practice of securing fillers by means of additional fasteners, so that
they are, in effect, an integral part of a shear-connected component, is not
required where a connection is designed for slip at member required
strength levels. In such connections, the resistance to slip between the
filler and either connected part is comparable to that which would exist
between the connected parts if no filler were present. Filler plates may be
used in lap joints of welded connections that splice parts of different
thickness, or where there may be an offset in the joint.

The first of the four options listed for bolted connections is based on research by Frank
and Yura (1981), who examined fillers that were between 1/4 in. and 3/4 in. thick.
Therefore, this equation is not applicable for fillers larger than 3/4 in., currently
eliminating the possibility of using the first option for large fillers. The second and third
options pertain to developing the filler, which ensures that the filler acts integrally with
one of the connected members. Developing the filler is accomplished by providing
additional bolts to provide a more uniform stress distribution throughout the combined
section of the connecting member and the filler plates. Fillers are considered to be fully
developed if they secure the filler to the connected part using a number of bolts (or
equivalent amount of weld) equal to or greater than the number of bolts in the connection
times the ratio of the filler thickness to the total thickness of the filler and the connected
part. The fourth option indicates that if connections are designed as slip critical at the
required strength level, no further development or strength reductions are required. This
fourth option would often require extra bolts for typical connections with standard holes,
but is satisfied automatically for connections with oversized holes that satisfy the
provisions of Section J3.8. Options 2 through 4 are available for connections with thick
fillers. The research summarized in this report explores the effect of large fillers on the
slip and shear strengths of a connection, as well as the effect of developing the filler
plate.

The 1989 AISC Specification for Structural Steel Buildings: Allowable Stress Design
and Plastic Design (AISC, 1989) had similar provisions to those in AISC (2005) with
two important differences. First, the slip strength per bolt of surfaces with standard or
oversized holes and Class B surfaces is based on multiplying the nominal area of the bolt
shank by an allowable slip-critical stress obtained from the 1989 RCSC Specification
(RCSC, 1989). These stress values equal 34 ksi for standard holes and 29 ksi for
oversized holes (the ratio between the two approximately equaling 0.85). As will be seen
in the calculations later in this report, the nominal slip-critical strength of connections
with oversized holes provided by the 1989 AISC Specification is larger (approximately
24% larger for the case of the connections studied herein) than that provided in the 2005



AISC Specification using the ASD approach. Second, the fourth option available for
connections with fillers in the 2005 Specification was worded in the 1989 Specification
such that slip-critical connections did not need further development or strength reductions
when using fillers.

The net result of these two changes is that a) connections with oversized holes require
more bolts when designed using the 2005 Specification as compared to the 1989
Specification; and b) if a designer wants to avoid developing or reducing the bolt shear
strength on a connection with standard holes, that connection must be designed at the
required strength level; for this case, connections with standard holes that could be
designed using 34 ksi in the 1989 Specification would thus need to be designed at the
required strength level in the 2005 Specification. Similar to the slip-critical strength
differences for oversized holes, for the connections studied in this work, designing the
connections as slip-critical in the 1989 Specification using standard holes provides
approximately 24% more strength than designing the connection in the 2005
Specification at the required strength level.

In addition, very few prior tests had been conducted on connections with fillers thicker
than 3/4 in., or on connections that compared fully developed, partially developed, and
undeveloped connections. It was thus unclear whether slip-critical connections with thick
fillers need to be developed, whether slip-critical strength reductions are needed for
connections with single-ply or multiple-ply fillers, and whether there is a difference
between the behavior of slip-critical connections with standard and oversized holes, or
with turn-of-the-nut (TN) versus tension-controlled (TC) bolts, in connections that use
thick fillers.

1.2 Objectives

The objectives of this research include:

1. Assess the slip-critical strength of connections with thick fillers (single ply
and multi-ply) using oversized holes. In particular, it will be investigated
whether it is necessary both to have a hole factor, hg, and design connections
with oversized holes at the required strength level (e.g., ¢ = 0.85, @2 = 1.76)
versus as a serviceability limit state (e.g., ¢ = 1.0, 2= 1.50). Only Class B
surfaces are tested in this work, although some specimens from the literature
that are studied include Class A surfaces.

2. Assess the bolt shear strength of bearing connections with thick fillers (single
ply and multi-ply) using oversized holes, and update the bolt shear strength
reduction equation of Section J5 if appropriate (recognizing that, as the AISC
2005 provisions are currently written, the formula is only appropriate for use
with connections with standard holes).

3. Determine if connection development affects the slip-critical or bolt shear
strength of connections with thick fillers using oversized holes (recognizing
that, as the AISC 2005 provisions are currently written, development does not
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affect slip-critical strength and for bearing connections is appropriate for
consideration only for connections with standard holes).

Through comparisons with prior research (e.g., Lee and Fisher, 1968; Frank and Yura,
1981; Dusicka and Lewis, 2007; Grondin et al., 2008), this research will be extended to
connections with thinner fillers, standard holes, or up to three plies of fillers.

1.3 Prior Work

Early research on the effect of fillers in bolted connections included a series of tests
conducted at Dorman Long and Company in 1965 in which washers were used as fillers
in a bolted splice connection. These tests were described in a report by Lee and Fisher
(1968), who conducted experiments on the slip behavior of bolted connection with fillers.

The study by Lee and Fisher (1968) was originally intended to determine the effect of
contact area on slip resistance. The test specimens consisted of two central pull plates
and two outer lap plates loaded in tension until the bolts came into bearing. The contact
area was controlled by the size of washer added between the two plates. In the first phase
of research, it was concluded that contact area had little effect on the slip strength of
these connections but there was a significant decrease in slip strength between the
specimens with washers added and control specimens without washers. In the second
phase of testing, this unexpected decrease in strength was investigated further. The
testing included four sets of triplicate specimens with filler plates, rather than washers,
and one set of triplicate specimens without fillers. The specimens with washers will be
excluded from this discussion.

A typical specimen is shown in Figure 2. All specimens had standard size bolt holes with
four 7/8 in. A325 bolts in line, which were tightened to a specified pretension based on
torqued tension curves. Filler plates of three different thicknesses (1/16 in., 1/2 in. and 1
in) in addition to control connections without fillers were tested. For three of the
specimens with 1/2 in. thick filler plates, the filler plate was tack welded to one of the
connecting plates. The slip load was defined as the load at which a sudden definite slip
occurred, or in the cases without sudden slip, the load at which the load vs. elongation
response deviated from linear. The experimental results are summarized in Table 1. The
values of predicted slip strength were calculated as the product of the published clamping
force, an average slip coefficient for blast-cleaned surfaces, 0.525 (Grondin et al., 2008),
the number of slip planes (equal to 2, independent of the number of filler plates), and the
number of bolts. The slip strength of the specimens with fillers was found to be
approximately 20% less than that of the control specimens (Specimens SCAL),
independent of filler thickness or tack welding.
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Figure 2 — Lee and Fisher (1968) typical test specimen [from Lee and Fisher, 1968)]

Table 1 — Lee and Fisher (1968) test results

Specimen Namel  Descriotion Predicted Slip | Measured Slip | Slip Test-to-
b P Strength (kips) | Strength (kips) |Predicted Ratio
SCAl-1 Bl | d 151 170 1.12
SCAL-2 ast-cleane 151 200 1.32
faying surface
SCA1-3 151 190 1.26
SCA2-1 8] leaned with 151 120 0.79
SCA2-2 ast-cleaned wit 151 100 0.66
1/2 in. filler plate
SCA2-3 151 100 0.66
SCA5-1 Blast-cleaned with 151 110 0.73
SCAS5-2 1/2 in. filler plate 151 130 0.86
SCAS5-3 tack-welded 151 80 0.53
SCAG6-1 Blast-cleaned with 151 135 0.89
ast-cleaned wi
SCA62_ |1/161n. filler plate 151 165 1.09
SCAB-3 151 160 1.06
SCA7-1 8| leaned with 151 163 1.08
SCAT-2 ast-cleaned wit 151 147 0.97
1in. filler plate
SCAT7-3 151 155 1.03




As part of a larger research effort, Frank and Yura (1981) studied the effect of
undeveloped fillers on the connection slip strength and bolt shear strength. They
conducted five sets of duplicate tests with varying filler thickness using standard size bolt
holes and Class A slip surfaces. The test specimens (shown in Figure 3) consisted of two
central pull plates and two outer splice plates. One side had two bolts in line with an
undeveloped filler and the other had three bolts in line with a fully developed filler. The
tests were conducted in tension and all significant behavior occurred on the two bolt side.
The filler plates were of lower strength than the other plates so as to increase connection
flexibility and provide lower ultimate loads. The five sets of duplicates represented
different filler thicknesses: no fill, 0.075 in., 0.25 in., 0.75 in. made of a single plate, and
0.75 in. made of three 0.25 in. plates (i.e., multiple plies). The experimental results are
summarized in Table 2. The values of predicted slip strength were calculated as the
product of the published clamping force, an average slip coefficient for clean mill scale
surfaces, 0.338 (Grondin et al., 2008), the number of slip planes (equal to 2, independent
of the number of filler plates), and the number of bolts. The values of predicted shear
were calculated as the product of the measured shear strength for the bolt (from their
ancillary bolt shear tests) and the number of bolts.

* PULL PLATES
] (2x4x20in)
DEVELOPED FILLER PLATES
(tx4x12in)
7/8 A325 BOLTS SPLICE PLATES
- o d (1x4x16 in.)
O / vz
O A 3-.
POTENTIOMETER | ) ::
3l'
G
\_Jl | > “W. il A - 6"
FRAME—> ||[ === 1T N v
Aol -,
BRACKET o) A J )
— J

UNDEVELOPED FILLER PLATES
l {(tx4x6in)

i

Figure 3 — Frank and Yura (1981) typical test specimen [from Frank and Yura,
1981)]
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Table 2 — Frank and Yura (1981) test results

Number of |Predicted|Measured| Slip |Predicted|Measured| Shear

Filler Plies on Slip Slip Test-to- | Shear Shear | Test-to-

Thickness|One Side of| Strength | Strength [Predicted| Strength | Strength |Predicted
(in)  |Connection| (Kips) (Kips) Ratio (Kips) (kips) Ratio
0 0 58.5 52 0.89 184.0 190.1 1.03
0 0 60.2 62 1.03 184.0 178.9 0.97
0.075 1 - - - 184.0 174.6 0.95
0.075 1 - - - 184.0 183.8 1.00
0.25 1 58.9 44 0.75 181.6 178.9 0.99
0.25 1 58.8 50 0.85 181.6 180.2 0.99
0.75 3 72.2 41 0.57 198.4 169.9 0.86
0.75 3 70.0 32 0.46 198.4 172.6 0.87
0.75 1 - - - 198.4 177.3 0.89
0.75 1 - - - 198.4 170.8 0.86

The 0.075 in. and 0.75 in thick plates did not have clean mill scale surfaces, as all other
surfaces did, thus the slip behavior of only the no fill, 0.25 in., and 3x0.25in. connections
were reported. Consistent with the observations of Lee and Fisher (1968), the addition of
a filler plate reduced the slip resistance by approximately 17%. However, the specimens
with multiple ply filler plates experienced a more drastic reduction in slip resistance, 46%
below that of no fillers. A direct comparison of slip strengths of connections with fillers
of different thicknesses could not be performed.

A reduction in the shear strength of the connection due the presence of fillers was also
noted. The shear strength of the connections without fillers was predicted well by the
results of ancillary bolts shear tests. The shear strength of connections with fillers
decreased with increasing filler thickness. The reduction in shear strength was attributed
to bolt bending. Of the specimens with 0.75 in thick fillers, the multiple ply filler showed
slightly lower shear strength. It was hypothesized that the solid, single plate filler offered
more resistance to bolt bending, and therefore the behavior was less detrimental to the
bolt. It was further noted that significant bearing deformations occurred in the 0.75 in.
thick fillers and that if the filler was of higher strength steel, more resistance to bolt
bending would have been achieved, resulting in a higher ultimate load.

Based on these observations, an empirical equation for the shear strength reduction was
developed as a linear function of filler thickness. However, rather than using the ultimate
strength of the connection as the measured response, the applied load at a deformation of
0.25 in. was used to develop the equation. This equation is the basis for the bolt shear
strength reduction formulation in Section J5 of the AISC Specification (AISC, 2005).



The limit of applicability of this equation (0.25 in. to 0.75 in.) is based on the range of
filler thicknesses in this series of experiments.

Since all significant behavior occurred on the side of the specimen with undeveloped
filler plates, no quantitative comparisons could be made between undeveloped and
developed fillers.

In recent work by Dusicka and Lewis (2007), a series of bolted connections with filler
plates were tested. A total of 28 sets of duplicate tests were performed with various filler
thicknesses, hole sizes, bolt grades, surface preparations, numbers of bolts, and numbers
of filler plies. A typical specimen is shown in Figure 4. The specimens consisted of two
central pull plates and two outer splice plates, all made from ASTM A709 HPS70W high
strength steel to investigate the effect of using high strength steel on the bearing strength
of connections with fillers. One side of the specimen had four bolts in line and a
developed filler, while the other side had either a single bolt or three bolts in line and an
undeveloped filler. All fillers were made from ASTM A709 Grade 50W steel. The tests
were conducted in tension and all significant behavior occurred on the side with the
undeveloped filler. The experimental results are summarized in Table 3. The predicted
slip strength was calculated as the product of the expected pretension from the torque
tension curves, a average slip coefficient for blast-cleaned surfaces, 0.525 (Grondin et al.,
2008), the number of slip planes (equal to 2, independent of the number of filler plates),
and the number of bolts. Ancillary bolt shear tests were not conducted on the lots of bolts,
but ancillary torqued tension tests were conducted on each lot of bolts. Without ancillary
bolt shear tests, the predicted shear strength of one bolt was taken as the average of the
two no-filler, standard hole, single bolts tests. Since multiple lots of bolts were used, this
value was then adjusted by the ratio of the plateau force from the torqued tension test of
the specific lot to the plateau force from the torqued tension test of the lot from which the
bolts in the no-filler, standard hole, single bolts specimen came. This value was then
multiplied by the number of bolts in the specimen to determine the predicted bolt shear
strength. Since the data presented in Dusicka and Lewis is reported in a preliminary
fashion and includes limited ancillary data, results and figures in this report are presented
with and without the work by Dusicka and Lewis (2007).

Consistent with the prior experiments, a reduction in both slip strength and shear strength
was observed in the presence of a filler. However, the lowest ultimate strength was
observed for the 1 in. thick filler; the 2 in. thick filler achieved a higher ultimate strength.
This indicates that there is likely to be a thickness (or relation between thickness and hole
diameter) that provides a worst case for prematurely failing the bolt, and at that point the
strength reduction does not continue to increase with increasing filler thickness. This was
attributed to restraint of the bolt within the large thickness of the filler. It was noted that if
multiple plies were used, that restraint would not be as significant, and the degradation
would continue with an increase in filler thickness. Slip strengths were consistently lower
for connections with fillers, with a larger decrease for multiple plies. Further
investigation was suggested to determine the cause of the lower slip strength.

Earlier work published in Japanese by Miyachi and Koeda (1999), Takizawa et al.
(1999), Sugiyama et al. (2001), and Kanda et al. (2006) compliments the studies
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summarized herein. Each of these studies included a series of tests similar to those
already presented. The tests were all conducted in tension. The specimens consisted of
two central pull plates, outer splice plates, and undeveloped fillers with thicknesses
varying between 0.126 in. (3.2 mm) and 0.866 in. (22 mm).

Figure 4 — Dusicka and Lewis (2007) typical test specimen [from (Dusicka and
Lewis, 2007)]
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Table 3 — Dusicka and Lewis (2007) test results

Filler T_hickness Hole Size Number of Pr%‘:ir%tﬁgtﬁ lip Megts;f;tﬁ lip SIIpto_T—eSt P'éer?;ZErEd Mg«’;\}sel;rred t?)r_];?;;i-;s;
(in) Bolts (kips) (kips) Predu_:ted Stre_ngth Stre_ngth Ratio
Ratio (Kips) (Kips)
0 std 1 67.6 54.8 081 137.3 1337 0.97
0 std 1 67.6 64.5 0.95 137.3 140.9 1.03
1/2 std 1 67.6 355 0.53 137.3 122.1 0.89
1/2 std 1 67.6 51.6 0.76 137.3 135.3 0.99
1 std 1 68.9 60.7 0.88 139.3 124.8 0.90
1 std 1 68.9 60.7 0.88 139.3 131.6 0.94
2 std 1 69.9 44.0 0.63 143.2 131.6 0.92
2 std 1 69.9 47.1 0.67 143.2 137.0 0.96
2x14=1/2 std 1 67.6 314 0.46 137.3 125.7 0.92
2x1/4=1/2 std 1 67.6 35.6 0.53 137.3 126.4 0.92
4x14=1 std 1 68.9 30.0 0.44 139.3 95.0 0.68
4x14=1 std 1 68.9 36.5 0.53 139.3 106.8 0.77
0 over 1 67.6 329 0.49 137.3 127.4 0.93
0 over 1 67.6 36.3 0.54 137.3 129.5 0.94
1/2 over 1 67.6 64.4 0.95 137.3 133.2 0.97
1/2 over 1 67.6 71.7 1.06 137.3 141.1 1.03
1 over 1 68.9 40.9 0.59 139.3 121.3 0.87
1 over 1 68.9 43.8 0.64 139.3 1245 0.89
2 over 1 69.9 26.0 0.37 143.2 1414 0.99
2 over 1 69.9 46.2 0.66 143.2 1414 0.99
0 std 3 202.9 142.9 0.70 411.9 390.4 0.95
0 std 3 202.9 172.8 0.85 411.9 405.4 0.98
1/2 std 3 202.9 64.8 0.32 411.9 3754 0.91
1/2 std 3 202.9 125.5 0.62 411.9 377.7 0.92
1 std 3 206.6 99.9 0.48 417.9 354.0 0.85
1 std 3 206.6 121.0 0.59 417.9 369.6 0.88
2 std 3 209.8 57.6 0.27 429.6 378.8 0.88
2 std 3 209.8 60.2 0.29 429.6 384.0 0.89
2x14=1/2 std 3 202.9 56.7 0.28 411.9 358.7 0.87
2x14=1/2 std 3 202.9 78.4 0.39 411.9 374.2 0.91
4x1/4=1 std 3 206.6 34.8 0.17 417.9 283.7 0.68
4x14=1 std 3 206.6 57.8 0.28 417.9 299.2 0.72
0 over 3 202.9 88.7 0.44 411.9 359.8 0.87
0 over 3 202.9 94.6 0.47 411.9 378.8 0.92
1/2 over 3 202.9 59.2 0.29 411.9 371.3 0.90
1/2 over 3 202.9 115.3 0.57 411.9 382.3 0.93
1 over 3 206.6 66.9 0.32 417.9 347.7 0.83
1 over 3 206.6 99.3 0.48 417.9 347.7 0.83
2 over 3 209.8 92.6 0.44 429.6 355.2 0.83
2 over 3 209.8 118.6 0.57 429.6 391.0 0.91
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Chapter 2
EXPERIMENTAL SPECIMENS

2.1 Specimen Description

The specimens tested in this research were designed to replicate common connections.
The benchmark connection was a bolted splice connection between wide-flange members
of different depths, consistent with connections used in long span trusses.  Sixteen
specimens were tested. The specimens were designed to explore the effect of filler
thickness, filler development, filler development method and bolt pretension method.
The specimen test matrix is show in Table 4. In contrast to most previous studies, the
specimens were tested in compression due to the fact that testing connections in tension
at this scale would have been prohibitive due to cost. In addition, these types of
connections are generally subjected to compression as well as tension in the field, and
investigation of compression forces are warranted. Prior testing in the literature (e.g.,
Wallaert and Fisher, 1965; Kulak et al., 2001) on smaller-scale specimens with
potentially different eccentricities and stress patterns from the specimens tested in this
work has indicated that specimens tested in tension may fail approximately 10% earlier
than specimens tested in compression due to prying of the lap plates in these specimens.
However, eccentricities, prying forces, affects of Poisson’s ratio, and possible strength
reductions of these types of connections in compression versus in tension are complex,
with both types of loading causing potential detrimental effects, and it is deemed that
these tests in compression are appropriate for comparison with prior research on bolted
connections.

The specimens were identified based on the top column nominal weight, development,
and unique details. Where duplicate specimens were tested, an additional incremental
number was added to the end of the name. For example, the second undeveloped
specimen with a W14x159 top column was identified as 159n2. The bolt hole rows were
labeled based on their geographic location in the testing machine and elevation in the top
column. The bottom bolt row in the top column was bolt row 1. For example, the bolt
second from the bottom in the top column in the northwest flange tip was identified as
NW?2.

Each specimen consisted of two wide-flange members, connected by 2 in. thick splice
plates (Figure 5). Where required, filler plates were used to provide a constant
connection depth (Figure 6). The bottom column for all specimens was a W14x730. The
top column was a W14x159, W14x455, or W14x730. The W14x159 and W14x455 top
column specimens required a filler plate of 3 3/4 in. and 1 5/8 in. respectively; the precise
difference in the depths of these columns as compared to the W14x730 was 7.4 in. (3.7
in. each side) and 3.4 in. (1.7 in. each side) for the W14x159 and W14x455 respectively.
All surfaces of the specimens were blasted to a Class B surface using a compressed air
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nozzle and G40 (type GL) steel grit size steel shot. The resulting surface profile met
SSPC SP6 and measured 3.57 mils (with a 0.43 mil standard deviation) using pressofilm
tape.

Table 4 — UIUC specimen test matrix

uluC # Rows of Bolts
Specimen Experiment Upper Connecting
P Objective Column | Filler to Smaller
Name
Column
No fillers TN
730-std standard holes W14x730 0 rows
(all others oversized)
730-over No fillers TN W14x730 0 rows
159f 33/din. fillers TN W14x159 4 rows
Full development
159h 33/4in. fillers TN W14x159 2 rows
Half development
33/4in. fillers TN
159n1 No development #1 W14x159 0 rows
33/4in. fillers TN
159n2 No development #2 W14x159 0 rows
455¢ L5/8 In. fillers TN W14x455 2 rows
Full development
455h 15/8in. fillers TN W14x455 1 row
Half development
15/8in. fillers TN
455n1 No development #1 W14x455 0 rows
15/8in. fillers TN
455n2 No development #2 W14x455 0 rows
33/4in. fillers TN
159n-2ply1 Using 3 1/2 in. and 1/4 in. fill W14x159 0 rows
No development #1
33/4in. fillers TN
159n-2ply2 Using 3 1/2 in. and 1/4 in. fill W14x159 0 rows
No development #2
159h-TC 3 3/4in. fillers TC W14x159 2 rows
Half development
159n-TC 33/41n. fillers TC W14x159 0 rows
No development
g 16 in. of 1/2”
159f-weld 33/4in. fillers welded W14x159 fillet weld per
Full development .
edge of filler
g 13in. of 5/16”
159h-weld 33/4 in. fillers welded W14x159 | fillet weld per
Half development .
edge of filler
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Two specimens (159n-2plyl and 159-2ply2) were tested with undeveloped filler plates
consisting of a 3 1/2 in. and a 1/4 in. plate, rather than a single filler plate that was 3 3/4
in. thick, as was used for the other W14x159 specimens. Two specimens (159h-TC and
159n-TC) utilized tension-controlled bolts. For two specimens (159f-weld and 159h-
weld) the development was achieved by a fillet weld, instead of bolts, between the filler
plate and top column at each flange tip.

Figure 5 — Typical UIUC test specimen

The bottom column was connected to the splice plate with sixty-four 9 in. bolts. The top
column was connected to the splice plate with twenty-four 9 in. bolts, with as many as
sixteen additional 7 in. development bolts. The top columns were assembled in a reverse
bearing condition to provide the opportunity for as much slip as possible within the bolt
holes. Specifically, the specimens were assembled such that the bolts were placed in
bearing on the bottom edge of the bolt hole on the top column, the bottom edge of the
bolt hole on the filler plate, and the top edge of the bolt hole on the splice plate. The
bottom columns were assembled such that the bolts were placed in bearing on the bottom
edge of the bolt hole on the bottom column and the top edge of the bolt hole of the splice
plate so as to minimize the possibility of slip of the splice plate relative to the bottom
column.
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All bolts were 1 1/8 in. diameter A490X, pretensioned either by the turn-of-nut method or
using tension-controlled bolts. The turn-of-nut bolts were lubricated at the fabrication
shop with bees wax to achieve a consistent tension plateau. The turn-of-nut bolts were
turned an additional 5/6" of a turn past snug tight to reach the bolt tension plateau. For
the turn-of-nut method specimens, three bolts on one splice plate and one bolt on one
filler plate (when bolted) were designated as control bolts. The elongation of the control
bolts was measured and torqued further if necessary, along with the bolts neighboring the
control bolt, to achieve the desired pretension. The bolt holes were oversized (the
diameter of the hole was 1 7/16 in.) for 15 of the specimens; the bolt holes of the
remaining specimen (730-std) were standard (the diameter of the hole was 1 3/16 in.). A
3 1/2 in. gap was provided between the top and bottom column to allow for the
movement of the top column.

The filler was designated as either undeveloped, half developed, or fully developed.
Development was achieved using additional 7 in. bolts or a fillet weld between the filler
plate and top column. Full development was determined as the number of bolts through
the filler needed to uniformly distribute the load of the connection across the fill plate and
flange of the top column, rounded to a whole number of bolt rows (see Appendix A). The
fillet weld was sized to have strength equal to the slip strength of the bolts required for
the desired development. The means of development, percentage of bolts developed for
the 24-bolt connection, as well as an effective number of bolts fully developed for all
specimens is presented in Table 5. The effective number of bolts fully

Table 5 — Effective number of bolts developed

Percentade Effective Number of
. Means of g Bolts Fully
Specimen Developed for 24
Development Developed
Bolts
(percentage of 24)
159n1, 159n2, 159n-
2plyl, 159n-2ply2, none 0% 13.6 (57%)
159n-TC
150h, 159h-TC 8-11 i(;?t's A490X 43.9% 18.2 (76%)
150f 16-1 1/§O'|rt‘s' A490X 87.8% 22.7 (95%)
445n1, 455n2 none 0% 18.0 (75%)
455h 4-1 1/?);)?,['8'6‘490)( 49.6% 21.0 (88%)
455f 8-11 ?J:)?t's A490X 99.2% 24.0 (100%)
159h-weld 52 in. of 5/16 in fillet 50.1% for slip 18.8 (78%) for slip
weld 0% for shear 13.6 (57%) for shear
159f-weld 64 in. of 1/2 in. fillet 98.3% for slip 23.8 (99%) for slip
weld 0% for shear 13.6 (57%) for shear
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Figure 6 — Typical UIUC test specimen configuration

developed was determined by subtracting the number of bolts required to fully develop
the connection from the total number of bolts, including the development bolts (see
Section 4.5). The effectively fully developed (EFD) bolts are considered to provide the
shear resistance. The remaining bolts are considered to only develop the filler and their
shear strength neglected.

The specimens were fabricated and fully assembled by W&W Steel in Oklahoma City,
Oklahoma and shipped to the University of Illinois at Urbana-Champaign covered under
a tarp. All bolts of the same type and length were from the same lot. Mill reports were
provided for the steel plates and rolled members. Material properties are reported in
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Section 3. The specimens were designed to be the same total length. The top and bottom
surfaces were milled to provide a flat loading surface.

2.2 Testing Machine and Procedure

The specimens were tested in Talbot Laboratory at the University of Illinois at Urbana-
Champaign. The 3,000,000 Ib. Southwark-Emery Tension/Compression testing machine
(Figure 7) was used to load each specimen in compression. The top loading platen
contained a spherical head which was locked into place prior to testing (Figure 8) to
inhibit specimen rotation. This was done for several reasons, including to mirror the
boundary condition underneath the bottom column, and because a locked condition was
deemed more likely to reflect the boundary condition in the field for the column stub.
For all but the first specimen tested (730-std), a steel plate was placed between the floor
of the testing machine and the specimen so as to protect the steel floor (Figure 5).
Similarly, for all specimens, a steel plate was placed between the top of the specimen and
the spherical head (Figure 5).

The testing machine was operated manually by university personnel. Load was applied
by controlling the hydraulic oil pressure and volume. The tests were generally carried
out at an approximate loading rate of 1 kip per second to obtain a pseudo static loading
test. After major events, such as slip, the load was held for observation of the specimen.
Typically, during sudden jumps in displacement, the load briefly dropped and fluctuated
as the hydraulic pressure stabilized. After bolt shear failure of the connection as a whole,
the load was immediately removed by the operator.

Before the main loading sequence, the specimen was loaded with 20 kips with the
spherical head unlocked so that it may adjust to the plane of the top surface of the
specimen. The spherical head was then locked under load using three to four wedges
(Figure 8) and the specimen was unloaded. To verify instrumentation, the specimen was
then elastically loaded and unloaded. Typically, one elastic cycle to a load of 200 k was
performed. Exceptions were: specimen 730-std with four elastic cycles to 50 k, 200 kK,
200 k, and 400 k; specimen 455h with two elastic cycles to 200 k and 350 k; and
specimen 159n-2plyl with two elastic cycles to 300 k and 200 k. Monotonic load to
failure was then applied, with periodic stops to observe the behavior. For two specimens,
159n-TC and 159h-TC, the capacity of the machine was reached before failure of the
specimen. These specimens were then subjected to five elastic cycles between the
approximate load at which the specimen came into bearing and the capacity of the
machine. In both cases, failure did not occur and the specimen was unloaded.

A detailed study of the measured displacements and strains for each specimen has
indicated that the load was successfully applied concentrically with no systematic
eccentricities seen in the testing series (see Appendices B and C).

17



Figure 8 — Wedge for locking loading platen

2.3 Specimen Instrumentation

The specimens were instrumented with strain gages on the top column, filler plates, and
splice plates (Figure 9). With exception of the filler plates, the strain gages were placed
symmetrically about the strong and weak axes of the columns. Pairs of strain gages on
each splice plate were placed below the first, fourth, and sixth row of bolts (counting
from the bottom up). These monitor the introduction of strain into the splice plate. With
the exception of specimens 730-std, 730-over and 159-2plyl, strain gages were also
placed on the inside of the splice plate in the gap between the top and bottom columns.
These were added to measure bending of the splice plates.  Strain gages were applied to
the filler plate if it was developed by bolts (specimens 159h, 159f, 455h, 455f, 159h-TC).
These consisted of a series of seven gages distributed across the width of the filler plate,
between the end of the splice plate and the first row of development bolts on the south
side and two gages located in line with the bolts rows between the end of the splice plate
and the first row of development bolts on the north side. For specimen 159f, four
additional gages were applied in line with the bolt rows between the third and fourth rows
of development bolts.
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The strain gages were installed prior to placing the specimen in the testing machine. The
strain gages were connected to a National Instruments SCXI-1520 interface in a SCXI
data acquisition chassis. The strain gages were zeroed through balancing of the bridge
prior to testing. Several strain gages were damaged during testing due to excessive strain
or physical contact from breaking bolts.

After the specimen was placed in the testing machine it was instrumented with linear
variable differential transformers (LVDTSs) (Figure 10; see also Figure 5). The absolute
displacement (with respect to the floor of the testing machine) at the middle of the top
column and of the splice plates at the level of bolt row 1 of the top column were
measured on both the east and west sides. The absolute displacement of the north and
south filler plates at the level of bolt row 1 of the top column and of the north and south
splice plates at the level of the bottom row of bolts of the bottom column were measured
on the east side. LVDTs with a stroke of £3 in. were used to measure the absolute
displacements of the top column and fill plates. L\VDTs with a stroke of £1 in. were used
to measure the absolute displacements of the splice plates at the level of bolt row 1 of the
top column. LVDTs with a stroke of +1/2 in. were used to measure the absolute
displacements of the splice plates at the level of the bottom row of bolts of the bottom
column. The relative displacement (with respect to another point on the specimen) was
measured between the top column and north and south filler plates on the west side of the
specimen at the level of bolt row 1 of the top column. The relative displacement was also
measured between the north and south filler plates and the splice plates on the west side
of the specimen at the level of bolt row 2 of the top column. LVDTs with a stroke of +1
in. were used to measure all of the relative displacements. Figure 10 shows typical names
for each LVDT.

For installing the LVDTSs, 1/4 in. diameter studs were attached to the specimen using a
capacitive discharge stud welder. Aluminum brackets were connected to the studs and
the LVDTSs were then attached to the brackets. Magnetic bases were used to secure the
absolute LVDTs to the floor of the testing machine. The LVDTs were calibrated prior to
testing. The normalized output was connected to a National Instruments SCXI-1102C
interface in a SCXI data acquisition chassis. The applied load was measured using the
machine’s 3,000,000 Ib. hydraulic load cell; the calibration report is available in
Appendix F. The stroke of the machine crosshead was measured using the machine’s
internal Yo-Yo gage. For some specimens, two LVDTSs with a stroke of £3 in. were used
to measure the north and south displacement of the crosshead on the west side of the
specimen to validate this crosshead measurement.

The data, including the testing machine load and stroke, was continuously sampled using
National Instruments LabView software at 10 Hz. The LabView software output actual
displacements and strains, which were analyzed and plotted using MATLAB.

19



(S39VvO NIVALS - @3d0T13A3A ATING ¥ITT14)

R — M
$Z-10q/ug-10q

J6S1L

183l
:32INdS
aNOA3d
SMOY 3JAILDY
¥ H1im 1s31
0Ol s3ITddv

sg-|dsjuz-|ds

sp-|ds/up-|ds

sg-|ds/ug-|ds

S6-14
ST-I/uZ 1Y
Sg-14

Sy-l4/up-1i

sgdo)uz-doy

Sl-jog/uL-joq

AlUO BpIS Yinos
uo pajeoso

ynos pue ypou
abeb ajeoydng ¥

s|-|dsjul-ds

sg-|dsyug-lds

sg-|dsjug-|ds

SG-114

S/-4
S9-1i
Sioly/ul-y

SE-[ue-1y

s|-doyu|-do}

(S39V9D NIVYLS - 3d0T13A3A 41vH ¥37714)
ERY -M

$¢-joq/ug-ioq

J1-uest
cussy  yssy
55 Uesl

183l
:3001dS
aNOA3g
SMOY
JAILOV Z O
I HLIM 1831
Ol s3alnddv

sg-|dsjugz-|ds

sy-|dsjup-|ds

sg-|dsjug-|ds

S6-1
s¢y/uc-y
S8-1l

sgdoyug-do}

_—

)

LS N

x

™
J
B
)

ERd - M

sl-jog/ui-loq s¢-joq/ug-ioq

PIeM-Y6G|L PIam-3651

>w._.-:mm_‘ cussy

ZAldg-ugS| cuest

Ajuo epls ynos LAldz-ugsL LUGSL

Uo pe1ea0T  19p0-087  PIS-QEL
1831

Yinos pue yuou 3011dS

obeb speondng * aNOA3g SMOY
3AILOV ON HLIM

183l Ol s3lNddVv

s|-|ds/uL-|ds sg-|ds/ugz-ds
sg-|ds/ug-|ds sp-|ds/up-ds
sG-|ds/ug-|ds so-1ds/ug-|ds
2 23 7
a8 =2

@

s|-doyuL-doy sgdoyuz-doy

$1-j0q/uL-joq

(S39V9 NIVYLS - 3dOTIAIANN HITTIL)

YInos pue yuou

abeb ayeodng !

s|-|ds/uL-|ds

sg-|dsjug-|ds

SG

Sl

-|dsjug-ds

doyu-doy

Figure 9 — Strain gage instrumentation plan

20



(s1aA1-3ais Lsv3)

Ewﬂ_.ﬂ..woﬂ c &
o :
] k
] :
J I
J I
] I
] I
] I
sz-1} 2j-1
EE.w_m_.m_w_._n_ﬁ ) a1doy [N
1AAT uLF 1 aa1.ex [

L R R

g
I

P N A N A N N JTLoSTL T

+H

=4

AT

ag-|ds
aAT .S0F

=

=A==

al-|ds
(31v1d 3017dS)
[0 107 .=

Y TS

W
W

mL-|ds
(3Lv1d 3017dS)
LAAT LLF

M-Sz}

di1s ALY |4

ONRINVSVIN
LAAT LLF

(sLaA - 3qis LSam)

O O AJ
i i B
I I
H H -
: { |z
B f -
I I
I I
ﬁ m mz-|ds
{31v1d 30114dS)
mp-doy LAAT.F
p V/w ._.n_>“_ WwEF D» o o\
k m u_._mm“,._“.mo._mmm *./ n__._wMN\ﬂWu._mm
f
ONRINVSVYAN ONIRINYSYIN
IR W F 10AT 1T

w MmzZ-1Z3 m f
dIns IAILVITY
m ONRNNVSVIW
1aA1.1%

T T T I
M,/ m /1

Figure 10 - LVDT Instrumentation Plan

21



Chapter 3

ANCILLARY TESTS

In order to determine the predicted strength of the specimens, ancillary tests were
conducted to determine the bolt pretension, bolt shear and tensile strength, and slip
coefficient. All bolts of the same type and length came from the same lot. Torqued
tension tests to determine the bolt pretension were performed following standard practice
at W&W Steel, Oklahoma City, Oklahoma. The bolt tension and shear strengths were
determined as per ASTM F606-06 (ASTM, 2006) at the University of Cincinnati for both
the turn-of-the-nut and the tension-controlled bolts. A summary of results from the bolt
tests is presented in Table 6. Ancillary tests were not performed to determine the strength
of the development welds. The slip coefficient was determined as per RCSC (2004)
Appendix A at the University of Illinois at Urbana-Champaign.

Table 6 — Summary of measured bolt properties

Tension- Tension-
Bolt Property Turn-of-nut Turn-of-nut controlled controlled
7.in. Length 9.in. Length 7.in. Length 9in. Length
Ty, Pretension 113 115 94 96
(Kips)
F., Shear 102 99 104 108
Strength (Ksi)
Fu, Tensile 160 168 172 180
Strength (Kksi)

3.1 Turn-of-Nut Bolts

Fourteen of the sixteen specimens were assembled using turn-of-nut (TN) bolts. The
bolts were installed following standard practice utilizing the data presented in this
section. The inspection certification provided by the bolt manufacturer is presented in
Appendix E. From the inspection certification, the averaged measured tension strength
for the 7 in. and 9 in. TN bolts were 119 and 130 kips, respectively.

3.1.1 Pretension

The relationship between the bolt tension and bolt elongation on the TN bolts was
determined using a Skidmore-Wilhelm machine at W&W Steel following standard
practice (e.g., Frank and Yura, 1981) for three 7 in. and three 9 in. bolts (Figure 11). The
bolts, nuts, and washers were lubricated with bees wax to achieve a consistent force
plateau. Based on this data, an elongation of 0.05 in. was determined as the minimum
required to reach the tension plateau. It was because of these results that the control bolts
of the turn-of-nut specimens were torqued further if the elongation was less than 0.05 in.
Based on a curve fit of the plateau data for the three specimens of each length, the mean
value of the pretension at 0.05 in. was determined to be 113 Kkips and 115 kips for the 7
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in. and 9 in. TN bolts, respectively (see Figure 11). All predicted calculations for the
UIUC test specimens assumed these pretension values for all TN bolts.

Torqued Tension Tests 7" TN Bolts Torqued Tension Tests 9" TN Bolts
140 140

120 120

— /.ﬁo——
100 - ﬁ | 100 | |
80 | | | 80 - | |
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60 -7"#2 50 J 9" #2
y 7" #4 / 9"#3
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Pretension (kips)
Pretension (kips)

Elongation (in) Elongation (in)

Figure 11 — TN bolt torqued tension tests

3.1.2 Tension Strength

Bolt tension tests on the TN bolts were conducted in accordance with ASTM standards
(ASTM, 2006) using the testing apparatus shown in Figure 12. The failure surfaces were
at approximately a 45 degree angle and through the threads (Figure 13). The relationship
between the tensile load and bolt elongation from these tests is shown in Figure 14. The
average tensile strength was 122 and 128 kips with a standard deviation of 0.78 and 1.9
kips for the 7 in. and 9 in. TN bolts, respectively. The tensile strength was calculated
based on the stressed area (Kulak et al., 2001) and determined to be 160 ksi and 168 ksi
for the 7 in. and 9 in. TN bolts, respectively.

Figure 12 — Bolt tension test apparatus [from (Rassati and Swanson, 2007)]
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Figure 13 — Failed TN bolts due to tension [from (Rassati and Swanson, 2007)]
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Figure 14 — TN bolts tension test results

3.1.3 Shear Strength

Bolt shear tests on the TN bolts were conducted in accordance with ASTM standards
(ASTM, 2006) using the testing apparatus shown in Figure 15. The failure surfaces were
relatively flat and smooth as shown in Figure 16. The relationship between shear force
and bolt deformation is shown in Figure 17. The initial stiffness of bolt 1 and bolt 2 was
initially influenced by accidental resistance provided by the test apparatus; the peak load
was still accurate. The average shear strength was 99 and 102 kips with a standard
deviation of 0.89 and 0.535 for the 7 in. and 9 in. TN bolts, respectively. Based on the
area of the bolt shank, the shear strength was determined to be 99 ksi and 102 ksi for the
7in.and 9 in. TN bolts, respectively.
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Figure 16 — Failed TN 9 in. bolts due to shear [from (Rassati and Swanson, 2007)]
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Figure 17 — TN bolt shear test results
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3.2 Tension-Controlled Bolts

Two of the sixteen specimens were assembled using tension-controlled (TC) bolts. The
bolts were installed using the manufacturer’s procedures to achieve minimum pretension.
The inspection certification provided by the bolt manufacturer is presented in Appendix
E. From the inspection certification, the averaged measured pretension for the 7 in. and 9
in. TN bolts were 96 and 94 Kkips, respectively, and the averaged measured tension
strength for the 7 in. and 9 in. TN bolts were 130 and 131 kips, respectively.

3.2.1 Pretension

It was attempted to determine the relationship between the bolt tension and bolt
elongation of the TC bolts using a Skidmore-Wilhelm machine at W&W Steel following
standard practice (e.g., Frank and Yura, 1981). One 7 in. bolt and four 9 in. TC bolts
exceeded the 110 kip capacity of the Skidmore machine (not shown). One 7 in. bolt was
tested successfully to failure of twist-off portion of the shank, yielding a torqued tension
of 94 kips. Lubricant was not utilized for these six bolt tests. In the absence of sufficient
data from these ancillary tests, the averaged pretension values reported in the inspection
reports (96 kips for 7 in. bolts and 94 kips for 9 in. bolts) are used for the predicted
calculations for the UIUC test specimens having TC bolts.

3.2.2 Tension Strength

The relationship between tensile load and bolt elongation for the 7 in. and 9 in. TC bolts
is shown in Figure 18. The average tensile strength was 131 and 137 kips with a standard
deviation of 1.2 and 0.82 kips for the 7 in. and 9 in. TC bolts, respectively (the stroke
measurement of bolt 4 of the 7 in. tests was likely invalid). The tensile strength was
calculated based on the stressed area (Kulak et al., 2001) and determined to be 172 ksi
and 180 ksi for the 7 in. and 9 in. TC bolts, respectively.

7 in. TC Bolts Tension Load vs. Elongation 9in. TC Bolts Tension Load vs. Elongation

|
7 7an

Bolt 3
—Bolt 4 —Bolt 4
Bolt 5 40 Bolt 5
20 20 /

o L= o =

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 000 005 010 015 020 025 030 035 040 045

[N
IS
S
N
o
S

i

o

S)
-
>
S

N

1)

S}
-
~
o

o

S
.
o
S)

Load (kips)
Load (kips)
g

-
=]

IS
=)
@
S}

Elongation (in) Elongation (in)

Figure 18 — TC bolt tension test results

3.2.3 Shear Strength

Bolt shear tests on the TC bolts were conducted in accordance with ASTM standards
(ASTM, 2006) using the testing apparatus shown in Figure 15. The relationship between
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shear load and bolt elongation for the 7 in. and 9 in. TC bolts is shown in Figure 19. The
average shear strength was 103 and 108 kips with a standard deviation of 0.28 and 0.96
kips for the 7 in. and 9 in. TC bolts, respectively. Based on the area of the bolt shank, the
shear strength was determined to be 104 ksi and 108 ksi for the 7 in. and 9 in. TC bolts,
respectively.
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Figure 19 — TC bolt shear test results

3.3 Slip Coefficient Tests

All surfaces of the full-scale specimens were blast-cleaned to a Class B surface. In order
to determine the predicted slip strength of each specimen the coefficient of friction of the
faying surfaces needed to be determined. The 2005 AISC Specification provides a
nominal slip coefficient of 0.50. In a recent statistical study in which the results of 354
tests of blast-cleaned surfaces were complied, the mean slip coefficient was determined
to be 0.525 with a coefficient of variation of 0.193 (Grondin et al., 2008, Table 3).

3.3.1 Slip Test Specimens

The slip test was designed to replicate the Appendix A guidelines in the 2004 RCSC
Specification for Structural Joints (RCSC, 2004). Fourteen slip tests were performed,
including combinations of most of the faying surfaces present in the full-scale specimens.
Table 7 summarizes the components of the slip specimens tested. Square, 4 in. by 4 in.,
plates were cut from the W14x730’s, W14x455’s, W14x159’s, 2 in. splice plates, 1 5/8
in. filler plates, 3 1/2 in. filler plates and 3 3/4 in. filler plates. The 1/4 in. filler plates
were not tested due to excessive local buckling deformation that occurred during
preliminary testing. A 1 in. diameter hole was drilled in each plate as shown in Figure
20. During construction of the specimens, handling of the faying surfaces was
minimized.

To minimize testing eccentricities, the top and bottom surfaces of each specimen were
milled to a flat surface. To minimize the risk of compromising the faying surface during
fabrication, the plate thicknesses were not changed from the original plate thicknesses,
and so the thicknesses did not conform to the 2004 RCSC Specification of having a
thickness of 5/8 in. To mimic the RCSC Specification and bring the applied force closer
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to the faying surface, 5/8 in. wide shims were placed between the testing machine and
specimen at a location closest to each faying surface. This reduced the eccentricities
induced by the larger plates.

Slip specimen 6D-2 was re-sandblasted after it was used in preliminary tests to establish
the testing procedure. The reconstituted surfaces were visually similar to untested
surfaces of the other specimens. Specimens 7B-1 and 7B-2 contained plates from the
outside flanges of a W14x159 column. These faying surfaces were not completely flat,
preventing full surface contact between the faying surfaces (Figure 21).

!Load

Clamping
force | 1172

1 Diametar—/

All dimensions are in inches

Figure 20 — Typical slip specimen dimensions [from (RCSC, 2004)]

3.3.2 Slip Test Procedure

The slip tests were performed at the University of Illinois at Urbana-Champaign in the
Newmark Civil Engineering Laboratory. The slip specimens were tested in compression
using a 600-kip hydraulic testing frame. Figure 22 shows a typical slip specimen prior to
testing. A 50 kip clamping force was provided by a hydraulic actuator attached to a
threaded rod passing through the specimen. Metal studs were welded to opposite sides of
the outside plates and both sides of the inside plate using a capacitive discharge stud-
welder. Aluminum brackets were attached to the studs. An extensionometer was
attached to each side of the specimen, measuring the displacement between the outside
plates and the inside plate on each side of the specimen. The applied load was measured
using the testing machine’s internal load cell.

The specimen was placed on the threaded rod and directly on the bottom platen of the
testing machine. The inside plate was lifted to place the assembly in reverse bearing.
The threaded rod was in contact with the bottom of the hole of the inside plate and the top
of the hole of the outside plates, to provide adequate clearance for slip and to minimize
the risk of damage to the threaded rod. In this position, the inside plate was placed on
two wooden wedges, after which the inside plate was leveled using a bubble level. The
full 50 kip clamping force was then applied to the specimen. The wooden wedges were
then removed. The specimen was lifted and 5/8 in. steel shims were placed under the
outside plates closest to the faying surfaces. Similarly, 5/8 in. shims were placed near
each faying surfaces on top of the inner plate. A spherical head apparatus was placed on
top of these shims to ensure even loading (Figure 22). The height of the threaded rod was
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then adjusted to ensure that the specimen was resting squarely on the bottom shims. The
crosshead was brought into contact with the spherical head and load was applied.

The test was carried out under displacement control. The rate of crosshead movement
was 0.01 in. per minute, which did not exceed the slip rate 0.003 in. per minute
recommended by RCSC (2004). The clamping force was maintained at 50 kips +0.5
kips. The load-slip relationship was plotted in real time, and the test was stopped when
sufficient deformation had occurred as per RCSC Section A3.4 (RCSC, 2004). The
machine stroke, applied load, clamping load, and extensionometer displacements were
recorded at 4 Hz using Instron controllers and National Instruments LabView software.

Table 7 — Ancillary slip test matrix

. Outside Plates Inside Plates Test Results
Specimen -

Number Type | Thickness | Type | Thickness S“(iila:)ad u
6B-3 Splice 2”7 Fill 15/8” 435 0.435
6C-1 58 0.58
6C-2 Splice 2" Fill 3 3/4” 55 0.55
6C-3 44.5 0.445
6D-2 W14x730 | 4 15/16” |Splice 2" 44.5 0.445
7B-1 33 0.33
7B-2 W14x159 | 13/16” Fill 31/2” 50 0.5
7B-3 36.5 0.365
7C-1 49 0.49
7C-2 W14x159 | 13/16” Fill 3 3/4” 52 0.52
7C-3 45 0.45
7D-1 43 0.43
7D-2 W14x455 | 3 3/16” Fill 15/8” 40.5 0.405
7D-3 45 0.45

Mean Value

\With 7B-1 and 7B-3 45.68 0.46
\Without 7B-1 and 7B-3 47.50 0.48
Standard Deviation

\With 7B-1 and 7B-3 6.77 0.07
\Without 7B-1 and 7B-3 5.32 0.05
Coefficient of Variation

\With 7B-1 and 7B-3 0.15 0.15
\Without 7B-1 and 7B-3 0.11 0.11

The specimen number is obtained from the fabricator piece mark on the shop drawings.
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Specimen 6D-2 was re-sandblasted after an initial testing and was then retested.

Specimens 7B-1 and 7B-3 consisted of outside flange plates whose faying surfaces were

not completely flat. These surface irregularities prevented full surface contact between
the faying surfaces.

Figure 21 — Slip specimens cut from W14x159 flange

Figure 22 — Typical slip test specimen
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3.3.3 Slip Test Results

The slip load was determined according to RCSC (2004) Section A3.4 (Figure 23). The
slip coefficient was determined using Equation (2).

B slip load
2(clamping force)

@)

S

The clamping force was nominally 50 kips for all of the tests and did not vary more than
+0.5 kips. The slip loads and slip coefficients for the 14 slip tests are tabulated in Table
7. The mean and standard deviation are calculated including and excluding specimens
7B-1 and 7B-3 due to the aforementioned faying surface irregularities. However, the
tests of specimens 7B-1 and 7B-3 are deemed legitimate, and the resulting slip coefficient
of 0.46 is used throughout this work to calculate the predicted slip strength of the sixteen
connection test specimens (see Appendix A). This value of 0.46 may be compared with
the average value of the slip coefficient for blast-cleaned surfaces 0.525 (Grondin et al.
2008).

Load

Clamping
force

| e
{ o
0 0.02 0.04

Slip (in.)

T Indicates slip load (typ.)

Figure 23 — RCSC definition of slip load [from (RCSC, 2004)]
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3.4 Material Properties

The column wide-flange shapes were specified as ASTM A992 steel. The filler and
splice plates were specified as ASTM A572 Grade 50 steel. Table 8 and Table 9 present
the yield strength and ultimate strength from the mill reports for each component. The 2
in. plates came from two heats, and the W14x730 shapes used as the bottom columns on
the fifteen specimens having oversized holes on the top column came from four heats.
The strengths from each heat were averaged when needed for calculations. These values
were utilized in the limit state calculations detailed in Appendix A. However, the
strength of the specimens was generally governed by the bolt properties; therefore these
plate and shape values were not used to calculate the predicted slip or shear loads of the
specimens. It was noted during the specimen design that the W14x159 column would
likely yield prior to achieving the bolt shear strength (see Appendix A). However, after
consultation with the Technical Advisory Panel, it was deemed both acceptable and
desirable to use a W14x159 as an extreme case for connections with very thick filler
plates.

Table 8 — Specimen plate properties

Plate Thickness (in) | Heat ID led(li[ir)e ngth Ultlma(tES?)trength
1/4 533713 53 75
1-5/8 3105972 58 84
) 7102887 59 82
7102892 53 82
3-1/2 307461 50 71
3-3/4 S07446 51 74
Table 9 — Specimen column properties
_ Heat Yield Ultimate
Column Hole Size Number Stren_gth Stren_gth
(ksi) (ksi)
Top Columns
W14x730 Standard 40694 71 91
W14x730 Oversize 27725 60 82
W14x455 Oversize 24788 65 82
W14x159 Oversize 287830 56 73
Bottom Columns
W14x730 Standard 40694 71 91
27723 60 82
. 27725 60 82
W14x730 Oversize 27726 61 81
41099 70 89
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Chapter 4

EXPERIMENTAL RESULTS

4.1 Summary of Experimental Results

Table 10 and Table 11 summarize the nominal, design, predicted (based on measured
values from ancillary tests), and actual experimental slip and bolt shear failure loads,
respectively, for each test specimen. Nominal and design values are obtained from the
specifications shown, including AISC (1989) and AISC (2005). The values of predicted
slip strength were calculated as the product of the pretension force obtained from the
ancillary tests as described in Section 3.1.1 for TN bolts and Section 3.2.1 for TC bolts,
the slip coefficient of 0.46 obtained from the ancillary slip tests described in Section
3.3.3, the number of slip planes (equal to 2, independent of the number of filler plates),
and the number of bolts per side of the connection. The values of predicted shear were
calculated as the product of the measured bolt shear strength for the bolt from ancillary
bolt shear tests of Section 3.1.3 for TN bolts and Section 3.2.3 for TC bolts, and the
number of bolts. Appendix A reports detailed calculations for the nominal, design, and
predicted strengths.

Section 4.2 summarizes the typical response seen in the specimens. Slip was
characterized as the load at which relative displacement between any two surfaces
initiated. Slip was accompanied by a loud noise and a violent vibration. There were
often several slip events. Shear was determined as the maximum load the specimen
achieved. Both values are readily obtained from recorded data and were obvious during
testing.

Appendices B and C present the test results in detail, and include discussions of the
response seen in the instrumentation, including comparative response between different
groups of specimens. The data was analyzed for the effects of unusual or systematic
loading eccentricities based on the trends seen in the data. While some eccentricities
could be seen in each test (e.g., looking at strains or displacements on the north versus
south sides, or the east versus west sides), no systematic effects of standard testing
eccentricities were seen to influence the results. Also, as discussed in Section 3.4, the
W14x159 column typically yielded as anticipated prior to final bolt shear failure.
Disassembly and forensic investigation of several of the specimens confirmed that hole
ovalization occurred in the column due to yielding in compression in the specimens with
a W14x159 top column. Bolt bearing deformations were also seen in all flanges and
plates, with more deformation occurring in the thinner pieces. As with any connections
of this scale, eccentricities could occur, such as slight local buckling of the top column
flanges creating added tension to the top row of bolts. The strain gage data also indicated
that the specimens with a W14x159 top column generally had more significant bending
in the splice plates in the gap between the top and bottom columns as compared to the

33



specimens with the W14x455 top column. This may have added stress to the bolts going
through the splice plate and highlights potential eccentricities that may occur with very
thick fillers. However, other than for the premature buckling of the 159f-weld specimen
discussed in the next paragraph, there is no direct evidence that the yielding in the top
column or bending in the splice plates caused premature shear failure in the bolts.

The shear strength of specimens 159h-TC and 159n-TC exceeded the capacity of the
testing machine, yielding a lower bound for the shear strength of 3,000 kips for these
specimens. The nominal yield strength of the top column of specimen 159f-weld was
exceeded and subsequently suffered severe inelastic local buckling prior to shear failure
of the connection, providing a lower bound for the shear strength of 2,720 kips. Three
specimens, 159f, 455h, and 159n-2ply1 slipped below the predicted load, with a test-to-
predicted ratio of 0.96, 0.93 and 0.52 respectively. The four 455 specimens, 455f, 455h,
455n1, and 455n2, experienced shear failure below the predicted load, with test-to-
predicted ratios of 0.99, 0.90, 0.90 and 0.92, respectively. See Appendices B and C for
detailed specimen results.

Table 10 - Slip strength experimental test results

UIUC Slip Strength Experimental Test Results
Predicted Values (Measured
Name Nominal and Design Values® Properties)
Test P oPn Pn/€2 | Paiow19se | Predicted |Test-to-Predicted

(kips) | (kips) | (kips) | (kips) (Kips) (Kips) Ratio
730-std 1,697 | 1,085 | 922 616 692 1,270 1.34
730-over 1,634 | 1,085 | 922 616 692 1,270 1.29
159f 1,224 | 1,085 [ 922 616 692 1,270 0.96
159h 1,697 | 1,085 | 922 616 692 1,270 1.34
159n1 1,879 | 1,085 | 922 616 692 1,270 1.48
159n2 1,704 | 1,085 | 922 616 692 1,270 1.34
455f 1,369 | 1,085 | 922 616 692 1,270 1.08
455h 1,175 ] 1,085 | 922 616 692 1,270 0.93
455n1 1,388 | 1,085 | 922 616 692 1,270 1.09
455n2 1,433 | 1,085 | 922 616 692 1,270 1.13
159n-2plyl | 658 | 1,085 | 922 616 692 1,270 0.52
159n-2ply2 | 1,348 | 1,085 | 922 616 692 1,270 1.06
159h-TC 1,626 [ 1,085 [ 922 616 692 1,060 1.53
159n-TC 1,290 | 1,085 | 922 616 692 1,060 1.22
159f-weld | 1,685 [ 1,085 | 922 616 692 1,270 1.33
159h-weld | 1,616 | 1,085 | 922 616 692 1,270 1.27
AVERAGE | 1464 1.19
STD.DEV. [ 296 0.25

®Nominal and design values are from AISC (2005) unless indicated as being from AISC (1989).
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Table 11 — Shear strength experimental test results

UIUC Shear Strength Experimental Test Results
Predicted Values
Name Nominal and Design Values® (Measured Properties)
Test P, oPn Po/€2 | Paiowai9se | Predicted Test-to-
(Kips) (kips) | (kips) | (kips) (Kips) (kips) |Predicted Ratio
730-std 2,542 1,789 | 1,342 | 895 954 2,444 1.04
730-over 2,459 1,789 | 1,342 | 895 954 2,444 1.01
159f 2,644 1,789 | 1,342 | 895 954 2,444 1.08
159h 2,907 1,789 | 1,342 | 895 954 2,444 1.19
159n1 2,548 1,789 | 1,342 | 895 954 2,444 1.04
159n2 2,616 1,789 | 1,342 | 895 954 2,444 1.07
455f 2,428 1,789 | 1,342 | 895 954 2,444 0.99
455h 2,197 1,789 | 1,342 | 895 954 2,444 0.90
455n1 2,189 1,789 | 1,342 | 895 954 2,444 0.90
455n2 2,248 1,789 1,342 895 954 2,444 0.92
159n-2ply1l 2,813 1,789 | 1,342 | 895 954 2,444 1.15
159n-2ply2 2,931 1,789 | 1,342 | 895 954 2,444 1.20
159h-TC >3,000° | 1,789 | 1,342 | 895 954 2,586 >1.16
159n-TC >3,000° | 1,789 | 1,342 | 895 954 2,586 >1.16
159f-weld >2720° | 1,789 | 1,342 | 895 954 2,444 >1.10
159h-weld 2,754 1,789 1,342 895 954 2,444 1.13
AVERAGE 2560 >1.07
STD. DEV. 252 >0.10

®Nominal and design values are from AISC (2005) unless indicated as being from AISC (1989).
*The shear strength of the TC specimens exceeded the capacity of the testing machine.

“The top column of specimen 159f-weld experienced detrimental local buckling prior to the
shear load.

The predicted strength values presented in this report make no attempt to account for the
filler and hence represent expected strength for an equivalent connection without fillers.
They thus provide for a consistent comparison among results in this study and between
results from other studies in the literature. Comparable predicted strengths were
developed for tests from prior work (i.e., Lee and Fisher, 1968; Frank and Yura, 1981;
Dusicka and Lewis, 2007). A description of how the predicted strengths were calculated
for tests from the literature is presented in Section 1.3 and summarized in Table 12. An
experimental database of 81 bolted filler connection tests was thus compiled with
measured and predicted values.
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Table 12 — Predicted values of test series from literature

Researcher Predicted Slip Strength Predicted Shear Strength
C Ny Nt
C = reported clamping force
Fislr_é? ??568) N = number of surfaces N/A
Np = number of bolts
= assumed slip coefficient, 0.525
CNsNou Nj A, F
Frank and c= rEported clamping force Np = nurbnbgr c;f bolts
Yura (1981) Ns = fumber Of surfaces A, = area of bolt
Np = number of bolts Fy, = reported bolt shear strength
= assumed slip coefficient, 0.338
C Ny Nt
C = clamping force from torque tension Np Ay Fy
Dusicka and test Np = number of bolts

Lewis (2007)

Ns = number of surfaces
Np = number of bolts
u = assumed slip coefficient, 0.525

A, = area of bolt
Fy, = approximated bolt shear strength

C Ng Npp

Borello, C = measured clamping force from Np Ay Fy
Denavit and torqued tension test Np = number of bolts
Hajjar (2008) Ns = number of surfaces Ay = area of bolt

(this report)

Np = number of bolts

F, = measured bolt shear strength

1 = measured slip coefficient, 0.46

4.2 Typical Behavior

4.2.1 Force-Displacement Results

The absolute displacement of the top column was indicative of the overall behavior of the
connection. Figure 24 illustrates the typical response of a specimen, including both load
versus time and load versus the displacement of the bottom of the top column (see Figure
9 and Figure 10 for instrumentation nomenclature). Prior to slip, the load-displacement
relation exhibited elastic behavior, indicated by the stiff linear response. Upon reaching
the slip load, there was a sudden increase in displacement, corresponding to the slip of at
least one of the faying surfaces. Since the machine could not maintain force during this
dynamic action (because the hydraulic oil volume requires time to restabilize), the load
decreased after slip. As the load was stabilized, slip continued. The specimens often
experienced additional slip events over a period of several or tens of seconds following
the initial event, whereas the load stabilization typically took approximately 30 seconds.
After stabilizing, the load was often held constant for a period of time while observation
and photographs were taken of the specimen (Figure 24(a)). The expected total slip was
twice the difference between hole diameter and bolt shank diameter (2 x 1/16 in. = 0.125
in. for standard holes, 2 x 5/16 = 0.625 in. for oversize holes). After approximately that
amount of displacement, the bolts began bearing on the plates, indicated by a noticeable
increase in stiffness of the connection (Figure 24(b)). As the load was further applied,
the bearing surfaces and bolts begin to yield, lowering the stiffness. Ultimately, all of the
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bolts on one side of the specimen failed in shear, indicating the shear strength of the
connection had been reached. The bolt failures occurred in quick succession.

After slip, prior to shear, several bolts prematurely failed (see Appendix B) through the
threads at the face of the nut (Figure 25); no correlation was found with overall specimen
performance and these premature bolt failures, as the shank of the bolt often stayed in the
hole. For example, specimen 455n1 suffered from three premature bolt failures during
slip, for all of which the shank remained in the bolt hole. Compared to specimen 455n2,
in which no bolts failed prematurely, the shear strength of specimen 455n1 was only 2%
lower instead of the 12.5% predicted reduction associated with the premature failure of
three bolts.

Specimen 08: 455h Specimen 08: 455h
Load vs. Time Load vs. Top Column Displacement
2500 T T T 2500 T T T
1 1 1 1 1 1
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1 1 1 1
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E l l l e
© 1000 ------ - I R i © 1000 - - -—-——AfHF-----——F - - - —
- \ | | p
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Figure 24 — Typical specimen response: (a) load versus time; (b) load versus top
column displacement

Figure 25 — Premature bolt failure through threads
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4.2.2 Specimen Slip

Table 13 shows the order in which the various surfaces of each specimen slipped. The
order of slip was determined by examining the measured displacements. In frequent
cases, the slip of multiple surfaces occurred in the time between the recording of two
successive data points (0.1 seconds, with data being collected at 10 Hz); in these cases
the surfaces were denoted to have slipped at the same time (e.g., specimen 730-std). In
other cases (e.g., specimen 159h), two surfaces slipped at the same load, but the LVDT
data clarifies which of the two surfaces slipped first.

With exception of 159n-2ply1, the specimens always slipped on the north and south side
simultaneously (Figure 26(a)). This indicates that the specimen did not slip until the
minimum slip load on each side was exceeded, indicating the connection slip coefficient
equals the average of the two minimum slip coefficients of each side [i.e., slip load = slip
load of side 1 + slip load of side 2 = (slip coefficient side 1 + slip coefficient side 2 ) *
clamping force of 12 bolts; and slip coefficient = slip load/(2 sides * clamping force of 12
bolts); therefore slip coefficient = (slip coefficient side 1 + slip coefficient side 2) / 2) *
(clamping force of 12 bolts / clamping force of 12 bolts) = (slip coefficient side 1 + slip
coefficient side 2) / 2]. Specimen 159n-2plyl experienced early slip between the two
plies of the filler plate on the south side (Figure 26(d) and Table 13).

At the initial slip load for specimens 159h (Figure 26(c)), 159n1, 159n2, 455f (Figure
26(e)), 455n1, and 455n2 all four faying surfaces slipped. This is logical for the
undeveloped specimens since the predicted slip load is the same between all four
surfaces. The developed specimens, however, have additional development bolts
between the filler and top column, potentially increasing the predicted slip load (see
Appendix D). Specimen 159h did not slip until the predicted slip load for the developed
faying surfaces was exceeded. Specimen 455f (Figure 26(e)) slipped in between the slip
load for twenty-four bolts on the undeveloped faying surface between the filler and the
splice plate and the slip load for the developed faying surface between the filler and the
top column, which has thirty-two bolts.

At the initial slip load, specimens 159f (Figure 26(b)), 455h, 159h-TC, 159f-weld, and
159h-weld (Figure 26(f)) slipped between the splice plate and the filler plate. Since all of
these specimens were at least partially developed, this was the faying surface with the
lowest clamping force and therefore lowest slip resistance. The slip load of specimens
159f and 455h was just below the predicted value for this faying surface, while the slip
load for the other three specimens was well above the predicted value. The effect of
development is explored further in Section 4.5.

Specimen 159n-2ply2 initially slipped between the filler plate and top column, but only
33 kips prior to slipping between the splice plate and filler plate. Since there was no
development and the slip coefficient is a random variable, all slip planes are equally
likely to slip first. Specimen 159n-TC slipped between the filler plate and top column on
one side and between the splice plate and filler plate on the other side (Figure 26(d)).
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Table 13 - Slip load and sequence of slip per faying surface

Top Column/Filler Plate | Filler Plate/Splice Plate

Specimen Slip Load and Sequence | Slip Load and Sequence
North South North South

(Kips) (Kips) (Kips) (Kips)
730-std | 1697°(1) | 1697'(1) - -
730-over | 1634%(1) | 1634%(1) - -
159f 2424 (3) | 2424 (3) | 1224 (1) 1224 (1)
159h 1697 (1) 1697 (3) 1697(4) 1697 (1)
159n1 1879 (1) | 1879(1) | 1879 (3) 1879 (3)
159n2 1704 (1) 1704 (1) | 1704 (4) 1704 (1)
455f 1369 (4) | 1369 (3) | 1369 (1) 1369 (1)
455h 1175 (3) 1236 (4) | 1175(1) 1175 (1)
455n1 1388 (4) | 1388(3) | 1388 (1) 1388 (1)
455n2 1433 (1) | 1433(3) | 1433 (4) 1433 (1)
159n-2plyl| 1025 (3) 1025 (2) | 1199 (4) 658 (1)
159n-2ply2| 1348 (1) 1348 (1) 1381 (3) 1381 (3)
159h-TC | 2043 (3) 2043 (3) 1626 (1) 1626 (1)
159n-TC | 1556 (3) | 1290 (1) | 1290 (1) 1556 (3)
159f-weld -2 -2 1685 (1) 1685 (1)
159h-weld| 2510 (3) 2510 (3) 1616 (1) 1616 (1)
(x) Denotes x-th surface to slip
! Slip between top column and splice plate
2 Slip was not achieved

4.2.3 Specimen Shear

At failure, all bolts on one side of the specimen were suddenly sheared into two pieces
(Figure 27(a)). The bolts often exited the specimen with significant velocity. After one
side failed, the load was removed from the specimen. If the load were to remain, the other
side would also fail, as was the case in 455h (Figure 27(b)). Thirteen of the specimens
reached shear failure; eleven failed on the south side, two failed on the north side. The
more frequent failure on the south side could not be attributed to any specific measured
loading bias and was thus thought to be statistically valid. The top column of specimen
159f-weld experienced detrimental local buckling after it yielded but prior to the shear
strength of the connection (Figure 27(c)).
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Figure 26 — Specimens after slip
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(a) 455n1 (b) 455h (c) 159f-weld
Figure 27 — Specimens after shear

4.2.4 Comparative Results

Load verses top column displacement for specimens 159f, 159h, 159n1 and 159n2 is
presented in Figure 28(a). The behavior prior to slip is due to elastic deformation and is
similar for all specimens. At the slip load each specimen experienced a drop in load and
a large displacement. At the slip load all faying surfaces slipped for specimens 159h,
159n1 and 159n2 (Table 13), displacing approximately 1 in. before the load increased,
indicating that the bolts had begun to carry load. At the initial slip load of specimen 159f
the faying surfaces between the filler plates and top column did not experience slip
(Figure 28(e)); this was the only one of these four specimens that slipped below the
predicted value (by 4%). The specimen stiffness began to increase after a displacement
of approximately 0.5 in. At approximately 2,400 kips the remaining surfaces slipped and
the specimen total displacement becomes consistent with the other specimens. The
delayed slip of some of the faying surfaces did not noticeably influence the ultimate
behavior of the specimen. The undeveloped specimens experienced larger displacement
between the top column and filler plate (e.g., Figure 28(e) and Figure 28(f)), resulting in
larger top column displacement (Figure 28(a)). The decreased displacement for
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developed specimens can be attributed to the additional stiffness provided by the
development bolts between the filler plate and top column. The displacement between
the filler plate and splice plate was unaffected by development (Appendix C). All four of
these specimens exceeded the predicted shear load.

Load verses top column displacement for specimens 455f, 455h, 455n1 and 455n2 is
presented in Figure 28(b). All 455 specimens exhibited typical load verses displacement
as described above. All faying surfaces slipped at the initial slip load for each specimen
(Table 13), with only specimen 455h slipping below the predicted value (by 7%). The
undeveloped specimens achieved approximately 0.15 in. greater displacement at ultimate
failure as compared to the developed specimens. Specimen 455n2 had a greater
displacement than the developed specimens during slip; specimen 455nl1 displaced
similarly to the developed specimens up to the shear design value, where it briefly
softened and began to trace the displacement of 455n2. The additional displacement of
the undeveloped specimens was between the filler plate and top column (Figure 28(f)).
Of these four, only specimen 455f achieved the predicted shear load.

Load verses top column displacement for the undeveloped two-ply specimens are
presented with the single-ply undeveloped specimens in Figure 28(c). These specimens
exhibited typical load verses displacement as described above. Specimen 159n-2plyl
slipped at 52% of the expected load between the two south filler plates (Table 13).
During slip, the two-ply specimens displaced approximately 0.10 in. further between the
splice plate and filler plate than the single-ply specimens, which remained constant
throughout the remainder of the test. This can be attributed to additional bolt
deformation within the 1/4 in. filler plate. The bolt is essentially unrestrained within the
1/4 in. filler plate since the bolt hole oversize is significant compared to the filler
thickness, requiring a large rotation to mobilize restraint from the filler. Another factor is
the reduced bolt restraint provided by the 3 1/2 in. ply filler plate compared to the 3 3/4
in. filler plate in the single-ply specimens. The additional deformation is less than 8% of
the ultimate connection deformation is not believed to significantly influence connection
strength (see also the discussion in Sections 4.4 and 4.5). All specimens achieved the
predicted shear load.

Load verses top column displacement for the welded development specimens are
presented with specimens 159f, 159n1 and 159n2 for comparison in Figure 28(d). The
initial slip for the welded specimens characterizes slip between the splice plates and filler
plates, resulting in approximately 0.50 in. of top column displacement. The welded
specimens and specimen 159f trace a path parallel to the undeveloped specimens, but
since only half as many faying surfaces have slipped, the displacement is approximately
half. Specimens 159h-weld and 159f experience slip of the filler plate and top column
faying surfaces near the predicted shear load, resulting in approximately an addition 0.50
in. of displacement, bringing the relationship in line with the undeveloped specimens.
Specimen 159f-weld experienced local buckling in the top column and the test was halted
prior to failure of the development welds or bolt shear failure.
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Figure 28(a) — Top column displacement of 159 specimens
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Figure 28(b) — Top column displacement of 455 specimens
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Figure 28(c) — Top column displacement of undeveloped 159 specimens
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Figure 28(d) — Top column displacement of welded 159 specimens
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Figure 28(e) — Top column and filler plate relative displacement of 159 specimens
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Figure 28(f) — Top column and filler plate relative displacement of 455 specimens
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The typical behavior of the 159 and 455 specimens can be compared in Figure 28(a) and
Figure 28(b). The stiffness of the 455 specimens after the bolts have slipped into bearing
tends to be lower. This is likely associated with additional yielding of the bolt holes on
the top column and splice plates due to the thinner filler thickness (this is discussed in
Section 4.2.5).

The strain gages were placed between bolt rows in line with each column of bolts (see
Figure 9 for the instrumentation plan). In the splice and filler plates the distance between
the bolt holes and the strain gages was likely insufficient to develop a uniform strain
distribution. In addition, prior to slip, the load is transferred to the splice plate solely by
friction on the inside face, resulting in strain variation through the thickness of the plate.
Although the absolute magnitude of the strain measurements is thus influenced by these
effects, relative comparisons between different gages are still useful. The gages on the
top and bottom column were necessarily placed near the loading platen, which also likely
influenced these measurements. Detailed strain measurements are presented in Appendix
B.

The curvature in the splice plates in the gap between the top and bottom column for
specimens 159f, 159h, 159n1 and 159n2 for the load below 1000 kips are shown in
Figure 29(a). The curvature was calculated first by dividing the difference between the
average of the east and west strain gages on the inside and outside of the splice plate by
the thickness for the north and south splice plate, respectively, and then those resulting
values were averaged. The curvature was approximately proportional to the applied load.
It is evident that the curvature in the undeveloped specimens was larger than for the
developed specimens for a given load.

The curvature in the splice plates for specimens 455f, 455h, 455n1 and 455n2 are shown
in Figure 29(b). There is not a discernable relationship between curvature and
development. The undeveloped 159 and 455 specimens are shown in Figure 29(c). The
curvature in the splice plates is much lower for the 455 specimens compared to the 159
specimens. The curvature in the splice plates for the 159 specimens including the welded
specimens are shown in Figure 29(d). Although the welded specimens are developed,
their response is closer to the undeveloped specimens than the bolted developed
specimens; this indicates that the extended, bolted length of the filler plate in the bolted
developed specimens likely stiffened the restraint offered to the splice plate in the gap
region and lowered the eccentricity with which the force was introduced from the top
column into the splice plate, and thus mitigated some of the curvature in the splice plate.
The welded specimen, on the other hand, did not engage the filler plates above the top of
the splice plate, and so responded more like the undeveloped specimens.

One possible mechanism for the resistance of the moment in the splice plate is shown in
Figure 30. The moment observed in the splice plate, Mspy|cg, is resisted by a couple on
the surface between the splice plate and filler plate. The moment in the splice plate
causes an increased clamping force at the bottom of the splice plate and a lower clamping
force at the top. Therefore the moment in the splice plate causes the centroid of the
clamping force to move towards the bottom of the splice plate. It is then expected that a
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greater proportion of the force will be transferred between the filler plate and splice plate
lower in the splice plate.
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Figure 29(a) — Curvature in splice plate at column cap vs. load for 159 specimens
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Figure 29(b) — Curvature in splice plate at column cap vs. load for 455 specimens

47



Load vs. Splice Plate Curvature
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Figure 29(c) — Curvature in splice plate at column cap vs. load for undeveloped
specimens
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Figure 29(d) — Curvature in splice plate at column gap vs. load for 159 welded
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Figure 30 — Mechanism of splice plate bending

The distribution of strain in the splice plate for specimens 159f, 159h, 159n1 and 159n2
prior to slip (1000 kips) are presented in Figure 31(a). Although only presented for a
specific load level, the trends are similar for any load level up to slip. To account for
slight eccentricities, the measurements represent the average of the strain gages at each
bolt row. The gages on the inside of the splice plate below bolt row 1 are also included in
the average calculation at that row to account for bending in the splice plate in the gap
between the columns. The black dashed line represents the expected strain assuming an
elastic uniform strain distribution, with the load transferred linearly between the top of
the splice plate and the bottom of the filler plate. All strain measurements are less than
predicted based on elastic theory, possibly due to the effects discussed above. The four
specimens have approximately the same average strain below bolt row 1 corresponding to
the location of full transfer of the force into the splice plate. However, the developed
specimens introduce the force into the splice plates earlier (higher on the splice plate).
Therefore, a greater proportion of the force is transferred at the top of the splice plates,
which is consistent with the observed splice plate bending and the mechanism discussed
above, whereby the developed specimens are seen to have lower curvature in the splice
plate than the undeveloped specimens.

The distribution of strain in the splice plates for specimens 455f, 455h, 455n1 and 455n2
at the same load are presented in Figure 31(b). Although there is a trend towards
increased force introduction near the top of the splice plate due to development, as
present in the 159 specimens, it is not as pronounced. Undeveloped specimens 159n1,
159n2, 455n1 and 455n2 are shown in Figure 31(c). The undeveloped 455 specimens
transferred more force at the further up the splice plates than the undeveloped 159
specimens. This is expected since the bending in the splice plate was lower for the 455
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specimens. The welded specimens are shown for comparison with the previously
discussed 159 specimens in Figure 31(d).  The influence of development on the
introduction of force into the splice plate is not as apparent for the welded specimens, as
they behave similarly to the undeveloped specimens. As discussed above, the shorter
filler plate in the welded specimen leads to larger eccentricities for the introduction of
force through the filler and leads to bending in the splice plate comparable to an
undeveloped specimen.

The 159 specimens exhibited increased bending in the splice plate than the 455
specimens. Typically, bending is not predicted in spliced connections. The bending is
likely a consequence of the use of filler plates. Therefore it is logical that the thinner
filler plates of the 455 specimens have a smaller influence than the thicker filler plates of
the 159 specimens. Development of the filler plate may reduce the effect of the filler
plates, distributing the force in the section, simulating a single connected member. Since
the welded development is not introduced before the connection, the beneficial effect is
less pronounced. However, in these tests, the welded specimens failed at a large load
both for slip and shear, indicating that the added continuity provided by welding helped
to mitigate some of the damage to the bolts that otherwise occurred between the column
and the filler plate in the bolted filler connections.

More detailed discussion of the slip and bolt shear response of these specimens, along
with the effects of development, are presented in Sections 4.3., 4.4, and 4.5.
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Figure 31(a) — Distribution of strain in splice plate of 159 specimens
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Figure 31(b) — Distribution of strain in splice plates of 455 specimens
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Figure 31(c) — Distribution of strain in splice plates of undeveloped specimens
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Figure 31(d) — Distribution of strain in splice plates of 159 welded specimens

4.2.5 Forensic Analysis

To examine typical faying surfaces and bolt hole deformations, three specimens were
disassembled for forensic analysis. The remaining bolts were removed from these
specimens and the plates were then separated. The components were placed onto a pallet
separated by wood and transported to Newmark Civil Engineering Laboratory under a
tarp for examination. Specimen 455n2 was selected because it had the highest slip load
of the 455 specimens. Specimen 159h was selected because it had the highest shear load
of all specimens that failed. Specimen 159n-2plyl was selected because it had an
unusually low initial slip load.

Elongation of the bolt holes at the faying surface was determined by measuring the
maximum diameter of each hole and subtracting the original diameter (1 7/16 in. for the
oversized holes), averaged over three holes per surface; these values are presented in
Table 14. The top column and splice plate exhibited similar deformation, which is
expected since the load was the same at both locations. For undeveloped specimens the
inside and outside of the filler plate had similar deformation and thus likely carried the
same load. For developed specimens the inside hole tended to have noticeably lower
deformation than the outside hole (Table 14). For developed specimens, the transfer of
load from the top column into the filler plate is distributed between the 24 connection
bolts combined with the development bolts. The load is transferred from the filler plate
to the splice plate through only the 24 connection bolts. Therefore, the load transferred
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into the filler plate per bolt on the splice plate side is greater than the load transferred per
bolt on the column side of the filler plate for developed specimens.

Table 14 — Average bolt hole elongation

Specimen 455n2 159h 159n-2ply1l
Ultimate Load (kips) 2,248 2,907 2,813
Top Column (in.)? 0.13 0.07 0.10
Filler Plate Inside (in.)? 0.09 0.06 0.04* 0.112
Filler Plate Outside (in.)® 0.08 0.10 0.06" 0.13°
Splice Plate (in.)? 0.15 0.07 0.10
L 1/4 in. filler plate
231/2 in. filler plate
# Measurements were determined to the closest 1/32 in.

Even though specimen 455n2 had the lowest ultimate load, it had the largest bolt hole
deformation on the each surface. Since the 455 specimens had the thinnest filler, the bolt
was allowed to rotate more without restraint from the filler plate. This caused the bolt to
bear on the plates directly at the edge, providing a smaller bearing surface for the bolt.
This increased the stress on the plates and they subsequently suffered further
deformation, possibly responsible for the softening behavior prior to shear failure. The
bolts in the 159 specimens on the other hand were restrained from rotating due to the
thick filler, allowing for a large bearing surface. Figure 32 shows bolts from 159h and
455n2 that were removed during disassembly. The highlighted regions are the part of the
bolt within the filler plate. It is clearly seen that the 455n2 bolt had greater rotation inside
the filler plate than the 159h bolt. If the filler plate were constructed of lower strength
steel, the bearing deformation would have been larger, reducing the bolt rotation restraint
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Figure 32 — Intact bolts from 455n2 (left) and 159h(right)

Specimen 159h had significant gouging around the bolt holes on the top column (Figure
33(a)) and inside face of the filler plate (Figure 33(b)). The outside face of the filler
plate and inside face of the splice plate had gouging between the bolt holes (Figure 33(c)
and (d)). There was significant gouging between the bottom of the filler plate and splice
plate (Figure 33(d)), consistent with the additional frictional resistance mechanism
analysis presented in Section 4.4. The effect of the gouging between the plates is a
possible cause of the observed 34% increase in slip resistance. It is also likely that the
gouging still provided resistance after the bolt pretension was relaxed, contributing to the
shear strength of the connection, which was 19% higher than expected.

Specimen 455n2 exhibited significantly less surface scarring than specimen 159h. The
top column and inside face of the filler plate were smooth with slight damage around the
bolt holes (Figure 34(a) and(b)). The north filler and splice plate surface was smooth,
with minimal scarring (Figure 34(c) and (d)). The south filler and splice plate surface
also was smooth but exhibited numerous polished regions that were more reflective and
smoother than the surrounding area (Figure 34(e) and (f)) on both plates. The surfaces
contained significantly less gouging than specimen 159h, which may contribute to the
reduced slip and shear strengths.
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a) 159h top column

(c) 159h outside of filler plate (d) 159h splice plate
Figure 33 — Specimen 159h faying surfaces

Specimen 159n-2ply1 experienced more surface damage on the north side than the south
side. The north side of the top column and inside surface of the 3 1/2 in. filler
experienced significant gouging between the bolt holes and on the flange tips (Figure
35(a) and (b)). The respective surfaces on the south side of the specimen were smooth,
with minimal gouging (Figure 35(c) and (d)). The interface between the two filler plates
on the north side also experienced some gouging (Figure 35(e) and (f)). However, there
was little damage to the surfaces of the two south filler plates (Figure 35(g) and (h)).
This was the faying surface that slipped at approximately 50% of the predicted load and
had the smoothest surface of all disassembled plates. The interface between the north
splice plate and 1/4 in. plate was polished with gouging at the base of the filler plate
(Figure 35(i) and (j)). The south splice plate and 1/4 in. filler plate had significant
gouging (Figure 35(k) and (1)), with a 1/6 in. lip across the splice plate at the bottom of
the filler plate. This may have contributed to the relatively high bolt shear strength seen
in this specimen.
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(e) 159n-2ply1 outside face of north 3 1/2 in. (F) 159n-2plyl inside face of north 1/4 in.
filler plate filler plate

(9) 159n-2ply1 outside face of south 3 1/2 in. (h) 159n-2p|y1 inside face of south 1/4 in.
filler plate filler plate
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4.3 Slip Strength

The connection slip strength, determined as described in Section 4.1, is plotted verses
filler plate thickness in Figure 36. The slip strength normalized by its respective
predicted strength is plotted verses filler plate thickness in Figure 37. The design and
predicted values for the TN bolt specimens are represented by the horizontal lines for
reference in both figures. The TC bolt specimens have a different predicted strength of
1,060 Kips (as discussed in Sections 3.2.1 and 4.1), which is not shown. Table 15 shows
various subsets of the data with corresponding mean and standard deviation values.

The average of all the test-to-predicted ratios is greater than unity. This could be because
of the inherently uncertain nature of slip, the randomness of bolt pretension despite the
use of some control bolts on one side of each connection, because of small eccentricities
in the test specimens that may cause mechanisms other than pure friction to resist some
of the loading, or possibly because of the large contact areas of these connections as
compared to typical ancillary tests such as those in Section 3.3 and the literature.

From Table 10, Figure 36 and Figure 37, it may be seen that both specimens without a
filler plate (specimens 730-std and 730-over) achieved greater slip strengths than their
predicted values. Also, consistent with previous work demonstrating that there is no
consistent relationship between hole oversize and slip resistance (Frank and Yura, 1981),
only a slight difference was noted between the slip strengths of 730-std and 730-over.

Table 15 shows a potential trend in the slip strength as a function of number of plies.
Section 4.3.1 also discusses trends seen in Table 10 and Table 15 regarding the effect of
developing the connection on the slip strength. One of the specimens with two plies,
159n-2ply1, experienced very early slip between the two plies of the filler plate on one
side of the connection, at 52% of the predicted load. The specimen was disassembled
and there were no noticeable irregularities on the surfaces that failed early (see Section
4.2.5). The duplicate of that specimen, 159n-2ply2, experienced slip at 106% of the
predicted load, resulting in an average slip strength for the two specimen of 79% of the
predicted value. Specimen 159f-weld did not exhibit slip between the top column and the
filler plate. Specimen 159h-weld did exhibit slip between the top column and the filler
plate, at a high load, after exhibiting fractures of the welds.
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Figure 36 — Slip strength vs. filler plate thickness
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Table 15 — Slip strength tested-to-predicted ratio by specimen type

Specimen Type Numper of Slip Strength Tegt-to-Predicted
Specimens Ratio
Mean Value | Standard Deviation

All 16 1.18 0.25
No filler 2 1.31 0.04
1 ply filler 12 1.22 0.19
2 ply filler 2 0.79 0.38
No development 7 1.12 0.30
1 ply filler, no development 5 1.25 0.16
1 ply filler, half and full development 7 1.21 0.22
1 ply filler, full development 3 1.12 0.19
TN bolts 14 1.15 0.25
TC bolts 2 1.38 0.22

4.3.1 Statistical Variation of Slip Strength

The slip coefficient is a randomly varying quantity. In connections with more than one
faying surface, failure may thus occur at a load less than would be indicated by a
deterministic analysis assuming a single faying surface. In other words, the more slip
surfaces there are, the more likely a lower value of the slip coefficient will be present for
one of the slip surfaces, and therefore the more likely that initial slip of the connection
will be at a lower load than in similar connections with fewer slip surfaces. As one
example of how to address the detrimental effect of additional slip surfaces, the
AASHTO Specification limits the number of plies to at most two (AASHTO, 1994).

Statistical data of the coefficient of friction is obtained from measured values from
experimental tests. These tests are, in general, conducted with two slip surfaces, such as
the tests in Section 3.3 and such as many of the tests reported by Grondin et al. (2008). It
is reasonable for these tests to assume that the measured slip coefficient from the test is
actually the average of the slip coefficients of the two surfaces, rather than the lowest
value of slip coefficient from the two surfaces. This was consistently observed in the
ancillary tests of Section 3.3, for example, where the extensometers and observations
clearly showed that one surface did not typically fail prior to the other. For the case of
the measured slip coefficient being presumed to be the average of the slip coefficient of
the two surfaces of the ancillary test, it may be shown that the slip coefficient mean and
standard deviation of one surface is (to avoid confusion with the slip coefficient, the
mean of a random variable is designated by the symbol m, rather than the typical z.):

m =m

,0nesurface ', twosurfaces

(3)

Gy,onesurface =N 2O-y,twosurfaces

For blast-cleaned surfaces the mean slip coefficient is 0.525 with a standard deviation of
0.101 (Grondin et al., 2008). These values are based predominantly on experiments in
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which the slip strength is the average of the slip strength of the two surfaces being tested.
Thus, the mean and standard deviation of any one slip surface is given by Equation (4).

—0.525
=0.10142 =0.143

m

44,0ne surface

(4)

Gy,one surface

The slip coefficient, as a random variable, may be assumed to follow a normal
distribution. If one further assumes that the clamping force is deterministic, the slip
strength will also follow a normal distribution. Equation (5) is the CDF of a normal
random variable.

F, (X) :%(H erf [);_T/%D (5)

The concept of order statistics (David, 1970; Song and DerKiureghian, 2003) can be used
to determine the statistical properties of the lowest value of a set of randomly varying
quantities (see Appendix D). The cumulative distribution function (CDF) of the lowest
slip strength of multiple slip surfaces with the same statistical data such as seen in
undeveloped fillers is written in terms of the cumulative distribution function Fsone
surface(X) Of a single slip surface and the number of slip surfaces, n, Equation (6).

FS,one side (X) =1- {1_ I:S,one surface (X)}n (6)

For example, with a single-ply filler, the number of slip surfaces, n, per side is 2.
Equation (6) is used to find the CDF of lowest of the two slip strengths on one side, based
on using the values obtained from Equations (3) and (4). From the CDF, the probability
distribution, mean (Msgne sige), and standard deviation (osone sige) OF the lowest slip
strength on each side can then be determined using standard statistical approaches.

For the purposes of this study, failure of the primary connection test specimens is also
defined as the sum of the lowest slip strengths from each side of the connection
(recognizing that each side may have multiple slip surfaces). This implies that both sides
of the connection fail at approximately the same load. This definition is consistent with
observed behavior for most of the specimens (Table 13) (For the one exception, 159n-
2ply1, slip first occurred only on one surface, not on both sides).

The average and standard deviation of the sum of the lowest slip strengths from each side
is thus computed using Equation (7):

m =2m;

S ,connection ,one side

(7)

O-S,connection =N 2O-S,oneside
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This resulting mean is considered to be the expected connection slip strength. The
expected slip strength can be determined for any number of plies in an undeveloped
connection by changing n in Equation (6). The results of this process are shown in Table
16, where the reduction in the slip strength is indicated with respect to a deterministic
analysis using the published value for the slip coefficient from Grondin et al. (2008). This
table is based on the data for Class B surfaces presented above. The addition of fillers
reduces the expected slip strength, depending of the number of slip surfaces. These
results are overlaid on experimental data from this study and others (81 tests, as noted at
the beginning of Section 4) in Figure 38. As may be seen in the figure, the statistical
model identifies the trends in the data well, and if anything the percentage reductions in
Table 16 may be conservative. Appendix D highlights other possible assumptions that
may be made in the calculations above, leading to other options for statistical strength
reductions, but the assumptions above were deemed to be closest to what was measured
and observed in the ancillary slip tests of Section 3.3 and the connection tests. Appendix
D also contains a similar analysis for developed fillers, the results of which showed that
development helps lessen the reduction due to presence of fillers. However, the benefit of
development is shown to be dependent on the additional pretension provided by the
development bolts which depends on the thickness of the filler.

Table 16 — Statistical multi-ply slip strength reduction

_ # expected Heffective = %
# Plies |Su rfa_ces strength = O's connection expectec;l strength/ Reduction
per Side | Ms connection clamping force
0 1 1449 280 0.525 0.0%
1 2 1226 231 0.444 15.4%
2 3 1114 209 0.404 23.1%
3 4 1042 196 0.377 28.1%
4 5 989 187 0.358 31.7%
5 6 948 180 0.343 34.6%
6 7 914 175 0.331 36.9%
7 8 886 171 0.321 38.9%
8 9 862 167 0.312 40.5%

The data from Table 10 and Table 15 provide mixed results for supporting the fact that
developing the connection should help minimize the possibility of slip on the developed
slip surface, and thus that developed connections should (for a statistical sample) slip at
higher loads than undeveloped connections due to the added clamping force of the
development bolts. The data from Table 15 do not support this theory, but looking at
mean values alone in that table is not adequate. From Table 13, data in support of this
theory are that 1) both sides of specimen 159f slipped between the top column and the
filler plate at a much higher load than between the filler plate and the splice plate; 2) one
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side of specimen 455f slipped between the top column and the filler plate at a higher load
than between the filler plate and the splice plate; and 3) the six developed specimens
(159f, 159h, 455f, 455h, 159f-weld, 159h-weld) consistently failed first along the slip
surface between the filler plate and the splice plate, whereas specimens with no
development sometimes failed first along the slip surfaces between the filler plate and top
column (e.g., specimen 159n1). In addition, as the number of bolts developing the fill
decreases, the evidence that these bolts mitigate slip on the surface between the filler and
the top column decreases, such as comparing the slip order and loads for specimens 159f
versus 159h, 455f, and 455h. This indicates that if one is developing a thin filler, the few
additional bolts may help very little to mitigate slip along the surface between the filler
and the top column. It is also likely that once there is slip in the bolts on the surface
between the filler and the splice plate, the bolt pretension is diminished and thus slip
along the other slip surfaces is more likely to follow immediately. However, Table 13
shows: 1) specimens 159n1 and 159n2 slipped at higher loads than specimen 159h and
than the first slip occurrence in specimens 159f, 159f-weld, and 159h-weld; and 2)
specimens 455n1 and 455n2 slipped at higher loads than specimens 455h and 455f.
Nevertheless, these results comparing the slip loads between developed and undeveloped
specimens could be due to the inherently uncertain nature of slip, such as due to some
randomness in the bolt pretension despite the use of control bolts on one side of each
connection. In addition, no connections with two or more plies were tested that had
developed connections — this additional information may be appropriate to obtain in
future research.

A linear regression analysis conducted on the slip strengths of undeveloped fillers from
all authors is presented in Figure 38. In order to have an vertical axis intercept value
(reduction for zero plies) of 1.0 for the regression analysis, the best fit was obtained by
not including the data for zero plies in the linear fit. The values from this regression
analysis are tabulated in Table 17 along with the corresponding mean value of the
associated experiments for each number of plies. This resulting empirical relationship
shows that the slip resistance is reduced by 20% for each additional ply. As shown in
Table 17 and Figure 38, if the regression analysis is calculated without the results from
Dusicka and Lewis (2007), the reduction is reduced to approximately 10% per ply, as the
data from Dusicka and Lewis (2007) tends to have low test-to-predicted ratios. Based on
empirical results and the statistical analysis, it is recommended that the slip strength be
reduced depending on the number of plies, independent of filler thickness. For one ply
there is a large amount of scatter. Based on the fact that the mean value of the slip
strength of specimens with one ply was 0.96, it is reasonable to consider having no
reduction in slip strength for one ply.

Figure 39 shows the test-to-predicted ratios of slip strength plotted versus filler thickness.
No discernable trend can be identified, indicating that filler thickness does not
significantly affect the slip strength.

When the test-to-predicted ratios for of all 81 tests considered are separated by hole
oversize in Figure 40, no significant difference in strength is seen. This implies that, with
respect to filler connections, it is not necessary to have both a hole factor, hs, and
simultaneously design connections with oversized holes at the required strength level
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(e.g., ¢ = 0.85, 2= 1.76), versus designing the connection at a serviceability limit state
(e.9., ¢ = 1.0, 2= 1.50). Since no significant difference in strength is seen, the two
provisions are likely redundant. Only one provision reflecting the increased consequences
of slip with oversize holes should be necessary. Grondin et al. (2008) provides guidance
as to what the resistance factor should be for a given desired levels of reliability. For
example, the data in this study justifies adopting resistance factors corresponding to two
different desired levels of reliability and then eliminating the hole factor, or vice versa by
retaining the hole factor and then having only one resistance and safety factor regardless
of the type of hole. It is also noted that slotted holes are not included in this study.

Table 17 — Recommended slip strength reduction values for multi-ply connections

Number of All Studies L&F, F&Y, BD&H
Plies on Experimental Experimental
One Side P Reduction P Reduction
of Mean Test-to- Factor Mean Test-to- Factor
. Predicted Ratio Predicted Ratio
Connection
0 0.90 1.0 1.18 1.0
0.9
1 0.81 0.8 1.0 (1.0)°
2 0.54 0.6 0.79 0.8
3 0.51 0.4 0.51 0.7
®A reduction factor of 1.0 may be adequate for design.
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Figure 40 — Slip strength test-to-predicted ratio results by hole size. a) Lee & Fisher,
Frank & Yura, and Borello, Denavit & Hajjar. b) Lee & Fisher, Frank & Yura,
Borello, Denavit & Hajjar, and Dusicka & Lewis
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4.4 Shear Strength

The connection shear strength of each specimen, determined as described in Section 4.1,
is plotted verses the filler plate thickness in Figure 41. The shear strength normalized by
the predicted shear strength plotted verses the filler plate thickness is shown in Figure 42.
The design and predicted values for the TN bolt specimens are represented by the
horizontal lines for reference in both figures. The TC bolt specimens have a different
predicted strength of 2,586 kips, which is not shown. Figure 41 and Figure 42 also show
the bolt shear strength reduction formula of Section J5 of AISC (2005); the range of
applicability of this formula from 1/4 in. to 3/4 in. is also identified in these figures with
vertical dashed lines.

The shear strength of specimens 159h-TC and 159n-TC exceeded the capacity of the
testing machine. The shear strength of specimen 159f-weld was not achieved due to local
buckling of the top column prior to shear failure, but after the predicted yield strength.
For these three specimens, the lower bound of shear strength was plotted but was
neglected for statistical calculations.
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Figure 41 — Shear strength vs. filler plate thickness
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Figure 42 — Shear strength test-to-predicted vs. filler plate thickness

Specimens 730-std and 730-over achieved shear strengths close to predicted values, with
a test-to-predicted ratio of 1.04 and 1.01 respectively. All specimens with a W14x159
top column achieved a shear strength at least 4% higher than predicted value, with an
average test-to-predicted ratio of 1.13 with a standard deviation of 0.05. There are
several possible reasons for the test-to-predicted ratios greater than unity, as discussed
later in this section.

All specimens with a W14x455 top column failed to achieve the predicted shear strength,
with the lowest specimen reaching 90% of the predicted strength. The mean and standard
deviation of the test-to-predicted ratios for these four columns were 0.93 and 0.05
respectively. They did however meet the predicted strength multiplied by the shear
resistance factor (¢ = 0.75) and the design strength. Specimen 455f achieved the highest
shear strength of the group with a test-to-predicted ratio of 0.99.

Table 18 shows various subsets of the data with corresponding mean and standard
deviation of the shear strength. The 159 specimens with one-ply fillers (159f, 159h,
159n1 and 159n2) demonstrated similar strength to 159 specimens with two-ply fillers
(159n-2ply1 and 159n-2ply2). The two-ply filler consisted of a thick ply and a relatively
thin ply, the influence of the thin plate was minimal. It is expected that multiple plies of
similar size would further reduce the shear strength of the connection, since the bending
restraint of the bolt within the bolt hole of the thick filler would be reduced; these effects
are investigated further in the mechanistic analysis presented in this section. The use of
TC bolts over TN bolts resulted in the shear strength exceeding 3,000 kips, providing a

71



lower bound test-to-predicted ratio of 1.16. Although the mean lower bound shear test-
to-predicted ratio of the TC bolt specimens was higher than the TN bolt specimens, it is
within one standard deviation of the mean of all tests.

Overall, there are slight trends for the 159 specimens and clearer trends for the 455
specimens that developing the connection increases the shear resistance of the
connection. This is investigated further in Section 4.5. Development of the filler by
additional bolts or an equivalent fillet weld produced similar strengths.

Table 18 — Shear strength test-to-predicted ratio by specimen type

Specimen Type Shear Strength Test-to-Predicted Ratio
Mean Value Standard Deviation

All 1.07 0.10

No filler 1.02 0.02

1 ply filler 1.05 0.10

159 1 ply filler 1.10 0.06

159 2 ply filler 1.18 0.03

No development 1.06 0.12

1 ply filler, no development 1.02 0.11

1 ply filler, some development 1.08 0.10

1 ply filler, full development 1.06 0.06

159 1 ply flller, some 114 0.08
development using bolts

159 1 ply fllle_r, some >1.12 >0.02
development using welds

TN bolts 1.05 0.10

TC bolts >1.16 0.00

The results from this study for the shear strength test-to-predicted ratio verses filler
thickness are combined with the results from previous studies in Figure 43, including
specimens without fillers and specimens with undeveloped single-ply fillers. The bolt
shear strength decreases as a function of filler thickness for relatively thin fillers, but this
reduction is mitigated by having sufficiently large fillers, approximately 1 in. or greater.

The bolt shear strength reduction formula of Section J5 of AISC (2005) and two proposed
reduction equations (representing rounded values obtained from regression analyses
based on single ply fillers) are superimposed with the data from all of the studies in
Figure 43. The two proposed equations are identified as Reduction Equations A and B.
Reduction Equations A and B are given by Equations (8) and (9), respectively, where t is
the thickness of the filler. To account for the presence of single-ply fillers the bolt shear
strength of the connection is then multiplied by the reduction factor «:
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x =1-0.13t > 0.87 (8)

1-0.13t t<iin.
={ (9)

0.87+0.08(t-1) 1in.<t<2.625in.

Both equations presume that the shear strength is influenced by the thickness of the fillers
but is independent of the number of plies, a further reduction for the number of plies is
proposed below. Reduction Equation A does not account the reduction mitigation
provided by thick fillers. The maximum and minimum values are 1.0 and 0.87,
respectively, for both equations. The 2005 AISC filler reduction equation is calibrated
for 0.25 in. maximum connection deformation, based on the results from Frank and Yura
(1981). The proposed reduction equations are calibrated based on ultimate shear
strength, which requires significant connection deformation to achieve. Calibration based
on 0.25 in. deformation is unreasonable for oversize holes due to the large initial slip.
For design, the proposed reduction equations: a) use rounded coefficients: for Equation
(8), k =1 -0.15t > 0.85; and for Equation (9) k =1 - 0.15t for t <1 in. and 0.85 + 0.10(t
—1) for 1in. <t <25 in.; and b) could be shifted by 0.25 in. to avoid a reduction for
fillers thinner than 0.25 in., similar to the AISC (2005) equation. A further alternative
would be to retain the AISC (2005) equation, which is presently applicable for fillers 0.25
in. to 0.75 in. thick, expand its applicability to all filler thicknesses and limit the
reduction to 0.85 (which would occur at a filler thickness of 0.625 in). Because of the
small number of developed tests and small scatter, the addition of developed fillers in the
regression are not statistically significant and do not alter the reduction equations
significantly.

The shear strength test-to-predicted ratio verses the number of plies is summarized for
previous studies in Figure 44 and the shear strength test-to-predicted ratio verses the filler
thickness by hole size and number of plies is summarized for all studies in Figure 45.
The reduction for the addition of a one-ply filler is modest, however, the reduction
increases with the number of plies. Specifically, for fillers thinner than 1 in., multi-ply
fillers have a lower strength than single-ply fillers of the same total thickness. This can
be attributed to the reduced bolt restraint provided by multi-ply fillers, thus enabling
more bolt bending within multi-ply fillers. For fillers thinner than 1 in. the mean test-to-
predicted ratio for multi-ply and respective single-ply fillers are presented in Table 19.
The multi-ply reduction factor is the reduction required to further reduce reduction
Equation A to the mean test-to-predicted ratio for the multi-ply tests for a given
thickness. The multi-ply reduction factor is derived using Dusicka and Lewis (2007) for
2 and 4 plies and Frank and Yura (1981) for 3 plies in Table 19. For design, it does not
appear that a reduction in bolt shear due to multiple plies is required, as using four or
more plies is uncommon in a connection, and the reduction value for 2 or 3 plies is
modest. In addition, if one includes the multi-ply test results from the current study, in
which one of the fillers is much thicker than in the earlier studies in the literature, the
result is that no reduction is needed (i.e., the reduction factor in the last column of the
table for 2 or 3 plies would be larger than 1.0).
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Table 19 — Thin multi-ply filler data

Number of Total Single Ply Reduction Multi Ply Multi Ply
Plies on Filler Experimental | Equation A Experimental Reduction
One Side of | Thickness | Mean Test- Mean Test-to- Factor
Connection to-Predicted Predicted Ratio
Ratio

2 0.5in. 0.94 0.94 0.90 0.95

3 0.75in. 0.88 0.90 0.86 0.95

4 1.0in. 0.87 0.87 0.71 0.8

The shear behavior of bolted filler connection can be characterized in more depth by
studying two phenomena further. The first phenomenon is the bending in the bolt due to
the relative movement of the shear planes. In an idealized connection without fillers,
there is no bending the bolts, simply pure shear at the shear plane between the faying
surfaces (see the deformation at the end of specimen 730-over in Figure 46). With fillers,
the original faying surfaces are separated, which has the effect of preventing a clear
definition of the shear plane and adding bending to the bolt (Figure 46, which shows the
difference in bending in the 159 versus the 455 specimens). An appropriate parameter to
capture this behavior is the thickness of the filler. This phenomenon is documented in
prior filler research, notably Frank and Yura (1981), who developed a strength reduction
formula for bolted connections with undeveloped fillers based on filler thickness, as
discussed above. As the thickness of the filler is increased, the applied couple likely
becomes further apart, increasing the bolt bending.

The second phenomenon is the resistance to bending provided by the filler plate as the
bolt jams in the hole. Two situations illustrate the extremes of this behavior (Figure
47(a)). The first situation is a filler plate with a very large hole, such that no part of the
bolt is in contact with filler plate. In this case, the effect of the filler plate is to maintain
separation between the other plates (e.g., splice plate and column). In addition to not
being as stiff as a connection without fillers, the bending in the bolt will result in a lower
strength due to the interaction of shear and bending. The second situation is a rigid filler
plate with the hole precisely the same size as the bolt, leaving no tolerance. In this case,
the bolt will be completely restrained from bending and the behavior will be essentially
the same as two uncoupled shear connections without fillers and no reduction in strength
will be observed. The bolt hole tolerance (hole diameter minus bolt shank diameter) in
relation to the thickness of the filler plate would seem like an appropriate parameter to
capture this behavior, however, experimental evidence shows little variation between
specimens with different hole oversize. Figure 45 shows a plot of the test-to-predicted
ratios of available tests versus filler thickness, separated into single-ply standard hole,
single-ply oversize hole, multi-ply standard hole and multi-ply oversize hole. This shows
experimental evidence of little difference between standard and oversize holes, and so the
data does not exhibit a discernible trend for this factor. It is possible that the two
common tolerances, standard and oversize holes, do not differ sufficiently to affect the
strength as compared to the wide range of filler thicknesses that are being investigated.
The strength and stiffness of the filler plate may also affect the resistance to bolt bending.
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These two phenomena may be extended to the behavior of multiple ply fillers. Consider
two filler connections with the same total filler thickness. The first is made of a thick
filler and a thin filler, and the second is made of several thin fillers. For the first
connection, the portion of the bolt inside of the thick filler will be restrained against
bending while the portion of the bolt inside the thin filler will not. The behavior of such a
connection would likely be much like two uncoupled shear connections (one with a
filler). For the second connection, since the filler plates are able to move relative to each
other, no part of the bolt will be restrained against bolt bending and it will behave as
though there were one filler with a larger hole. As a result, if a small filler needs to be
added for fit up in the field, this model does not predict a large reduction in shear strength
since this situation would likely be more like the case of thick filler and thin filler. Figure
45 shows more significant differences between single ply and multiple ply fillers. The
multiple ply tests shown at filler thickness of 3.75 in. consisted of a 3.5 in. plate and 0.25
in. plate, as opposed to the other multiple ply tests, which had equal plate thicknesses.

Many of the specimens achieved shear strengths greater than predicted from simple shear
tests of the individual bolts (i.e., a test-to-predicted ratio greater than unity); this indicates
that additional mechanisms are in effect. One possible mechanism is additional resistance
provided by friction when the filler plate is jammed between the splice plate and top
column due to moments applied by the bolts. Figure 47(b) shows a free body diagram of
the filler plate. Each bolt applies a pair of equal (for undeveloped fillers) and opposite
forces to the filler. To maintain equilibrium, an equivalent couple is generated by the
filler plate bearing on the top column and splice plate. This bearing pressure causes a
frictional resistance that would be additive to the shear resistance of the bolts. To gain a
sense of the magnitude of this effect, several approximations are made. The applied force
is assumed to transfer through the filler plate by a couple applied by each bolt with a
lever arm 90% of the thickness of the filler. The bolts are assumed to have lost all
pretension at shear failure. The bearing pressure is only compressive and varies linearly
along the height of the specimen (Figure 47). The additional frictional resistance is then
computed in Equation (10), where Pgpear is sum of the bolt shear strengths, tijer is the
thickness of the filler and hgjer is the height of the filler.

(2sides) (12bolts / side)P,
24bolts
I:)slip max ,UN =H
: 2
5 hfiller

near j (Ogt filler)

_ tfiIIer
P =1.354 P

slip,max shear

(10)

filler

P

total —

P

slip,max

+P.

shear

tfiIIer
= (1+1.354—0)P

shear
filler

The additional strength for the 159 and 455 specimens using these approximations are
presented in Table 20. The 159 TN single-ply specimens achieved an average ultimate
strength 10% higher than the predicted shear strength (see Table 10), whereas this
additional friction mechanism predicts an ultimate strength 7% greater than predicted the
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shear strength. The additional strength is predicted to be 3% for the 455 specimens.
Disassembly of the specimens revealed increased plate damage near the top and bottom
of the filler plates, often with large ridges where the edge of the filler plate met the plate,
which was greater for the 159 specimens compared to the 455 specimen.

Table 20 — Induced slip resistance at ultimate failure

Specimen titter Pfitter Ptotal
159f, 159h, 159n1, 159n2, 33/4in. 36 in. 1.07 Pspear
159n-1ply1, 159n-2ply?2
159f-weld, 159h-weld 3 3/4in. 21in. 1.11 Pgpear
455f, 455h, 455n1, 455n2 15/8in. 29 in. 1.03 Pspear
! Excluding TC bolt specimens

Due to the complex, indeterminate nature of this problem and the simple parameters used
to capture this behavior, it is difficult to characterize these mechanisms further through
simple equations. However, this research provides available experimental data such as in
Figure 45, where a clear trend in the data is seen, with the bolt shear strength first
reducing with thickness, and then increasing. To capture this behavior most
comprehensively through a parametric study, nonlinear finite element analyses are
recommended.

Figure 46 — Specimen bolt deformation (730-over, 159n1, and 455n1)
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Figure 47 — Shear mechanism: (a) deformation modes; (b) filler free body diagram

4.5 Development

A direct comparison between different levels of development in bolted connections is
seen in the specimens with a W14x455 top column. In this series of specimens, the effect
of development on the bolt shear strength is clear. The fully developed specimen, 455f,
achieved 99% of its predicted shear strength while the less than fully developed
specimens, 455n1, 455n2, and 455h, achieved 90%, 92% and 90% of their predicted
shear strengths. This data indicates that a connection with developed fillers may not
suffer the same detrimental effects in shear as one with undeveloped fillers. The similar
series of tests with a W14x159 top column all achieved higher than predicted shear
strengths, limiting the applicability of a comparison based on development. It is seen in
Table 11 that specimens 159f, 159h, 159f-weld, and 159h-weld achieved slightly higher
shear strengths than specimens 159n1 and 159n2. However, specimens 159n-2ply1l and
159n-2ply2 achieved higher shear strengths than specimen 159f and comparable strengths
to specimen 159h. The specimens with TC bolts did not fail in shear, as noted earlier.
The beneficial effects of development are thus modest for the 159 specimens.

To examine the effect of development further, one can consider an undeveloped or
partially developed filler connection as fully developed for a fewer number of bolts. For
this analysis, the bolts are considered to be separated into those that resist shear and those
that develop the filler. The total number of bolts remains the same; however, using
common terminology, there are fewer bolts in the connection (those that resist shear).
The number of bolts that are assumed to resist shear (those “in the connection” or
“effectively fully developed”) are less than the total number of bolts by the number of
bolts required to fully develop the bolts that resist shear. This is analogous to the third
option provided to designers in Section J5 of AISC (2005), where the size of the joint
may be extended to accommodate the number of bolts required to develop the filler. The
number of bolts effectively fully developed can be calculated as follows: full
development is achieved when the strength of the connection of the filler extension to the
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connected element is sufficient to uniformly distribute the total force across the combined
cross section, satisfying Equation (11).

Afill

Afill + Aconnected element

R R (11)

u,development u,connection

If the width of the fill and connected element are the same, as they are for all tests
considered, then thicknesses may be used:

1:fiII

Ru,development,effective = t +t Ru,connection (12)
fill connected element
P _ 1:fill
Defining p=——2 (13)
1:connected element
R - P R (14)

u,development,effective 1 u,connection
+p

Defining %EFD as the percentage of bolts in the undeveloped, partially developed, or
fully developed filler connection that are considered to resist shear when the connection
is considered fully developed, i.e., effectively fully developed, we obtain:

(1-%EFD)R +R =1L%EFD R

+p

u,connection (15)

u,development, provided u,connection

The first term on the left side of Equation (15) represents the portion of total number of
bolts assumed to be development bolts. The second term on the left side represents the
strength of the bolts provided to explicitly develop the filler; this term is for specimens
with bolts, or other means of development, between the filler extension and connected
element. Together, the two terms on the left side provide an alternative representation of
the left side of Equation (14). The term on the right side of Equation (15) follows from
the right side of Equation (14), but now with only the effectively fully developed bolts
(%EFD Ry connection) contributing to the connection strength. Solving for %EFD,

R )
%EFED = 11+2p {14_ u,deI;elopment,prowded ] (16)
+2p

u,connection

The limits of this equation are logical: when p approaches zero, i.e., very thin fillers,
nearly no bolts are required to develop the filler, i.e., %EFD approaches 1for
undeveloped fillers. When p approaches infinity, i.e., very thick fillers, the same number
of bolts are required to develop the filler as in the joint, i.e., %EFD approaches 0.5 for
undeveloped fillers. Table 5 provides the effective number of developed bolts for the
sixteen specimens based on the specimen dimensions. For the fully developed
connections (Table 5), %EFD approaches unity.
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This analysis has been formulated such that multiplying the predicted slip and shear
strengths of the undeveloped, partially developed, or fully developed filler connections
by %EFD would result in predicted values of the effectively fully developed connection.
The strength is reduced due to the allocation of some of the connection strength towards
connection development. Test-to-predicted ratios using predictions based on effectively
fully developed strengths are plotted in Figure 48 , Figure 49 and Figure 50.

The shear strength test-to-predicted ratios based on the effectively fully developed
prediction, shown in Figure 48, indicate that if the connection is fully developed by
extending the joint, the test-to-predicted ratio is always greater than unity. This indicates
that the detrimental effects of fillers on shear strength are mitigated by developing the
filler and extending the connection to include the development bolts. The shear strength
test-to-predicted ratios increase with filler thickness in Figure 48 because as the filler
thickness is increased, the number development bolts increases. These bolts likely offer
shear resistance that is conservatively neglected in the predicted strength.

The slip strength test-to-predicted ratios based on the effectively fully developed
prediction, shown in Figure 49, indicate that if the specimen is fully developed by
extending the joint, the test-to-predicted ratio is larger than if the specimen is assumed to
be undeveloped (e.g., with values calculated as in Figure 38), but still with significant
scatter and many values less than unity. This indicates that the detrimental effects of
fillers on slip strength are not entirety mitigated by developing the filler and extending
the connection to include the development bolts.

Following the statistical argument presented in Section 4.3 and Appendix D, there is
evidence that development of the filler should reduce the likelihood of slip of the faying
surface between the filler and connecting element because of the additional pretension
from the development bolts and thus increase the statistically expected slip strength of the
connection above that of an undeveloped connection. However, since the possibility still
exists, although less likely, that slip may occur between the filler and connecting element,
the statistically expected slip strength of the connection is less than that of a equivalent
connection without fills.
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Figure 48 — Shear strength test-to-predicted ratio vs. fill thickness for effectively
developed bolts. a) Frank & Yura, and Borello, Denavit & Hajjar. b) Frank &
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Alternately, extending the connection to accommodate the development bolts reduces the
likelihood of slip on all surfaces, making it possible to entirely mitigate the detrimental
effects of multiple possible slip surfaces. However, the increase in expected slip strength
is primarily dependent on the number of additional bolts. The number of additional bolts
required to develop a connection is dependent on the thickness of the filler. The reduction
of slip strength appears to be dependent on the number of plies and not the thickness of
the filler. Therefore, the number of additional bolts needed to entirely mitigate the
detrimental effects of multiple possible slip surfaces may exceed the number of additional
bolts needed to develop the filler. This topic is discussed further in Appendix D. It is
important to note that the slip strength is most detrimentally affected by multiple-ply
fillers, for which there are no studies involving multiple-ply developed fillers.
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Chapter 5

CONCLUSIONS

The research presented in this report, augmented by previous studies from the literature,
demonstrate definitive trends regarding the influence of filler plates on the slip and shear
strengths of bolted connections. The research presented in this report explores the
influence of developing the connection for a variety of configurations. A summary of the
results and conclusions are included below.

5.1 Slip

The connections tested in this work generally provided excellent resistance to slip, with
only three failing below the predicted value, and with two of those having test-to-
predicted ratios above 0.93. When combined with assessment of experiments reported in
the literature on the behavior of connections with fillers, the slip strength is seen to
generally be reduced by the introduction of filler plates, independent of filler thickness
and hole size. According to a statistical analysis of the data, the slip strength reduction is
related to the number of plies (assuming the fabrication adequately pretensions the bolts).
Possible reduction factors are proposed that account for these trends in the data. The
reduction for single ply filler plates is modest and may possibly be neglected. There is
also some evidence that developing the filler increases the slip strength on the developed
faying surface, thus reducing the effects of having one or more plies (Appendix D).

For connections with filler plates, the bolt hole oversize does not affect the slip strength
of the connection. Therefore there is no evidence to support the reduction for oversize
holes based on experimental data. However, the detrimental effect to the stability of the
structure caused by slip with oversize holes may warrant a more cautious treatment in
design than for connections with standard holes (e.g., by designing slip-critical
connections to have a lower reliability against slip than for connections with standard
holes).

5.2 Shear

The shear strength exhibited in these connections was consistently larger than the slip
strength, and was larger than the predicted value for all but four of the specimens. Those
four specimens all had test-to-predicted ratios larger than 0.90. The specimens never
failed in bolt shear immediately after bolt slip (other than an occasional premature bolt
failure), despite potentially large dynamic effects during slip; rather, the specimens took
on significant additional load prior to bolt shear failure. Bolt shear failure was dynamic
and accompanied by several of the bolts exiting the holes with significant velocity.

The shear strength of a connection is influenced by the introduction of filler plates. The
filler plate separates the splice plate and column shear planes and introduces bending into
the bolt. The interaction of shear and bending reduces the shear strength of the bolt. The
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bolt bending increases with the thickness of the filler. Additional clamping force is also
induced by the reaction of the bolt onto the filler, proportional to the filler thickness,
which tends to increase the bolt shear strength of the connection. These two mechanisms
offset each other and the shear strength is initially reduced with increasing thickness in
relatively thin fillers, and then increases in strength for thicker fillers. Reduction
formulas are proposed to account for these trends in the data.

Multiple ply fillers also introduce more bolt bending than single ply fillers, although a
thick and thin ply filler will behave similar to a single ply thick filler. Additional
reductions for multiple plies are presented in this work, although the values are such that
they become significant only for connections with four fillers or more per side of the
connection, which are rare.

5.3 Development

In this work, a developed filler plate is seen to act quite integrally with the member to
which it is connected. Developing or extending the connection helps to mitigate
reductions both in slip strength due to multiple plies or in shear strength due to thick
fillers or multiple plies. However, for assessment of slip in particular, the evidence is a
less definitive, because an inadequate number of tests have been completed, for example
for investigation of slip strength with multi-ply specimens that are developed and also
since the number additional bolts provided by developing the connection depends on the
size of the filler. Specimens with filler plates welded to the columns also performed well.

This research also shows that undeveloped connections generally perform well both for
bolt slip and for bolt shear. Reduction formulas and associated statistical assessment are
presented to account for the effect of the number of plies on the slip strength and the filler
thickness on the shear strength for cases where the connection is not developed.
Assessment of the undeveloped connections as effectively developing a reduced number
of bolts also shows that extending the connection works well to ensure the predicted slip
and shear strengths are reached in the connection.

5.4 Recommended Design Provisions

In light of the findings of this study, the following recommendations are made for the
design of bolted connections with fillers, based on current provisions in Section J5 AISC
(2005).

When a bolt that carries load passes through fillers, one of the following requirements
shall apply for a slip-critical connection. The connection shall also be checked in bearing
as per the provisions below for bearing-type connections.

1) The joint shall be designed to prevent slip in accordance with Section J3.8, using
the slip strength reduction values listed below for connections with one or more
filler plates (plies).
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Number of Plies on Reduction
One Side of
. Factor

Connection

0 1.0

1 0.90?

2 0.80

3 0.70

% A reduction factor of 1.0 may be adequate for design.

Note: As the mean value of the test-to-predicted ratios for specimens with
one ply on each side was approximately 1.0 for the data of Lee and Fisher
(1968), Frank and Yura (1981), and this work, the reduction factor for
connections with one filler on each side may be taken as 1.0. Inclusion of
the data from Dusicka and Lewis (2007) suggests a reduction factor
instead of 0.90.

2) The fillers shall be extended beyond the joint and the filler extension shall be
secured with enough bolts to uniformly distribute the total force in the connected
element over the combined cross section of the connected element and the fillers;

3) The size of the joint shall be increased to accommodate a number of bolts that is
equivalent to the total number required in (2) above.

When a bolt that carries load passes through fillers that are equal to or less than Y% in. (6
mm) thick, the shear strength shall be used without reduction. When a bolt that carries
load passes through fillers that are greater than ¥ in. (6 mm) thick, one of the following
requirements shall apply for a bearing-type connection:

1) For a bearing type connection, the shear strength of the bolts shall be multiplied
by

k=1-0.13t >0.87

Note: Rounded values for this equation may be used with little loss of
accuracy:

k=1-0.15t > 0.85

The formula may also be adjusted such that it is applicable only for fillers
greater than or equal to 0.25 in. As an alternative, this research has
shown that the bolt shear strength reduction formulation in AISC (2005)
may be extended to fillers great than 0.75 in. thick and may be capped at a
minimum value of 0.85 with little loss of accuracy.

These proposed provisions are based on results of bolt shear strength
failures, in which significant connection deformation with oversized holes
occurred prior to deformation. The current AISC (2005) equation is
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based on achieving a maximum connection deformation of 0.25 in.;
however, this limit is not pragmatic for connections with oversized holes.

An additional reduction may also be considered if the filler is comprised
of more than four plies. Reduction values obtained in this research are

listed below.
Number | Reduction
of Plies Factor
2 0.95?
3 0.95%
4 0.80

# A reduction factor of 1.0 may be adequate for design.

However, as a reduction factor of 1.0 may be adequate for design with 2
and 3 plies, and using 4 plies is rare, this reduction is probably not needed
in design provisions.

2) The fillers shall be extended beyond the joint and the filler extension shall be
secured with enough bolts to uniformly distribute the total force in the connected
element over the combined cross section of the connected element and the fillers;

3) The size of the joint shall be increased to accommodate a number of bolts that is
equivalent to the total number required in (2) above.

Using the ASD approach, the slip-critical strength for connections with single-ply fillers
based on these design recommendations is approximately 11% lower than the 1989
Specification for standard and oversized holes (assuming no reduction for single-ply
fillers). The 2005 Specification slip-critical strength was 24% lower for oversized holes
than the 1989 Specification. The increase in slip-critical strength in these recommended
provisions is due to the elimination of the hole factor (assuming no filler reduction for
single-ply fillers). For connections with multiple-ply fillers, additional reduction is
recommended.

5.5 Recommendations for Future Work

Two directions are recommended for future research. First, it is recommended that
additional full-scale testing be conducted. High priority specimens are those with
standard holes and those with fully-developed connections with multiple plies. In
particular, the following specimens are suggested: 455n-std, 159n-std, 159f-2plyl and
159f-2ply2, (following the same naming convention as the completed tests). The first two
specimens would allow a direct comparison to the behavior of the specimens already
tested and provide unique experimental data on full-scale bolted filler connections with
standard holes. The last two specimens would be show the effect of development on
multi-ply fillers, which has not been explored in previous studies. Since bearing-type
connections are allowed only with standard holes, these tests would explore predicted
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behavior based on the first three options in section J5 of AISC (2005). In addition,
research on long-slotted holes should be conducted, as should snug-tight bearing
connections with oversized holes to ensure that residual effects of bolt pretension did not
contribute extensively to the high test-to-predicted ratios of the 159 specimens in bolt
shear. Second is conducting a parametric study of connection behavior using nonlinear
continuum finite element analysis of bolted connections with fillers. This would allow for
modeling of connections with various filler thicknesses, material strengths, hole
diameters, numbers of plies, and levels of development. It would also enable
investigation of the failure mechanisms in these connections without the simplifying
assumptions that are needed for simpler mechanism analyses such as those presented in
this study.
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Appendix A

CALCULATION OF NOMINAL, DESIGN, AND

PREDICTED STRENGTHS

A.1 General Information

This appendix presents the calculations for the test specimens investigated in this
research. Calculations are shown in detail for specimen 159h unless otherwise specified.
Tabular results are then presented for al specimens based on similar calculations to those
shown. Pertinent information about these cal culations includes:

Each limit state is calculated as if it were the first limit state. For example, bolt
dip is calculated both for the interface between the splice plate and a developed
filler and between a developed filler and the top column, both calculations
assuming the same bolt pretension. However, it is recognized that after the initial
slip occurs, the bolt pretension may change and thus influence the slip strength of
the second dip surface. These sequential effects are not included in the
calculations.

All rolled shapes were specified as ASTM A992 stedl.

o0 Nomina and measured strengths based on mill reports are summarized in
TableA.l.

All plateswere ASTM A572/50 steel.

o0 Nomina and measured strengths based on mill reports are summarized in
TableA.2.

All weldswere 70 ksi. Ancillary tests of the weld material were not conducted.
All boltswere 1 1/8 in. A490-X.

0 Nomina and measured strengths based on ancillary reports are
summarized in Table A.3.

Specimen 730-std had standard size bolt holes. All other specimens had oversize
bolt holes.

The measured slip coefficient was 0.46 based on ancillary tests.

Diameter of bolt: dpore =1%in
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Diameter of standard bolt hole:
Aot = oot + ¥sin=1%in+ ¥cin =1%5in
Diameter of oversize bolt hole:
Aiote = Ayt + A6in =1%in+ Hgin =17%in

Areaof bolt:

Minimum edge distance to sheared edge:

Minimum edge distance to rolled edge:

A

T 2
:—d =
4P

%(1.125in)2 = 0.994in?

e=2in+%in=2%in

e =1%in+ Yin=1%in

Table A.1 — Specimen column properties

_ Heat Yield Ultimate

Column Hole Size Strength Strength
Number . .
(ksi) (ksi)

Top Columns
W14x730 Standard 40694 71 91
W14x730 Oversize 27725 60 82
W14x455 Oversize 24788 65 82
W14x159 Oversize 287830 56 73
Bottom Columns

W14x730 Standard 40694 71 91
27723 60 82
. 27725 60 82
W14x730 Oversize 57726 61 81
41099 70 89

Table A.2 — Specimen plate properties

Plate Thickness (in) | Heat ID Yield St_rength Ultimate _Strength
(ksi) (ksi)
14 533713 53 75
1-5/8 3105972 58 84
5 7102887 59 82
7102892 53 82
3-1/2 307461 50 71
3-3/4 S07446 51 74
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Table A.3 — Summary of measured bolt properties

Tension- Tension-
Bolt Property Turn-of-nut Turn-of-nut controlled controlled
7 in. Length 9in. Length 7 in. Length 9in. Length
Ty, Prgtensmn 113 115 9 %
(Kips)
F., Shear
Strength (ksi) 102 %9 104 108
F., Tensile
Strength (ksi) 160 168 172 180

A.2 Design Criteria

There are currently two design methodologies in the 2005 AISC Specification; Allowable
Strength Design (ASD) and Load and Resistance Factor Design (LRFD). The strength of
connections in the 2005 AISC Specification compared to the 1989 AISC ASD
Specification differs, as discussed in Section 1 of this report.

The hole factor present in dlip strength calculations for AISC (2005) is areduction due to
the increased repercussions associated with dip of an oversize hole compared to a
standard hole. It is not representative of an expected strength reduction. Therefore a
value of 1.0 is used for the hole factor in al of the AISC (2005) calculations (expected
dlip strength with the hole factor may be obtained by multiplying all AISC (2005) values
by 0.85). However, the alowable dip stress for oversized holes in the calculations for
the 1989 ASD Specification is what was used historicaly from those provisions and is
thus used in the calculations below. That value, F, = 29 ks, is approximately equal to
0.85 times the allowable dlip stress for standard holes.

For each limit state, the design strength is calculated using 2005 AISC LRFD and 2005
AISC ASD provisions assuming nominal material properties. For key limit states (i.e.,
dip and shear strengths) 1989 AISC ASD strengths are also cal culated assuming nominal
material properties. The predicted strengths are determined using measured material
properties and 2005 AISC design equations without a resistance factor or safety factor
reduction.

A.3 Design Slip Strength

Design slip strength between filler plate and splice plate

Six rows of 2 bolts for each flange, total of 24 bolts for dlip resistance.

AISC 2005 Equation 33-4: R, = uD h T N,

u"'sc

1 =0.50 (Class B Surface)
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D, =1.13
h,, =1 (0.85 neglected)

T, = 80k
N, =1
Resistance of asinglebolt: R = (0.50)(1.13)(2)(80k)(1) = 45.2k
Resistance of all bolts: R, = 24R,; = 24(45.2k) =1084.8k
2005 LRFD Strength: #R, =0.85R, = 0.85(1084.8k) = 922k
2005 ASD Strength: R%z -1084.8k/"_ - 616k
AISC 1989 ASD Section J3.4: R, = F, A
RCSC 1989 Table 3: F, = 29.0ksi (Oversize holes)
Resistance of asinglebolt: R, = (29ksi)(0.994in%) = 28.8k
1989 ASD Strength: R, =24R = 24(28.8k) = 692k

Design slip strength between filler plate and top column
Eight rows of 2 bolts for each flange, total of 32 bolts for dlip resistance.

AISC 2005 Equation J3-4: R, = uD h T, N,

u-"'sc

1 =0.50 (Class B Surface)
D,=113
h,, =1 (0.85 neglected)
T, = 80k
N, =1
Resistance of asinglebolt:  R,; =(0.50)(1.13)(1)(80k)(1) = 45.2k
Resistance of all bolts: R, =32R,; = 32(45.2k) = 1446k

n

2005 LRFD Strength: #R, =0.85R = 0.85(1446k) = 1229k

2005 ASD Strength: R%z = 1446k =822k

AISC 1989 ASD Section J3.4: R, = F,A

RCSC 1989 Table 3: F, = 29.0ksi (Oversize holes)
Resistance of asinglebolt: R = (29ksi)(0.994in%) = 28.8k

1989 ASD Strength: R, =32R,; =32(28.8k) = 922k

Design slip strength between splice plate and bottom column

Eight rows of 4 bolts for each flange, total of 64 bolts for dlip resistance.

AISC 2005 Equation J3-4: R, = uD h, T, N,

u"'sc

1 =0.50 (Class B Surface)
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D, =1.13
h,, =1 (0.85 neglected)

T, = 80k
N, =1
Resistance of asinglebolt: R = (0.50)(1.13)(2)(80k)(1) = 45.2k
Resistance of all bolts: R, =64R,; = 64(45.2k) = 2893k
2005 LRFD Strength: #R, =0.85R, = 0.85(2893k) = 2459k
2005 ASD Strength: R%z - 2893/’ 1644k
AISC 1989 ASD Section J3.4: R, = F, A
RCSC 1989 Table 3: F, = 29.0ksi (Oversize holes)
Resistance of asinglebolt: R, = (29ksi)(0.994in%) = 28.8k
1989 ASD Strength: R, =64R; = 64(28.8k) = 1845k

A.4 Design Shear Strength

Design bolt shear strength between filler plate and splice plate

Six rows of 2 boltsfor each flange, total of 24 bolts for shear resistance.

Nominal shear strength: F, = 75ksi

Resistance of asinglebolt: R, =F, A =F,, Zd? = (75ksi) £ (1%")* = 74.6k
Resistance of all bolts: R, =24R,; = 24(74.6k) =1789K

2005 LRFD Strength: #R. =0.75R =0.75(1789K) = 1342k

2005 ASD Strength: R%z =178%/ =895k

AISC 1989 ASD Section J3.4: R, =F,A

AISC 1989 ASD Table J3.2: F, = 40.0ksi

Resistance of asinglebolt: R, = (40ksi)(0.994in%) = 39.76k
1989 ASD Strength: R, = 24R . = 24(39.76k) = 954k

Design bolt shear strength between filler plate and top column

Eight rows of 2 bolts for each flange, total of 32 bolts for shear resistance.

Nominal shear strength: F,, = 75ksi
Resistance of asinglebolt: R, = F, A, =F,, Z2d* = (75ksi) £ (1%")* = 74.6k
Resistance of all bolts: R, =32R,; = 32(74.6k) = 2386k
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2005 LRFD Strength: ¢R, =0.75R, = 0.75(2386k) =1789k

: R,/ _2386k/ _
2005 ASD Strength: %2 = /2_0 =1193k
AISC 1989 ASD Section J3.4: R.=FA

AISC 1989 ASD Table J3.2: F, = 40.0ksi
Resistance of asinglebolt: R, = (40ksi)(0.994in*) = 39.76k
1989 ASD Strength: R, =32R,; =32(39.76k) =1272k

Design bolt shear strength between splice plate and bottom column
Eight rows of 2 bolts for each flange, total of 32 bolts for shear resistance.

Nominal shear strength: F, = 75ksi

Resistance of asinglebolt: R, =F, A =F,, Zd? = (75ksi) £ (1%")* = 74.6k
Resistance of all bolts: R, =64R,; = 64(74.6k) = 4771k

2005 LRFD Strength: #R. =0.75R. =0.75(4771K) = 3578k

2005 ASD Strength: R%z = 4771/ = 2386k

AISC 1989 ASD Section J3.4: R, =F,A,

AISC 1989 ASD Table J3.2: F, = 40.0ksi
Resistance of asinglebolt: R, = (40ksi)(0.994in*) = 39.76k
1989 ASD Strength: R, =64R . = 64(39.76k) = 2545k

A.5 Design Strength of Connected Elements

Strength of splice plate in compression

Yield strength: F, = 50ksi

Ultimate strength: F, = 65ksi

Width of plate: W:16%in

Unsupported length: L = edgedist.+ gap + edge dist
L=(2%")+B%")+(2%")=7%in

Splice plate thickness: t=2in

Radius of gyration: r= bt3/ 12 = y =0.2887t = 0.2887(2") = 0.577in

\' bt J12

If pinned-pinned is assumed: K% = (1'0)(7%%) 5777 =1343

I fixed-fixed isassumed: KL/ = (0-65)(7%%) 577 =873
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Either case: KLA<25 - P =FA

Gross area of one plate: A, =bt =(163,")(2") =33.50in’

Nominal strength of one plate: B, = F A, = (50ksi)(33.50in?) = 1675k

Nominal strength of two plates: P, = 2(1675k) = 3350k (3306k if one uses Eq. E3-2)

2005 LRFD Strength: ¢P, =0.9(3350k) = 3015k (2975k if one uses Eq. E3-2)
2005 ASD Strength: P%z = 3350k | 7= 2006k (1980k if one uses E. E3-2)

Yield strength of splice plate

Gross area Ay =bt = (163,")(2") = 33.50in?
Nominal strength of one plate: Po=FA = (50ksi)(33.50in?) = 1675k
Nominal strength of two plates: P, = 2(1675k) = 3350k

2005 LRFD Strength: #P, =0.9(3350k) = 3015k

2005 ASD Strength: P%z = 3350k’ — 2006k

Fracture of net area of splice plate (calculated as if in tension)

Two oversize holesfor 1 1/8"" bolts

Net area: A, =t(w—2d,e) = (2")(163,"-2(1745")) = 27.75in
Nominal strength of one plate: P,=FA = (65ksi)(27.75in%) = 1804k

Nominal strength of two plates: P, = 2(1804k) = 3607k

2005 LRFD Strength: #P, =0.75(3607k) = 2706k

2005 ASD Strength: P%) = 3607k// ' ~1804k

Yield strength of W14x159 cross section

Nominal strength of flange: P,=FA, = (50ksi)(46.7in2) = 2335k
2005 LRFD Strength: #P. = 0.9(2335k) = 2101k
2005 ASD Strength: P%z = 2335/’ 1308k

Fracture on net area strength of W14x159 cross section (calculated as if in tension)

Two oversize holesfor 1 /8"’ bolts
Column flange thickness t; =1.19"

Net area A, = Ay =2(2dyq )t; =(46.7in%) - 2(2) (1%,in ) (1.19in) = 39.86in”
Nominal strength: P, = F,A, = F,AU = (65ksi)(39.86in° ) (0.85estimate]) = 2202k
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2005 LRFD Strength: #P. = 0.75(2202k) = 1652k
2005 ASD Strength: P%z =220/ |~ 1101k

Bearing strength on splice plate on W14x159 side

4 Bolts

Large clear distance: L, =big

Resistance of asingle bolt: R, =1.2L.tF, < 2.4dtF,
R, =1.2(big)(2")(65ksi) < 2.4(1%")(2")(65ksi)
R, = big < 351.0k = 351.0k

20 Bolts

Clear distance: L. =(3%") —dpge = (33%") — (17%46") =1.938in

Resistance of asingle bolt R, =1.2LtF, <2.4dtF,
Ry =1.2(1.938")(2")(65ksi) < 2.4(1%4")(2")(65ksi)
R, =302.3<351.0k = 302.3k

Total resistance: R, = 4(351.0k) + 20(302.3k) = 7450k

2005 LRFD Strength: ¢R, = 0.75R,, = 0.75(7450k) = 5588k

2005 ASD Strength: R%) = 7450k / | = 3725k

Bearing strength on W14x159 column flange

Column flange thickness t; =1.19in

4 Bolts

Large clear distance: L. =big

Resistance of asinglebolt: R, =1.2L tF, < 2.4dtF,
R, =1.2(big)(1.19")(65ksi) < 2.4(1%4")(1.19")(65ksi)
R, = big <208.8k = 208.8k

4 Bolts
Clear distance: L. =(43") —dpoe = (43" - (1%5") = 3.1875in
Resistance of asinglebolt: R, =1.2LtF, < 2.4dtF,
R, =1.2(3.1875")(1.19")(65ksi) < 2.4(1%")(1.19")(65ksi)
R, =295.9< 208.8k = 208.8k

24 Bolts

Clear distance: L. =(33%") —dpge = (33%") — (1745") =1.938in
Resistance of asinglebolt: R, =1.2L tF, < 2.4dtF,
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R,; =1.2(1.938")(1.19")(65ksi) < 2.4(1%")(1.19")(65Ksi)
R, =179.9 < 208.8k =179.9k

Total resistance: R, = 4(208.8K) + 4(208.8k) + 24(179.9k) = 5988k
2005 LRFD Strength: R, =0.75R, = 0.75(5988K) = 4491k
2005 ASD Strength: R%) = 5988/ - 2004k

A.6 Predicted Strength

The ancillary tests revealed that the nominal strengths differ from the actual properties.
The predicted dlip strength is based on the ancillary slip coefficient for the surfaces used
in the specimens. The bolt properties dso were derived from the ancillary tests. The
plate and shape properties were taken from mill certificates.

Predicted slip strength between filler plate and splice plate

Six rowsof two 9 in. TN bolts for each flange, total of 24 bolts for slip resistance.

Measured bolt pretension: T, =115k

Measured dlip coefficient: ¢ =0.46

Resistance of single bolt: R, = 4T, =(0.46)(115k) = 52.9k
Predicted TN dlip strength: R, = 24R,; = (24)(52.9k) = 1270k

Predicted slip strength between filler plate and top column

Six rows of two 9 in. TN bolts for each flange, twenty-four 9 in. bolts for slip resistance.
Two rows of two 7 in. TN boltsfor each flange, eight 7 in. bolts for slip resistance.
32 total bolts for dlip resistance

Measured bolt pretension: Ty i, =115k
Ty gin =113k
Measured dlip coefficient: 1« =0.46
Resistance of single bolt: Rui gin = 4Ty gin = (0.46)(115k) = 52.9k
Rui 7in = 4Ty 7in = (0.46)(113k) = 52.0k
Predicted TN dip strength: R = 24R,; i, +8R; 7in = (24)(52.9K) + (8)(52.0k ) = 1686k
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Predicted slip strength between splice plate and bottom column

Eight rows of four 9 in. TN bolts for each flange, total of 64 bolts for slip resistance.

Measured bolt pretension: T, =115k

Measured dlip coefficient: 1« =0.46

Resistance of single bolt: R, = 1T, = (0.46)(115k) = 52.9k
Predicted TN dlip strength: R, =64R; = (64)(52.9k) = 3386k

Predicted bolt shear strength between filler plate and splice plate

Six rows of two 9 in. TN bolts for each flange, total of 24 bolts for shear resistance.

Nominal shear strength: F,, =102.5ksi
Resistance of asinglebolt: R, = F, A, = F,, Z2d?* = (102.5ksi) Z (L} in)* = 101.8k

n 4

Predicted TN shear strength: R, = 24R,; = 24(101.8k) = 2444k

Predicted bolt shear strength between filler plate and splice plate

Six rows of two 9 in. TN bolts for each flange, twenty-four 9 in. bolts for shear
resistance.

Two rows of two 7 in. TN bolts for each flange, eight 7 in. bolts for shear resistance.

Total of 32 bolts for shear resistance

Nominal shear strength: Fov.oin =102.5Ksi
Fov 7in = 99.5Ksi
Resistance of asingle bolt:
Ruigin = Fvoin® = Fvein 2 0% = (102.5ksi) £ (1%;in)? =101.8k
Ry 7in = Fav.zin = Fay.7in 202 = (99.5ksi) £ (1% in)* = 98.9k

Predicted TN shear strength: R = 24R ; g, +8R; 7in = 24(101.8k) +8(98.9k)) = 3234k

Predicted bolt shear strength between filler plate and splice plate
Eight rows of four 9in. TN bolts for each flange, total of 64 bolts for shear resistance.

Nominal shear strength: F,, =102.5ksi
Resistance of asinglebolt: R, = F, A, =F,, Z2d?* = (102.5ksi) Z (L} in)* = 101.8k

n 4

Predicted TN shear strength: R, = 64R,; = 64(101.8k) = 6515k
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Strength of splice plate in compression

Yield strength: F, = 56ksi

Ultimate strength: F, =82ksi

Width of plate: W=16%in

Unsupported length: L = edgedist.+ gap + edge dist

L=2%")+@¥%")+(2%")=7%in

Splice plate thickness: t=2in

Radius of gyration: r= bt¥12 _yy 0.2887t = 0.2887(2") = 0.577in
- TR ARt -

If pinned-pinned is assumed: K% _ 1073 (05777 = 1343

I fixed-fixed isassumed: KL/ = (0'65)(7%%) 577 =873

Either case: KLA<25 - P =FA

Gross area of one plate: A, =bt =(163,")(2") =33.50in’

Nominal strength of one plate: R =FA = (56ksi)(33.50in?) = 1876k

Nominal strength of two plates: P, =2(1876k) = 3752k (3697k if one uses Eq. E3-2)

2005 LRFD Strength: ¢P, =0.9(3752k) = 3377k (3327k if one uses Eq. E3-2)

2005 ASD Strength: P%z = 3752/ = 2247k (2214k if one uses Eq, E3-2)

Yield strength of splice plate

Gross area A, =bt=(163,")(2") = 33.50in?

Nominal strength of one plate: Po=FA = (56ksi)(33.50in%) = 1876k

Nominal strength of two plates: P, =2(1876k) = 3752k

2005 LRFD Strength: ¢P, = 0.9(3752k) = 3377k

2005 ASD Strength: F% = 3752/’ = 2247k

Fracture of net area of splice plate (calculated as if in tension)

Two oversize holesfor 1 1/8"" bolts

Net area: A, =t(w=2d;,.) = (2")(163,"-2(1745")) = 27.75in
Nominal strength of one plate: P,=FA = (82ksi)(27.75in?) = 2275k

Nominal strength of two plates: P, = 2(2275k) = 4551k

2005 LRFD Strength: #P, = 0.75(4551k) = 3413k

2005 ASD Strength: P%z = 4851k = 2275k
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Yield strength of W14x159 cross section

Nominal strength of flange: P,=F,A, = (56ksi)(46.7in2) = 2615k
2005 LRFD Strength: #P. = 0.9(2615k) = 2353k
2005 ASD Strength: F% = 2615/’  — 1566k

Fracture on net area strength of W14x159 cross section (calculated as if in tension)

Two oversize holesfor 1 /8"’ bolts
Column flange thickness t; =1.19"

Net area A, = Ay —2(2de )ty =(46.7in%) - 2(2) (1745in) (L.19in) = 39.86in°
Nominal strength: P, = F, A, = F, AU = (73ksi)(39.86in’ ) (0.85estimate]) = 2473k

2005 LRFD Strength: #P. = 0.75(2473K) = 1855k
2005 ASD Strength: F% = 2473% 0=1237k

Bearing strength on splice plate on W14x159 side

4 Bolts

Large clear distance: L, =big

Resistance of asingle bolt: R, =1.2LtF, < 2.4dtF,
R, =1.2(big)(2")(82ksi) < 2.4(1%")(2")(82ksi)
R, =big <442.8k = 442.8k

20 Bolts

Clear distance: L. =(3%") —dioe = (3%") — (17%45") =1.938in

Resistance of asingle bolt R, =1.2LtF, <2.4dtF,
R, =1.2(1.938")(2")(82ksi) < 2.4(1%")(2")(82ksi)
R, =381.4< 4428k =381.4k

Total resistance: R, = 4(442.8k) + 20(381.4k) = 9399

2005 LRFD Strength: ¢R, =0.75R, = 0.75(9399k) = 7049k

2005 ASD Strength: R%z = 939% 7~ 4700

Bearing strength on W14x159 column flange

Column flange thickness t; =1.19in
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4 Bolts
Large clear distance:

Resistance of asingle bolt:

4 Bolts
Clear distance:

Resistance of asingle bolt:

24 Bolts
Clear distance;

Resistance of asingle bolt:

Total resistance:
2005 LRFD Strength:

2005 ASD Strength:

L. =big

R. =12LtF, < 2.4dtF,

R, =1.2(big)(1.19")(73ksi) < 2.4(1%")(1.19")(73ksi)
R, =big < 234.5k = 234.5k

Lo =(43,") —dige = (43,") — (174") = 3.1875in

R, =1.2LtF, < 2.4dtF,

R, =1.2(3.1875")(1.19")(73ksi) < 2.4(1%")(1.19")(73ksi)
R, =332.3< 234.5k = 234.5k

L= (3%") — e = (3%") - (1%6") =1.938in

R, =1.2LtF, <2.4dtF,

R, =1.2(1.938")(1.19")(73ksi) < 2.4(1%")(1.19")(73k5i)
R, =202.0< 234.5k = 202.0k

R, = 4(234.5k) + 4(234.5k) + 24(202.0k) = 6724k
#R. =0.75R = 0.75(6724K) = 5043k

R,/ _6724k/ _

A.7 Development of the Filler Plates
According to 2005 AISC Specification Section J5 a filler is developed by securing the

filler to the connected element to uniformly distribute the total force over the combined
Cross section.

Percent Developed of the Filler Plate

Strength of developing filler: R, i.ciopment.proviges = 8 DOIS
Strength of connection: R, connection = 24 bolts
t :
Thickness ratio: p= il = 3.75!n =3.15
t 1.19in

connected element
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R )
Percent devel Oped: %dEV — u,development, provided _ 8 bOItS — 439%

u,connection 315 24 bOItS
1+p 1+3.15

Percent Developed of the Filler Plate (159f-weld)
Development achieved with 64 in. total of Yzin. fillet weld

Strength developing filler:

L 32 0.6F = (64in) 22" 0.6(70Ksi) = 950K

u,development, provided =
V2 V2

R

Strength of connection: R, conection = 24 bolts
At dip: 1bolt = 52.9k (see above)
1bolt
Ru,development,provided = 950k 52 9k = 179 bOItS

R )
%dev — u,development, provided — 179 bOItS — 983%

£ Ru connection £ 24 bolts
1+p & 1+3.15
At shear: Weld would have fractured and provide negligible resistance.
Ru,development, provided = 0 b0|tS
Ydey = Ru,development,provided _ 3 lg bolts _ 0.0%
LR ——==_ 24 bolts

1+ p u,connection 1+ 315

Percent Effectively Fully Developed

Strength developing filler: R, i eiopment, provies = 8 DOILS
Strength of connection: R, conection = 24 bolts
t .
Thickness ratio: p= il = 3.75!n =3.15
t 1.19in

connected element

Percent effectively fully developed (derivation of formula similar to that presented in the
section 4.5):
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%EED = 1+ P (1+ Ru,development,provided J _ 1+ 315 (1 8 bO'tS

= + = 75.8%
1+2p R 1+2(3.15)| " 24Dbolts

u,connection
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Calculations for Specimen(s) 730-std & 730-over

Nominal and Design Values Predicted
Pn P P2 Paliow,1989 Pn
slip between:
splice and top column 1,085 922 616 692 1,270
splice and bot. column 2,893 2,459 1,644 1,845 3,386
shear between:
splice and top column 1,789 1,342 895 954 2,445
splice and bot. column 4,771 3,578 2,386 2,545 6,521
splice in compression:
Eqg. E3-2 3,306 2,975 1,980 N/C 3,697
yield strength 3,350 3,015 2,006 N/C 3,752
fracture of net area 3,608 2,706 1,804 N/C 4,551
top column in compression:
yield strength 10,750 9,675 6,437 N/C 12,900
fracture of net area 10,319 7,739 5,159 N/C 13,018
bearing:
on splice 7,449 5,587 3,725 N/C 9,397
on top column flange 18,287 13,715 9,144 N/C 23,070

N/C = not calculated
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Calculations for Specimen(s) 159f

Nominal and Design Values Predicted
Pn P P2 Paliow,1989 Pn
slip between:
filler and splice 1,085 922 616 692 1,270
filler and top column 1,808 1,537 1,027 1,153 2,101
splice and bot. column 2,893 2,459 1,644 1,845 3,386
shear between:
filler and splice 1,789 1,342 895 954 2,445
filler and top column 2,982 2,237 1,491 1,590 4,028
splice and bot. column 4771 3,578 2,386 2,545 6,521
splice in compression:
Eqg. E3-2 3,306 2,975 1,980 N/C 3,697
yield strength 3,350 3,015 2,006 N/C 3,752
fracture of net area 3,608 2,706 1,804 N/C 4,551
top column in compression:
yield strength 2,335 2,102 1,398 N/C 2,615
fracture of net area 2,202 1,652 1,101 N/C 2,473
bearing:
on splice 7,449 5,587 3,725 N/C 9,397
on top column flange 7,426 5,569 3,713 N/C 8,340
effectively fully developed:
dip strength 1,028 874 584 655 1,203
shear strength 1,695 1,271 848 904 2,317
percent developed 87.8%
percent effectively fully developed 94.7%

N/C = not calculated
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Calculations for Specimen(s) 159h

Nominal and Design Values Predicted
Pn P P2 Paliow,1989 Pn
slip between:
filler and splice 1,085 922 616 692 1,270
filler and top column 1,446 1,229 822 922 1,685
splice and bot. column 2,893 2,459 1,644 1,845 3,386
shear between:
filler and splice 1,789 1,342 895 954 2,445
filler and top column 2,386 1,789 1,193 1,272 3,237
splice and bot. column 4771 3,578 2,386 2,545 6,521
splice in compression:
Eqg. E3-2 3,306 2,975 1,980 N/C 3,697
yield strength 3,350 3,015 2,006 N/C 3,752
fracture of net area 3,608 2,706 1,804 N/C 4551
top column in compression:
yield strength 2,335 2,102 1,398 N/C 2,615
fracture of net area 2,202 1,652 1,101 N/C 2,473
bearing:
on splice 7,449 5,587 3,725 N/C 9,397
on top column flange 5,987 4,490 2,993 N/C 6,724
effectively fully developed:
dip strength 822 699 467 524 962
shear strength 1,356 1,017 678 723 1,853
percent developed 43.9%
percent effectively fully developed 75.8%

N/C = not calculated
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Calculations for Specimen(s) 159n1, 159n2, 159n-2ply1, 159n-2ply2

Nominal and Design Values Predicted
Pn P P2 Paliow,1989 Pn
slip between:
filler and splice 1,085 922 616 692 1,270
filler and top column 1,085 922 616 692 1,270
splice and bot. column 2,893 2,459 1,644 1,845 3,386
shear between:
filler and splice 1,789 1,342 895 954 2,445
filler and top column 1,789 1,342 895 954 2,445
splice and bot. column 4771 3,578 2,386 2,545 6,521
splice in compression:
Eqg. E3-2 3,306 2,975 1,980 N/C 3,697
yield strength 3,350 3,015 2,006 N/C 3,752
fracture of net area 3,608 2,706 1,804 N/C 4,551
top column in compression:
yield strength 2,335 2,102 1,398 N/C 2,615
fracture of net area 2,202 1,652 1,101 N/C 2,473
bearing:
on splice 7,449 5,587 3,725 N/C 9,397
on top column flange 4,432 3,324 2,216 N/C 4,978
effectively fully developed:
dlip strength 617 524 350 393 722
shear strength 1,017 763 509 542 1,390
percent developed 0.0%
percent effectively fully developed 56.8%

N/C = not calculated
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Calculations for Specimen(s) 455f

Nominal and Design Values Predicted
Pn P P2 Paliow,1989 Pn
slip between:
filler and splice 1,085 922 616 692 1,270
filler and top column 1,446 1,229 822 922 1,685
splice and bot. column 2,893 2,459 1,644 1,845 3,386
shear between:
filler and splice 1,789 1,342 895 954 2,445
filler and top column 2,386 1,789 1,193 1,272 3,237
splice and bot. column 4771 3,578 2,386 2,545 6,521
splice in compression:
Eqg. E3-2 3,306 2,975 1,980 N/C 3,697
yield strength 3,350 3,015 2,006 N/C 3,752
fracture of net area 3,608 2,706 1,804 N/C 4,551
top column in compression:
yield strength 6,700 6,030 4,012 N/C 8,710
fracture of net area 6,384 4,788 3,192 N/C 8,053
bearing:
on splice 7,449 5,587 3,725 N/C 9,397
on top column flange 16,150 12,112 8,075 N/C 20,373
effectively fully developed:
dip strength 1,083 920 615 690 1,267
shear strength 1,786 1,339 893 952 2,440
percent developed 99.2%
percent effectively fully developed 99.8%

N/C = not calculated

113




Calculations for Specimen(s) 455h

Nominal and Design Values Predicted
Pn P P2 Paliow,1989 Pn
slip between:
filler and splice 1,085 922 616 692 1,270
filler and top column 1,266 1,076 719 807 1,478
splice and bot. column 2,893 2,459 1,644 1,845 3,386
shear between:
filler and splice 1,789 1,342 895 954 2,445
filler and top column 2,087 1,566 1,044 1,113 2,841
splice and bot. column 4771 3,578 2,386 2,545 6,521
splice in compression:
Eqg. E3-2 3,306 2,975 1,980 N/C 3,697
yield strength 3,350 3,015 2,006 N/C 3,752
fracture of net area 3,608 2,706 1,804 N/C 4,551
top column in compression:
yield strength 6,700 6,030 4,012 N/C 8,710
fracture of net area 6,384 4,788 3,192 N/C 8,053
bearing:
on splice 7,449 5,587 3,725 N/C 9,397
on top column flange 14,209 10,657 7,105 N/C 17,925
effectively fully developed:
dlip strength 947 805 538 604 1,109
shear strength 1,562 1,172 781 833 2,135
percent developed 49.6%
percent effectively fully developed 87.3%

N/C = not calculated
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Calculations for Specimen(s) 455n1 & 455n2

Nominal and Design Values Predicted
Pn P P2 Paliow,1989 Pn
slip between:
filler and splice 1,085 922 616 692 1,270
filler and top column 1,085 922 616 692 1,270
splice and bot. column 2,893 2,459 1,644 1,845 3,386
shear between:
filler and splice 1,789 1,342 895 954 2,445
filler and top column 1,789 1,342 895 954 2,445
splice and bot. column 4771 3,578 2,386 2,545 6,521
splice in compression:
Eqg. E3-2 3,306 2,975 1,980 N/C 3,697
yield strength 3,350 3,015 2,006 N/C 3,752
fracture of net area 3,608 2,706 1,804 N/C 4,551
top column in compression:
yield strength 6,700 6,030 4,012 N/C 8,710
fracture of net area 6,384 4,788 3,192 N/C 8,053
bearing:
on splice 7,449 5,587 3,725 N/C 9,397
on top column flange 11,956 8,967 5,978 N/C 15,083
effectively fully developed:
dip strength 812 690 461 518 950
shear strength 1,339 1,004 670 714 1,830
percent developed 0.0%
percent effectively fully developed 74.8%

N/C = not calculated
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Calculations for Specimen(s) 159h-TC

Nominal and Design Values Predicted
Pn P P2 Paliow,1989 Pn
slip between:
filler and splice 1,085 922 616 692 1,060
filler and top column 1,446 1,229 822 922 1,406
splice and bot. column 2,893 2,459 1,644 1,845 2,826
shear between:
filler and splice 1,789 1,342 895 954 2,576
filler and top column 2,386 1,789 1,193 1,272 3,404
splice and bot. column 4,771 3,578 2,386 2,545 6,871
splice in compression:
Eqg. E3-2 3,306 2,975 1,980 N/C 3,697
yield strength 3,350 3,015 2,006 N/C 3,752
fracture of net area 3,608 2,706 1,804 N/C 4,551
top column in compression:
yield strength 2,335 2,102 1,398 N/C 2,615
fracture of net area 2,202 1,652 1,101 N/C 2,473
bearing:
on splice 7,449 5,587 3,725 N/C 9,397
on top column flange 5,987 4,490 2,993 N/C 6,724
effectively fully developed:
dip strength 822 699 467 524 770
shear strength 1,356 1,017 678 723 1,953
percent developed 43.9%
percent effectively fully developed 75.8%

N/C = not calculated

116




Calculations for Specimen(s) 159n-TC

Nominal and Design Values Predicted
Pn #Pn P2 Pallow,1989 Pn
slip between:
filler and splice 1,085 922 616 692 1,060
filler and top column 1,085 922 616 692 1,060
splice and bot. column 2,893 2,459 1,644 1,845 2,826
shear between:
filler and splice 1,789 1,342 895 954 2,576
filler and top column 1,789 1,342 895 954 2,576
splice and bot. column 4,771 3,578 2,386 2,545 6,871
splice in compression:
Eqg. E3-2 3,306 2,975 1,980 N/C 3,697
yield strength 3,350 3,015 2,006 N/C 3,752
fracture of net area 3,608 2,706 1,804 N/C 4,551
top column in compression:
yield strength 2,335 2,102 1,398 N/C 2,615
fracture of net area 2,202 1,652 1,101 N/C 2,473
bearing:
on splice 7,449 5,587 3,725 N/C 9,397
on top column flange 4,432 3,324 2,216 N/C 4,978
effectively fully developed:
dlip strength 617 524 350 393 577
shear strength 1,017 763 509 542 1,465
percent developed 0.0%
percent effectively fully developed 56.8%

N/C = not calculated
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Calculations for Specimen(s) 159f-weld

Nominal and Design Values Predicted
Pn P P2 Paliow,1989 Pn
slip between:
filler and splice 1,085 922 616 692 1,270
filler and top column 2,035 2,443 1,632 1,167 2,220
splice and bot. column 2,893 2,459 1,644 1,845 3,386
shear between:
filler and splice 1,789 1,342 895 954 2,445
filler and top column 1,789 1,342 895 954 2,445
splice and bot. column 4771 3,578 2,386 2,545 6,521
splice in compression:
Eqg. E3-2 3,306 2,975 1,980 N/C 3,697
yield strength 3,350 3,015 2,006 N/C 3,752
fracture of net area 3,608 2,706 1,804 N/C 4,551
top column in compression:
yield strength 2,335 2,102 1,398 N/C 2,615
fracture of net area 2,202 1,652 1,101 N/C 2,473
bearing:
on splice 7,449 5,587 3,725 N/C 9,397
on top column flange 4,432 3,324 2,216 N/C 4,978
effectivey fully developed at slip:
dlip strength 1,078 917 613 688 1,262
shear strength 1,778 1,334 889 949 2,431
effectivey fully developed at
shear:
dlip strength 617 524 350 393 722
shear strength 1,017 763 509 542 1,390
percent developed at slip 98.6%
percent developed at shear 0.0%
percent effectively fully developed at dlip 99.4%
percent effectively fully developed at shear 56.8%

N/C = not calculated

weld strength assumed only to act in conjunction with slip strength, not shear strength
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Calculations for Specimen(s) 159h-weld

Nominal and Design Values Predicted
Pn P P2 Paliow,1989 Pn
slip between:
filler and splice 1,085 922 616 692 1,270
filler and top column 1,567 1,694 1,132 933 1,752
splice and bot. column 2,893 2,459 1,644 1,845 3,386
shear between:
filler and splice 1,789 1,342 895 954 2,445
filler and top column 1,789 1,342 895 954 2,445
splice and bot. column 4771 3,578 2,386 2,545 6,521
splice in compression:
Eqg. E3-2 3,306 2,975 1,980 N/C 3,697
yield strength 3,350 3,015 2,006 N/C 3,752
fracture of net area 3,608 2,706 1,804 N/C 4,551
top column in compression:
yield strength 2,335 2,102 1,398 N/C 2,615
fracture of net area 2,202 1,652 1,101 N/C 2,473
bearing:
on splice 7,449 5,587 3,725 N/C 9,397
on top column flange 4,432 3,324 2,216 N/C 4,978
effectively fully developed at slip:
dlip strength 851 723 484 543 996
shear strength 1,404 1,053 702 749 1,918
effectively fully developed at shear:
dip strength 617 524 350 393 722
shear strength 1,017 763 509 542 1,390
percent developed at dlip 50.1%
percent developed at shear 0.0%
percent effectively fully developed at dlip 78.5%
percent effectively fully developed at shear 56.8%

N/C = not calculated

weld strength assumed only to act in conjunction with slip strength, not shear strength
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Appendix B
INDIVIDUAL SPECIMEN RESULTS

B.1 General Information

This appendix presents the results of the sixteen experiments of bolted dlip-critical
connections with fillers. The results include a complete set of both the LVDT and the
strain data that was collected, along with observations about the response of the
specimen, including documentation of any unusua events during the test (such as
premature bolt failures) or any unusual eccentricities that were seen in the results. The
gage names are identified in Figures 9 and 10 of the main report, including identifying
north, south, east, and west. The bolt hole rows were |abeled based on their geographic
location in the testing machine and elevation in the top column. The bottom bolt row in
the top column was bolt row 1. For example, the bolt second from the bottom in the top
column in the northwest flange tip was identified as NW2.

For the turn-of-nut method specimens, three bolts on one splice plate (in the first, third,
and sixth rows) and one bolt on one filler plate (in the first or second row, when bolted)
were designated as control bolts. The elongation of the control bolts was measured and
torqued further if necessary, along with the bolts neighboring the control bolt, to achieve
the desired pretension. The specimen test matrix (Table B.1) indicates the geographical
location of the control bolts, and Table B.2 indicates which control bolts (and their
neighboring bolts) were retorqued. Appendix E includes drawings showing the locations
and numbering scheme of the torquing sequence used by W&W Steel. The bolts on the
splice plate that were typically retorqued were SE1, SW3, and SW6 if the control bolts
are on the south side, or NW1, NE3, and NEG if the control bolts are on the north side.

Overall, while normal eccentricities are exhibited that may be seen in tests of this scale,
the measured displacements and strains of all specimens do not demonstrate a specific or
sustained loading bias. Although there are some loading biases for each specimen, these
are attributed to slight loading surface irregularities unique to each specimen rather than
significant imperfections in the testing machine or procedure. As discussed in the main
report, wedges were inserted above the top loading platen to lock the top spherical head
into place. During this process it was noted that several of the specimens were not milled
precisely square. Such eccentricities thus can propagate into the loading for the
specimen, although the loading procedure used, including centering of the specimen,
minimizes these eccentricities. When the total slip was not the same on the north and
south side of the specimen, the consequent strain was larger on the higher side. The
variance in dlip between the two sides was likely due to small variations of the bolts in
the bolt holes during fabrication. Although 11 specimens experienced shear failure on
the south side compared to 2 specimens on the north side (3 specimens did not fail in
shear), the data does not show a clear bias that the south side was consistently loaded
unevenly as compared to the north side, and thus this can constitute an unusual but not
inappropriate randomness in the results. As part of the evaluation of eccentricities, this
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appendix documents biases seen in the gages attached to the top column and bottom
column. However, these gages in particular were only each 2 inches away from the
loading surfaces on the top and bottom of the specimen and were thus subjected to
boundary condition effects that likely make their results not indicative of the overall force
distributions seen in the specimens. The strains seen in the gap region of the splice plate
are typically more uniform and more indicative of the force flow through the connection.

Prior to dlip, the load is transferred into the splice plates by friction. The data shows that
the load is gradually introduced into the splice plates from the top to the middle of the
plate. After dlip the load is transferred by friction and the bolts bearing on the splice
plate, the load distribution through the splice plate remains relatively uniform. The strain
gage data provides little evidence that development of the filler plate significantly
influences the introduction of force into the splice plate before or after dlip. However, as
documented in the main report, the added clamping force and bolt strength of the
development bolts does affect the dlip and shear strength of the specimens.

Table B.3 lists bolts that failed prior to the ultimate strength of the specimen. All bolt
failures were through the threads, indicating a likely tension failure in the bolt. The
majority of these bolt failures were during dlip, likely due to the pretension combined
with additional tension from catenary action caused by the bolt deformation. The
remaining bolt failures were at the bolt shear strength failure load.

In the plots shown, a positive displacement is oriented downwards. A positive load or
strain value is compressive.
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Table B.1 — UIUC specimen test matrix

# Rows of
uIuC . Bolts .
Specimen Exp(_arlment Upper Cor_mectlng Location of
Objective Column Filler to Control Bolts
Name
Smaller
Column
Nofillers TN
730-std standard holes W14x730 O rows South
(all others oversized)
730-over NofillersTN W14x730 0 rows South
150f 33/4in fillers TN W14x159 | 4rows North
Full devel opment
33/4in. fillers TN
15%h Half development W14x159 2 rows North
33/4in. fillersTN
159n1 No development #1 W14x159 Orows South
33/4in. fillers TN
159n2 No development #2 W14x159 Orows South
455¢ L15/8in. fillers TN W14x455 2 rows South
Full devel opment
15/8in.fillersTN
455h Half development W14x455 1row South
15/8in.fillersTN South
455n1 No development #1 W14x455 Orows
15/8in.fillersTN
455n2 No devel opment #2 W14x455 0 rows South
33/4in. fillersTN
150n-2ply1| YSN93Y Zf'iﬂ' and U4in. | \y14x159 0 rows South
No development #1
33/4in. fillersTN
150n-2ply2| SN93 V2N ad LI \wige50 | orows South
No development #2
33/4in. fillerssTC
159h-TC Half development W14x159 2 rows N/A
159n-TC 33/ain. fillers TC W14x159 | Orows N/A
No development
- 16in. of 1/2”
150fweld | S/AIn fillerswelded g 4150 | filletweldper | South
Full devel opment X
edge of filler
N 13in. of 5/16”
150hweld | S o/Ain fillerswelded 040150 | Fillet weld per South
Half development :
edge of filler
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Table B.2 — Retorqued control bolts

Specimen Bolt Initial (Ei:](;glgation
159h NW1 0.048
SW6 0.031
159n1 SE1 0.042
159n2 SW6 0.036
455h SE1 0.045
455n1 SW6 0.039
SW6 0.038
159n-2ply1 SW3 0.015
SE1 0.045
159n-2ply2 SW6 0.010
SW6 0.046
159h-weld SW3 0.023
SE1 0.057

% The target elongation to reach the plateau of the torque-
elongation curve was 0.05 in. for both 9 in. and 7 in. bolts;
these bolts and their neighboring bolts were all retorqued to
achieve the target elongation.
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Table B.3 — Premature bolt failures

. Load Bolt ;han!<
Specimen Bolt . remained in Comments
(Kips) . "
specimen
730-std -
730-over SW6 | 1,634 N Failed during dlip
159f -
159h -
159n1 SE1 1,879 N Failed during slip
SW2 | 1,879 Y Failed during dlip
SW5 | 1,879 N Failed during dlip
SE5 1,930 Y Bolt nut observed not to be flush after slip
NW1 | 2,465 Y
NE1l | 2,548 Y Failed during shear failure of the south side
NE3 | 2,548 Y Failed during shear failure of the south side
NW5 | 2,548 Y Failed during shear failure of the south side
159n2 SE5 1,704 N Failed during dip
SW5 | 1,704 N Failed during dip
455f -
455h -
455n1 -
455n2 NE2 | 1,433 Y Failed during dlip
NE3 | 1,433 Y Failed during dlip
NW6 | 1,433 v Immediately upon commencing reloading
after dip
159n-2plyl | NE5 658 Y Failed during dlip
159n-2ply2 | SW2 | 1,348 Y Failed during dip
159h-TC -
159n-TC -
159f-weld -
159h-weld | SW3 | 1,616 N Failed during dlip
SW2 | 2,033 Y Failed during dip
SE4 2,508 Y Failed during failure of welds
Note: All
bolts failed
through the
threads,
indicating a
tension
failure.
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B.2 Specimen 730-std

Specimen 730-std (Figure B.1 to Figure B.21) displaced approximately linearly with
applied load (Figure B.5 and Figure B.7) until the observed slip load (1,697 kips). At the
dip load, the relative displacement between the splice plates and top column increased
suddenly by approximately 0.1 in. over a period of approximately 4 seconds; both sides
of the specimen (i.e., north and south) slipped approximately the same amount (Figure
B.12). Thisis most clearly seen in the relative LVDTs between the top column and
splice plates (Figure B.10). The maximum expected clearance in the holes based on the
assembly procedure and standard holes was 2*(1/16 inches) = 0.125 inches. During the
dip event the load dropped to 1,331 kips as the machine stabilized, settling around 1,800
kips, where it was held for observation (Figure B.6).

Once loading was resumed, the stiffness was initially high, indicating the bolts began
bearing (Figure B.7). As the load was increased, the stiffness began to decrease,
indicating softening of the bolts and bolt hole bearing surfaces due to yielding. The
tweleve bolts on the south side of the specimen failed simultaneously at an observed load
of 2,542 kip (Figure B.2, Figure B.3 and Figure B.4). The twelve bolts on the north side
of the specimen remained intact. The load was immediately removed from the specimen
upon failure.

Prior to slip, the specimen produced several noises between 700 and 800 kips. After dlip,
the specimen was relatively quiet, producing noises at approximately 2000, 2150 and
2300 kips. Noises believed to be produced by the testing machine were neglected. The
noises are likely associated with additional small dlip events, bolts coming into bearing
with the bolt holes, or possibly initiation of fractures within the bolts.

Figure B.11 compares the LVDTs directly measuring relative dip between the top
column and the splice plate (Figure B.10) with the difference between the average of the
two LVDTs at the bottom center of the top column (Figure B.7) and the average of the
two LVDTSs on either splice plate at that same cross section as the LVDTSs on the top
column (Figure B.8). The measurements of the relative LVDTs correspond well to the
difference between the corresponding absolute LVDTSs.

The splice plate LVDTs (Figure B.8 and Figure B.9) showed a dynamic increase or
decrease in displacement during the slip events. This may be due to a number of reasons,
including stress relief in the splice plates after dip, very small sips relative to the column
flanges, or small dynamic vibrations (with resulting small permanent offsets) of the
LVDT holders, but the displacements are an order of magnitude smaller than the primary
dip displacements (Figure B.10) and are not likely to indicate significant behavior.

The top column strain gages show that the localized introduction of load had a bias to the
east side (Figure B.13), with the northeast side lightly loaded. The bottom column strain
gages show that the localized reaction exhibited fairly uniform loading, with the northeast
side the most heavily loaded (Figure B.17).
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The splice plate strain gages below the top row of bolts also shows a small bias towards
the northeast after slip (Figure B.14). The strain gages further down the splice plate,
below the fourth row of bolts, indicate a stronger bias to the south after dip (Figure
B.15). However, the strain gages below the first row of bolts show that the load has been
relatively evenly redistributed (Figure B.16). Near ultimate shear failure, the south
splice plate experienced larger strain than the north splice plate (Figure B.15 and Figure
B.16). Snapshots of the specimen strain at 1000 kips, immediately prior to dlip, 2000
kips and immediately prior to shear are visually presented in Figure B.18, Figure B.19,
Figure B.20 and Figure B.21, respectively. These graphs show that the strain enters into
the splice plate gradualy and relatively uniformly from bolt row 6 to bolt row 1
throughout the experiment.

The experiment was executed in load control. The loading rate for the experiment was
approximately 5 kips per second up to a load of 1200 kips. The loading rate was
approximately 1 kip per second thereafter (Figure B.6). Four elastic cycles were
executed prior to the test, going up to loads of 50 kips, 200 kips, 200 kips, and 400 Kips,
respectively, returning to zero load each time, to verify instrumentation and machine
characteristics. The data collection rate for the experiment was held constant at 10 Hertz
(10 sets of readings per second).
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Figure B.1 — 730-std: Before test Figure B.2 — 730-std: After test (east
(southeast corner) side)
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Figure B.3 — 730-std: After test Figure B.4 — 730-std: After test (south
(southeast corner) side)
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Specimen 01: 730-std
Load vs. Stroke
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Figure B.5 — 730-std: Load vs. stroke

Specimen 01: 730-std
Load vs. Time
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Figure B.6 — 730-std: Load vs. time

Specimen 01: 730-std
Load vs. Top Column Displacement
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Figure B.7 — 730-std: Load vs. top column

displacement

Specimen 01: 730-std

Load vs. Splice Plate (middle) Displacement
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Figure B.8 — 730-std: Load vs. splice plate
(bottom) displacement

Specimen 01: 730-std

Load vs. Splice Plate (bottom) Displacement
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Figure B.9 — 730-std: Load vs. splice plate

(bottom) displacement

Specimen 01: 730-std

Load vs. Splice/Column Relative Displacement
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Figure B.10 — 730-std: Load vs.
splice/column relative displacement
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Specimen 01: 730-std
Load vs. Splice/Column Relative Displacement

by Relative LVDTs and Difference of Absolute LVDT
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Figure B.11 — 730-std: Comparison of
splice/column relative and absolute
LVDTs

Specimen 01: 730-std
Splice/Column Relative Displacement vs. Time
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Figure B.12 — 730-std: Splice/column
relative displacement vs. time
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Specimen 01: 730-std
Load vs. Top Column Strain
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Figure B.13 — 730-std: Load vs. top
column strain

Specimen 01: 730-std

Load vs. Splice Plate (below bolt row 6) Strain
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Figure B.14 — 730-std: Load vs. splice
plate (below bolt row 6) strain
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Figure B.15 — 730-std: Load vs. splice
plate (below bolt row 4) strain

Specimen 01: 730-std

Load vs. Splice Plate (below bolt row 1) Strain
3000 ‘ ‘ ‘ T

| | | |
25000 - - - - - S [ L gan]
| | |
| | |
7_0\2000 ffffff }****%*****L o f: ffffff
o I I |
g | | |
3 1500 - ---- : 77777 + ‘# ————— : ——————
3 | | |
,,,,,, _ S R N
1000 | I I ——01spl-1n
: : ——01spl-2n
5001 - 2 ’: ””” T ””” ‘T ~]—01spl-1s ||
I I I ——01spl-2s
0 1 1 1 T
0 200 400 600 800 1000

Splice Plate Strain (umm/mm)

Figure B.16 — 730-std: Load vs. splice
plate (below bolt row 1) strain
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Specimen 01: 730-std
Load vs. Bottom Column Strain
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Figure B.17 — 730-std: Load vs. bottom
column strain
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Figure B.18 — 730-std: Strain distribution at 1,000 kips
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Figure B.19 —730-std: Strain distribution prior to slip at 1,697 kips

Specimen 01: 730-std
South Strain
Time: 14 (min) Load: 1697 kips

top-1s: 390 top-2s: 100
spl-5s: spl6s: 60
spl-3s: 190 spl-4s:

spl-1s: 500 spl-2s:

bot-1s: 950 bot-2s:

Slip load: 1697 kips

2000

o
15
=
S

Strain (umm/mm)
wu g
8 8

o

Specimen 01: 730-std
North Strain
Time: 14 (min) Load: 1697 kips

top-1n:
spl-5n:
spl-3n:
spl-1n:
bot-1s:

390

160
490
920

top-2n:
spl-6n:
spl-4n:
spl-2n:
bot-2s:

Shear load: 2542 kips

30
70

132




Specimen 01: 730-std
South Strain
Time: 23 (min) Load: 1998 kips

Specimen 01: 730-std
North Strain
Time: 23 (min) Load: 1998 kips
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Figure B.20 — 730-std: Strain distribution at 2,000 Kips
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Figure B.21 —730-std: Strain distribution prior to shear at 2,542 kips
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B.3 Specimen 730-over

Specimen 730-over (Figure B.22 to Figure B.44) displaced approximately linearly with
applied load (Figure B.28 and Figure B.30) until the observed dlip load (1,634 kips). At
the dip load, the relative displacement between the splice plates and the top column
increased suddenly by approximately 0.57 inches over a period of approximately 20
seconds (Figure B.35) (as compared to 0.09 in. for a similar event for 730-std). Thisis
most clearly seen in the relative LV DTs between the top column and splice plates (Figure
B.33) and the movement of the top column (Figure B.30). The maximum expected
clearance in the holes based on the assembly procedure and standard holes was 2* (5/16
inches) = 0.625 in. During this dynamic event, the load dropped immediately to 665 kips
and then increased to approximately 1,300 Kips (reaching 1475 kips briefly first), where
the load was held for observation of the specimen (Figure B.29). Itisalso likely that the
bolts dipped into bearing during this dlip event, as no appreciable change in stiffness
occurred in theinitial phases of loading after testing was resumed.

As the load was recovering from 665 kips to 1,475 kips the west top bolt on the south
splice plate (bolt SW6) failed through the threads at 1,048 kips (Figure B.27, typical of
all premature bolt failures), indicating a tension failure. The failure occurred as the
machine was stabilizing, at aload of 1,048 kips. The bolt was a control bolt, elongated
during assembly by 0.081 inches. It was not retorqued after the initial tightening. The
failed bolt contacted the west top column LVDT (02top-1w) as seen in the jolt in
displacement in Figure B.30, further data collection was unaffected. It also removed the
southwest splice strain gage (02spl-5s) below the top row of bolts (bolt row 6), rendering
it useless for the rest of the test (Figure B.37).

Once loading was resumed, the stiffness was approximately linear (Figure B.30), but
lower than prior to dip, indicating elastic deformation of the bolts and bearing surfaces of
the bolt holes. Further loading reveals periods of near zero stiffness in Figure B.30 and
Figure B.33. Asdiscussed below, noises heard at 2198 kips could possibly be associated
with some of these events. These changes in stiffness could be associated with yielding
of the bolts, bearing of the bolts with the bolt holes, or possibly initiation of fractures
within the bolts. The remaining 11 bolts on the south side of the specimen failed
simultaneously at an observed bolt shear load (2,459 kips) (Figure B.23, Figure B.24 and
Figure B.25). The failure on the south side can be attributed to the fewer number of
intact bolts. The bolts on the north side of the specimen remained intact. The load was
immediately removed from the specimen upon failure.

After dip, the specimen produced pinging noises at the following loads; 1482, 1504,
1525, 1560, 1604, 1615, 1640, 1658, 1684, 1695, 1740, 1774, 1805, 1814, 1840, 1855,
1880, 1899, 1960, 2003 and 2198 kips. Noises believed to be produced by the testing
machine were neglected. The noises are likely associated with additional small slip
events, bolts coming into bearing with the bolt holes, or possibly initiation of fractures
within the bolts.

Figure B.34 compares the LVDTs directly measuring relative dlip between the top
column and the splice plate (Figure B.33) with the difference between the average of the
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two LVDTs at the bottom center of the top column (Figure B.30) and the average of the
two LVDTSs on either splice plate at that same cross section as the LVDTSs on the top
column (Figure B.31). The measurements of the relative LVDTs correspond well to the
difference between the corresponding absolute LVDTSs.

The splice plate LVDTs (Figure B.31 and Figure B.32) showed a dynamic increase or
decrease in displacement during the slip event at 1634 kips. This may be due to a number
of reasons, including stress relief in the splice plates after dlip, very small dips relative to
the column flanges, or small dynamic vibrations (with resulting small permanent offsets)
of the LVDT holders, but the displacements are an order of magnitude smaller than the
primary dlip displacements (Figure B.33) and are not likely to indicate significant
behavior.

The top column strain gages show that the localized introduction of load had a significant
bias towards the west side of the specimen (Figure B.36). Through the duration of the
test, the northeast corner of the top column was negligibly loaded. The southeast corner
of the top column was not loaded until approximately 700 kips, and remained lower than
both of the west gages. The bottom column strain gages show that the localized reaction
exhibited a bias towards the east side of the specimen, with the northeast side the heaviest
loaded (Figure B.40).

However, prior to dip, the splice plates are not significantly biased. The premature
failure of the bolt causes the remaining south strain gage to detect decreasing strain with
increasing load (Figure B.37). Bolt row 4 introduced more load into the splice plate on
the south side compared to the north side (Figure B.38). However, the strain gages below
bolt row 1 seem unaffected by the premature failure of the bolt, and they show a bias
more towards the east side of the specimen (Figure B.39), most likely due to standard
connection eccentricities due to the loading. Snapshots of the specimen strain at 1000
kips, immediately prior to slip, 2000 kips and immediately prior to shear are visually
presented in Figure B.41, Figure B.42, Figure B.43 and Figure B.44, respectively. These
graphs show that the strain enters into the splice plate gradually and relatively uniformly
from bolt row 6 to bolt row 1 throughout the experiment.

The experiment was executed in load control. The loading rate for the experiment was
approximately 1 kip per second. One elastic cycle was executed prior to the test, going
up to aload of 200 kips and returning to zero load, to verify instrumentation. The data
collection rate for the experiment was held constant at 10 Hertz (10 sets of readings per
second).
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Figure B.22 — 730-over: Before test (east ~ Figure B.23 — 730-over: After test (east
side) side)
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730-over

3

Figure B.24 — 730-over: After test (east  Figure B.25 — 730-over: After test (south
side) side)
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Figure B.26 — 730-over: Early bolt
failure (south side)

Figure B.27 — 730-over: Early Bolt

Failure
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Figure B.28 — 730-over: Load vs. stroke

Specimen 02: 730-over
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Figure B.29 — 730-over: Load vs. time
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Specimen 02: 730-over
Load vs. Top Column Displacement
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Figure B.30 — 730-over: Load vs. top
column displacement
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Figure B.31 — 730-over: Load vs. splice
plate (middle) displacement

Specimen 02: 730-over
Load vs. Splice Plate (bottom) Displacement

2500 .

2000

1500

1000

Load (kips)

500

——02spl-3e
——02spl-4e

0.03
Splice Plate (bottom) Displacement (in)

Figure B.32 — 730-over: Load vs. splice
plate (bottom) displacement

Specimen 02: 730-over
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Figure B.33 — 730-over: Load vs.
splice/column relative displacement

Specimen 02: 730-over
Load vs. Splice/Column Relative Displacement
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Figure B.34 — 730-over: Comparison of
splice/column relative and absolute
LVDTs
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Figure B.35 — 730-over: Splice/column
relative displacement vs. time
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Specimen 02: 730-over
Load vs. Top Column Strain

Specimen 02: 730-over
Load vs. Splice Plate (below bolt row 6) Strain
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Figure B.36 — 730-over: Load vs. top Figure B.37 — 730-over: Load vs. splice
column strain plate (below bolt row 6) strain
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Figure B.38 — 730-over: Load vs. splice
plate (below bolt row 4) strain
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Figure B.39 — 730-over: Load vs. splice
plate (below bolt row 1) strain
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Figure B.40 — 730-over: Load vs. bottom
column strain
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Specimen 02: 730-over Specimen 02: 730-over

South Strain North Strain
Time: 10 (min) Load: 1000 kips Time: 10 (min) Load: 1000 kips
2000 2000
E 1500 E 1500
€ €
£ 1000 £ 1000
4 4
c c
'S 500 'S 500
n n
0 0
top-1s: 410 top-2s: 80 top-1n: 260 top-2n: 0
spl-5s: spl-6s: 40 spl-5n: spl-én: 50
spl-3s: 100 spl-4s: spl3n: 90 spl-4n:
spl-1s: 250 spl-2s: spl1ln: 250 spl-2n:
bot-1s: 450 bot-2s: bot-1s: 540 bot-2s:
Slip load: 1634 kips Shear load: 2459 kips
Figure B.41 — 730-over: Strain distribution at 1,000 Kips
Specimen 02: 730-over Specimen 02: 730-over
South Strain North Strain
Time: 16 (min) Load: 1634 kips Time: 16 (min) Load: 1634 kips
2000 2000
E 1500 E 1500
€ €
£ 1000 £ 1000
fE4 4
c c
'S 500 'S 500
n n
0 0
top-1s: 380 top-2s: 30 top-1n: 140 top-2n:  -10
spl-5s: spl-6s: 20 spl-5n: spl-6én: 40
spl-3s: 140 spl-4s: spl-3n: 60 spl-4n:
spl-1s: 100 spl-2s: spkln: 240 spl-2n:
bot-1s: 450 bot-2s: bot-1s: 230 bot-2s:
Slip load: 1634 kips Shear load: 2459 kips

Figure B.42 — 730-over: Strain distribution prior to slip at 1,634 kips
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Specimen 02: 730-over Specimen 02: 730-over

South Strain North Strain
Time: 30 (min) Load: 1999 kips Time: 30 (min) Load: 1999 kips
2000 2000
E 1500 E 1500
€ €
£ 1000 £ 1000
3 3
c c
'S 500 'S 500
n n
0 0
top-1s: 570 top-2s: 320 top-1n: 350 top-2n: 0
spl-5s: spl-6s: 130 spl-5n: spl-6n: 160
spl-3s: 330 spl-4s: spl3n: 90 spl-4n:
spl-1s: 430 spl-2s: spl1n: 470 spl-2n:
bot-1s: 740 bot-2s: bot-1s: 1070 bot-2s:
Slip load: 1634 kips Shear load: 2459 kips
Figure B.43 —730-over: Strain distribution at 2,000 kips
Specimen 02: 730-over Specimen 02: 730-over
South Strain North Strain
Time: 34 (min) Load: 2458 kips Time: 34 (min) Load: 2458 kips
2000 2000
E 1500 E 1500
€ €
£ 1000 £ 1000
N3 3
c c
'S 500 'S 500
n n
0 0

top-1s: 620 top-2s: 370 top-1n: 410 top-2n: 50
spl-5s: spl-6s: 80 spl-5n: spl-6n: 200
spl-3s: 440 spl-4s: spl-3n: 60 spl-4n:
spl-1s: 680 spl-2s: spl1n: 580 spl-2n:
bot-1s: 820 bot-2s: bot-1s: 1350 bot-2s:
Slip load: 1634 kips Shear load: 2459 kips

Figure B.44 — 730-over: Strain distribution prior to shear at 2,459 kips
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B.4 Specimen 159f

The response of specimen 159f (Figure B.45) was approximately linear (Figure B.50)
until the observed dip load (1,224 kips). At the observed dip load the relative
displacement between the splice plate and the filler plate increased suddenly by
approximately 0.39 inches and 0.45 inches over a period of 13 seconds on the north and
south sides of the specimen, respectively (Figure B.57 and Figure B.61). During this
dynamic event, the load dropped immediately to 485 kips and increased to approximately
1,074 kips (reaching 1212 kips briefly first), where the load was held for observation of
the specimen (Figure B.51). A second major slip event was recorded at a load of 2,423
kips. At the observed dlip load the relative displacement between the filler plate and the
top column increased suddenly by approximately 0.31 in. over a period of approximately
6 seconds, with the two sides (i.e., both column flanges) slipping approximately the same
amount. Thisis seen most clearly in Figure B.56 and Figure B.60. During this dynamic
event, the load dropped immediately to 1506 kips and increased to 1732 kips (reaching
1753 kips briefly first), where the load was held for observation. During subsequent
loading, dlip continued for approximately 0.2 in. (Figure B.56) before the bolts likely
dlipped into bearing on the top column, as the increase in stiffness in Figure B.56 shows
at approximately a load of 2000 kips and a relative sip of 0.5 inches. The maximum
expected clearance in the holes based on the assembly was nominaly 2 * (5/16 inches) =
0.625 inches. The relative slip between each surface is summarized in Table B.4.

Table B.4 — 159f: Relative slip

Location North South
Between Splice 0.46 in 0.50in
and Filler
Between Filler . )
and Top Column 0.30in 0.34in
Sum 0.76in 0.84in

After each dlip event, the bolts dlipped into bearing and began deforming elastically
(Figure B.57 and Figure B.56), demonstrated by the approximately linear stiffness. The
top column began to yield at approximately 2,400 kips (Figure B.62). The bolts then
began to yield, causing a decrease in stiffness. By the end of the test there was dlight
local buckling seen in the flanges of the top column.

Upon further loading, the bolts, now experiencing shear, yielded and eventually failed at
the observed bolt shear load (2,644 kips) (Figure B.45 through Figure B.49). The twelve
bolts through the splice plate on the south side of the specimen failed simultaneously,
leaving the twelve bolts through the splice plate on the north side of the specimen intact.
Once the twelve bolts on the south flange failed, the relative movement of the splice plate
to the filler plate caused the failure of two additional bolts through the filler plate (Figure
B.48 and Figure B.49).
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After dlip, the specimen produced pinging noises at the following loads; 1358, 1513,
1592 1670, 1774, 1907, 2096, 2421 (dlip between top column and filler plates), 1775,
1788, 1806, 1857, 1903, 1994, 2050, 2070, 2090, 2153, 2253, 2274, 2292, 2303, 2320,
2360, 2370, 2390, 2542, 2567, 2613 and 2642 kips. Noises believed to be produced by
the testing machine were neglected. The noises are likely associated with additional
small dip events, bolts coming into bearing with the bolt holes, or possibly initiation of
fractures within the bolts.

The LVDT measuring the absolute displacement of the north side filler plate (03fil-2€)
was improperly set and the measurement went out of range early in the test. The initia
measurements are valid and are shown in Figure B.53, Figure B.58 and Figure B.59.
The east strain gage on the south splice plate under bolt row 4 (03spl-4s) aso failed after
dlip (Figure B.64). Near the end of the test the middle strain gage on the south side of the
filler plate (03fil-7s) failed (Figure B.69). Datafor these gagesand LVDT are valid prior
to failure.

The splice plate LVDTs showed a dynamic increase or decrease in displacement during
the dlip events. This may be due to a number of reasons, including stress relief in the
splice plates after dlip, very small dlips relative to the column flanges, or small dynamic
vibrations (with resulting small permanent offsets) of the LVDT holders, but the
displacements are an order of magnitude smaller than the primary dlip displacements
(Figure B.57 and Figure B.56) and are not likely to indicate significant behavior.

Figure B.58 and Figure B.59 compare the LVDTs directly measuring relative dlip
between the filler plate and either the top column (Figure B.56) or the splice plate (Figure
B.57) with the difference between the average of the two LVDTs on either filler plate at
that same cross section as the LVDTs on the top column (Figure B.53) and either the
average of the two LVDTs at the bottom center of the top column (Figure B.52) or the
average of the two LVDTs on either splice plate at that same cross section asthe LVDTs
on the top column (Figure B.54). The measurements of the relative LVDTs correspond
well to the difference between the corresponding absolute LVDTS.

For this specimen, strain gages were attached to the inside face of the splice plate in the
gap between the top and bottom columns. These measurements (Figure B.66), when
compared to the measurements from the outside face of the splice plate (Figure B.65),
indicate significant bending in the splice plates. Yielding was recorded on the inside of
the splice plate on the north side.

The top column strain gages show that the localized introduction of load was reasonably
uniform throughout the duration of the test (Figure B.62). The bottom strain gages also
exhibited relatively uniform distribution, with a small bias to the north side (Figure B.67).

Prior to the initial observed dlip, the splice plate was also uniformly loaded (Figure B.63,
through Figure B.66). After dlip, the specimen rotated towards the south side,
introducing eccentricities into the splice plates. The rotation causes increased bending in
the north splice plate, indicated by the sudden drop in strain, in certain cases into tension,
on the outside of the north splice plate (Figure B.63, Figure B.64, and Figure B.65). The
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inside of the north splice plate exhibits an increase in compression (Figure B.66). The
bending in the north splice plate continues increasing as the specimen was loaded (Figure
B.66). The south splice plate undergoes minimal bending (Figure B.66). Snapshots of
the specimen strain at 1000 kips, immediately prior to slip, 2000 kips and immediately
prior to shear are visualy presented in Figure B.70, Figure B.72, Figure B.73 and Figure
B.74, respectively. These graphs show that the strain enters into the filler plate (Figure
B.68, Figure B.69 and Figure B.70) and then into the splice plate gradually and relatively
uniformly from bolt row 6 to bolt row 1 throughout the experiment. After dlip, the north
splice plate shows some increased strain in the west gages relative to the east gages, and
the bias of the south gages relative to the north may be seen, as described above.

The induced north-south eccentricities cause the south splice plate to be more heavily
loaded (Figure B.63, Figure B.64 and Figure B.65), likely causing the failure of the bolts
through the splice plate on the south side. The uneven slip between the filler plates and
splice plate was likely due to uneven assembly. The bolts on the north side may also
have not been able to be placed into full reverse bearing during assembly.

The experiment was executed in load control. The loading rate for the experiment was
approximately 1 kip per second. One elastic cycle was executed prior to the test, going
up to aload of 200 kips and returning to zero load, to verify instrumentation. The data
collection rate for the experiment was held constant at 10 Hertz (10 sets of readings per
second).
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Figure B.45 — 159f: Before test (east side) Figure B.46 — 159f: After test (east side)
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Figure B.47 — 159f: After test (east side) Figure B.48 — 159f: After test (south
side)
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Figure B.49 — 159f: After test (top of

splice plate)
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Figure B.50 — 159f: Load vs. stroke
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Figure B.51 — 159f: Load vs. time
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Specimen 03: 159f

Load vs. Top Column Displacement
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Figure B.52 — 159f: Load vs. top column
displacement
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Specimen 03: 159f
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Figure B.53 — 159f: Load vs. filler plate
displacement
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Figure B.54 — 159f: Load vs. splice plate
(middle) displacement
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Figure B.55 — 159f: Load vs. splice plate
(bottom) displacement
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Figure B.56 — 159f: Load vs. filler/column
relative displacement
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Specimen 03: 159f
Load vs. Fill/Top Column Relative Displacement

by Relative LVDTs and Difference of Absolute LVDT
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Figure B.58 — 159f: Comparison of
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LVDTs
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Figure B.59 — 159f: Comparison of
splice/filler relative and absolute LVDTs

Specimen 03: 159f

Fill/Column Relative Displacement vs Time
0.4 ; ‘

o
w

o
)

o
=

o

— 03f2t-1w
— 03f2t-2w

2175

Fill/Column Relative Displacement (in)

-0.1
2160

Time (sec)
Figure B.60 — 159f: Filler/column relative
displacement vs. time
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Figure B.61 — 159f: Spliceffiller relative
displacement vs. time
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Figure B.62 — 159f: Load vs. top column
strain
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Specimen 03: 159f
Load vs. Splice Plate (below bolt row 4) Strain
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Figure B.64 — 159f: Load vs. splice plate
(below bolt row 4) strain
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Figure B.65 — 159f: Load vs. splice plate
(below bolt row 1) strain

Specimen 03: 159f
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Figure B.66 — 159f: Load vs. inside face
of splice plate (below bolt row 1) strain
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Figure B.67 — 159f: Load vs. bottom
column strain
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Figure B.68 — 159f: Load vs. filler plate
strain
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strain
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Specimen 03: 159f
Load vs. Fill Plate Strain
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Figure B.70 — 159f: Load vs. filler plate

strain
Specimen 03: 159f Specimen 03: 159f
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spl-5s: spk6s: 60 spl3n: 130 spl-4n: 130
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spl-1s: 190 spl-2s: isp-1n: 680 isp-2n: 700
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#1510ad?59.224 kips Shear load: 2644 kips

Figure B.71 — 159f: Strain distribution at 1,000 Kips
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Specimen 03: 159f Specimen 03: 159f
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Figure B.72 — 159f: Strain distribution prior to slip at 1,224 kips
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Figure B.73 — 159f: Strain distribution prior to slip at 2,000 kips
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Specimen 03: 159f
South Strain
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Figure B.74 — 159f: Strain distribution prior to shear at 2,644 Kips
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B.5 Specimen 159h

Specimen 159h (Figure B.75 to Figure B.102) behaved approximately linearly until the
observed dip load (1,697 kips). At the observed dlip load the relative displacement
between the splice plate and the filler plate, as well as the filler plate and the top column
increased suddenly. Slip initiated between the filler plate and the splice plate on the south
side and between the filler plate and the top column on the north side. Over a period of
22 seconds, the relative displacements increased by the amounts shown in Table B.5.
This is seen most clearly in the relative LVDTSs (Figure B.85 and Figure B.86). During
this dynamic event, the load dropped and increased several times. The lowest load
measured was 350 kips (Figure B.79). The machine and specimen stabilized at 1,030 kips
and the load was held for observation of the specimen (Figure B.80). During the dlip
event the top southwest bolt through the south splice plate (SW6) failed through the
threads, indicating a tension failure. This does not correlate with any bolts that were
retorqued during assembly (in this specimen, bolt NW1 and its neighboring bolts were
retorqued as per Table B.2).

Table B.5 — 159h: Relative slip

Location North South
Between Splice 0.20in 0.40in
and Filler
Between Filler . .
and Top Column 0.561in 0.33in
Sum 0.76in 0.73in

Three smaller dlip events were recorded at loads of 1,280 kips, 1,485 kips, and 1,660 kips
(Figure B.81). During each of these events, there was a dip on both the north and south
sides of approximately 0.02 inches. After these three events, the bolts likely slipped into
bearing on the top column, as the increase in stiffness in Figure B.85 shows at
approximately a load of 1,500 kips and a relative dlip of 0.55 inches. The maximum
expected clearance in the holes based on the assembly was nominally 2 * (5/16 inches) =
0.625 inches. During subsequent loading, approximately every 50 kips there was a small
(approximately 0.005 inches) increase in the relative displacement measurements, which
corresponded to a small and momentary decrease in load, as well as an audible noise.
The main body of the report highlights a forensic investigation of this specimen that
shows gouging on the faying surfaces, whose creation may have contributed to the
creation of these noises.

The top column began to yield at approximately 2,400 kips (Figure B.91). Thefiller plate
likely restrained the column yielding and began to pickup additional load demonstrated
by the decreased slope in Figure B.98. By the end of the test, there was also slight local
buckling seen in the flanges. Upon further loading, the bolts, now experiencing shear,
yielded and eventually failed at the observed bolt shear load (2,904 kips) (Figure B.76,
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Figure B.77 and Figure B.78). The twelve bolts through the splice plate on the south
flange of the top column failed simultaneoudly, leaving the twelve bolts through the
splice plate on the north flange of the top column intact on the specimen. Once the twelve
bolts on the south flange failed, the relative movement of the splice plate to the filler
plate caused the failure of two additional bolts through the filler plate, knocking these
nuts and bolt shanks off through the bolt threads (Figure B.78). The LVDTs at the middle
of the splice plate (Figure B.83) demonstrated nonlinear behavior near the end of the test,
likely resulting from yielding of the splice plate due to bending. The LVDTs comparing
the relative displacement between the splice plate and filler plate (Figure B.86) suffered a
stiffness reduction near shear failure, demonstrated by the nonlinear response. This is
likely due to the bolts yielding prior to shear failure in this plane. By comparison, the
LVDTs comparing the relative displacement between the splice plate and top column
(Figure B.85) remained linear up to the shear load. The additional development bolts in
this shear plane reduced the force in each bolt; therefore they remained elastic when the
specimen failed.

After dlip, the specimen produced pinging noises at the following loads; 1483, 1660,
1705, 1748, 1807, 1828, 1877, 1943, 2011, 2051, 2106, 2127, 2200, 2250, 2314, 2355,
2713 and 2821 kips. Noises believed to be produced by the testing machine were
neglected. The noises are likely associated with additional small dlip events as noted
above, bolts coming into bearing with the bolt holes, or possibly initiation of fractures
within the bolts.

During dlip the west strain gage at bolt row 6 on the south splice plate (04spl-5s) was
damaged, reporting spurious data (Figure B.92). After dlip, prior to shear failure, both
strain gages on the north filler plate (04fil-1n and 04fil-2n) were damaged (Figure B.97).

The splice plate LVDTs (Figure B.83 and Figure B.84) showed a dynamic increase or
decrease in displacement during the slip events. This may be due to a number of reasons,
including stress relief in the splice plates after slip, very small dips relative to the column
flanges, or small dynamic vibrations (with resulting small permanent offsets) of the
LVDT holders, but the displacements are an order of magnitude smaller than the primary
dip displacements (Figure B.85 and Figure B.86) and are not likely to indicate significant
behavior.

Figure B.87 and Figure B.88 compare the LVDTs directly measuring relative dlip
between the filler plate and either the top column (Figure B.85) or the splice plate (Figure
B.86) with the difference between the average of the two LVDTs on either filler plate at
that same cross section as the LVDTs on the top column (Figure B.82) and either the
average of the two LVDTs at the bottom center of the top column (Figure B.81) or the
average of thetwo LVDTs on either splice plate at that same cross section asthe LVDTs
on the top column (Figure B.83). The measurements of the relative LVDTSs correspond
well to the difference between the corresponding absolute LVDTS.

For this specimen, strain gages were attached to the inside face of the splice plate in the
gap between the top and bottom columns (Figure B.95). These measurements, when
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compared to the measurements from the outside face of the splice plate (Figure B.94),
indicate significant bending in the splice plates, with the gages on the outside face of both
splice plates below the first row of bolts going into tension in the later stages of the test.
Yielding was recorded on the inside of the splice plate on both the north and south sides.
After dip, the inside splice plate gages demonstrate nonlinear behavior, likely associated
with bending. After dip the bolts were bearing on the inside edge of the splice plate
(confirmed by disassembly of the specimens) which induced additiona eccentricity into
the splice plate.

The top column strain gages show that the localized introduction of load was slightly
biased to the southwest side (Figure B.91), likely due to variations of the loading surface.
The bottom column strain gages showed a bias to the north side (Figure B.96).

The load was relatively uniformly distributed in the splice plates (Figure B.92, Figure
B.93, and Figure B.94), filler plate (Figure B.87 and Figure B.88). Snapshots of the
specimen strain at 1000 kips, immediately prior to dlip, 2000 kips and immediately prior
to shear are visually presented in Figure B.99, Figure B.100, Figure B.101 and Figure
B.102, respectively. These graphs show that the strain entersinto the filler plate and then
into the splice plate gradually and relatively uniformly from bolt row 6 to bolt row 1
throughout the experiment.

The experiment was executed in load control. The loading rate for the experiment was
approximately 1 kip per second. One elastic cycle was executed prior to the test, going
up to aload of 200 kips and returning to zero load, to verify instrumentation. The data
collection rate for the experiment was held constant at 10 Hertz (10 sets of readings per
second).
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Figure B.75 — 159h: Before test (east Figure B.76 — 159h: After test (east side)
side)
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Figure B.78 — 159h: After test (south
Figure B.77 — 159h: After test (east side) side)
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Specimen 04: 159h
Load vs. Stroke

Specimen 04: 159h
Load vs. Time

3000 3000 ‘ ‘ ‘ ‘ ‘
| | | | |
| | | | |
2500 2500 - - - - i’ il Sty
| | | | |
— 2000 — 2000 - - - - e ey el SR
2 a | | | | |
g/ g 77777 \777 \777 7777\7777\ 77777
3 1500 3 1500 | | ‘ - |
o o | | | | |
—' 1000 = 1000 ---- i e e
| | | |
500 500 /|
l l l l l l
O I L 0 1 1 1 1
8 9 10 11 12 13 0 10 20 30 40 50 60
Stroke (in) Time (min)
Figure B.79 — 159h: Load vs. stroke Figure B.80 — 159h: Load vs. time
Specimen 04: 159h Specimen 04: 159h
Load vs. Top Column Displacement Load vs. Fill Plate Displacement
3000 ‘ ‘ 3000 | ‘ ‘ ]
| | | |
| | | |
2500f - - - ------b-------- - 2500 - - - - - oo e VAR
| | |
2000 - --------p--—--———5-fFf —~ 2000 - - - --f------ R R e
2 2 | | | |
3 3 | | |
S 1500 -l S 1500 F- -~ | S +=-1
g g | | |
- 1000rf-f-----L- PPt — 1000+-f--4-f4----- - oot
| | | |
| | | 1
500 fF-------- ~| ——04top-1e || 5004 ---- 1 . 7T T T ——o4fik-le |
| — 04top-1w I | I | — O4fil-2e
O 1 T 0 1 1 1 T
0 05 1 1.5 0 0.2 0.4 0.6 0.8

Top Col.umn Displacement (in)
Figure B.81 — 159h: Load vs. top column
displacement

Fill Plate Displacement (in)
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Specimen 04: 159h

Load vs. Fill/Column Relative Displacement
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Figure B.85 — 159h: Load vs. filler/column
relative displacement
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Specimen 04: 159h
Load vs. Top Column Strain
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Figure B.91 — 159h: Load vs. top column
strain

Specimen 04: 159h

Load vs. Splice Plate (below bolt row 6) Strain
3000 ‘ ‘ ‘

| |
| |
2500 ~—+ -~~~ L
| |
—~ 2000F - - - St
%]
R
<
SN e —— | S SN
©
S
1000 ——04spl-5n ]
——04spl-6n |
| —— 04spl-5s ||
—— 04spl-6s |
1 T
-100 0 100 200 300

Splice Plate Strain (umm/mm)

Figure B.92 — 159h: Load vs. splice plate
(below bolt row 6) strain
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Figure B.93 — 159h: Load vs. splice plate
(below bolt row 4) strain
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Figure B.94 — 159h: Load vs. splice plate
(below bolt row 1) strain
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Figure B.95 — 159h: Load vs. inside face
of splice plate strain
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Specimen 04: 159h
Load vs. Fill Plate Strain
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Specimen 04: 159h Specimen 04: 159h

South Strain North Strain
Time: 11 (min) Load: 1000 kips Time: 11 (min) Load: 1000 kips
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Slip load: 1697 kips Shear load: 2907 kips
Figure B.99 — 159h Strain distribution at 1,000 kips
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Figure B.100 — 159h: Strain distribution prior to slip at 1,697 Kips
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Specimen 04: 159h
South Strain
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North Strain
Time: 34 (min) Load: 1999 kips

2000 2000
€ €
E 1500 E 1500
IS IS
£ 1000 £ 1000
[ [
c c
'S 500 'S 500
0 0
0 0
top-1s: 1700 top-2s: 1130 top-1n: 1170 top-2n: 1020
fil-1s: 380 fil-2s: 310 fil-1n: 260 fil-2n: -12090
spl-5s: spk6s:  -30 spl-5n: spl-6n: 140
spl-3s: 200 spl4s: 270 spl3n: 170 spl-4n: 190
spl1s:  -10 spl-2s: spkin:  -10 spl-2n:
isp-1s: 2620 isp-2s: 3120 isp-1n: 2320 isp-2n: 3290
bot-1s: 910 bot-2s: bot-1s: 1170 bot-2s:
fil-5s: 390 fil-9s: 340
fil-6s: 490 fil-8s: 410
fil-7s: 440
Slip load: 1697 kips Shear load: 2907 kips
Figure B.101 — 159h: Strain distribution at 2,000 Kips
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Figure B.102 — 159h: Strain distribution prior to shear at 2,907 kips
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B.6 Specimen 159n1

Specimen 159n1 (Figure B.103 to Figure B.131) behaved approximately linearly until the
observed dip load (1,879 kips). During the dlip event, the relative displacement between
the filler plate and the top column increased suddenly. Slip initiated between the filler
plate and the top column on both the north and south sides of the specimen (Figure
B.112). During this dynamic event, the load dropped and increased several times, and at
a load of approximately 1500 kips, dip initiated between the splice plate and the filler
plate (Figure B.113). Over a period of 27 seconds total, the relative displacements
increased by the amounts shown in Table B.6. This is seen most clearly in the relative
LVDTs (Figure B.120 and Figure B.121). The lowest load measured was 960 kips
(Figure B.110) during this dynamic event. The machine and specimen stabilized at 1,670
kips and the load was held for observation of the specimen (Figure B.111).

Table B.6 — 159n1: Relative Slip

Location North South
Between_Sphce 0.43in 041in
and Filler
Between Filler . )
and Top Column 0.59in 0.671in
Sum 1.12in 1.08in

During this event the bolts likely slipped into bearing on the top column, as the seen by
the increase in stiffness in Figure B.116 at approximately a load of 1,300 kips and a
relative dlip of 0.55 inches. The maximum expected clearance in the holes based on the
assembly was nominally 2 * (5/16 inches) = 0.625 inches.

Also during the dip event, three bolts on the south side failed (SE1, SW2 and SW5). All
three of the bolts failed through the threads, indicating a pretension failure. The bolt head
and shank of SW2 remained in the specimen, while the other two shot out of the
specimen. The bolt which remained in the specimen provided some doweling action and
failed a second time in shear at the ultimate load of the specimen. The east bolt at bolt
row 5 on the south side (SE5) was observed to not be flush with the flange when
observations were made after the major dip event (Figure B.107). The west strain gage
at bolt row 6 on the south splice plate (05spl-5s) was also damaged during this event, but
earlier readings are valid (Figure B.123).

Bolt SE5, previously observed not flush, failed through the threads on the south side of
the specimen at 1,930 kips. The bolt head and shank remained in the specimen. Bolt
NWL1 failed through the threads on the north side of the specimen at 2,465 kips. The
shank remained in the specimen. During fabrication, bolts SE1, SW6, and their
neighboring bolts were retorqued as per Table B.2.
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The top column began to yield at approximately 2,200 kips (Figure B.122), damaging the
top column strain gages (top-1n, top-1s, top-2n and top-2s) (Figure B.122). Upon further
loading, the bolts, now experiencing shear, yielded and eventually failed at the observed
bolt shear load (2,548 kips) (Figure B.104, Figure B.105, Figure B.106 and Figure
B.108). The eight intact bolts and two bolt shanks through the splice plate on the south
flange of the top column failed nearly simultaneously. From the video recording of the
specimen failure it is clear three bolts failed first then a fraction of a second later, the
remaining bolts failed. One bolt through the splice plate on the north flange of the top
column failed through the threads at some time during the loading between dip and
shear. Three additional bolts on the north splice plate failed through the threads during
the shear failure of the specimen. All four of these failures left the bolt head and shank in
the specimen.

After dip, the specimen produced pinging noises at the following loads; 1734, 1743,
1758, 1792, 1798, 1810, 1816, 1830, 1840 (cracking noise), 1846, 1847, 1850, 1856,
1865, 1881, 1885, 1890, 1902, 1909, 1917, 1930 (bolt SE5 failed), 1945, 1953, 2000, and
2003. Clicking sounds were heard twice a second above 2365 kips. A noise was
observed at 2465 kips, during the failure of bolt NW1. Noises believed to be produced
by the testing machine were neglected. The noises are likely associated with additional
small dlip events, bolts coming into bearing with the bolt holes, or possibly initiation of
fractures within the bolts.

The splice plate LVDTs (Figure B.114 and Figure B.115) showed a dynamic increase or
decrease in displacement during the slip events. This may be due to a number of reasons,
including stressrelief in the splice plates after dip, very small sips relative to the column
flanges, or small dynamic vibrations (with resulting small permanent offsets) of the
LVDT holders, but the displacements are an order of magnitude smaller than the primary
dip displacements (Figure B.116 and Figure B.117) and are not likely to indicate
significant behavior.

Figure B.118 and Figure B.119 compare the LVDTSs directly measuring relative dlip
between the filler plate and either the top column (Figure B.116) or the splice plate
(Figure B.117) with the difference between the average of the two LVDTs on either filler
plate at that same cross section as the LVDTs on the top column (Figure B.113) and
either the average of the two LVDTSs at the bottom center of the top column (Figure
B.112) or the average of the two LVDTs on either splice plate at that same cross section
as the LVDTs on the top column (Figure B.114). The measurements of the relative
LVDTs correspond well to the difference between the corresponding absolute LVDTSs.

For this specimen, strain gages were attached to the inside face of the splice plate in the
gap between the top and bottom columns (Figure B.126). These measurements, when
compared to the measurements from the outside face of the splice plate (Figure B.125),
indicate significant bending in the splice plates. Yielding was recorded on the inside of
the splice plate.
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The top column strain gages show that the localized introduction of load had a small bias
to the northwest (Figure B.122). The bottom column strain gages show that the localized
reaction had a dight biasto the south (Figure B.127).

Throughout the splice plate the bias is minimal (Figure B.123, Figure B.124 and Figure
B.125) prior to dip. After the bolts have dlipped into bearing the south side of the
specimen had alarger displacement between the top column and filler plate than the north
side (Figure B.116) with the relative displacement between the filler and splice plate
similar. This resulted in significant bending in the splice plates, particularly the north
splice plate, where the outer gages had significant tension and the inner gages significant
compression. Snapshots of the specimen strain at 1000 kips, immediately prior to dip,
2000 kips and immediately prior to shear are visually presented in Figure B.128, Figure
B.129, Figure B.130 and Figure B.131, respectively. These graphs show that the strain
enters into the splice plate gradually and relatively uniformly from bolt row 6 to bolt row
1 throughout the experiment.

The experiment was executed in load control. The loading rate for the experiment was
approximately 1 kip per second. One elastic cycle was executed prior to the test, going
up to aload of 200 kips and returning to zero load, to verify instrumentation. The data
collection rate for the experiment was held constant at 10 Hertz (10 sets of readings per
second).
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Figure B.103 — 159n1: Before test (east Figure B.104 — 159n1: After test (east
side) side)
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Figure B.105 — 159n1: After test (east
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Figure B.106 — 159n1: After test (south
side)



Figure B.107 — 159n1: After slip (south Figure B.108 — 159n1: After test (north
side) side)

Figure B.109 — 159n1: Bolt SE5 after slip
(south side)
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Figure B.110 — 159n1: Load vs. stroke
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Figure B.111 — 159n1: Load vs. time
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Figure B.112 — 159n1: Load vs. top
column displacement
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Figure B.113 — 159n1: Load vs. filler plate
displacement
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Figure B.114 — 159n1: Load vs. splice
plate (middle) displacement
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Specimen 05: 159n1
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Figure B.116 — 159n1: Load vs.
filler/column relative displacement
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relative displacement vs. time
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Figure B.122 — 159n1: Load vs. top
column strain
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Figure B.123 — 159n1: Load vs. splice
plate (below bolt row 6) strain
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Figure B.124 — 159n1: Load vs. splice
plate (below bolt row 4) strain

Specimen 05: 159n1

Load vs. Splice Plate (below bolt row 1) Strain
3000 ‘ ‘ ‘ ‘

2500 == - - —1- - - - - I Ty —e=— -4
~ 2000 - T~ 7~ -=-q
%]
a2
<
S 15001 - - - - o1 - - - N N TN
IS
3 I R

1000/ — osspl-an| - [

——05spl-2n | |
500’—05:spl—ls”7‘ ””” I
—— 05spl-2s : : !
0]
-2000  -1500  -1000 -500 0 500

Splice Plate Strain (umm/mm)
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Figure B.126 — 159n1: Load vs. inside face
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Figure B.128 — 159n1: Strain distribution at 1,000 Kips
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Figure B.129 — 159n1: Strain distribution prior to slip at 1,879 Kips
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Figure B.130 — 159n1: Strain distribution at 2,000 kips
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Figure B.131 — 159n1: Strain distribution prior to shear at 2,548 Kips
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B.7 Specimen 159n2

Specimen 159n2 (Figure B.132 to Figure B.158) behaved approximately linearly until the
observed dip load (1,704 kips). During the dlip event, the relative displacement between
the splice plate and the filler plate, as well as thefiller plate and the top column increased
suddenly. Slip initiated between the splice plate and the filler plate on the north side and
between the filler plate and the top column on both the north and south sides of the
specimen (Figure B.144). However, dlip between the filler plate and the top column on
the north side halted after 0.02 in. only to begin again later in the slip event. Over a
period of 28 seconds, the relative displacements increased by the amounts shown in Table
B.7. This is seen most clearly in the relative LVDTs (Figure B.147 and Figure B.148).
During this dynamic event, the load dropped and increased several times. The lowest |oad
measured was 962 kips (Figure B.137). The machine and specimen stabilized at 1,469
kips and the load was held for observation of the specimen (Figure B.138).

Table B.7 — 159n2: Relative slip

Location North South
Between Splice 0.50in 0.40in
and Filler
Between Filler . )
and Top Column 0.47in 0.49in
Sum 0.97in 0.89in

During this dlip event, two bolts on the south side (SE5 and SW5) failed through the
threads, indicating a pretension failure (Figure B.136). The bolt heads and shanks shot
out of the specimen, leaving the south side with only 10 bolts. During fabrication, bolts
SE5, SW5, and their neighboring bolts were retorqued as per Table B.2; these correlate
with the bolts that failed prematurely.

Also during the slip event, it is likely that the bolts slipped into bearing on the top
column, as the increase in stiffness in Figure B.139 shows at approximately a load of
1500 kips and a displacement of 1.0 inches. The maximum expected clearance in the
holes based on the assembly was nominally 2 * (5/16 inches) = 0.625 inches. During the
dlip event, the west strain gage at bolt row 4 on the south splice plate (06spl-3s) and the
east strain gage inside of the north splice plate (06isp-2n) were damaged (Figure B.151
and Figure B.153).

The top column began to yield at approximately 2,400 kips (Figure B.149), damaging the
southwest strain gage on the top column (top-1s) (Figure B.149). Upon further loading,
the bolts, now experiencing shear, yielded and eventually failed at the observed bolt shear
load (2,616 kips) (Figure B.133, Figure B.134 and Figure B.135). The ten remaining
bolts through the splice plate on the south flange of the top column failed simultaneously,
leaving the twelve bolts through the splice plate on the north flange of the top column
intact on the specimen.
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After dlip, the specimen produced clanging noises every 5 kips. At 1900 kips the
clanging noises were produced every 2 kips. Noises believed to be produced by the
testing machine were neglected. The noises are likely associated with additional small
dip events, bolts coming into bearing with the bolt holes, or possibly initiation of
fractures within the bolts.

The signal box for the actuator stroke measurement was not turned on at the start of the
test. It was turned on at a load of approximately 600k, consequently any actuator stroke
data before thisload isinvalid.

The splice plate LVDTSs (Figure B.141 and Figure B.142) showed a dynamic increase or
decrease in displacement during the slip events. This may be due to a number of reasons,
including stress relief in the splice plates after dip, very small sips relative to the column
flanges, or small dynamic vibrations (with resulting small permanent offsets) of the
LVDT holders, but the displacements are an order of magnitude smaller than the primary
dip displacements (Figure B.143 and Figure B.144) and are not likely to indicate
significant behavior.

Figure B.145 and Figure B.146 compare the LVDTs directly measuring relative dlip
between the filler plate and either the top column (Figure B.143) or the splice plate
(Figure B.144) with the difference between the average of the two LVDTs on either filler
plate at that same cross section as the LVDTs on the top column (Figure B.140) and
either the average of the two LVDTSs at the bottom center of the top column (Figure
B.139) or the average of the two LVDTs on either splice plate at that same cross section
as the LVDTs on the top column (Figure B.141). The measurements of the relative
LVDTs correspond well to the difference between the corresponding absolute LVDTSs.

For this specimen, strain gages were attached to the inside face of the splice plate in the
gap between the top and bottom columns (Figure B.153). These measurements, when
compared to the measurements from the outside face of the splice plate (Figure B.152),
indicate significant bending in the splice plates, particularly on the south side. Yielding
was recorded on the inside of the splice plate.

The top column strain gages (Figure B.149) indicate that the localized introduction of
load had a small loading bias towards the west. The bottom column strain gages (Figure
B.154) show that the localized reaction on the south side was more heavily loaded.

The splice plate strain gages (Figure B.150, Figure B.151, Figure B.152 and Figure
B.153) indicate the south side of the specimen is more heavily loaded. Thisis consistent
with the decreased displacement present on the south side (Figure B.144). This caused
the specimen to ultimately fail on the south side. Snapshots of the specimen strain at 1000
kips, immediately prior to slip, 2000 kips and immediately prior to shear are visually
presented in Figure B.155, Figure B.156, Figure B.157 and Figure B.158, respectively.
These graphs show that the strain enters into the splice plate gradualy and relatively
uniformly from bolt row 6 to bolt row 1 throughout the experiment.
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The experiment was executed in load control. The loading rate for the experiment was
approximately 1 kip per second. One elastic cycle was executed prior to the test, going
up to aload of 200 kips and returning to zero load, to verify instrumentation. During this
elastic cycle and during the start of the main test, the load was stopped at severa
predetermined load values to record the deformation of the crosshead. The data collection
rate for the experiment was held constant at 10 Hertz (10 sets of readings per second).
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Figure B.132 — 159n2: Before test (east Figure B.133 — 159n2: After test (east
side) side)
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Figure B.134 — 159n2: After test (east Figure B.135 — 159n2: After test (south
side) side)
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Figure B.136 — 159n2: After slip (south
side)
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Figure B.137 — 159n2: Load vs. stroke Figure B.138 — 159n2: Load vs. time
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Figure B.143 — 159n2: Load vs.
filler/column relative displacement
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Figure B.144 — 159n2: Load vs.
spliceffiller relative displacement

Specimen 06: 159n2
Load vs. Fill/Top Column Relative Displacement

by Relative LVDTs and Difference of Absolute LVDT
3000

I I I I I
| | | | |
2500F 4 - - - - - e P AN
| | |
22000—7 ————— i ————— - ———:r —————
< 1500+ ey fR— E—
ke i I
(o]
= 1000f @ - - - Lo ——06f2t-1w
| | || —— o6f2t-2w
500 f - ---- SR b | ——Diff. Abs. 1 f
| | | — Diff. Abs. 2
O L | | T
0 0.2 0.4 0.6 0.8 1

Fill/Top Column Relative Displacement (in)
Figure B.145 — 159n2: Comparison of
filler/column relative and absolute
LVDTs

Specimen 06: 159n2
Load vs. Splice/Fill Relative Displacement

by Relative LVDTs and Difference of Absolute LVDT
3000

I
—06f25 1w I I I |
2500 | —— 06f2s-2w **%***L**** b
—— Diff. Abs. 1 : ‘
7 20001 —— Diff. Abs. 2 [~ <~ - - £
9_ T T | |
é |
= 1500+ - ***:****
o |
- 1000+ - i
|
|
500 - :****
|
O L

0 01 02 03 04 05 06
Splice/Fill Relative Displacement (in)

Figure B.146 — 159n2: Comparison of
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Figure B.147 — 159n2: Filler/column
relative displacement vs. time
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Specimen 06: 159n2
Load vs. Top Column Strain
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Figure B.149 — 159n2: Load vs. top
column strain
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Figure B.150 — 159n2: Load vs. splice
plate (below bolt row 6) strain

Specimen 06: 159n2
Load vs. Splice Plate (below bolt row 4) Strain

Specimen 06: 159n2
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Figure B.151 — 159n2: Load vs. splice
plate (below bolt row 4) strain
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Figure B.152 — 159n2: Load vs. splice
plate (below bolt row 1) strain

Specimen 06: 159n2
Load vs. Inside Face of Splice Plate Strain
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Figure B.153 — 159n2: Load vs. inside face

of splice plate strain
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Figure B.154 — 159n2: Load vs. bottom
column strain
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Specimen 06: 159n2 Specimen 06: 159n2

South Strain North Strain
Time: 12 (min) Load: 1000 kips Time: 12 (min) Load: 1000 kips
2000 2000
E 1500 E 1500
€ €
£ 1000 € 1000
Y Y
c c
'S 500 'S 500
n n
0 0
top-1s: 780 top-2s: 460 top-1n: 780 top-2n: 530
spl-5s: spl6s: 0 spl-5n: spl-én: 0
spl-3s: 60 spl-4s: spl-3n: 70 spl-4n:
spl1s: 40 spl-2s: spkln: 70 spl-2n:
isp-1s: 830 isp-2s: 950 isp-1n: 780 isp-2n: 820
bot-1s: 710 bot-2s: bot-1s: 460 bot-2s:
Slip load: 1704 kips Shear load: 2616 kips
Figure B.155 — 159n2: Strain distribution at 1,000 kips
Specimen 06: 159n2 Specimen 06: 159n2
South Strain North Strain
Time: 20 (min) Load: 1705 kips Time: 20 (min) Load: 1705 kips
2000 2000
E 1500 E 1500
€ €
£ 1000 € 1000
Y Y
c c
'S 500 'S 500
n n
0 0
top-1s: 880 top-2s: 540 top-1n: 610 top-2n: 370
spl-5s: spk6s: 40 spl-5n: spl-6n: 40
spl-3s: 150 spl-4s: spl-3n: 80 spl-4n:
spl1s:  -120 spl-2s: spkln: 160 spl-2n:
isp-1s: 1140 isp-2s: 1700 isp-1n: 360 isp-2n: 570
bot-1s: 920 bot-2s: bot-1s: 330 bot-2s:
Slip load: 1704 kips Shear load: 2616 kips

Figure B.156 — 159n2: Strain distribution prior to slip at 1,704 kips
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Specimen 06: 159n2 Specimen 06: 159n2

South Strain North Strain
Time: 30 (min) Load: 2000 kips Time: 30 (min) Load: 2000 kips
2000 2000
E 1500 E 1500
€ €
£ 1000 £ 1000
3 3
c c
‘© 500 ‘g 500
n n
0 0
top-1s: 11780 top-2s: 1220 top-1n: 1220 top-2n: 940
spl-5s: spk6s: 11790 spl-5n: spl6n:  -100
spl-3s: 11760 spl-4s: 470 spl-3n:  -60 spl-4n:  -70
spl-1s:  -750 spl-2s: spkln: 220 spl-2n:
isp-1s: 6510 isp-2s: 5340 isp-1n: 3210 isp-2n: 3000
bot-1s: 1390 bot-2s: bot-1s: 760 bot-2s:
Slip load: 1704 kips Shear load: 2616 kips
Figure B.157 — 159n2: Strain distribution at 2,000 Kips
Specimen 06: 159n2 Specimen 06: 159n2
South Strain North Strain
Time: 37 (min) Load: 2615 kips Time: 37 (min) Load: 2615 kips
2000 2000
E 1500 E 1500
€ €
£ 1000 £ 1000
3 3
c c
'S 500 'S 500
n n
0 0

top-1s: 8100 top-2s: 6040 top-1n: 7630 top-2n: 4090
spl-5s: spk6s: 11790 spl-5n: spl-én: 70
spl-3s: 11760 spl-4s: 800 spl-3n: 160 spl-4n: 130
spl-1s:  -1080 spl-2s: spl1n:  -430 spl-2n:

isp-1s: 9120 isp-2s: 7740 isp-1n: 5180 isp-2n: 5950
bot-1s: 1490 bot-2s: bot-1s: 1090 bot-2s:

Slip load: 1704 kips Shear load: 2616 kips

Figure B.158 — 159n2: Strain distribution prior to shear at 2,616 Kips
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B.8 Specimen 455f

Specimen 455f (Figure B.159) behaved approximately linearly until the observed dlip
load (1,369 kips). During the dlip event, the relative displacement between the splice
plate and thefiller plate, as well asthefiller plate and the top column increased suddenly.
Slip initiated between the splice plate and the filler plate on the both the north and south
sides of the specimen. Over a period of 23 seconds, the relative displacements increased
by the amounts shown in Table B.8. This is seen most clearly in the relative LVDTs
(Figure B.173 and Figure B.174). During this dynamic event, the load dropped and
increased severa times. The lowest load measured was 743 kips (Figure B.163). The
machine and specimen stabilized at 1,337 kips and the load was held for observation of
the specimen (Figure B.164).

Table B.8 — 455f: Relative slip

Location North South
Between Splice 0.361in 0.47in
and Filler
Between Filler . .
and Top Column 0.391in 0.281in
Sum 0.75in 0.75in

During the dlip event, it is likely that the bolts slipped into bearing on the top column, as
the increase in stiffness in Figure B.165 shows at approximately aload of 1,250 kips and
a displacement of 0.75 inches. The maximum expected clearance in the holes based on
the assembly was nominally 2 * (5/16 inches) = 0.625 inches.

Upon further loading, the bolts, now experiencing shear, yielded and eventually failed at
the observed bolt shear load (2,428 kips) (Figure B.160, Figure B.161 and Figure B.162).
The twelve bolts through the splice plate on the south flange of the top column failed
simultaneously, leaving the twelve bolts through the splice plate on the north flange of
the top column intact on the specimen. Noises from the specimen, which had started after
the dip event, dramatically increased in frequency immediately before shear failure.
Once the twelve bolts on the south flange failed, the relative movement of the splice plate
to the filler plate caused the failure of two additional bolts through the filler plate,
knocking these nuts and bolt shanks off through the bolt threads (Figure B.162).

After dlip, the specimen produced pinging noises at the following loads; 1412, 1424,
1440, 1456, 1482, 1487, 1503, 1528, 1542, 1574, 1600, 1613, 1655, 1704, 1730, 1736,
1750, 1820, 1823, 1840, 1857, 1884, 1977, 1987, 2000, 2008, 2017, 2026, 2036, 2050,
2052, 2061, 2073, 2080, 2086, 2097, 2104 (higher pitched), 2111, 2123, 2132, 2150,
2168, 2174, 2185, 2191, 2197, 2205, 2207, 2213, 2219, and 2220 (higher pitched) kips.
Noises continued occurring every 3 to 4 kips. Noises believed to be produced by the
testing machine were neglected. The noises are likely associated with additional small
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dip events, bolts coming into bearing with the bolt holes, or possibly initiation of
fractures within the bolts.

The splice plate LVDTs (Figure B.167 and Figure B.168) showed a dynamic increase or
decrease in displacement during the slip events. This may be due to a number of reasons,
including stress relief in the splice plates after dip, very small sips relative to the column
flanges, or small dynamic vibrations (with resulting small permanent offsets) of the
LVDT holders, but the displacements are an order of magnitude smaller than the primary
dip displacements (Figure B.170 and Figure B.171) and are not likely to indicate
significant behavior.

Figure B.171 and Figure B.172 compare the LVDTs directly measuring relative dlip
between the filler plate and either the top column (Figure B.169) or the splice plate
(Figure B.170) with the difference between the average of the two LVDTs on either filler
plate at that same cross section as the LVDTs on the top column (Figure B.166) and
either the average of the two LVDTs at the bottom center of the top column (Figure
B.165) or the average of the two LVDTs on either splice plate at that same cross section
as the LVDTs on the top column (Figure B.167). The measurements of the relative
LVDTs correspond well to the difference between the corresponding absolute LVDTSs.

For this specimen, strain gages were attached to the inside face of the splice plate in the
gap between the top and bottom columns (Figure B.179). These measurements, when
compared to the measurements from the outside face of the splice plate (Figure B.178),
indicate slight bending in the splice plates. Minor yielding was recorded on the inside of
the splice plate.

The top column strain gages show that the localized introduction of load was more
heavily loaded on the northwest side (Figure B.175). The bottom column strain gages
indicate that the localized reaction was more heavily loaded on the south side (Figure
B.182).

The splice plate was dightly biased toward the west side (Figure B.176, Figure B.177,
Figure B.178 and Figure B.179). Nevertheless, this eccentricity had largely dissipated
within the splice plate below the first row of bolts (Figure B.178 and Figure B.179). The
filler plate was relatively uniformly loaded (Figure B.180 and Figure B.181). Snapshots
of the specimen strain at 1000 kips, immediately prior to slip, 2000 kips and immediately
prior to shear are visualy presented in Figure B.183, Figure B.184, Figure B.185 and
Figure B.186, respectively. These graphs show that the strain enters into the filler plate
and then into the splice plate gradually and relatively uniformly from bolt row 6 to bolt
row 1 throughout the experiment.

The experiment was executed in load control. The loading rate for the experiment was
approximately 1 kip per second. One elastic cycle was executed prior to the test, going
up to aload of 200 kips and returning to zero load, to verify instrumentation. The data
collection rate for the experiment was held constant at 10 Hertz (10 sets of readings per
second).
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Figure B.159 — 455f: Before test (east ~ Figure B.160 — 455f: After test (east side)
side)
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455f: After test (south

Figure B.162

side)

455f: After test (east side)
191
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Specimen 07: 455f
Load vs. Stroke

2500

2000t - - - -

[y
o
o
o

T

|

|

|

|

|

|

|

|
4

|

|

1000f - - §f A s

Load (kips)

500 -

|
l l l
%.5 9 9.5 10
Stroke (in)

Figure B.163 — 455f: Load vs. stroke

115

Specimen 07: 455f
Load vs. Time
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Figure B.164 — 455f: Load vs. time

Specimen 07: 455f
Load vs. Top Column Displacement
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Figure B.165 — 455f: Load vs. top column
displacement

Specimen 07: 455f
Load vs. Fill Plate Displacement
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Figure B.166 — 455f: Load vs. Filler plate
displacement

Specimen 07: 455f

Load vs. Splice Plate (middle) Displacement
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Figure B.167 — 455f: Load vs. splice plate
(middle) displacement

Specimen 07: 455f

Load vs. Splice Plate (bottom) Displacement
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Figure B.168 — 455f: Load vs. splice plate
(bottom) displacement

192




Specimen 07: 455f

Load vs. Fill/Column Relative Displacement
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Figure B.169 — 455f: Load vs.
filler/column relative displacement

Specimen 07: 455f

Load vs. Splice/Fill Relative Displacement
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Figure B.170 — 455f: Load vs. spliceffiller
relative displacement

Specimen 07: 455f
Load vs. Fill/Top Column Relative Displacement

by Relative LVDTs and Difference of Absolute LVDT
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Figure B.171 — 455f: Comparison of
filler/column relative and absolute

LVDTs

Specimen 07: 455f
Load vs. Splice/Fill Relative Displacement
by Relative LVDTs and Difference of Absolute LVDT
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Figure B.172 — 455f: Comparison of
splice/filler relative and absolute LVDTSs

Specimen 07: 455f

Splice/Fill Relative Displacement vs. Time
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Figure B.173 — 455f: Splice/filler relative
displacement vs. time

Specimen 07: 455f

Fill/Column Relative Displacement vs Time
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Figure B.174 — 455f: Filler/column
relative displacement vs. time

193




Specimen 07: 455f
Load vs. Top Column Strain
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Figure B.175 — 455f: Load vs. top column
strain

Specimen 07: 455f

Load vs. Splice Plate (below bolt row 6) Strain
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Figure B.176 — 455f: Load vs. splice plate
(below bolt row 6) strain

Specimen 07: 455f

Load vs. Splice Plate (below bolt row 4) Strain
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Figure B.177 — 455f: Load vs. splice plate
(below bolt row 4) strain

Specimen 07: 455f

Load vs. Splice Plate (below bolt row 1) Strain
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Figure B.178 — 455f: Load vs. splice plate
(below bolt row 1) strain

Specimen 07: 455f

Load vs. Inside Face of Splice Plate Strain
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Figure B.179 — 455f: Load vs. inside face
of splice plate strain

Specimen 07: 455f
Load vs. Fill Plate Strain
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Figure B.180 — 455f: Load vs. filler plate
strain
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Figure B.181 — 455f: Load vs. filler plate

strain

Specimen 07: 455f
Load vs. Bottom Column Strain
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Figure B.182 — 455f: Load vs. bottom

column strain
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Specimen 07: 455f Specimen 07: 455f

South Strain North Strain
Time: 12 (min) Load: 1000 kips Time: 12 (min) Load: 1000 kips
2000 2000
E 1500 E 1500
€ €
£ 1000 £ 1000
s s
c c
'S 500 'S 500
n n
0 0
top-1s: 290 top-2s:  -100 top-1n: 560 top-2n: 80
fil-1s: 130 fil-2s: 150 fil-1n: 140 fil-2n: 140
spl-5s: spl6s: 30 spl-5n: spl-6n: 20
spl-3s: 140 spl-4s: spl3n: 130 spl-4n:
spl1s: 290 spl-2s: spkiln: 170 spl-2n:
isp-1s: 610 isp-2s: 620 isp-1n: 640 isp-2n: 680
bot-1s: 740 bot-2s: bot-1s: 340 bot-2s:
fil-5s: 250 fil-9s: 260
fil-6s: 270 fil-8s: 290
fil-7s: 270
Slip load: 1369 kips Shear load: 2428 kips
Figure B.183 — 455f: Strain distribution at 1,000 kips
Specimen 07: 455f Specimen 07: 455f
South Strain North Strain
Time: 16 (min) Load: 1367 kips Time: 16 (min) Load: 1367 kips
2000 2000
€ €
E 1500 E 1500
£ £
£ 1000 £ 1000
4 4
c c
'S 500 'S 500
n n
0 0
top-1s: 180 top-2s:  -90 top-1n: 570 top-2n: 60
fil-1s: 110 fil-2s: 120 fil-1n: 190 fil-2n: 120
spl-5s: spk6s: 30 spl-5n: spl-6n: 60
spl-3s: 110 spl-4s: spl3n: 50 spl-4n:
spl1s: 330 spl-2s: spkln: 130 spl-2n:
isp-1s: 300 isp-2s: 230 isp-1n: 640 isp-2n: 590
bot-1s: 570 bot-2s: bot-1s: 360 bot-2s:
fil-5s: 180 fil-9s: 160
fil-6s: 180 fil-8s: 170
fil-7s: 170
Slip load: 1369 kips Shear load: 2428 kips

Figure B.184 — 455f: Strain distribution prior to slip at 1,369 Kips
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Specimen 07: 455f Specimen 07: 455f

South Strain North Strain
Time: 27 (min) Load: 2000 kips Time: 27 (min) Load: 2000 kips
2000 2000
E 1500 E 1500
€ €
£ 1000 £ 1000
s s
c c
'S 500 'S 500
n n
0 0
top-1s: 630 top-2s: 20 top-1n: 780 top-2n: 360
fil-1s: 320 fil-2s: 440 fil-1n: 310 fil-2n: 260
spl-5s: spl6s: 110 spl-5n: spl-6n: 340
spl-3s: 220 spl4s: 130 spl3n: 220 spl-4n: 50
spl1s: 540 spl-2s: spkln: 510 spl-2n:
isp-1s: 2140 isp-2s: 1300 isp-1n: 1580 isp-2n: 1200
bot-1s: 1370 bot-2s: bot-1s: 670 bot-2s:
fil-5s: 540 fil-9s: 480
fil-6s: 660 fil-8s: 570
fil-7s: 530
Slip load: 1369 kips Shear load: 2428 kips
Figure B.185 — 455f: Strain distribution at 2,000 kips
Specimen 07: 455f Specimen 07: 455f
South Strain North Strain
Time: 31 (min) Load: 2424 kips Time: 31 (min) Load: 2424 kips
2000 2000
€ €
E 1500 E 1500
£ £
£ 1000 £ 1000
4 4
c c
'S 500 'S 500
n n
0 0
top-1s: 680 top-2s: 60 top-1n: 930 top-2n: 530
fil-1s: 430 fil-2s: 410 fil-1n: 440 fil-2n: 550
spl-5s: spl6s: 200 spl-5n: spl-6n: 370
spl-3s: 380 spl4s: 260 spl3n: 330 spl-4n: 130
spl1s: 810 spl-2s: spkln: 790 spl-2n:
isp-1s: 2470 isp-2s: 1250 isp-1n: 2170 isp-2n: 1510
bot-1s: 1440 bot-2s: bot-1s: 880 bot-2s:
fil-5s: 690 fil-9s: 550
fil-6s: 890 fil-8s: 710
fil-7s: 700
Slip load: 1369 kips Shear load: 2428 kips

Figure B.186 — 455f: Strain distribution prior to shear at 2,428 kips
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B.9 Specimen 455h

Specimen 455h (Figure B.187 to Figure B.215) behaved approximately linearly until the
observed dip load (1,175 kips). During the dlip event, the relative displacement between
the splice plate and the filler plate, as well as thefiller plate and the top column increased
suddenly. Slip initiated between the filler plate and the splice plate on both the north and
south sides of the specimen as well as between the filler plate and top column on the
north side and then the south side of the specimen (Figure B.198 and Figure B.199).
Over a period of 12 seconds, the relative displacements increased by the amounts shown
in Table B.9. This is seen most clearly in the relative LVDTs (Figure B.202 and Figure
B.203). During this dynamic event, the load dropped and increased several times. The
lowest load measured was 509 kips (Figure B.192). The machine and specimen stabilized
at 1,098 kips and the load was held for observation of the specimen (Figure B.193).

Table B.9 — 455h: Relative slip

Location North South
Between Splice 0.41in 0.45in
and Filler
Between Filler . )
and Top Column 0.36in 0.34in
Sum 0.77in 0.79in

Around 1,250 kips the bolts likely slipped into bearing on the top column, as the seen by
the increase in stiffness in Figure B.198 at approximately a load of 1,250 kips and a
relative dlip of 0.34 inches. The maximum expected clearance in the holes based on the
assembly was nominally 2 * (5/16 inches) = 0.625 inches.

All bolts remained intact prior to shear failure. Upon further loading, the bolts, now
experiencing shear, yielded and eventually failed at the observed bolt shear load (2,197
kips) (Figure B.188 through Figure B.191). Initially one bolt failed on each side,
followed by the remaining bolts on the north side and 3 additional bolts on the south side.
A few seconds later the remaining bolts failed on the south side.

After dlip, the specimen produced pinging noises at the following loads; 1350, 1377,
1390, 1403, 1411, 1421, 1434, 1440, 1451, 1459, 1465, 1475, 1480, 1490, 1495, 1503,
1507, 1522, 1528, 1533, 1538, 1544, 1549, 1556, 1560, 1564, 1571, 1575, 1579 and 1583
kips. The noises continued every few kips, increasing in frequency until failure. The
noises are likely associated with additional small dlip events, bolts coming into bearing
with the bolt holes, or possibly initiation of fractures within the bolts.

The splice plate LVDTs (Figure B.196 and Figure B.197) showed a dynamic increase or
decrease in displacement during the slip events. This may be due to a number of reasons,
including stress relief in the splice plates after dip, very small sips relative to the column
flanges, or small dynamic vibrations (with resulting small permanent offsets) of the
LVDT holders, but the displacements are an order of magnitude smaller than the primary
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dip displacements (Figure B.198 and Figure B.199) and are not likely to indicate
significant behavior.

Figure B.200 and Figure B.201 compare the LVDTs directly measuring relative dlip
between the filler plate and either the top column (Figure B.198) or the splice plate
(Figure B.199) with the difference between the average of the two LVDTs on either filler
plate at that same cross section as the LVDTs on the top column (Figure B.195) and
either the average of the two LVDTs at the bottom center of the top column (Figure
B.194) or the average of the two LVDTs on either splice plate at that same cross section
as the LVDTs on the top column (Figure B.196). The measurements of the relative
LVDTs correspond well to the difference between the corresponding absolute LVDTSs.

For this specimen, strain gages were attached to the inside face of the splice plate in the
gap between the top and bottom columns (Figure B.208). These measurements, when
compared to the measurements from the outside face of the splice plate (Figure B.207),
indicate slight bending in the splice plates.

The top column strain gages exhibit that the localized introduction of load had a small
bias to the south side, particularly the southwest corner (Figure B.204). The bottom
column strain gages show that the localized reaction was relatively uniformly loaded,
with the northwest corner loaded the least (Figure B.209).

The filler plate on the south side displaced further than the north filler plate during slip
(Figure B.195), leading to a larger overall displacement on the south side. Therefore,
additional load was possibly applied to the north side after dip, leading to the shear
failure on the north side of the specimen. The splice plates were relatively uniformly
loaded once the load had distributed into the plate in the bottom row of bolts (Figure
B.205, Figure B.206, Figure B.207 and Figure B.208). The upper rows of bolts
experienced some biases, but in no clear pattern. The south filler plate experienced a
dight bias toward the west (Figure B.210 and Figure B.211). Snapshots of the specimen
strain at 1000 kips, immediately prior to slip, 2000 kips and immediately prior to shear
are visually presented in Figure B.212, Figure B.213, Figure B.214 and Figure B.215,
respectively. These graphs show that the strain enters into the filler plate and then into
the splice plate gradually and relatively uniformly from bolt row 6 to bolt row 1
throughout the experiment.

The experiment was executed in load control. The loading rate for the experiment was
approximately 1 kip per second. One elastic cycle was executed prior to the test, going
up to a load of 200 kips and returning to zero load, to verify instrumentation. An
additional elastic cycle was executed prior to the test, going up to aload of 350 kips and
returning to zero load, to fix the instrumentation. The data collection rate for the
experiment was held constant at 10 Hertz (10 sets of readings per second).
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Figure B.188 — 455h: After test (east
side)

455h: Before test (east

side)

Figure B.187
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Figure B.189 — 455h: After test (west Figure B.190 — 455h: After test (south
side) side)
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Figure B.191 — 455h: After test (north
side)
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Figure B.193 — 455h: Load vs. time
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Specimen 08: 455h
Load vs. Fill/Column Relative Displacement
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Figure B.204 — 455h: Load vs. top column
strain

Specimen 08: 455h

Load vs. Splice Plate (below bolt row 6) Strain
2500 T T T T T
| : | : |
2000} - 4~ - - - - 1 s
21500 -
<
ks
O 10001 -+ 318 B3-S 5 -
- |
I —— 08spl-5n
[ |
500k - . | ——08spl-6n||
: —— 08spl-5s
| I | —— 08spl-6s
1 1 1 T
o 100 200 300 400 500

Splice Plate Strain (umm/mm)
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(below bolt row 4) strain
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(below bolt row 1) strain
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Specimen 08: 455h Specimen 08: 455h

South Strain North Strain
Time: 12 (min) Load: 1000 kips Time: 12 (min) Load: 1000 kips
2000 2000
E 1500 E 1500
€ €
£ 1000 £ 1000
s s
c c
'S 500 'S 500
0 0
0 0
top-1s: 540 top-2s: 280 top-1n: 110 top-2n:  -80
fil-1s: 110 fil-2s: 110 fil-1n: 100 fil-2n: 110
spl-5s: spk6s: 20 spl-5n: spl-6n: 20
spl-3s: 140 spl-4s: spl3n: 150 spl-4n:
spl1s: 280 spl-2s: spkln: 220 spl-2n:
isp-1s: 550 isp-2s: 620 isp-1n: 560 isp-2n: 610
bot-1s: 570 bot-2s: bot-1s: 360 bot-2s:
fil-5s: 180 fil-9s: 180
fil-6s: 190 fil-8s: 200
fil-7s: 180
Slip load: 1175 kips Shear load: 2197 kips
Figure B.212 — 455h: Strain distribution at 1,000 Kips
Specimen 08: 455h Specimen 08: 455h
South Strain North Strain
Time: 14 (min) Load: 1174 kips Time: 14 (min) Load: 1174 kips
2000 2000
E 1500 E 1500
£ £
£ 1000 £ 1000
4 4
c c
'S 500 'S 500
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top-1s: 360 top-2s: 50 top-1n: 40 top-2n:  -70
fil-1s: 70 fil-2s: 50 fil-1n: 60 fil-2n: 90
spl-5s: spl6s: 40 spl-5n: spl-6n: 60
spl-3s: 90 spl-4s: spl3n: 100 spl-4n:
spl1s: 190 spl-2s: spkln: 110 spl-2n:
isp-1s: 240 isp-2s: 240 isp-1n: 260 isp-2n: 370
bot-1s: 380 bot-2s: bot-1s: 210 bot-2s:
fil-5s: 120 fil-9s: 80
fil-6s: 70 fil-8s: 70
fil-7s: 70
Slip load: 1175 kips Shear load: 2197 kips

Figure B.213 — 455h: Strain distribution prior to slip at 1,175 Kips
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Specimen 08: 455h Specimen 08: 455h

South Strain North Strain
Time: 29 (min) Load: 1999 kips Time: 29 (min) Load: 1999 kips
2000 2000
E 1500 E 1500
€ €
£ 1000 £ 1000
s s
c c
'S 500 'S 500
0 0
0 0
top-1s: 810 top-2s: 580 top-1n: 290 top-2n: 10
fil-1s: 280 fil-2s: 170 fil-1n: 310 fil-2n: 360
spl-5s: spl6s: 180 spl-5n: spl-6n: 420
spl-3s: 380 spl-4s: 170 spl-3n: 460 spl-4n: 370
spl1s: 570 spl-2s: spkln: 480 spl-2n:
isp-1s: 950 isp-2s: 1090 isp-1n: 1020 isp-2n: 1160
bot-1s: 860 bot-2s: bot-1s: 730 bot-2s:
fil-5s: 390 fil-9s: 220
fil-6s: 350 fil-8s: 130
fil-7s: 260
Slip load: 1175 kips Shear load: 2197 kips
Figure B.214 — 455h: Strain distribution at 2,000 Kips
Specimen 08: 455h Specimen 08: 455h
South Strain North Strain
Time: 32 (min) Load: 2195 kips Time: 32 (min) Load: 2195 kips
2000 2000
€ €
E 1500 E 1500
£ £
£ 1000 £ 1000
4 4
c c
'S 500 'S 500
0 0
0 0
top-1s: 850 top-2s: 640 top-1n: 320 top-2n: 40
fil-1s: 430 fil-2s: 440 fil-1n: 340 fil-2n: 550
spl-5s: spl6s: 250 spl-5n: spl-6n: 480
spl-3s: 470 spl4s: 260 spl3n: 560 spl-4n: 440
spl1s: 680 spl-2s: spkln: 620 spl-2n:
isp-1s: 970 isp-2s: 1140 isp-1n: 1060 isp-2n: 1510
bot-1s: 910 bot-2s: bot-1s: 790 bot-2s:
fil-5s: 290 fil-9s: -12090
fil-6s: 300 fil-8s: 90
fil-7s: 240
Slip load: 1175 kips Shear load: 2197 kips

Figure B.215 — 455h: Strain distribution prior to shear at 2,197 kips
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B.10 Specimen 455n1

Specimen 455n1 (Figure B.216 to Figure B.243) behaved approximately linearly until the
observed dip load (1,388 kips). During the dlip event, the relative displacement between
the splice plate and the filler plate, as well as thefiller plate and the top column increased
suddenly. Slip initiated between the filler plate and the splice plate on both the north and
south sides of the specimen, followed several seconds later by the slip between the filler
plate and the top column on both the north and south sides. Over a period of 17 seconds,
the relative displacements increased by the amounts shown in Table B.10. This is seen
most clearly in the relative LVDTs (Figure B.232 and Figure B.233). During this
dynamic event, the load dropped and increased severa times. The lowest load measured
was 700 kips (Figure B.222). The machine and specimen stabilized at 1,340 kips and the
load was held for observation of the specimen (Figure B.223).

Table B.10 — 455n1: Relative slip

Location North South
Between Splice 0.41in 0.40in
and Filler
Between Filler . )
and Top Column 0.39in 0.40in
Sum 0.80in 0.80in

During this event the bolts likely slipped into bearing on the top column, as seen by the
increase in stiffness in Figure B.228 at approximately aload of 1,100 kips and a relative
dip of 0.35 inches. The maximum expected clearance in the holes based on the assembly
was nominally 2 * (5/16 inches) = 0.625 inches.

Upon further loading, the bolts, now experiencing shear, yielded and eventually failed at
the observed bolt shear load (2,189 kips) (Figure B.217 through Figure B.221). All bolts
remained intact prior to shear failure. The twelve bolts through the splice plate on the
south flange of the top column failed nearly simultaneously on the shear plane between
the splice plate and the fill plate. The specimen exhibited an increased stiffness prior to
shear failure (Figure B.224 and Figure B.225). This may be the point in which the bolts
came into contact with bolt edges of the filler plate. This behavior was not observed in
any other specimens.

After dip, the specimen produced pinging noises at the following loads; 1397, 1412,
1442, 1453, 1471, 1486, 1502, 1509, 1519, 1534, 1542, 1549, 1555, 1566, 1580, 1590,
1598, 1603, 1624, 1629, 1634, 1639, 1648, 1652, 1657, and 1663 kips. Noises continued
occurring every few kips of increasing load, silencing at 1830 kips. At 2140 kips the
specimen emitted a high pitched noise. The specimen began ticking at 2168 kips. Noises
believed to be produced by the testing machine were neglected. The noises are likely
associated with additional small dip events, bolts coming into bearing with the bolt holes,
or possibly initiation of fractures within the bolts.
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The splice plate LVDTSs (Figure B.226 and Figure B.227) showed a dynamic increase or
decrease in displacement during the slip events. This may be due to a number of reasons,
including stress relief in the splice plates after dip, very small sips relative to the column
flanges, or small dynamic vibrations (with resulting small permanent offsets) of the
LVDT holders, but the displacements are an order of magnitude smaller than the primary
dip displacements (Figure B.228 and Figure B.229) and are not likely to indicate
significant behavior.

Figure B.230 and Figure B.231 compare the LVDTs directly measuring relative dlip
between the filler plate and either the top column (Figure B.228 or the splice plate
(Figure B.229) with the difference between the average of the two LVDTs on either filler
plate at that same cross section as the LVDTs on the top column (Figure B.225) and
either the average of the two LVDTs at the bottom center of the top column (Figure
B.224) or the average of the two LVDTs on either splice plate at that same cross section
as the LVDTs on the top column (Figure B.226). The measurements of the relative
LVDTs correspond well to the difference between the corresponding absolute LVDTSs.

For this specimen, strain gages were attached to the inside face of the splice plate in the
gap between the top and bottom columns (Figure B.238). These measurements, when
compared to the measurements from the outside face of the splice plate (Figure B.237),
indicate slight bending in the splice plates.

The loading of the top column strain gages showed that the localized introduction of load
was slightly biased towards the west side (Figure B.234). The bottom column was biased
towards the south side (Figure B.239).

The splice plates (Figure B.235, Figure B.236, Figure B.237 and Figure B.238) exhibited
relatively uniform loading. Snapshots of the specimen strain at 1000 kips, immediately
prior to slip, 2000 kips and immediately prior to shear are visualy presented in Figure
B.240, Figure B.241, Figure B.242 and Figure B.243, respectively. These graphs show
that the strain entersinto the splice plate gradually and relatively uniformly from bolt row
6 to bolt row 1 throughout the experiment.

The experiment was executed in load control. The loading rate for the experiment was
approximately 1 kip per second. One elastic cycle was executed prior to the test, going
up to aload of 200 kips and returning to zero load, to verify instrumentation. The data
collection rate for the experiment was held constant at 10 Hertz (10 sets of readings per
second).
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Figure B.216 — 455n1: Before test (east Figure B.217 — 455n1: After test (east
side) side)
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Figure B.218 — 455n1: After test (east Figure B.219 — 455n1: After test (west
side) side)
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Figure B.220 — 455n1: After test (south Figure B.221 — 455n1: After test (north
side) side)
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Figure B.224 — 455n1: Load vs. top Figure B.225 —455n1: Load vs. filler plate

displacement

Load (kips)

Specimen 09: 455n1

Load vs. Splice Plate (middle) Displacement
2500

T T T T T
| | | | |
| | | | |
2000F - - - - e A A ]
l l l
1500} - - - - e
l l l
| | |
1000f - - - - - ettt ety
| I | ——09spl-1e
500F - - - — ‘ ,,J,,,,l,,,,‘—OQSpI-Ze,
: : : —— 09spl-1w
I I I | —— 09spl-2w
0 1 1 1 I T
0 0.01 0.02 0.03 0.04 0.05 0.06

Splice Plate (middle) Displacement (in)
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Specimen 09: 455n1
Fill/Column Relative Displacement
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Figure B.228 — 455n1: Load vs.
filler/column relative displacement
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Figure B.229 — 455n1: Load vs.
splice/filler relative displacement
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Figure B.230 — 455n1: Comparison of
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Figure B.231 — 455n1: Comparison of
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Figure B.232 — 455n1: Filler/column
relative displacement vs. time
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Figure B.233 — 455n1: Splice/filler
relative displacement vs. time
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Specimen 09: 455n1
Load vs. Top Column Strain
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Figure B.234 — 455n1: Load vs. top
column strain
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Figure B.235 —455n1: Load vs. splice
plate (below bolt row 6) strain
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Figure B.236 — 455n1: Load vs. splice
plate (below bolt row 4) strain
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Figure B.237 — 455n1: Load vs. splice
plate (below bolt row 1) strain
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Figure B.238 — 455n1: Load vs. inside face

of splice plate strain
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Specimen 09: 455n1 Specimen 09: 455n1
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Figure B.240 — 455n1: Strain distribution at 1,000 Kips
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Figure B.241 — 455n1: Strain distribution prior to slip at 1,388 Kips
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Specimen 09: 455n1 Specimen 09: 455n1
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Figure B.242 — 455n1: Strain distribution at 2,000 kips
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Figure B.243 — 455n1: Strain distribution prior to shear at 2,189 Kips
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B.11 Specimen 455n2

Specimen 455n2 (Figure B.244) behaved approximately linearly until the observed dlip
load (1,433 kips). During the dlip event, the relative displacement between the splice
plate and the filler plate, as well asthefiller plate and the top column increased suddenly.
Slip initiated between the filler plate and the splice plate on south side of the specimen as
well as between the filler plate and top column on the north side of the specimen. After
losing load dynamically and then starting to pick up load again, dip initiated between the
filler plate and the splice plate on the north side of the specimen as well as between the
filler plate and the top column on the south side of the specimen (Figure B.256 and
Figure B.257). Over a period of 30 seconds, the relative displacements increased by the
amounts shown in Table B.11. This is seen most clearly in the relative LVDTs (Figure
B.260 and Figure B.261). During this dynamic event, the load dropped and increased
several times. The lowest load measured was 645 kips (Figure B.250). The machine and
specimen stabilized at 1,360 kips and the load was held for observation of the specimen
(Figure B.251).

Table B.11 — 455n2: Relative slip

Location North South
Between Splice 0.681n 0.54in
and Filler
Between Filler . )
and Top Column 0.33in 0.39in
Sum 1.01in 0.931in

During this event the bolts likely slipped into bearing on the top column, as seen by the
increase in stiffness in Figure B.256 at approximately a load of 1,450 kips and a relative
dip of 0.6 inches. The maximum expected clearance in the holes based on the assembly
was nominally 2 * (5/16 inches) = 0.625 inches.

After the dip event, two bolts on the northeast side of the specimen (NE2 and NE3)
failed through the threads, indicating a pretension failure (Figure B.245). The bolt head
and shank of both of the failed bolts remained in the specimen. The bolts which remained
in the specimen provided some doweling action and failed a second time in shear at the
ultimate load of the specimen. One bolt on the northwest side of the specimen (NW6)
was observed to be no longer be flush. It failed, through the threads, immediately upon
additional loading.

Upon further loading, the bolts, now experiencing shear, yielded and eventually failed at
the observed bolt shear load (2,248 kips) (Figure B.246 through Figure B.249). The
twelve bolts through the splice plate on the south flange of the top column failed nearly
simultaneously on the shear plane between the splice plate and the fill plate.

219



After dlip, the specimen produced pinging noises at the following loads;, 1425 (deep
noise), 1449, 1484, 1523, 1556, 1578, 1592, 1601, 1624, 1657, 1658, 1676 and 1682
kips. Noises believed to be produced by the testing machine were neglected. The noises
are likely associated with additional small dip events, bolts coming into bearing with the
bolt holes, or possibly initiation of fractures within the bolts.

The splice plate LVDTSs (Figure B.254 and Figure B.255) showed a dynamic increase or
decrease in displacement during the slip events. This may be due to a number of reasons,
including stress relief in the splice plates after dip, very small sips relative to the column
flanges, or small dynamic vibrations (with resulting small permanent offsets) of the
LVDT holders, but the displacements are an order of magnitude smaller than the primary
dip displacements (Figure B.256 and Figure B.257) and are not likely to indicate
significant behavior.

Figure B.258 and Figure B.259 compare the LVDTs directly measuring relative dlip
between the filler plate and either the top column (Figure B.256) or the splice plate
(Figure B.257) with the difference between the average of the two LVDTs on either filler
plate at that same cross section as the LVDTs on the top column (Figure B.253) and
either the average of the two LVDTs at the bottom center of the top column (Figure
B.252) or the average of the two LVDTs on either splice plate at that same cross section
as the LVDTs on the top column (Figure B.254). The measurements of the relative
LVDTs correspond well to the difference between the corresponding absolute LVDTSs.

For this specimen, strain gages were attached to the inside face of the splice plate in the
gap between the top and bottom columns (Figure B.266). These measurements, when
compared to the measurements from the outside face of the splice plate (Figure B.265),
indicate slight bending in the splice plates.

The top and bottom column strain gages show that the localized introduction of load had
abias to the south (Figure B.262).

However, the south bias is not reflected in the splice plates (Figure B.263, Figure B.264,
Figure B.265 and Figure B.266) and bottom column (Figure B.267). The strains are very
small below the sixth row of bolts, they favor the east side below the third row of bolts,
and the splice plates are relatively uniformly loaded below the first row of bolts
Snapshots of the specimen strain at 1000 kips, immediately prior to dlip, 2000 kips and
immediately prior to shear are visually presented in Figure B.268, Figure B.269, Figure
B.270 and Figure B.271, respectively. These graphs show that the strain enters into the
splice plate gradually and relatively uniformly (with some east bias below the third row
of bolts as noted above) from bolt row 6 to bolt row 1 throughout the experiment.

The experiment was executed in load control. The loading rate for the experiment was
approximately 1 kip per second. One elastic cycle was executed prior to the test, going
up to aload of 200 kips and returning to zero load, to verify instrumentation. The data
collection rate for the experiment was held constant at 10 Hertz (10 sets of readings per
second).
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Figure B.244 — 455n2: Before test (east Figure B.245 — 455n2: After slip (north
side) side)
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Figure B.246 — 455n2: After test (east Figure B.247 — 455n2: After test (west
side) side)
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Figure B.248 — 455n2: After test (south Figure B.249 — 455n2: After test (north
side) side)
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Figure B.251 — 455n2: Load vs. time
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Specimen 10: 455n2

Load vs. Fill/Column Relative Displacement
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Figure B.256 — 455n2: Load vs.
filler/column relative displacement
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Figure B.257 — 455n2: Load vs.
spliceffiller relative displacement

Specimen 10: 455n2
Load vs. Fill/Top Column Relative Displacement

by Relative LVDTs and Difference of Absolute LVDT
2500—

1 \
—10f2t-1w I ! |
| |
o000 T 10f2L2w | a 4
—Diff. Abs. 1 : /
a Diff. Abs. 2
& 1500F 5 -
<
e}
S 1000 -
)
5001 T

0 0.2 0.4 0.6 0.8

Figure B.258 — 455n2: Comparison of
filler/column relative and absolute
LVDTs

Specimen 10: 455n2
Load vs. Splice/Fill Relative Displacement
by Relative LVDTs and Difference of Absolute LVDT

2500 ‘ ‘ ‘
2000 A S,
[ENET-10)o) M Y | 4 —
<
el
8 1000 O |
- | ——10f2s-1w
[ |
Lr T | 10f2s2w ||
500 | | — Diff. Abs. 1
w | —— Diff. Abs. 2
0 L | I
0 0.2 0.4 0.6 0.8

Splice/Fill Relative Displacement (in)
Figure B.259 — 455n2: Comparison of
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Figure B.260 — 455n2: Filler/column
relative displacement vs. time
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Figure B.261 — 455n2: Splice/filler
relative displacement vs. time
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Specimen 10: 455n2
Load vs. Top Column Strain

Specimen 10: 455n2
Load vs. Splice Plate (below bolt row 6) Strain
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Figure B.262 — 455n2: Load vs. top Figure B.263 — 455n2: Load vs. splice
column strain plate (below bolt row 6) strain
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Figure B.264 — 455n2: Load vs. splice

plate (below bolt row 4) strain
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Figure B.265 — 455n2: Load vs. splice
plate (below bolt row 1) strain
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Specimen 10: 455n2 Specimen 10: 455n2
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Slip load: 1433 kips Shear load: 2248 kips
Figure B.268 — 455n2: Strain distribution at 1,000 Kips
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Figure B.269 — 455n2: Strain distribution prior to slip at 1,433 Kips
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Specimen 10: 455n2 Specimen 10: 455n2
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Figure B.270 — 455n2: Strain distribution at 2,000 Kips
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Figure B.271 — 455n2: Strain distribution prior to shear at 2,248 kips
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B.12 Specimen 159n-2plyl

Specimen 159n-2ply1l (Figure B.272 to Figure B.298) behaved approximately linearly
until the observed dlip load (658 kips). At the observed dlip load the relative displacement
between the two filler plates on the south side increased suddenly by approximately 0.13
in. over a period of approximately 3 seconds (Figure B.287Figure B.288 and Figure
B.289). No significant deformation was observed between the other faying surfaces at
that load, and bending was clearly introduced into the specimen. The maximum expected
clearance in the holes based on the assembly was nominally 2 * (5/16 inches) = 0.625
inches. During this dynamic event, the load dropped immediately to 503 kips and
increased to approximately 700 kips (reaching 751 kips briefly first), where the load was
held for observation of the specimen (Figure B.279). As the load was increased, there
were severa more dlip events, the most significant of which occurred at 1,005 kips, 1,020
kips, 1,200 kips (Figure B.278 and Figure B.280). Each of these events corresponded to a
sudden increase in the relative deformation and a small drop in the load (Figure B.279
and Figure B.280), with dlip starting appreciably on all surfaces, particularly between the
top column and the fillers on both sides (Figure B.284 and Figure B.288).

After 1200 kips, the behavior exhibited some dslight stiffening, but it is difficult to assess
clearly if and when the bolts slipped into bearing. There is another dynamic event at a
load of 2,110 kips, generally occurring on both column flanges. It is most likely due to
further dlip, but this is not conclusive. After recovering from this event, the specimen
stiffened dlightly, indicating that the bolts were in bearing at this point.

Starting at a load of approximately 2,400 kips the top column began to yield (Figure
B.290). Thiswas visualy confirmed after the test by the ovalization of holes in the top of
the web of the top column (these were used for lifting the specimen), as well as slight
local buckling of the top column flanges.

The west bolt in bolt row 5 of the north splice plate (NE5) failed after dip and before the
remaining bolts failed. The bolt failed mostly likely due more to tension, not bolt shear.
This bolt was not one of the three control bolts, whose elongation was measured during
assembly to ensure proper pretension.

Upon further loading, the bolts yielded and eventually failed simultaneously at the
observed bolt shear load (2,813 kips) (Figure B.273, Figure B.274 and Figure B.275).
Only the twelve bolts on south flange of the top column failed (one of these bolts failed
earlier as noted above), leaving the twelve bolts on the north flange intact on the
specimen.

After the initial dlip (658 kips), the specimen produced noises approximately every 50
Kips, up to 2600 kips. Noises were observed during slip of each plane. Noises believed to
be produced by the testing machine were neglected. The noises are likely associated with
additional small dlip events, bolts coming into bearing with the bolt holes, or possibly
initiation of fractures within the bolts.
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The LVDTs measuring the relative displacement between the splice plate and filler plate
(11f2s-1w and 11f2s-2w) were improperly set and the measurement went out of range
early in the test. The initial measurements are valid and are shown in Figure B.285 and
Figure B.287. After dlip, prior to shear failure, the east strain gage at bolt row 6 on the
north splice plate (11spl-6n) was damaged.

The splice plate LVDTSs (Figure B.282 and Figure B.283) showed a dynamic increase or
decrease in displacement during the slip event at 1634 kips. This may be due to a number
of reasons, including stress relief in the splice plates after dlip, very small dips relative to
the column flanges, or small dynamic vibrations (with resulting small permanent offsets)
of the LVDT holders, but the displacements are an order of magnitude smaller than the
primary slip displacements (Figure B.284) and are not likely to indicate significant
behavior.

Figure B.286 and Figure B.287 compare the LVDTs directly measuring relative dlip
between the 3% thick filler plate and either the top column (Figure B.284) or the splice
plate (Figure B.285) with the difference between the average of the two LVDTs on either
3% inch thick filler plate at that same cross section as the LVDTs on the top column
(Figure B.281) and either the average of the two LVDTSs at the bottom center of the top
column (Figure B.280) or the average of the two LVDTs on either splice plate at that
same cross section as the LVDTSs on the top column (Figure B.282). The measurements
of the relative LVDTs correspond reasonably well to the difference between the
corresponding absolute LVDTSs (Figure B.286).

The top column strain gages indicate that the localized introduction of load had a small
bias to the southwest (Figure B.290). The bottom column strain gages indicate that the
localized reaction had a north bias (Figure B.294).

The splice plate experiences tension as well as compression during the loading due to
bending due to the initial unsymmetrical dlip (Figure B.291, Figure B.292 and Figure
B.293). Snapshots of the specimen strain at 1000 kips, immediately prior to slip, 2000
kips and immediately prior to shear are visually presented in Figure B.295, Figure B.296,
Figure B.297 and Figure B.298, respectively. These graphs show that the strain enters
into the splice plate gradually and relatively uniformly from bolt row 6 to bolt row 1
throughout the experiment.

The experiment was executed in load control. The loading rate for the experiment was
approximately 1 kip per second. Two elastic cycles were executed prior to the test, going
up to loads of 300 kips and 200 kips, respectively, returning to zero load each time, to
verify instrumentation. The data collection rate for the experiment was held constant at
10 Hertz (10 sets of readings per second).
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Figure B.272 — 159n-2ply1: Before test Figure B.273 — 159n-2ply1: After test
(southeast corner) (east side)
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Figure B.274 — 159n-2ply1: After test Figure B.275 — 159n-2ply1: After test
(southeast corner) (south side)
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159n-2plyl

e

Figure B.276 — 159n-2ply1: Initial single  Figure B.277 — 159n-2ply1: Initial slip at
bolt failure (northwest corner) 700 Kips (south side)
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Specimen 11: 159n-2ply1
Load vs. Stroke

Specimen 11: 159n-2plyl
Load vs. Time
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Figure B.278 — 159n-2ply1: Load vs. Figure B.279 — 159n-2ply1: Load vs. time
stroke
Specimen 11: 159n-2ply1 Specimen 11: 159n-2ply1l
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Figure B.280 — 159n- 2ply1: Load vs. top
column displacement
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Figure B.281 — 159n-2ply1: Load vs. filler
plate displacement

Specimen 11: 159n-2plyl
Load vs. Splice Plate (middle) Displacement
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Figure B.282 — 159n-2plyl1: Load vs.
splice plate (middle) displacement

Specimen 11: 159n-2plyl
Load vs. Splice Plate (bottom) Displacement
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Figure B.283 — 159n-2plyl1: Load vs.
splice plate (bottom) displacement
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Specimen 11: 159n-2ply1
Load vs. Fill/Column Relative Displacement
3000 — ‘

2500

2000

1500

Load (kips)

1000+ 1

1
5001 4----- T T — 11f2t-1w||
| I —11f2t-2w
O 1 1 T T
0 0.2 0.4 06 0.8

Fil/lColumn Relative Displacement (in)

Figure B.284 — 159n-2ply1: Load vs.
filler/column relative displacement

Specimen 11: 159n-2ply1
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Figure B.285 — 159n-2ply1: Load vs.
spliceffiller relative displacement®

Specimen 11: 159n-2ply1l
Load vs. Fill/Top Column Relative Displacement

by Relative LVDTs and Difference of Absolute LVDT
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Figure B.286 — 159n-2plyl: Comparison
of filler/column relative and absolute
LVDTs

Specimen 11: 159n-2ply1l
Load vs. Splice/Fill Relative Displacement
by Relative LVDTs and Difference of Absolute LVDT
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Figure B.287* — 159n-2ply1:Comparison
of spliceffiller relative and absolute
LVDTs

1 Only measurements less than approximately 0.02 in. displacement are valid for LVDTs 11f2s-1w and

11f2s-2w.
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Specimen 11: 159n-2ply1l
Fill/Column Relative Displacement vs Time
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Figure B.288 — 159n-2ply1: Filler/column
relative displacement vs. time

Specimen 11: 159n-2ply1
Splice/Fill Relative Displacement vs. Time
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Figure B.289 — 159n-2ply1: Splice/filler
relative displacement vs. time

Specimen 11: 159n-2plyl
Load vs. Top Column Strain

3000 ‘ \ \ \ \
2500
—~2000--f-HFJf--F----F----F -
%]
=
<
< 1500
@
S
Lo00¢-mp - ——11top-1n||
i | — 11top-2n
500 ~]—1ltop-1s||
| —— 11top-2s

0 2000 4000 6000 8000 10000 12000
Top Column Strain (umm/mm)

Figure B.290 — 159n-2plyl: Load vs. top
column strain

Specimen 11: 159n-2plyl
Load vs. Splice Plate (below bolt row 6) Strain
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Figure B.291 — 159n-2ply1: Load vs.
splice plate (below bolt row 6) strain

Specimen 11: 159n-2plyl
Load vs. Splice Plate (below bolt row 4) Strain
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Figure B.292 — 159n-2plyl: Load vs.
splice plate (below bolt row 4) strain

Specimen 11: 159n-2plyl
Load vs. Splice Plate (below bolt row 1) Strain
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Figure B.293 — 159n2ply1: Load vs. splice
plate (below bolt row 1) strain
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Specimen 11: 159n-2plyl
Load vs. Bottom Column Strain
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Specimen 11: 159n-2plyl Specimen 11: 159n-2plyl
South Strain North Strain
Time: 22 (min) Load: 1000 kips Time: 22 (min) Load: 1000 kips
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Figure B.295 — 159n-2ply1: Strain distribution at 1,000 Kips

Specimen 11: 159n-2plyl Specimen 11: 159n-2plyl
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Figure B.296 — 159n-2ply1: Strain distribution prior to slip at 658 kips
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Specimen 11: 159n-2plyl Specimen 11: 159n-2plyl

South Strain North Strain
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Figure B.297 — 159n-2ply1: Strain distribution at 2,000 Kips
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Figure B.298 — 159n-2ply1: Strain distribution prior to shear at 2,813 Kips
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B.13 Specimen 159n-2ply2

Specimen 159n-2ply2 (Figure B.299 to Figure B.326) behaved approximately linearly
until the observed dlip load (1,349 kips). During the dlip event, the relative displacement
between the splice plate and the filler plate, as well as the filler plate and the top column
increased suddenly. Slip initiated between the filler plate and the top column on north and
south sides of the specimen (Figure B.311). After losing load dynamically and then
starting to pick up load again, dlip initiated between the filler plate and the splice plate on
the north side of the specimen as well as between the filler plate and the top column on
the south side of the specimen (Figure B.312). Over a period of 25 seconds, the relative
displacements increased by the amounts shown in Table B.12. This is seen most clearly
in the relative LVDTSs (Figure B.315 and Figure B.316). During this dynamic event, the
load dropped and increased severa times. The lowest load measured was 652 kips
(Figure B.305). The machine and specimen stabilized at 1,290 kips and the load was held
for observation of the specimen (Figure B.306).

Table B.12 — 159n-2ply2: Relative slip

Location North South
Between Splice 0.44in 0.41in
and Filler
Between Filler . )
And Top Column 0.62in 0.59in
Sum 1.06in 1.00in

During this event the bolts likely dlipped into bearing on the top column and splice plates,
as seen by the increase in stiffness in Figure B.312 at approximately a load of 1,500 kips
and arelative dip of 0.55 inches. The maximum expected clearance in the holes based on
the assembly was nominally 2 * (5/16 inches) = 0.625 inches.

After the dlip event, one bolt on the southwest side of the specimen (SW2) failed through
the threads, indicating a pretension failure (Figure B.300). The bolt head and shank
remained in the specimen and provided some doweling action and failed a second timein
shear at the ultimate load of the specimen. This was not near the control bolt that was
retorqued (bolt SW6 as per Table B.2)

The top column began to yield at approximately 2,500 kips (Figure B.317). Upon further
loading, the bolts, now experiencing shear, yielded and eventually failed at the observed
bolt shear load (2,932 kips) (Figure B.301 through Figure B.304). The twelve bolts
through the splice plate on the north flange of the top column faled nearly
simultaneously on the shear plane between the splice plate and the fill plate.

Prior to dlip, the specimen made pinging noises at 742 and 1175 kips. After dip, the
specimen produced pinging noises at the following loads; 1673, 1757, 1803, 1850, 1910,
1952, 2018, 2063, 2091, 2120, 2158, 2181, 2217, 2246, 2277, 2302, 2330, 2349, 2379,
2400, 2421, 2431, 2453, 2470, 2493, 2512, 2524, 2531, 2541, 2554, 2565, 2589, 2600,
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2617, 2630, 2656, 2659, 2669, 2682, 2697, 2710, 2723, 2734, 2747, 2755, 2767, 2780,
2789, 2804, 2812, 2819 and 2828 kips. The noises continued every few kips upto the
failure load (2932 kips). Noises believed to be produced by the testing machine were
neglected. The noises are likely associated with additional small dip events, bolts
coming into bearing with the bolt holes, or possibly initiation of fractures within the
bolts.

The splice plate LVDTs (Figure B.309 and Figure B.310) showed a dynamic increase or
decrease in displacement during the slip events. This may be due to a number of reasons,
including stress relief in the splice plates after dip, very small sips relative to the column
flanges, or small dynamic vibrations (with resulting small permanent offsets) of the
LVDT holders, but the displacements are an order of magnitude smaller than the primary
dip displacements (Figure B.311 and Figure B.312) and are not likely to indicate
significant behavior.

Figure B.313 and Figure B.314 compare the LVDTs directly measuring relative dlip
between the filler plate and either the top column (Figure B.311) or the splice plate
(Figure B.312) with the difference between the average of the two LVDTs on either filler
plate at that same cross section as the LVDTs on the top column (Figure B.308) and
either the average of the two LVDTs at the bottom center of the top column (Figure
B.307) or the average of the two LVDTs on either splice plate at that same cross section
as the LVDTs on the top column (Figure B.309). The measurements of the relative
LVDTs correspond well to the difference between the corresponding absolute LVDTSs.

For this specimen, strain gages were attached to the inside face of the splice plate in the
gap between the top and bottom columns (Figure B.321). These measurements, when
compared to the measurements from the outside face of the splice plate (Figure B.320),
indicate significant bending in the splice plates. Yielding was recorded on the inside of
the splice plate.

The top column strain gages exhibit that the localized introduction of load was
approximately uniform (Figure B.317). The bottom column strain gages show that the
localized reaction had a small bias towards the south (Figure B.322).

The splice plate data demonstrates the north splice plate is under higher compression than
the south splice plate (Figure B.318, Figure B.319, Figure B.320 and Figure B.321),
likely indicated by larger force in the north bolts, consistent with the ultimate shear
failure of the north bolts. Snapshots of the specimen strain at 1000 kips, immediately
prior to slip, 2000 kips and immediately prior to shear are visualy presented in Figure
B.323, Figure B.324, Figure B.325, Figure B.326, respectively. These graphs show that
the strain entersinto the splice plate gradually and relatively uniformly from bolt row 6 to
bolt row 1 throughout the experiment.

The experiment was executed in load control. The loading rate for the experiment was

approximately 1 kip per second. One elastic cycle was executed prior to the test, going
up to aload of 200 kips and returning to zero load, to verify instrumentation. The data
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collection rate for the experiment was held constant at 10 Hertz (10 sets of readings per
second).
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Figure B.299 — 159n-2ply2: Before test Figure B.300 — 159n-2ply2: After slip
(east side) (east side)
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Figure B.301 — 159n-2ply2: After test Figure B.302 — 159n-2ply2: After test
(east side) (west side)
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Figure B.303 — 159n-2ply2: After test
(south side)
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Specimen 12: 159n-2ply2
Load vs. Stroke
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Load vs. Time
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Figure B.307 — 159n-2ply2: Load vs. top
column displacement
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Figure B.308 — 159n-2ply2: Load vs. filler
plate displacement

Specimen 12: 159n-2ply2
Load vs. Splice Plate (middle) Displacement
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Figure B.309 — 159n-2ply2: Load vs.
splice plate (middle) displacement
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Figure B.310 — 159n-2ply2: Load vs.
splice plate (bottom) displacement
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Specimen 12: 159n-2ply2
Load vs. Fill/Column Relative Displacement
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Figure B.311 — 159n-2ply2: Load vs.
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Figure B.312 — 159n-2ply2: Load vs.
splice/filler displacement
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Specimen 12: 159n-2ply2
Load vs. Top Column Strain
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Figure B.317 — 159n-2ply2: Load vs. top
column strain
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Figure B.318 — 159n-2ply2: Load vs.
splice plate (below bolt row 6) strain
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Figure B.319 — 159n-2ply2: Load vs.
splice plate (below bolt row 4) strain
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Figure B.320 — 159n-2ply2: Load vs.
splice plate (below bolt row 1) strain
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Figure B.321 — 159n-2ply2: Load vs.
inside face of splice plate strain
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Specimen 12: 159n-2ply2 Specimen 12: 159n-2ply2
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Figure B.323 — 159n-2ply2: Strain distribution at 1,000 Kips
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Figure B.324 — 159n-2ply2: Strain distribution prior to slip at 1,348 kips
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B.14 Specimen 159h-TC

Specimen 159h-TC (Figure B.327 and Figure B.328) behaved approximately linearly
until the observed initial dip load (1,626 kips). During the dip event, the relative
displacement between the splice plate and the filler plate on the north and south side of
the specimen increased suddenly and continued slipping for 10 seconds. Approximately
700 seconds later, at aload of 2,043 kips, slip was observed between the filler plate and
the top column, continuing dlipping for 16 seconds. Table B.13 summarizes the dlip
events. The dip events are seen most clearly in the relative LVDTSs (Figure B.343 and
Figure B.344). During each dynamic dlip event, the load dropped and increased severa
times. For the initial dlip the lowest load measured was 1,152 kips (Figure B.333). The
machine and specimen stabilized at 1,490 kips and the load was held for observation of
the specimen (Figure B.334). For the secondary dlip, the lowest load measured was 1,472
kips (Figure B.333). The machine and specimen once again was stabilized at 1,867 kips
and the load was held for observation of the specimen (Figure B.334).

Table B.13 — 159h-TC: Relative slip

Location North South
Between Splice 0.21in 0.21in
and Filler
Between Filler . )
and Top Column 0.50in 0.46in
Sum 0.71in 0.67in

During the final dlip event the bolts likely slipped into bearing on the top column (Figure
B.329 and Figure B.330), as seen by the increase in stiffness in Figure B.339 at
approximately a load of 1,800 kips and a relative dlip of 0.47 inches. The maximum
expected clearance in the holes based on the assembly was nominally 2 * (5/16 inches) =
0.625 inches.

The top column began to yield at approximately 2,200 kips (Figure B.345), damaging the
southwest strain gage on the top column (top-1s). The specimen was loaded to the
capacity of the machine (3,000 kips) without failure of the bolts. The specimen was
cycled between 2,200 kips and 3,000 kips five times at approximately 2 kip per second
and one time at 5 kips per second (Figure B.334). The specimen retraced an identical
Load vs. Displacement (Figure B.333) path during each cycle. At the beginning of each
cycle, the load cell instrumentation was reset to capture maximum load. Thisis indicated
on Figure B.333 by a sudden spike to alower load, and is not indicative of aload applied
to the specimen. The specimen was unloaded without failure (Figure B.331 and Figure
B.332). All bolts remained intact through the duration of the test.

After dlip, the specimen produced pinging noises at the following loads; 1874, 1902,
2170, 2525, 2580 and 2700 kips. Above 2000 Kips, ticking noises were observed from the
specimen. During cycling between 2200 and 3000 kips, the specimen exherted popping
noises associated with load jumps. Noises believed to be produced by the testing
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machine were neglected. The noises are likely associated with additional small slip
events, bolts coming into bearing with the bolt holes, or possibly initiation of fractures
within the bolts.

Near the end of the test the west strain gage on the north side of the filler plate (13fil-1n)
and middle strain gage on the south side of the filler plate (13fil-7s) and failed (Figure
B.351 and Figure B.352).

The splice plate LVDTs (Figure B.337 and Figure B.338 showed a dynamic increase or
decrease in displacement during the slip events. This may be due to a number of reasons,
including stress relief in the splice plates after dip, very small sips relative to the column
flanges, or small dynamic vibrations (with resulting small permanent offsets) of the
LVDT holders, but the displacements are an order of magnitude smaller than the primary
dip displacements (Figure B.339 and Figure B.340) and are not likely to indicate
significant behavior.

Figure B.341 and Figure B.342 compare the LVDTs directly measuring relative dlip
between the filler plate and either the top column (Figure B.339) or the splice plate
(Figure B.340) with the difference between the average of the two LVDTs on either filler
plate at that same cross section as the LVDTs on the top column (Figure B.336) and
either the average of the two LVDTs at the bottom center of the top column (Figure
B.335) or the average of the two LVDTs on either splice plate at that same cross section
as the LVDTs on the top column (Figure B.337). The measurements of the relative
LVDTs correspond well to the difference between the corresponding absolute LVDTSs.

For this specimen, strain gages were attached to the inside face of the splice plate in the
gap between the top and bottom columns (Figure B.349). These measurements, when
compared to the measurements from the outside face of the splice plate (Figure B.343),
indicate significant bending in the splice plates. Yielding was recorded on the inside of
the splice plate.

The top column strain gages indicate that the localized introduction of load was
approximately uniform (Figure B.345). The bottom column strain gages exhibit a slight
bias to the northeast for the localized reaction (Figure B.350).

The splice plate was relatively uniformly loaded (Figure B.346, Figure B.347, Figure
B.348 and Figure B.349), with some bias to the south side seen below bolt row 3.
Snapshots of the specimen strain at 1000 kips, immediately prior to slip, 2000 kips and
3000 kips are visually presented in Figure B.353, Figure B.354, Figure B.355 and Figure
B.356, respectively. These graphs show that the strain entersinto the filler plate and then
into the splice plate gradually and relatively uniformly from bolt row 6 to bolt row 1
throughout the experiment.

The experiment was executed in load control. The loading rate for the experiment was
approximately 1 kip per second, unless noted above. One elastic cycle was executed
prior to the test, going up to a load of 200 kips and returning to zero load, to verify
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instrumentation. The data collection rate for the experiment was held constant at 10
Hertz (10 sets of readings per second).
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159h-TC
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Figure B.327 — 159h-TC: Before test Figure B.328 — 159h-TC: Before test
(east side) (west side)
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slip (west side)



159h-TC
g

Figure B.331 — 159h-TC: After test (east Figure B.332 — 159h-TC: After test (west
side) side)
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Specimen 13: 159h-TC
Load vs. Stroke
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Figure B.333 — 159h-TC: Load vs. Stroke
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Figure B.334 — 159h-TC: Load vs. time
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Figure B.335 - 159h-TC: Load vs. top
column displacement
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Figure B.336 — 159h-TC: Load vs. filler
plate displacement
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Figure B.337 — 159h-TC: Load vs. splice
plate (middle) displacement

Specimen 13: 159h-TC

Load vs. Splice Plate (bottom) Displacement
3000

2500F - - - - - -

2000

1500

oad (kips)

= 1000

500F - A~ e — 13spl-3e ||
I — 13spl-4e
0 1 T
0.02 0.03 0.04

Splice Plate (bottom) Displacement (in)

Figure B.338 — 159h-TC: Load vs. splice
plate (bottom) displacement

257




Specimen 13: 159h-TC

Load vs. Fill/Column Relative Displacement
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Figure B.339 — 159h-TC: Load vs.
filler/column relative displacement

0

Specimen 13: 159h-TC

Load vs. Splice/Fill Relative Displacement
3000

2500

—~ 2000

1%

g=>

<

> 1500

]

o

= 1000 |
|
|

500 - - - - - - - : ******* ‘r T 7| ——13f2s-1w]]|
‘ | — 13f2s-2w
0 : ‘ ‘
0 0.2 0.4 0.6

Splice/Fill Relative Displacement (in)

Figure B.340 — 159h-TC: Load vs.
splice/filler relative displacement
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Figure B.342 — 159h-TC: Comparison of
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Specimen 13: 159h-TC
Load vs. Top Column Strain
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Figure B.345 — 159h-TC: Load vs. top
column strain
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Figure B.346 — 159h-TC: Load vs. splice
plate (below bolt row 6) strain

Specimen 13: 159h-TC
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Figure B.347 — 159h-TC: Load vs. splice
plate (below bolt row 4) strain
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Load vs. Splice Plate (below bolt row 1) Strain
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Figure B.348 — 159h-TC: Load vs. splice
plate (below bolt row 1) strain
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Figure B.349 — 159h-TC: Load vs. inside
face of splice plate strain

Specimen 13: 159h-TC
Load vs. Bottom Column Strain
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Figure B.350 — 159h-TC: Load vs. bottom
column strain
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Figure B.353 — 159h-TC: Strain distribution at 1,000 kips
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Specimen 13: 159h-TC
South Strain
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Figure B.354 — 159h-TC: Strain distribution prior to slip at 1,626 kips
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Figure B.355 — 159h-TC: Strain distribution at 2,000 kips
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Figure B.356 — 159h-TC: Strain distribution at 3,000 kips
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B.15 Specimen 159n-TC

Specimen 159n-TC (Figure B.357 and Figure B.358) behaved approximately linearly
until the observed dlip load (1,290 kips). During the dlip event, the relative displacement
between the filler plate and the splice plate on the south side of the specimen increased
suddenly and continued dlipping for 9 seconds. The relative displacement between the
filler plate and the top column on the north side of the specimen also increased suddenly
and continued dlipping for 10 seconds. Approximately 527 seconds later, at a load of
1,556 kips slip was observed between the filler plate and the splice plate on the north side
of the specimen, continuing slipping for 25 seconds. The relative displacement between
the filler plate and the top column on the south side of the specimen also slipped,
continuing for 20 seconds. Table B.14 summarizes the dip events. The dlip events are
seen most clearly in the relative LVDTs (Figure B.373 and Figure B.374). During each
dynamic dlip event, the load dropped and increased several times. For the initial dip the
lowest load measured was 894 kips (Figure B.363). The machine and specimen stabilized
at 1,260 kips and the load was held for observation of the specimen (Figure B.364). For
the secondary slip the lowest load measured was 1,127 kips (Figure B.363). The machine
and specimen once again was stabilized at 1,554 kips and the load was held for
observation of the specimen (Figure B.364).

Table B.14 — 159n-TC: Relative slip

Location North South
Between Splice 0.47in 0.29in
and Filler
Between Filler . )
And Top Column 0.26in 0.54in
Sum 0.73in 0.83in

During the final dlip event the bolts likely slipped into bearing on the top column, as seen
by the increase in stiffness in Figure B.369 at approximately a load of 1,500 kips and a
relative dip of 0.50 inches (Figure B.359 and Figure B.360). The maximum expected
clearance in the holes based on the assembly was nominally 2 * (5/16 inches) = 0.625
inches.

The top column began to yield at approximately 2,300 kips (Figure B.375), damaging the
north strain gages on the top column (top-1n and top-2n). The specimen was loaded to
the capacity of the machine (3,000 kips) without failure of the bolts. The specimen was
cycled between 1,800 kips and 3,000 kips six times at approximately 8 kips per second
(Figure B.364). The specimen retraced an identical Load vs. Displacement (Figure
B.363) path during each cycle. The specimen was unloaded without failure (Figure
B.361 and Figure B.362). All bolts remained intact through the duration of the test.

After dip, the specimen produced pinging noises at the following loads; 1552, 1575,

1813, 1818 and 2006 kips. After dip faint ticking noises were observed. Upon
unloading, the specimen emitted several low pitched noises. Noises believed to be
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produced by the testing machine were neglected. The noises are likely associated with
additional small dlip events, bolts coming into bearing with the bolt holes, or possibly
initiation of fractures within the bolts.

The splice plate LVDTs (Figure B.367 and Figure B.368) showed a dynamic increase or
decrease in displacement during the slip events. This may be due to a number of reasons,
including stress relief in the splice plates after dip, very small sips relative to the column
flanges, or small dynamic vibrations (with resulting small permanent offsets) of the
LVDT holders, but the displacements are an order of magnitude smaller than the primary
dip displacements (Figure B.369 and Figure B.370) and are not likely to indicate
significant behavior.

Figure B.371 and Figure B.372 compare the LVDTs directly measuring relative dlip
between the filler plate and either the top column (Figure B.369) or the splice plate
(Figure B.370) with the difference between the average of the two LVDTs on either filler
plate at that same cross section as the LVDTs on the top column (Figure B.366) and
either the average of the two LVDTs at the bottom center of the top column (Figure
B.365) or the average of the two LVDTs on either splice plate at that same cross section
as the LVDTs on the top column (Figure B.367). The measurements of the relative
LVDTs correspond well to the difference between the corresponding absolute LVDTSs.

For this specimen, strain gages were attached to the inside face of the splice plate in the
gap between the top and bottom columns (Figure B.379). These measurements, when
compared to the measurements from the outside face of the splice plate (Figure B.378),
indicate significant bending in the splice plates, with the outer portion of the splice plates
exhibiting tensile strains. Yielding was recorded on the inside of the splice plate.

The top column strain gages indicate that the localized introduction of load was
approximately uniform (Figure B.375). The bottom column strain gages show that the
localized reaction was loaded on opposite corners, southwest and northeast (Figure
B.380), likely due to surface imperfections.

The splice plates were aso relatively uniformly loaded (Figure B.376, Figure B.377,
Figure B.378 and Figure B.379), with some bias to the south seen below bolt rows 1 and
3. Snapshots of the specimen strain at 1000 kips, immediately prior to slip, 2000 Kips
and 3000 kips are visualy presented in Figure B.381, Figure B.382, Figure B.383 and
Figure B.384, respectively. These graphs show that the strain enters into the splice plate
gradually and relatively uniformly from bolt row 6 to bolt row 1 throughout the
experiment.

The experiment was executed in load control. The loading rate for the experiment was
approximately 1 kip per second, unless noted above. One elastic cycle was executed
prior to the test, going up to a load of 200 kips and returning to zero load, to verify
instrumentation. The data collection rate for the experiment was held constant at 10
Hertz (10 sets of readings per second).
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Figure B.357 — 159n-TC: Before test Figure B.358 — 159n-TC: Before test
(east side) (west side)
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Figure B.359 — 159n-TC: After initial Figure B.360 - 159n-TC: After initial
slip (east side) slip (west side)
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Specimen 14: 159n-TC
Load vs. Stroke
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Figure B.363 — 159n-TC: Load vs. stroke

Specimen 14: 159n-TC
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Figure B.364 — 159n-TC: Load vs. time

Specimen 14: 159n-TC
Load vs. Top Column Displacement
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Figure B.365 — 159n-TC: Load vs. top
column displacement
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Specimen 14: 159n-TC
Load vs. Fill Plate Displacement
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Figure B.366 — 159n-TC: Load vs. filler
plate displacement
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Figure B.367 — 159n-TC: Load vs. splice
plate (middle) displacement

Specimen 14: 159n-TC
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Figure B.368 — 159n-TC: Load vs. splice
plate (bottom) displacement
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Specimen 14: 159n-TC

Load vs. Fill/Column Relative Displacement
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Figure B.369 — 159n-TC: Load vs.
filler/column relative displacement
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Specimen 14: 159n-TC
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Figure B.370 — 159n-TC: Load vs.
splice/filler displacement
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Specimen 14: 159n-TC
Load vs. Fill/Top Column Relative Displacement

by Relative LVDTs and Difference of Absolute LVDT
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Figure B.371 — 159n-TC: Comparison of
filler/column relative and absolute LVDTs

Specimen 14: 159n-TC
Load vs. Splice/Fill Relative Displacement
by Relative LVDTs and Difference of Absolute LVDT
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Figure B.372 — 159n-TC: Comparison of
splice/filler relative and absolute LVDTSs
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Figure B.373 — 159n-TC: Filler/column
relative displacement vs. time

Specimen 14: 159n-TC
Fill Plate Displacement vs. Time
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Figure B.374 — 159n-TC: Filler plate
displacement vs. time
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Specimen 14: 159n-TC
Load vs. Top Column Strain
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Figure B.375—-159n-TC: Load vs. top
column strain

Specimen 14: 159n-TC

Load vs. Splice Plate (below bolt row 6) Strain
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Figure B.376 — 159n-TC: Load vs. splice
plate (below bolt row 6) strain

Specimen 14: 159n-TC

Load vs. Splice Plate (below bolt row 4) Strain
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Figure B.377 — 159n-TC: Load vs. splice
plate (below bolt row 4) strain

Specimen 14: 159n-TC
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Figure B.378 — 159n-TC: Load vs. splice
plate (below bolt row 1) strain
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Figure B.379 — 159n-TC: Load vs. inside
face of splice plate strain

Specimen 14: 159n-TC
Load vs. Bottom Column Strain
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Specimen 14: 159h-TC Specimen 14: 159h-TC
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Figure B.381 — 159n-TC: Strain distribution at 1,000 kips
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Figure B.382 — 159n-TC: Strain distribution prior to slip at 1,290 kips
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Figure B.383 — 159n-TC: Strain distribution at 2,000 kips
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Figure B.384 — 159n-TC: Strain distribution at 3,000 kips
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B.16 Specimen 159f-weld

Specimen 159f-weld (Figure B.385 to Figure B.412) behaved approximately linearly
until the observed dlip load (1,682 kips). During the dlip event, the relative displacement
between the splice plate and the filler plate increased suddenly. Slip initiated between the
filler plate and the splice plate on both the north and south sides of the specimen. Over a
period of 20 seconds, the relative displacements increased by the amounts shown in Table
B.15. Thisis seen most clearly in the relative LVDTs (Figure B.401 and Figure B.402).
During this dynamic event, the load dropped and increased several times. The lowest |oad
measured was 835 kips (Figure B.391). The machine and specimen stabilized at 1,710
kips and the load was held for observation of the specimen (Figure B.392).

Table B.15 — 159f-weld: Relative slip

Location North South
Between Splice , :
And Eiller 0.651n 0.591n
Between Filler i i
and Top Column
Sum 0.65in 0.59in

During this event the bolts likely dlipped into bearing on the top column and splice plates,
as seen by the increase in stiffness in Figure B.398 at approximately a load of 1,400 kips
and arelative dip of 0.60 inches. The maximum expected clearance in the holes based on
the assembly was nominally 2 * (5/16 inches) = 0.625 inches.

There was no appreciable relative displacement between the top column and the filler
plates (Figure B.397, Figure B.386). The weld did not exhibit any signs of fracture and
the relative displacement is two orders of magnitude smaller than the primary dlip
displacements (Figure B.398).

The top column began to yield at approximately 2,200 kips. The top column experienced
local buckling of the web and flanges up to a load of 2,517 kips. The test was stopped
due to the inability of the top column to sustain additiona load (Figure B.387, Figure
B.388, Figure B.389 and Figure B.390). After which five bolts failed through the threads
on the bottom column on the north side of the specimen, likely caused by rotation of the
splice plate due to large deformations of the top column.

After dlip, the specimen produced pinging noises at the following loads; 1840, 2050,
2143, 2226, 2303, 1471, 2482 and 2612 kips. Noises believed to be produced by the
testing machine were neglected. The noises are likely associated with additional small
dip events, bolts coming into bearing with the bolt holes, or possibly initiation of
fractures within the bolts.

The splice plate LVDTs (Figure B.395 and Figure B.396) showed a dynamic increase or
decrease in displacement during the slip events. This may be due to a number of reasons,
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including stress relief in the splice plates after dip, very small slips relative to the column
flanges, or small dynamic vibrations (with resulting small permanent offsets) of the
LVDT holders, but the displacements are an order of magnitude smaller than the primary
dlip displacements (Figure B.398) and are not likely to indicate significant behavior.

Figure B.399 compares the LVDTSs directly measuring relative slip between the top
column and filler plates (Figure B.397) with the difference between the average of the
two LVDTs on either filler plate at the same cross section as the LVDTs on the top
column (Figure B.394) and the average of the two LVDTS at the bottom center of the top
column (Figure B.393). The small displacements emphasize localized effects of the top
column yielding. Therefore, the relative LVDTs do not correspond well to the difference
between the corresponding absolute LVDTSs.

Figure B.400 compares the LVDTSs directly measuring relative sip between the filler
plate and the splice plate (Figure B.398) with the difference between the average of the
two LVDTs on either filler plate at that same cross section as the LVDTSs on the top
column (Figure B.394) and the average of the two LVDTs on either splice plate at that
same cross section as the LVDTs on the top column (Figure B.395). The measurements
of the relative LVDTs correspond well to the difference between the corresponding
absolute LVDTs.

For this specimen, strain gages were attached to the inside face of the splice plate in the
gap between the top and bottom columns (Figure B.407). These measurements, when
compared to the measurements from the outside face of the splice plate (Figure B.406),
indicate significant bending in the splice plates. Yielding was recorded on the inside of
the splice plate.

The top column strain gages show that the localized introduction of load was
approximately uniform (Figure B.403). The bottom column strain gages indicate that the
localized reaction was more heavily load on the south side (Figure B.408).

After dip, the splice plate strains are generally small except for the flexural strains below
bolt row 1. Snapshots of the specimen strain at 1000 kips, immediately prior to dip,
2000 kips and immediately prior to top column local buckling are visualy presented in
Figure B.409, Figure B.410, Figure B.411 and Figure B.412, respectively. These graphs
show that the strain enters into the splice plate gradually and relatively uniformly from
bolt row 6 to bolt row 1 throughout the experiment.

The experiment was executed in load control. The loading rate for the experiment was
approximately 1 kip per second. One elastic cycle was executed prior to the test, going
up to aload of 200 kips and returning to zero load, to verify instrumentation. The data
collection rate for the experiment was held constant at 10 Hertz (10 sets of readings per
second).
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Figure B.385 — 159f-weld: Before test ~ Figure B.386 — 159f-weld: After slip (east
(east side) side)
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Figure B.387 — 159f-weld: After test (east Figure B.388 — 159f-weld: After test (east
side) side)
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Figure B.389 — 159f-weld: After test Figure B.390 — 159f-weld: After test (east
(north side) side)
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Specimen 15: 159f-weld Specimen 15: 159f-weld

Load vs. Stroke Load vs. Time
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Figure B.391 — 159f-weld: Load vs. stroke |Figure B.392 — 159f-weld: Load vs. time
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Figure B.393 — 159f-weld: Load vs. top |Figure B.394 — 159f-weld: Load vs. filler
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Figure B.395 — 159f-weld: Load vs. splice Figure B.396 — 159f-weld: Load vs.
plate (middle) displacement splice plate (bottom) displacement
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Specimen 15: 159f-weld
Load vs. Fill/Column Relative Displacement
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Figure B.397 — 159f-weld: Load vs.
filler/column relative displacement
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Figure B.398 — 159f-weld: Load vs.
splice/filler relative displacement

Specimen 15: 159f-weld
Load vs. Fill/Top Column Relative Displacement
by Relative LVDTs and Difference of Absolute LVDT
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Figure B.399 — 159f-weld: Comparison of
filler/column relative and absolute
LVDTs

Specimen 15: 159f-weld
Load vs. Splice/Fill Relative Displacement
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Figure B.400 — 159f-weld: Comparison
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LVDTs
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Figure B.401 — 159f-weld: Filler/column
relative displacement vs. time
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Figure B.402 — 159f-weld: Spliceffiller
relative displacement vs. time

279



Specimen 15: 159f-weld
Load vs. Top Column Strain
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Figure B.403 — 159f-weld: Load vs. top
column strain
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Specimen 15: 159f-weld
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Figure B.404 — 159f-weld: Load vs.
splice plate (below bolt row 6) strain

Specimen 15: 159f-weld
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Figure B.405 — 159f-weld: Load vs. splice
plate (below bolt row 4) strain
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Figure B.406 — 159f-weld: Load vs.
splice plate (below bolt row 1) strain

Specimen 15: 159f-weld
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Figure B.407 — 159f-weld: Load vs. inside
face of splice plate strain
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Specimen 15: 159f-weld
Load vs. Bottom Column Strain
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Figure B.408 — 159f-weld: Load vs.
bottom column strain
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Specimen 15: 159f-weld Specimen 15: 159f-weld
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Figure B.409 — 159f-weld: Strain distribution at 1,000 kips
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Figure B.410 — 159f-weld: Strain distribution prior to slip at 1,685 kips
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Specimen 15: 159f-weld Specimen 15: 159f-weld
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Figure B.411 — 159f-weld: Strain distribution at 2,000 kips
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Figure B.412 — 159f-weld: Strain distribution prior to top column local buckling at
2,720 Kips
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B.17 Specimen 159h-weld

Specimen 159h-weld (Figure B.413 to Figure B.440) behaved approximately linearly
until the observed dlip load (1,616 kips). During the dlip event, the relative displacement
between the filler plate and the splice plate on both the north and south side of the
specimen increased suddenly and continued slipping for 20 seconds. Approximately 30
minutes later, at a load of 2,510 kips, slip was observed between the filler plate and the
top column on both the north and south side of the specimen, indicating failure of the
weld. The specimen continued slipping for 20 seconds. Table B.16 summarizes the dlip
events. The dip events are seen most clearly in the relative LVDTSs (Figure B.429 and
Figure B.430). During each dynamic slip event, the load dropped and increased severa
times. For the initial dip the lowest load measured was 876 kips (Figure B.419). The
machine and specimen stabilized at 1,625 kips and the load was held for observation of
the specimen (Figure B.420). For the secondary slip the lowest load measured was 1,537
kips (Figure B.419). The machine and specimen once again was stabilized at 2,500 kips
and the load was held for observation of the specimen (Figure B.420).

Table B.16 — 159h-weld: Relative slip

Location North South
Between_Spllce 06in 057in
and Filler
Between Filler . )
And Top Column 0.46in 0.51in
Sum 1.061in 1.08in

During the first event the bolts likely slipped into bearing on the splice plates, as seen by
the increase in stiffness in Figure B.422 at approximately a load of 1,600 kips and a
relative slip of 0.60 inches (Figure B.415). The maximum expected clearance in the holes
based on the assembly was nominally 2 * (5/16 inches) = 0.625 inches.

The development welds failed through the throat during the second dlip event, causing
significant displacement between the top column and filler plate (Figure B.429).

After the dlip event, one bolt on the southwest side of the specimen (SW3) failed through
the threads, indicating a pretension failure. The bolt head and shank fell from the
specimen. One bolt on the southeast side (SE4) was observed to no longer be flush. It
failed, through the threads, during the failure of the welds. One bolt on the southwest
side (SW2) failed through the threads at aload of 2,033 kips. The bolt head and shank
remained in the specimen. This bolt provided some doweling action and failed a second
time in shear at the ultimate load of the specimen. Three bolts were retorqued during
assembly in this specimen, including bolts SE1, SW3, and SW6; bolt SE4 was likely not
considered a neighboring bolt to those that were retorqued, but SW2 probably was, and
SW3 was retorqued, as per Table B.2.
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The top column began to yield at approximately 2,150 kips (Figure B.431). Upon further
loading, the bolts, now experiencing shear, yielded and eventually failed at the observed
bolt shear load (2,746 kips) (Figure B.416, Figure B.417 and Figure B.418). The
remaining bolts through the splice plate on the south flange of the top column failed
nearly simultaneously on the shear plane between the splice plate and the fill plate.

After dlip, the specimen produced pinging noises at the following loads; 1721, 1804,
1872, 1943, 2033 (bolt SW2 failed), 2105, 2165, 2167, 2209, 2265, 2304, 2330, 2366,
2386, 2416, 2438, 2467, 2492, 2573, 2600, 2621, 2667, 2681 and 2693 kips. Noises
believed to be produced by the testing machine were neglected. The noises are likely
associated with additional small dip events, bolts coming into bearing with the bolt holes,
or possibly initiation of fractures within the bolts.

Between the dlip event and shear failure the west strain gage at bolt row 4 on the south
splice plate (spl-3s) was damaged (Figure B.433)

The splice plate LVDTs (Figure B.423 and Figure B.424) showed a dynamic increase or
decrease in displacement during the slip events. This may be due to a number of reasons,
including stress relief in the splice plates after dip, very small sips relative to the column
flanges, or small dynamic vibrations (with resulting small permanent offsets) of the
LVDT holders, but the displacements are an order of magnitude smaller than the primary
dip displacements (Figure B.425 and Figure B.426) and are not likely to indicate
significant behavior.

Figure B.427 and Figure B.428 compare the LVDTs directly measuring relative dlip
between the filler plate and either the top column (Figure B.425) or the splice plate
(Figure B.426) with the difference between the average of the two LVDTs on either filler
plate at that same cross section as the LVDTs on the top column (Figure B.422) and
either the average of the two LVDTSs at the bottom center of the top column (Figure
B.421) or the average of the two LVDTs on either splice plate at that same cross section
as the LVDTs on the top column (Figure B.423). The measurements of the relative
LVDTs correspond well to the difference between the corresponding absolute LVDTSs.

For this specimen, strain gages were attached to the inside face of the splice plate in the
gap between the top and bottom columns (Figure B.435). These measurements, when
compared to the measurements from the outside face of the splice plate (Figure B.434),
indicate significant bending in the splice plates. Yielding was recorded on the inside of
the splice plate.

The top column strain gages show that the localized introduction of load had a bias
towards the northwest (Figure B.431). The bottom column strain gages show that the
localized reaction had a small bias to the south side (Figure B.436).

The splice plate was loaded uniformly throughout (Figure B.432, Figure B.433, Figure
B.434 and Figure B.435). Snapshots of the specimen strain at 1000 kips, immediately
prior to slip, 2000 kips and immediately prior to shear are visualy presented in Figure
B.437, Figure B.438, Figure B.439 and Figure B.440, respectively. These graphs show
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that the strain enters into the splice plate gradually and relatively uniformly from bolt row
6 to bolt row 1 throughout the experiment.

To avoid local buckling of the top column, 3 34" plates were bolted to the top column.
These plates provided the top column flanges additional restraint similar to that provided
by the filler plates of previous specimens. These plates performed adequately and
prevented local buckling of the top column seen in specimen 159f-weld.

The experiment was executed in load control. The loading rate for the experiment was
approximately 1 kip per second. The load was held at 2,393 kips and 2,727 kips to
observe local buckling of the top column. One elastic cycle was executed prior to the
test, going up to aload of 200 kips and returning to zero load, to verify instrumentation.
The data collection rate for the experiment was held constant at 10 Hertz (10 sets of
readings per second).
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Figure B.413 — 159h-weld: Before test Figure B.414 — 159h-weld: Before test
(east side) (southeast side)
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Figure B.415 — 159h-weld: After slip Figure B.416 — 159h-weld: After test
(west side) (east side)
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Figure B.417 — 159h-weld: After test Figure B.418 — 159h-weld: After test
(west side) (northeast side)
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Specimen 16: 159h-weld

Load vs. Stroke
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Figure B.419 — 159h-weld: Load vs. Figure B.420 — 159h-weld: Load vs. time
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Figure B.421 — 159h-weld: Load vs. top
column displacement
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Figure B.422 — 159h-weld: Load vs. filler
plate displacement
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Figure B.423 — 159h-weld: Load vs. splice
plate (middle) displacement
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Figure B.424 — 159h-weld: Load vs. splice
plate (bottom) displacement
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Specimen 16: 159h-weld

Load vs. Fill/Column Relative Displacement
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Figure B.425 — 159h-weld: Load vs. filler/
column relative displacement
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Specimen 16: 159h-weld
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Figure B.426 — 159h-weld: Load vs.
splice/filler relative displacement
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Figure B.427 — 159h-weld: Comparison of
filler/column relative and absolute
LVDTs

Specimen 16: 159h-weld
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Figure B.428 — 159h-weld: Comparison of
splice/filler relative and absolute LVDTSs
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Figure B.429 — 159h-weld: Filler/column
relative displacement vs. time

Specimen 16: 159h-weld

Splice/Fill Relative Displacement vs. Time
0.7

o
o

o
3

I
~

o
w

Splice/Fill Relative Displacement (in)

02F-----2~--- il it S
| |
0.1r-- 771 777777 : ————— ! — 16f2s-1w |
| I I — 16f2s-2w
0 1 1 1
1770 1775 1780 1785 1790 1795
Time (sec)

Figure B.430 — 159h-weld: Splice/filler
relative displacement vs. time
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Specimen 16: 159h-weld
Load vs. Top Column Strain
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Figure B.431 — 159h-weld: Load vs. top
column strain

Specimen 16: 159h-weld

Load vs. Splice Plate (below bolt row 6) Strain
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Figure B.432 — 159h-weld: Load vs. splice
plate (below bolt row 6) strain

Specimen 16: 159h-weld

Load vs. Splice Plate (below bolt row 4) Strain
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Figure B.433 — 159h-weld: Load vs. splice
plate (below bolt row 4) strain

Specimen 16: 159h-weld

Load vs. Splice Plate (below bolt row 1) Strain
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Figure B.434 — 159h-weld: Load vs. splice
plate (below bolt row 1) strain

Specimen 16: 159h-weld

Load vs. Inside Face of Splice Plate Strain
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Figure B.435 — 159h-weld: Load vs. inside
face of splice plate strain

Specimen 16: 159h-weld
Load vs. Bottom Column Strain
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Figure B.436 — 159h-weld: Load vs.
bottom column strain
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Specimen 16: 159h-weld Specimen 16: 159h-weld
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Figure B.437 — 159h-weld: Strain distribution at 1,000 Kips
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Figure B.438 — 159h-weld: Strain distribution prior to slip at 1,616 Kips
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Appendix C

DETAILED COMPARISION OF SPECIMEN
BEHAVIOR

C.1 Introduction

This appendix presents a number of comparative plots that enable comparing and
contrasting the response of the specimens tested in this work. The information presented
focuses on measured displacement data, and several different groupings are used for the
investigation.

C.2 Effect of Hole Oversize

The displacement of the load verses top column displacement for specimens 730-std and
730-over with standard and oversize bolt holes respectively is plotted in Figure C.7.
After dip the specimens trace parallel paths, offset by approximately 0.5 in. The
additional displacement is attributed to the additional bolt hole oversize, 0.25 in. in each
hole, 0.5 in. cumulatively of the splice plate and top column bolt holes. The additional
displacement does not effect the subsequent behavior. The slip and shear strength seem
uninfluenced by the different bolt hole oversize.

C.3 Effect of Filler Presence

With exception of specimen 730-std and 730-over, all specimens had oversize holes and
fillers between the splice plate and top column. The presence of the filler decreased the
stiffness and increased the deformation during dlip for all of the specimens compared to
specimen 730-over without a filler (Figure C.6 and Figure C.7). The two thicknesses of
fillersin thisreport (1 5/8 in. and 3 3/4 in.) do not influence the top column displacement
magnitude but the stiffness was lower for the 455 specimens. The additional
displacement compared to specimen 730-over is attributed to the deformation of the bolt
within the filler; which is approximately equal to the oversize of the filler bolt hole (5/16
in. in this study) and bearing deformation of the bolt hole of the filler plate
(approximately 0.1 in. on each side). As demonstrated by specimen 159f, prior to slip of
the surface between the top column and filler plate, the behavior is similar to the case
without afiller plate (730-over, Figure C.6).

C.4 Influence of Filler Development

The load verses top column displacement comparing development for the 159 and 455
specimens is shown in Figure C.1 and Figure C.2 respectively. In both cases, the
undeveloped specimens demonstrate slightly higher displacement after dlip than the
developed specimens. Development of the filler adds resistance to displacement between

294



the top column and filler plate. Therefore, the development of the filler reduces the
displacement between the top column and filler plate (Figure C.13 and Figure C.14). The
larger the filler plate the more bolts required to develop the filler, providing additional
resistance to displacement between the filler plate and top column. This explains the
greater influence of development for the 159 specimens (3 3/4 in. filler) compared to the
455 (1 5/8 in. filler) specimens. Figure C.18 and Figure C.19 show the relative
displacement between the splice plate and filler plate for the 159 and 455 specimens
respectively. The 159 specimens show scatter without an identifiable influence of
development. The 455 specimens show that al have similar behavior, again without an
identifiable influence of development. The relative displacement between the splice plate
and filler plate is uninfluenced by development, since the load and resistance across this
plane is uninfluenced by development.

C.5 Influence of Multiple Plies

The top column displacement for the two undeveloped 159 two-ply specimens is
presented in Figure C.3 along with two undeveloped 159 specimens. After dlip, the top
column displacement is approximately 0.10 in. larger for the two-ply specimens
compared to single-ply specimens. The relative displacement between the top column
and filler plate (Figure C.15) does not show an influence of the additional ply. Thisis
because the additional 1/4 in. ply is between the splice plate and filler plate, which does
not influence the behavior of the surface between the thick filler plate (3 1/2 in.) and the
top column. The relative displacement between the splice plate and filler plate (Figure
C.20) isincreased for the two-ply specimens. Thisis caused by the addition of the 1/4 in.
ply between the two plates. The bolt is unrestrained within the 1/4 in. filler since the bolt
oversize (5/16 in.) is large compared to the thickness of the plate, requiring a large bolt
rotation to mobilize restraint from the plate. This allows the thick filler plate to displace
further (Figure C.10). The additiona ply does not influence the behavior prior to dip
although statistical analysis indicates that it influences the expected dip load. The
addition of the thin ply did not influence the ultimate strength of this connection with
thick fillers. If the ratio of the ply thicknesses were changed closer to unity, the restraint
provided by the thin filler would increase and the restraint provided by the thick filler
would decrease.

C.6 Influence of TC Bolts

Specimens 159h-TC and 159n-TC utilized tension-controlled bolts rather than typical
heavy hex TN bolts. The ultimate strength of both specimens exceeded the capacity of
the testing machine (3,000 kips). The load verses top column displacement for the TC
specimens and the half developed and undeveloped TN 159 specimens for comparison is
presented in Figure C.4. The undeveloped TC specimen behaves similarly to the
undeveloped TN specimens. The reduced dlip displacement due to development
(discussed above) was even more pronounced for 159h-TC compared to 159h. These
observations are valid for the filler plate displacement (Figure C.11), relative
displacement between the top column and filler plate (Figure C.16) and relative
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displacement between the filler plate and splice plate (Figure C.21). No evidence was
revealed to support the high ultimate strength of the TC specimens.

C.7 Influence of Welded Development

Specimens 159f-weld and 159h-weld developed the filler plate with an equivalent
amount of weld as the dlip strength of the corresponding development bolts. The top
column of 159f-weld suffered detrimental local buckling prior the ultimate connection
strength and the development welds did not fail. The load verses top column
displacement is plotted for the two welded specimens with the corresponding bolted
specimens with the same level of development in Figure C.5. Specimens 159f-weld and
159h-weld behave similar to 159f prior to slip between the top column and filler plate.
The development weld on specimen 159h-weld eventually broke, tracing a path similar to
159f. The test for specimen 159f-weld ended prematurely so, the connection did not
achieve deformation consistent with the rest of the tests. It is predicted that if the weld
was broken the deformation would increase, becoming similar to the other specimens.
The weld did not influence the displacement of the filler plate (Figure C.12). Since the
weld did not break, the relative displacement between the top column and filler plate
remained insignificant throughout the test for specimen 159f-weld (Figure C.17).
Specimen 159h-weld had lower relative displacement between the top column and filler
plate after slip as compared to Specimen 159h, perhaps due to some residual resistance
provided by the fractured weld (Figure C.17). The weld did not influence the relative dip
between the splice plate and filler plate (Figure C.22), which islogical since the effect of
development was not detected at this surface.
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Figure C.1 — 159 specimens effect of development: load vs. top column displacement
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Figure C.2 — 455 specimens effect of development: load vs. top column displacement
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Load vs. Top Column Displacement
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Figure C.3 — Multi-ply 159 specimens: load vs. top column displacement

Load vs. Top Column Displacement
3000

2500

2000 —— 159htop-le

—— 159h top-1w
——159n1 top-1le
— 159n1 top-1w
159n2 top-le
— 159n2 top-1w
159h-TC top-le
— 159h-TC top-1w
— 159n-TC top-le
159n-TC top-1w
----- Shear Predicted Value
----- Shear Design Value
----- Slip Predicted Value
Slip Design Value
----- TC Shear Predicted Value
TC Slip Predicted Value

1500

Load (kips)

1000

500

{

|

0 .
Top Column Absolute Displacement (in)

Figure C.4 — TC 159 specimens: load vs. top column displacement
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Load vs. Top Column Displacement
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Figure C.5 — Welded 159 specimens: load vs. top column displacement
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Figure C.6 — Developed specimens: load vs. top column displacement
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Load vs. Top Column Displacement
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Figure C.7 — Undeveloped specimens: load vs. top column displacement
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Figure C.8 - 159 specimens effect of development: load vs. filler plate displacement
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Load vs. Fill Plate Displacement
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Figure C.9 - 455 specimens effect of development: load vs. filler plate displacement
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Figure C.10 - Multi-ply 159 specimens: load vs. filler plate displacement
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Figure C.11 - TC 159 specimens: load vs. filler plate displacement
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Load vs. Fill/Column Relative Displacement
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Figure C.13 - 159 specimens effect of development: load vs. filler plate and top
column relative displacement
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Figure C.14 - 455 specimens effect of development: load vs. filler plate and top
column relative displacement

303



Load vs. Fill/Column Relative Displacement
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Figure C.15 - Multi-ply 159 specimens: load vs. filler plate and top column relative
displacement
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Figure C.16 - TC 159 specimens: load vs. filler plate and top column relative
displacement
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Load vs. Fill/Column Relative Displacement
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Figure C.17 - Welded 159 specimens: load vs. filler plate and top column relative
displacement
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Figure C.18 - 159 specimens effect of development: load vs. filler plate and splice
plate relative displacement
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Load vs. Splice/Fill Relative Displacement
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Figure C.19 - 455 specimens effect of development: load vs. filler plate and splice
plate relative displacement
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Figure C.20 - Multi-ply 159 specimens: load vs. filler plate and splice plate relative
displacement

306



Load vs. Splice/Fill Relative Displacement
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Figure C.21 - TC 159 specimens: load vs. filler plate and splice plate relative
displacement

Load vs. Splice/Fill Relative Displacement
3000 ! ‘ ‘ \ \

2500

2000

2

<

> 1500 — 159ff2s-1w

g — 159f f2s-2w

a ——— 159h f2s-1w

— 159h f2s-2w

1000 159f-weld f2s-1w

— 159f-weld f2s-2w
159h-weld f2s-1w

— 159h-weld f2s-2w

----- Shear Predicted Value

----- Shear Design Value

----- Slip Predicted Value
Slip Design Value

500} -~ -

0 0.2 0.4 0.6 0.8 1
Splice/Fill Relative Displacement (in)

Figure C.22 - Welded 159 specimens: load vs. filler plate and splice plate relative
displacement
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Appendix D

STATISTICAL ANALYSIS OF SLIP
STRENGTH

D.1 Introduction

Slip strength is the product of the clamping force and the slip coefficient, both of which
are quantities that display random variation. Accounting for this in connections with
fillers, where the strength of all surfaces need not be exceeded for failure to occur, the
expected dlip strength may be lower than may be indicated by a deterministic analysis.
While a connection with only one slip surface will still show variation in strength due to
the variation of the clamping force and slip coefficient, connections that have additional
dlip surfaces are more likely to dip at lower strengths since there are more dip surfaces
that may exhibit these statistical variations. This potentially leads to a lower strength of
the connection as a whole. For this analysis, the connection is assumed to have the same
configuration as those examined in this report, however this concept can readily be
extended to other connection configurations.

The concept of order statistics (David 1970 and Song and DerKiureghian 2003) can be
utilized to determine the expected dip strength of a connection. The cumulative
distribution function (CDF) of the lowest of a set of random variables can be written in
terms of the cumulative distribution functions of the individual random variables:

Fos (0 =1-T T2 F (0} 0.1

where Fi(x) is the CDF of the one of the set of random variables.

A normal distribution is completely defined by a mean and standard deviation, and the
CDF of anormal distribution is given in Equation (D.2). To avoid confusion with the slip
coefficient, the mean of arandom variable is designated by the symbol m, rather than the

typical s

F, (X) :%(H erf ();_\n/q%]] (D.2)

The dlip strength of a surface is the product of the slip coefficient and the clamping force,
as shown in Equation (D.3). The clamping force is the product of the number of bolts and
average bolt pretension. Both the dip coefficient and the average bolt pretension are
random variables. In this study the random variation of the average bolt pretension is
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neglected. Statistical data derived from Grondin (2008) regarding the slip coefficient and
the bolt pretension indicates that the majority of uncertainty in dip strength arises from
the variation in dip coefficient. Also, the statistical data on the average clamping force
depends on the bolt type and method of pretensioning. Thus, the variable effect of bolt
pretension is not addressed in this analysis. Note that for this analysis, neglecting the
uncertainty in the average bolt pretension resultsin higher expected dip strengths.

S=uC=uN,T (D.3)
b 'b

avg

where S is the dip strength, « is the dlip coefficient, C is the clamp force, N, is the
number of bolts, and Tyay IS the average bolt pretension. The mean and standard
deviation of the dlip strength can be found by Equation (D.4):

m =m N, T,

N, T,

b,avg

S ,one surface ,0ne surface ,avg

(D.4)

GS ,one surface — O-,u,one surface

The dip coefficient, and hence dip strength, is assumed to follow a normal distribution.
This matches well with available data, particularly for Class B surfaces (Grondin, 2008).
Statistical data of the dlip coefficient is obtained from measured values from experimental
ancillary tests such as those found in RCSC Appendix A (RCSC, 2004). These tests are,
in general, conducted with two dlip surfaces. If one assumes the measured slip coefficient
from the experimental tests is the lowest of the two surfaces (Option A), then the mean
and standard deviation for one surface is determined such that when order statistics are
employed, the mean and standard deviation for the lowest slip coefficient of two surfaces
are calculated to be the same as published results. Conversely, if one assumes the
measured dlip is the average of the two surfaces (Option B), then the mean and standard
deviation of the dlip strength of one surface are:

m,u,one surface — m,u,two surfaces

(D.5)

Uy,onesurface =N 2O-y,twosurfaces

In the current research, observation of ancillary tests indicates that Option B better
characterizes the dlip strength, in that it is rare in the ancillary tests that one dlide dips
noticeably before the other.

It is also necessary in this analysis to characterize the dip failure of the structural
connections (such as the main specimens in this research). One definition characterizes
failure as when the lowest dip strength of any surface in the connection is exceeded
(Option C). Another definition characterizes failure as when the sum of the lowest dlip
strengths from either side of the connections is exceeded (Option D) (this assumes the
connection is a double lap splice such as those tests in this research). In the case of
Option D, when the strength of one side, but not the other, has been exceeded,
eccentricities are introduced to the connection. If the connection is capable of supporting
those eccentricities (i.e., has thick splice plates) then the dlip strength is not realized until
the dip resistance of the other side is reached and movement occurs on both side. If the
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connection is not capable of supporting those eccentricities (i.e., has thin splice plates)
then movement occurs on one surface when the lowest slip resistance of either side is
reached. The experimental data presented in this report indicates that, in general, Option
D is areasonable choice for definition of failure since all but one of the first dip events
occurred with movement of at least one surface from each side. However, one specimen
(159n-2ply1) experienced first slip on only one surface, indicating that Option C would
have been an appropriate definition of failure. Connections with thinner splice plates
may also be better modeled by Option C. Section 4.3 of this report highlights the use of
the analyses in this appendix to assess the dip strengths of the connections tested in this
work.

D.2 Undeveloped Filler with Multiple Plies

Utilizing the various options, the expected dlip strength for a connection can be
calculated. A connection with undeveloped fillers consisting of different numbers of plies
is examined. For this example, a connection like that presented in this report will be
examined and the following data will be used: the number of boltsis 12 for each of the
two sides; the average bolt pretension is 115 k for all bolts; the dlip coefficient for blast
cleaned surfacesis given by Grondin (2008) as:

m,u,tWo surfaces 0.525
COVy,two surfaces — 0.193 (D6)
° =0.193x0.525=0.101

,two surfaces

This would indicate a deterministic slip strength of 724 k (S = # Ny Thag =
(0.525)(12)(115) = 724.5k) for each side and 1449 k for the connection. The expected slip
strength from these analyses will be compared to this value. Utilizing Option A, for these
values to be accurate for two surfaces, the slip coefficient of one surface needs to be
defined by:

=0.593
=0.108

m

44,0ne surface (D?)

O_y ,one surface

These values were obtained by an iterative procedure in which the mean and standard
deviation of one surfaces was varied until the mean and standard deviation of the
minimum of two surfaces was equal to the published data. This results in the following
statistical data for the dip strength (subscript “S”) of one surface.

m = my,one surface Nb Tb = (0593)(12)(115) = 818k

o N, Ty ag = (0.108)(12)(115) = 149K

O-S ,one surface 4,0ne surface

S ,one surface ,avg

(D.8)

Utilizing Option B, the dip coefficient of one surface is defined by
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44,0ne surface = 0525
(D.9)

=0.1014/2 = 0.143

m

Gy ,one surface

Thisresultsin the following statistical datafor the dlip strength of one surface.

Ny Ty ag = (0.525)(12)(115) = 724k .
N, T, ., = (0.143)(12)(115) = 197k (D.10)

m =m

S ,one surface ,0ne surface

GS ,one surface — G,u,one surface

Since in an undeveloped filler connection the random variable describing the slip strength
isthe same for all surfaces, Equation (D.1) reduces to Equation (D.11).

FS,one side (X) =1- {1_ FS ,one surface (X)} (Dll)

For option C, n in Equation (D.11) is taken as the number of dlip surfaces in the entire
connection, since the lowest dlip strength of all surfacesis significant. For option D, nin
Equation (D.11) is taken as the number of dip surfaces in one side of the connection,
since the lowest dlip strength from either side is significant. In either case the CDF of a
lowest dip strength is determined and from the CDF, the PDF, mean, and standard
deviation are all determined as in Equation (D.12) (David, 1970).

() =5 F (%)
m, :Ijox fy () dx (D.12)

of =" (x=my)* £, (x) dx

The mean and standard deviation of the connection strength is determined as follows for
Option C, Equation (D.13) and Option D, Equation (D.14).

:2m one side
Sionestd (D.13)

= 2O_S,one side

m

S ,connection

O_S ,connection

m =2m

S ,connection S ,one side

(D.14)
US ,connection = \/Eo-s,one side

where ms comeciion 1S the expected dlip strength of the connection. The expected dlip
strength for the four options (A/C, A/D, B/C, B/D) is presented in Figure D.1, noting the
definitions of the optionsin Table D.1. Only options A/C and B/D predict zero reduction
for no filler. In this research, observation of the experimental results of the connection
tests indicate that Option D is most representative of the behavior of the connection.
Thus, this research assumes a theoretical reduction for multiple plies is best represented
by Option B/D. However, recognizing also that some connections may slip on one side
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first, Option B/C may aso be assumed. The results shown in Section 4.3 indicate that
these theoretical predictions bracket well the results seen in experimental tests.

Table D.1- Options for slip resistance assumptions in ancillary and connection tests

Option Description
A Ancillary experiments provide the lowest of two slip coefficients
B Ancillary experiments provide the average of two slip coefficients
C Connection failure is defined by lowest dlip resistance on either side
D Connection failureis defined by sum of lowest slip resistance from both sides

20.0%

10.0% \

0.0% ‘\\&\
\\
-10.0% —
0.0 \ T —.-Option A/C
\\ —=<Qption A/D
30.0% . —e—QOption B/C
\\ \'\-\-\.§ﬂ -=-Option B/D
- 9 ~
40.0% —

5

Percent Change of Expected Slip Strength

-50.0%

-60.0%
0 1 2 3 4 5 6 7 8

Number of Plies

Figure D.1 - Percent change of expected slip strength for connection with
undeveloped fillers

D.3 Developed Filler

Developing the filler has the result of increasing the number of bolts between the filler
and connected element. The number of bolts required to develop the filler is based on the
thickness of thefiller in relation to the connected element, Equation (D.15).

N PN (D.15)

b,develop = 1+ p b,connection
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Where p is the ratio of filler thickness to connected element thickness. These extra bolts
are intended to allow for a uniform distribution of stress across the combined cross
section, but they also increase the clamping force between the filler and the connected
element. This added clamping force can be modeled in the statistical model by modifying
Equation (D.1) as Equation (D.16).

I:S,one side (X) =1- {1_ I:S,undeveloped (X)} {1_ FS,deveIoped (X)}n (D16)

Where n is the number of plies of developed filler and the mean and standard deviation of
the CDF for each devel oped surface reflects the increase clamping force, Equation (D.17)

1+2p
mS,deveIoped = m,u,one surface 1 Nb Tb,avg
(D.17)
1+2p
GS,deveIoped = O-y,one surface 1+ p Nb Tb,avg

Figure D.2 shows the results of statistical analyses with one and two ply developed fillers
of varying thicknesses. The results of statistical analyses with one and two ply
undeveloped fillers are shown as horizontal lines, since these values do not change with
filler thickness. Option B/D was used for these analyses. For filler thicknesses
approaching zero, the percent reduction of expected slip strength approaches the expected
strength of an undeveloped filler, since very few additional bolts are required and hence
the added clamping force is very little. As the filler thickness becomes very large, the
percent reduction of expected dlip strength becomes relatively small. For these
connections, although the number of added bolts is substantial, there is still a statistical
possibility that slip will occur on the developed surface, thus the percent reduction does
not reach zero.
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Figure D.2 - Percentage change of expected slip strength for connection with
developed fillers

Figure D.3 shows a comparison of percentage change in expected strength between a
connection with a developed filler and one where the joint has been extended to
accommodate the additional development bolts. As a conservative action, it is expected
that extending the joint will result in a larger expected strength for all cases, since all
surfaces benefit from the additional clamping force. While the difference is modest for
very thin fillers, extending the joint provides a significant strength increase above only
developing the filler for thick fillers. The extended joint exceeds the deterministic
strength of the connection for thick fillers, in that the percentage change is positive.
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Appendix E

STEEL AND BOLT MATERIAL AND
CALIBRATION REPORTS

Specimen plate properties

Plate Thickness (in) | Heat ID Yield St.rength Ultimate Strength
(ksi) (ksi)
14 533713 53 75
1-5/8 3105972 58 84
5 7102887 59 82
7102892 53 82
3-12 307461 50 71
3-3/14 S07446 51 74
Specimen column properties
' Heat Yield Ultimate
Column Hole Size Strength Strength
Number . ;
(ksi) (ksi)
Top Columns
W14x730 Standard 40694 71 91
W14x730 Oversize 27725 60 82
W14x455 Oversize 24788 65 82
W14x159 Oversize 287830 56 73
Bottom Columns
W14x730 Standard 40694 71 91
27723 60 82
. 27725 60 82
W14x730 Oversize 57726 61 81
41099 70 89
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STAMPING THE FUTURE A 57 (o
WROUGHT WASHER MFG., INIC.,

June 14, 2007

\ .
Certification of Cempliance
012476 : e
ALBRITTON & GROVES - HOUSTON Wraought Washer
3605 WILLLOWBEND BLVD, #550 Oridr/Lot Number
HOQUSTON, TX 77054 219194
Chemieal Analysis
Heat Number ‘ C Ma P 5 Si
163983 0.370 0680 0.008 0€.005 0.213
Purchase Date Quantity
Order Number : Part Deseriplion Shipped ' Shipped
HARDENED 1 1/8 S MARK HT ' 06/13/2007 18,000

We hereby certify that the subject parts conform to the requirements of the applicable specilication
indicated For the suljject parts and are in complete conlormance to FA36-04. We hereby certify that the

subject parts were hardened to RC 38-45.
We hereby certify that all statutory requirements as 1o American Production and Labor Standards and all

conditions of purchase applicable ta the transaction have been complied with and that the subject parts were
melted and manufactured in the U.S.A.

:i“ruly yours,
Wrought Washer Mfg,, Inc,

Tl S itin M ouat

Sworen and subscribed belore me on une 14, 2007

"aul Schaefer
My commission expites June 21, 2009

Q.C. Manager

Wit
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" 1901 CHICORY RD. » MOUNT PLEASANT, W) 53403 « PHONE (262) 554-9550 « FAX (262) 554-9584 -
VISIT OUR WERSITE: www.wroughtwasher.com _
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10/08/2087 B87:43 7085979423 BBC FASTENERS PAGE B2 7

PAGE 1 OF 1
[B)B L FASTENERS, INC.
— Manufzaturars of Quailty Fastenars—
Mot Heading Cold Hending CNO Machining
4210 SHIRLEY LANE * ALSIP, iL 60803
708-597-9100 ¢+ BOD-323-1347 « FAX 708-557-0428
WEBSITE www.bbefastenars.com
SLSB .LLC OCTORER 5, 2007
dba ST. LOUTS SCREW AND ROLT
P.0O. BOX 260
SHIP TO: PAULO PRODUCT3 COMPANY

MAGISON, IL 62060-0260 . 5711 WEST PARK AVENUE

ST. LOUIS, MO 63110-189%0

MATERIAL AND TEST CERTIFICATE
DESCRIPTION OF MATERIAL AND SPECIFICATIONS

ITEM | QUANTITY DESCRIPTION CUSTOMER INVOICE SPECIFI- | SHIPPING SAMPLE

NO. \ NO. CAT! ATE PLAN

1 165 B COS0C46FLD 1 1/8 '%‘nsn 2%%522—,&_3&‘16%_—- - E5TE AZ50 |
™i " .

BOLT, X430-1

THistenial wes meited and menutfacturad 100% in the U.S.A.7

CHEMICAL ANALYSIS ,4

TEM | AISINO. weaTno. | ¢l ma| p | s | sl m| e fmo| cu| ] v
NO.
i 4140 24431 | .40 | .85 |.016 | .030] .26 .94 .18 .027

*Eariiication of chenwcal analysis as suppled Dy our steel supplier

MECHANICAL PROPERTIES

ITEM | TENSILE STRENGTH YiELD PROOF LOAD ELONGATION SURFACE HARDNESS HARDNESS
NO. LBF psit % W 2" HR 30N BHN R/C
-n- "
& har ,Wmmm
ot material idantied have besh manvfectured and inspacted v scoordencs
with apphcable quality requirsments. Wa sleo aertify that all peria of matariel Swoemn: to and subsaribed befera ma thie SEh day of
contorm to fhe applicable drawings, epacifiastions, and senditiens ¢t forth Cetober . 2007, .

on the purchase order.

Sewd Lrorms Dusgan B! ey
Cuality Assurance ; Notery Pyblia

THIS TEST REPORT CANNOT BE NEFRODUCED EXCEPT IN v
FULL WITHOUT WHITTEN APFROVAL OF BBC FASTENERS, WG, - M

Tested by: BRC Fastensrs AZLA Testing Laborstory Acereditation #0234-01, sxple]
330
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=1 . I rl - t Wgc})-gggﬁgm
B
- . u E Fax {724] 268-5702

| STEEL INDUSTRIES, INC. U
P 0. Box 55 » Leetsdale, PA 150560055 BOU-STL-BARS
MATERIAL CERTIFICATION DATE PRINTED 9/24/2007
ACCT# 2927
SOLDTO: BBC FASTENERS INVOICE#: %%WT PO#:
4210 SHIRLEY LANE 47871 9/21/2007 540567

ALSIP I 60803
i DESCRIPTION OF MATERIAL AND SPECIFICATIONS

ITEM#: 81541 1.125 " HRRD 4140 22
HEAT#: M2443] " PRODUCER:

C: .40 MN: 85 P 016 s: .030 8I: .26 NI:
CR: .94 MQ: 18 CU: AL: 027 PB: SN:
V: CB: CA: SE: FE: O:
N: H: MISC:

ior or resulling from tests parformed ina recognized inboratery,

- h Jay Byncher, Materdal E;-rtific@&l Clerk

by

P
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| 1300] ATHENS AVENUE
TEST REPDRT %‘{Eﬁ%%omw

(L) LAKE ERIE ey

3261 WEST COUNTY ROAD O NS

e{PPrRODUCTS | T

CUETOM ENGINEERED FASTENERS F 763 654.0857
ghip Date: 10'%%&%%0 Cugt PO: SL13135
. - Certification: 170100%7+%1 . -~ Lot Nbr: 493163
Report Date: 10-27-06 : Quantity: 420 Pleces xx

Mfg Date: 02-24-06

8t, Loulis Screw & Bolt
PO Box 470037
2000 ACCESS BLVD
H MADTISON, IL 62060 r

e = el R R e e m T T W m b e Le AT M e e W e = = - B L R R

) PART INFORMATION
! Part Number: AFAL13700 Head marking: A490 TYPE 1 - 1 DOT 2L
Description: 1 1/B-7 X 7 A490-1
Finigh; PLAIN

RAW MATERIAL ANALYSIS
Steel Heat Nbr: RT7306821

Steel Supplier: REPUBLIC TECHNOLCGIES INTL. Steel Grade: 50B35 SKFG

¢ Mn P g si N4 cr Mo Cu sn

0.3400 1.0300 0.0100 0,0070 ©.2300 0.0400 0.5400 0.1200 0.0500 0.0040

v Al N B Ti -

0.0060 0.0290 €.0049 0.0014 0.0000

------------------- e i e e A G e R e v e e e TR R e Y e e ke T e A ER PSR M e e o

MECHANICAL PROPERTIES

Wedge Angle: 6 Proof Load (1bs/Psi): 915607120000

Test Performed High Low Average Samples
Tensile, PBSI 158000 155000 156400 5
Proof Load Elongation 0.9002 0.0000 0.0001 5
superficial R3ION 54.0 53.0 £3.2 8
Core Hardness, HRC 34.0 33.0 33,6 5

Certification test results include those reported by the following laboratories:
Republic Technologies Int'l, A2LA, 10-31-07
Lake Erie Products, Inc., A2LA 0122.02, 05-31-08

Applicable Standards, Specifications, and Sampling Schemes:

THE FOLLOWING STATEMENTS APPLY TO:

ASTM A-325-04k, TYPE 1 and TYPE 3 BOLTE

ASTM A-490-04a, TYPE 1 and TYPE 3 BOLTS
Tegt Methods are in accordance with ASTM F606-05.
Thread Fit and Dimensional Properties are compliant to ASTM BlB.2.6.
These bolts passed inspection for surface discontinuities, per ASTM F7B8.
These bolts wera not produced from heats in which Bismuth, Selenium,
Tellurium, or Lead was intentionally added.
These bolts were not exposed to Mercury or any other metal alloy that
i iigquid at ambient temp during procegsing or while in our pogsession.
Material is of U.S. origin, and was melted and menufactured in t?e U.5.A.

Page: 1 of 2

Wa : The product fumished by Lake Pre Products wes manigaciured, , 6l end|l tott I accordance with the sienderds snd
T e s Mroua o oo T s A T8 B0t wowmchy epresens onas ooy 806 B Lake Erie Products
Prodocts supplers endior values gansrased niong of Ena Producls A2LA acorediied laborsicras. Statiatical process control dals is oo fia. M ? & .
‘a3t fopor Telmes oy 10 the taglod sbove. This dooumant mlybempmdneduulureduﬂmymibeuwdh'wp.rwmnrmmepumd ’
e e I Bl e s A S
; shahtory, inclixing, wilhout lmﬂan,wwmanwdmuiwuahmyuﬂinm & putlicular purpose, ' ' ¥ Marag

334
CERT #0122-D1 / #0122-02
“MECHANICAL FIELD GF TESTING"




A : . 1300} ATHENS AVENUE
TEST REPORT e

I | AKE ERIE RN
EfPPRODUCTS pamsno

T, 765.654.0477
OI.ISBI:';MDENtEINEERED FABTENERS cu 20 . ? F 765654.0857
p Date: lo_%%ﬁ&%mmmw st : 5L,1313%
- Certification: 170100#%7+*1 . Lot Nbhr: 4985183
Report Date: 10-27-06 E Quantity: 420 Pleces

Mfg Date: 02-24-06

ot v v e e Ak W e e e e ey e b AL AR U M e T e o W U e T e AR AT

THE POLLOWING STATEMENTS APPLY TO:

ASTM A-490-0D4a, TYPE 1 and TYFE 3 BOLTS
these bolts passed carburization and decarburization testse, per SRE J121.
*These bolts passed magnetic particle inspection for lopgitudinal
discontinuities and transverse cracks, per ASTM Ad490-04a, E70%, and
El444 Test Methods.

EEsN N OSSR TSNS S TSR RS SRS SR NAREERE RS ST oS NN RS RS TN T ERERERERE

= =
*Magnetic particle inspection is not included on Lake Eries Laboratory
scope of accreditation.

The listed standards, specificatioms, and sampling schemes are of the revision
in effect on the date of manufacture unless noted otherwise, Only those
standards gpecifically noted under "test methods' or nadditional test methods”
are included on LE's scope of laboratory accreditation.

e I R - e e ey b e i e 8 A e W P e A

DEVIATIONS FROM THE TEST METHODS

U A e R L R R R

Original Mill Certification Attached
. Scan Certifications to PDF and email to:
certs@stlouisscrewbolt.com

Page: 2 of 2

Ve eartily: The produdd furished by Lake Erls Products wes ranufactured, sampled, iasted, nd Ispecied In nooosdence wih tha el and

Fr e B v Lk e Fronucts Oy Maraes b afieck 25 0 the Gale O mergaciurs, 9 sbovo tala S orha vl o provod by Lise BN Leke Erle Products

Fmd.mwppﬁersarﬂ.’orvmmadhomolmm#ﬂmm%ﬁmmmﬁ%mmmﬂwmm. WL&# : M! &.

“Thig teal repod refales anly io the tesiad sbove, Thia documert may ondy ba raproduced unedlsrad ird may nal bo used fr othas T the o - KL

e e P e e e (e R e Sy 6 S

D r, g, WALt HAROR, &1 WARERY Of Mo MDAy OF $iss or & pericla pUrpoas. g ' ks, brplad ot Quality Masager
CERT #0122-01 /#0122-02

“MECHANICAL FIELD OF TESTING™



- Paff t)li 1807 EAST 28TH §T. LORAIN, OH 44055
B8 f3}l\ @ SRim 8502438-5604  FAX: 330-438-5908
TNGINEERED PR DUCTE

CERTIFICATE CF TESTS REPURLIC ENGINEERED PRODUCTS DECEMEER 2% 0%002
PURCHASE ORDER 32822 PURCHASE ORDER DAEE 10/19/05
PART NUMBER - G324D74 : ACCOUNT NUMBER : 42635402
ORDER NUMBER: 05-42850~-01 403 . SCHEDULE . . . . p7282-81
HEA e 7306921 :
=z=c= (HARGE ADDRESS =srozumscosocoSsmessSsSssSomcsmsaos OHIP TO zoommscsoomSssos=SRSSSE
LAKE ERIE SCREW CORP LAKE ERIE SCREW CCORP
1595 W STATE RD 28 KEELY L

EACH
13001 ATHENS AVE WEST DRIVE
LAKE

FRANKFORT IN 460416708
QOD OH 44107

------------------------------- MATERIAL DESCRIPTION B s T8e R

HOT ROLLED STEEL COILS ALLOY LAKE ERIE SCREW SPEC LE 1.1 DTD O7é 55 BXC
DECARR & NI GRADE-50B35-MQOD FINE GRAIN COoLD WORK Q CRITICAL SURFACE SENSITIVE

PIXED PRACTICE PART REST CHEM REST MAX INCID ELEM

SIZE: RDS 1-5/32 X COIL :
COIL WT 3800/4600 D 37 MN OD 54
----------------------------- CHEMISTRY germm——mammmmmmm—esse—mem—man o
C MYy P g s cuU NI CR MO AL
0.34 01.03 .010 . 007 0.23 0.05 00.04 00.54  0.12 00.029
v N CB B N
0.006  .0049 0.001  .0014
---------------------------- SEMT<FINTISH RESULTS-w=mmmms—rmmrmmmmremo i m s o =
AUSTENITIC GRAIN ST
i} RAIN sz 7.
JOMINY STD _ SAE J406 ASTM A255
175372 5 g 7 B 9 10 11 12 13 14 15 16 18 20 22 24 2§ 2B 30 32
Es Ea 53 62 B2 32 52 51 51 50 49 48 47 45 44 42 39 36 34 33 32 30 30 23
ES B4 53 33 55 B5 52 51 BL 50 45 48 47 45 44 42 39 36 34 33 32 30 30 27
----------------- FINISH SIZE RESULTS SCHEDULE: 0728281  -----wwm-mor-o==m-
DECARBURIZATION SAE J419 ASTM E1077
COMPLETE TOTAL DEPTH
NCHE INCHES
PCE 01 ooo . 003
REDUCTION RATIO 34,2 TO 1
———————————————————————————————————— NOTES === =rmememr— e me oo m o = =
MELT SOURCE: REP-LORAIN MELT COUNTRY: U.S.A.
HOT ROLL SRCE: REP-LORAIN HOT ROLL COUNTRY: U.S.A.

MELT METHOD: BTRAND CASBT

CHEMICAL ANATLYSIS CONFQRMS TO APPLICABLE SPECS: ASTM E415, ASTM E1019,
BND ASTM E1085.

REPUBLIC ENGINEERED PRODUCTS LORAI OLLED BAR PLANT I
TR T dot S LORAIN HOT ROLLE § 150/T8

WHEN EVALUATED, MACRQ ETCHES WERE VISUALLY RATED 'ON_ SAMPLES ETCHED
US;N%OHggéggggéglc ACID AT A TEMPERATURE OF 170 DEGREES ( ?

WHEN PERFORMED, MICROSCOPIC TESTS WERE UTILIZED TO DETERMINE

DECARBURIZATION USING NI T
NS ot USING NITAL A8 TEE ETCHANT AND WERE RATED AT 100X

R A -SZELIGA BY D. BARTON

MANAGER TECH. SERVIC
/F’ A xa%/q. 336



@3 Republic 1807 EAST 28TH ST, LORAIN, OH 44055
pa . PHONE: 330-438-5894 - FAX: 330-438-5305

IHLEREL PRODYUCTE

CERTIFICATE OF TESTS REPUBLIC ENGINEERED PRODUCTS DECEMBER 2% O%005
oo EgaERRESDER ====:==="..."z:.-:*.::..—.::::==|===================_======== == ====-"—'==-‘===
PURCHASE ORDER 32822 PURCHASE ORDER DATE lOélQéDS
PART NUMBER G3i64074 ACCOUNT NUMBER : 42986302
ORDER NUMEER 05-42850-01 403 SCHEDULE ., . . . . : 072B2-81
HEAT . . . . : 7306921

------------------------------ TES CONTINUE e e
REPHRLIC ENGINEERED PRODUCTS HEREBY C RTIFY THE MATERIAL

LISTED HEREIN HAS BEEN INSPECTED AND TESTED IN ACCORDANCE WITH THE .
METHODS PRESCRLIBED IN THE GOVERNING SPECIFICA‘I‘ION AND BASED UPON THE
RESULTS QF SUCH INSPECTICN AND ESTING HAS BEEN APPROVED FOR
CONFORMANCE TQ THE SPECTFICATION

THE RESULTS RELATE ONLY TO THE I1TEMS TESTED

CERTIFICATION OF TESTS SHALL NOT BE REPRODUCED EXCEPT IN FULL

THE MATERIAL WAS NOT EXPOSED TO MERCURY OR ANY MEIAL ALLOY THAT IS
LIQUID AT AMBIENT TEMPERATURE_DURING PROCESSING QR _WHILE 1N QOUR
POSSESCION, NO WELDING OR WELD REPAIR WAS PERFORMED CON 'I‘HIS MATERIAL

ALL TESTING HAS BEEN PERFORMED USING THE CURRENT REVISION OF THE
TESTING SPECIFICATION

RECORDING OF FALSE, FICTITIOUS OR FRAUDULENT STATEMENT OR ENTRIES CH
%‘HH?IXETEECEI‘?’IENT ¥ BE PUNTSHED AS A FELONY UNDER FED STATUES TITLE 18

MATERIAL IS OF U. 8. ORIG-IN AND WAS MELTERD AND MANUFACTURED IN THE

U.S5.A.
----- END OF DATA -mrewmememmcmmmmmen O comedrcmmomeme e --~ END ¥ DATA -----
FAX SHIP TO 1 COPY ATTENTICN KEELY LEACH 765654~ 085'7
-BPILE 1 CCPY
WITH SHIPMENT 1 COPY SHIPPING AREA:
R A SZELIG BY D. BARTON

MANAGER TECH SERVICES

. /ﬁ/% 337



422 South Green Rd
South Euclid, OH 44121
216-481-4774

216-481-2427 fax
www skidmore-withelm.com

Certificate of Calibration

Date of Calibration 10/3/2007

Model/Serial Number H1090
Technician Willicm Robinson
Temperature [°F): 72

Actual Load Gage Reading % Deviation

50,000 50,000 0.00%

75,000 75,000 0.00%

100,000 100,000 0.00%

125,000 125,000 0.00%

150,000 150,500 0.33%

Calibration was performed on Skidmore-Wilhelm's Compression Press S/N 4804.
The Calibration of the applied test loads is maintained by Morehouse
Instrument Co. Proving Ring S/N 3704. The cdiibration of this ring is traceable to
NIST through Report No. 3074F0906, ditd. 6/9/06.

338
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Stanley Proto Industrial Tools

i | Torque Wrench Calibration Verification Report
; " This 'Ic)rquc Wrench, Model # j (9 e T &’; \Serla.l# D &K‘ 9’6 & Z 4

has been calibated with test equipment with 2 ceruﬁed accutracy of £1/2%, traceable to the United States
National Institute of Standards and Technology. Stanley Proto certifies this torque wrench has been found
1O conform to the accuracy requlrements of the American National Standard, ASME B107. 14M 1994,
~ Certified Accuracy * 3% Clockwise * 6% Counter Clockwise "
Capacity Wrench ~ Average Capacity Wrench Average
of Wrench ~ Setting Readmg of Wrench _S_ettin,c__% Reading
20% [0 (28 20% (23
6% Sl _DGH (’1 60% ° 5@0 =767
100% (ed _(o%S 100% (:} oo el

Authorized Repair Centes- - Inspector:

“i8 Stanley Proto Industrial Tools = . Date: LY 7

ol 2195 Bast View Parkway, Suite 103 Customer “In Service Date
gy Conyers GA 30013 : ) Calibration Due Date:

339



MNYOM 40 NOLLJINOSIT "ON ONWYHA
dOHS O 31vQ A9vd _ .\l;“Oz dNouS P .v m:m n ‘ON LOVHINOD
0E5L8Z | 4 [¥S (©) (=] #o |g) _
OfBL8Z T | 2 -
5 414 T sih 78 1 m_® € r-e [ - bS1X¥) 3\0 Le ﬁc >
B8LPZ | S [MWS] e 2y 100 ()] 25| +-0 |(z \ i
BLvZ | 7|70 AN O RO EREI N EAIOE
660/% | 4 | 7a s (D] 19|8s-2 |(D vt [(1)8
PAYL | 4 |MYS ﬁ@ 9+ | $-0 @ v 7
1 p. 1 2Q.
5690 | (D] 1v[88-¢ 3 C
#6507 7 [l 10 [ #z2-2 [(D]]) e-g|(1)|s
sZiLz & () 19 ]8s-2|() - ()]s
£2002 K (p) 1a|88-2](p) Wlz-n|(1)s
921LZ ¥ A@ 9] €a-2 @ Z-11 TV S
‘..NWNNN.N Tetuuoa L&t @ —m o _.JN ® F
sibl we pt g ! ’
S2LLZ | d | g It OISO OELX WY | M S
Pty 0S 3AVHD | 05 3AVYD 0S 3AVYO
R 10y | 2340 B o | 440774 el HADN agsd | g s advis | RN | G2 0
TOHINOD AMOLNIANI ._mwm_._. ADCLS Y3d SININIUNDAY SLNINILINDIY HI0LS
HIAHO ONILIND L =3SNOH3HY ¢=d3addTIVN L=3lLlvd ¢=0dVvA 1Sv3 ‘0L 831400
‘ [(3s15 0014
AdOD aHOo3aY BIAHO ONILLND ‘0D 1I331S

mem



11/18/2007 From:W & W STEEL COMPANY

Tag #:
P/O #:
Qty:

B/N #:

Sodos_Agecr:

Arcelor Commarcial Sactions S.A.
66, rue de Luxembourg

L-4221 ESCH-3UR-ALZETTE

Pant:
Differdange

To:

Job #:
W/O #:

; 2lig
o
i

e o e RO ;
Certificate NrX 1061588

Dalivary note number 1061588 from 22 February 2007

Qur referance : 1700005552
Your reforance ; 70088 (Qv\,b
17.11.2008

Areelor International America, LLC
Mill business, Long Products

C. NELMS

Consignee : W & W Stes! Co. 350 Hudson Street
NEW YORK NY 10014
ASTM A913 GRADE 65 [/ FINE GRAIN SILICON KILLED USA
Manufacturer's tast cartificats ace. 10 ASTM A 6
Ord.itam Product l.ongth Welght Haat nr Welght Bund., Bars
000001 W 14 X 16 X 730 54° 17.881 mt
W 360 X 410 X 1086 16.459 mm 17,881 mt 1
Haat nr Haat analysls (%)}
¢ Mo P 8 8i ca Ni_ Cr v Bb Mo CEV
Hin 0,10
Max 9,16 1,60 0,030 0,030 0,40 ©,35 0,25 6,25 0,066 0,050 0,070 0,43
40594 0,09 1,52 0,016 0,030 0,15 0,28 0,14 0,13 0,055 0,003 0,035 0,42
Haat nr Tenzile taest
PST BSI 200 e
= UTS El. (%)
Bin &5.060 A0, 000 1E, 00
Max
40694 71.340 91.3%0 26,81
40694 71.050 906.825 20,11

i Bettendortf Julien
Porteur de signsiwre spéciale

341




11/19/2007 From:W & W STEEL COMPANY

Tag #:
B/O #:
Qty:

P i

e it

AR L i B

To:

P/N #: Job #:
W/0 #:
Ealss Agent:
Arcelor Commercial Sactions §.A.
56, rus de Luxembourg
1-4221 ESCH-SUR-ALZETTE
Plant: de o
Differdange =
Ceriificate Nr X 1022355
Delivery note number 1022355 from 22 Decembar 2006
Our referance : 1700005377 .
Your rafsrence : 76036 Arcelor International America, LLC
11.09.2006 Mill business, Long Products
Consignee : W & W Steel Co. 350 Hudson Street
NEW YORK NY 10014
ASTM A 992 - FINE GRAIN SILICONM KILLED, Usa
Manufacturer's test certificate ace. to ASTM A &
Ord.Rem Product Length Welghs Haat or Weipht Bund, Bars
000004 W 40 X 18 X 533 [s]03 16,139 mt
W 1000 X 400 X 883 18.288 mm 27214 16,139 mt 1
000005 W 40 X 16 X 503 g1’ 13,918 m Cb’
W 1000 X 400 X 748 158.583 mm 13,918 mt 1
Q00006 W 14 X 16 X 730 52 34,438 mt
- W 360 X 410 X 1088 15.B50 mm 17,219 mt 1
17,219 mt 1
Hest nr Hoat analysls (%)
¢ Mo P g i W tu NP ©r ¥ Wb Mo CEY &n  Wbav
Wi 0,50 o, 10
Hax 4,21 1,50 ¢,035 0,045 0,40 0,60 0,45 ,35 9,150 0,050 0,150 0,47 0,150
27214 0,16 1,35 40,0419 0,031 0,12 0,011 0,15 8,10 0,14 #,089 0,000 0,040 0,46 0,01 6,089
27669 5.08 1,08 0,017 0,038 0,15 0,008 0,15 0,12 D,1% 0,003 0,004 0,076 0,32 0,81 0,007
27723 0,09 1,06 0,016 0,030 0,18 2,011 0,19 0,10 0,11 0,036 0,001 6,025 9,33 0,01 0,037
21725 0,09 1,07 0,813 0,026 0,17 0,008 0,22 0,10 $,07 0,037 6,001 0,020 0.32 0,51 0,038
Heat nr Tunadlle tast
FSI P2I 200 mm
by-] ues Bl. (%) y/O0
¥in 50.00¢ 65,000 18,00
Max 65.000 &, B8
27214 61.480 87.725 20,71 9,70 ' (9' i%
27214 £0.320 85.985 20,00 8,70
27663 53.595 80,185 22,45 0,74
27662 55.245 74.965 23,83 0,74
27723 59.450 €2.215 18,45 0,72
27723 59.885 81.780 20,79 0,72

Battendorff Julien
Porteur de signature spéciale
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11/19/2007 From:W & W STEEL COMPANY
Tag #:

P/O #:

Qty:

P/N #:

ToO:

Salas Agant:
Arcefor Commaercial Sections S.A.,

86, Tue da beembnurg
L-4221 ESCH-SUR-ALZETTE

Fant:
Ditferdange

l
i

Delivery note number 1020817 from 20 December 2008

Gur reference ;
Your reference :

11.09.2006
w & W Steel Co,

fene s

Congignies :

1700005377
o030 SO ADS

Arcelor Internaticnal America, LLC
Mill business, Long Products

350 Hudson Street

NEW YORK NY 10014

ASTM A 992 - FINE GRAIN SILICON KILLED,

USA

e K

Menufacturer's test certificate sce. to ASTM A §

C. NELMS

gt

Ord.ttem  Product Length Waight Heat nr Waeight Bund. Bars
000004 W 40 X 16 X 533 60’ 16,139 mt &
! W 1000 X 400 X 883 18.288 mm ;?6’55 16,139 mt
; 000008 W 14 X 16 X 730 §2* 51,667 mt
W 360 X 410 X 1088 15.850 mn 17.219 mt
17,215 mt
17,219 mt
Heat nr Heat analysis (%}
c Hn P g 8 W Cu Ni o v b Mo CEV_ Su_  Nbav
Hin 0,50 o, 10
Max 0,23 1,50 0,035 0,045 0,40 4,60 0,45 0,35 0,150 0,050 0,150 0,47 0,150
27658 .27 1,35 0,013 9,044 5,15 0,012 0,12 0,10 0,10 0,088 0,001 0,038 4,45 0,01 o0, 089
27709 4,09 1,06 0,012 0,028 0,18 0,007 0,26 4,11 0,08 0,038 0,002 0,031 0,32 0,01 0,040
27724 6,11 1,07 9,014 0,030 0,1% 0,010 0,18 0,11 0,09 0,036 0,001 9,022 0,33 0,01 0,036
27725 0,09 1,07 0,013 0,026 0,17 0,005 0,22 6,10 2,67 0,037 ¢,00% 3,020 0,32 0,01 0,038
Heat nr Tanailla taegt
PSI PSI 200 mm
¥s UT3 Bl.{%) X/0
¥in 50.000 &5.000 18,00
Hax 65.000 0,85
27658 63,655 87.000 19,40 0,73
27658 61.1%0 B8€.71¢ 18,83 0,72
27708 58.58¢ 79.170 21,07 0,74 é . ’3
27709 57.420 77.575 21,00 0,74
37724 62.350 B3.955 21,47 0,74
27724 60.320 20.910 21,63 0,75
27728 58.000 78,445 20,19 0,74
27725 61.625 B4.6850 15,13 0,73

Bettendorff Julien
Porteur de signature spdciate
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To:
11/19/2007 From:W & W STEEL COMPANY

P/N # . JOb #:
Tag #: W/O #:
P/O #:
Qty:
Saigs Agant;
i . Arcelor Commercial Sections §.A.
i 66,.rue de Luxembourg
3
; L-4221 ESCH-SUR-ALZETTE ;
1
N Plant: X 3 . %
Differdange it ;
] Certificate Nr X 1022515
Dalivery note number 1022515 from 22 Dsgember 2008
: Our reference : 1700006377 '
4 Your refersnce ; 70036 Arcelor International America, LLC
i 11.09.2008 Mill business, Long Products
3 Consignee : W & W Steel Co. 350 Hudson Street
. ' NEW YORK NY 10014
§ ASTM A 992 - FINE GRAIN SILICON KILLED. USA
: Manufacturer's test certificate ace. to ASTM A &
Ord.itam Product Length Weight Heaat nr Waeight Bund, Barg
; 000005 W 40 X 18 X 503 81' 27,836 mt .
W 1000 X 400 X 748 18,583 mm 7668 13,918 mt
13,818 mt 1
000006 W 14 X 168 X 730 52! 34,438 mt
! W 360 X 410 X 1088 16,850 mm 17,219 mt 1
: ' 17,218 mi ; 1
; Heat nr Hsat analysis {96}
k C Mo p s 8i N 3 Wi gr v b Mo CEV_ 8n  Nbav
% Min 0,50 0,10
Max 0,23 1,50 9,035 G,045 0,40 0,60 0,45 0,35 0,150 0,050 0,150 0,47 o,150
27668 0,09 3,60 0,017 0,025 0,24 9,910 0,17 0,16 0,16 €,893 0,007 9,055 0,32 0,01 0,010
27669 8,08 1,08 0,017 0,030 0,16 0,008 0,15 0,12 0,15 9,003 0,004 4,070 6,32 0,01 0,007
2772% 0,09 1,87 0,013 0,026 0,17 0,009 0,22 0,10 0,07 @, 037 9.601 0,020 0,32 0,02 0,038
27736 0.05 1,11 0,016 0,028 0,19 ¢,010 ¢,31 0,15 0,08 0,038 9,002 8,028 0,34 4,01 0,039
Heat nr Tensila tent
- Tonadls Eeat =
PSt ST 204 mm
¥s uTs Bl.{%} ¥/U
e! Min  $0.000 65.000 18,00
3 Max  $5.000 0,88
3 27668 59.740 78.750 21,28 0,75
27668 §2.930 B2.650 18,68 0,74 &,\3
27669 59.595 §0.185 22,45 0,74
27669 55.245 74.955 23,83 0,74
29725 53.000 7B.445 26,15 0,74
27125 61.625 BL.6BO 19,13 0,73
27726 59,885 B0.910 25,24 @, 74
‘ 27726 61.770 B82.070 23,45 0,75
Bettandortf Julian
i Porteur de signature spéelals
2



11/19/20C7 From:W & W STEEL COMPANY To:

Tag #: B/N #: ;c/:g z
P/O #: .
Qty:

Salen Aopct:

Arceior Commoercial Sections S.A.
B8, nie de Luxembourg

L4221 ESCH-SUR-ALZETTE

m rdenge RE. Luséin _our'g Section B 36,
Certificate NrX 1071 933
] Delivery note number 10719233 from 8 March 2007
§ Our reference : 1700005677 ) .
Your reference : 70112 Arcelor International America, LLC
18.12.2008 Mili business, Long Products
Conslgnee : W & W Stes) Co. 350 Hudson Street
NEW YORK NY 10014
ASTH 4813 CRADE 88 { FINE GRAIN BnonM wnien USA
Manufacturer's test corticste ace. fo ASTM A B
Ontitein Product Langth waeight Haat nr Woelght Bund.  Bars
000024 W 14 X 18 X 730 38’ 11,921 mt
W 360 X 410 X 1088 10,973 mm 11,921 mt 1
Heat nr Heat anzlyske: {32)
c__Ma__ P s 81 ©u Ni_ ¢r V¥ Nb_ Mo CEV
Kin 0,10
HMax 0,16 1,60 0,020 0,030 0,40 6,35 0,25 ,25 0,050 0,050 0,070 0,42
41039 Q.20 1,56 0,015 0,030 9,22 9,18 0,14 0,11 8,059 0,002 0,040 0,42
Heat nr Tansile teot
P31 BPSI 200 mm
p] UTS E1. {%}
¥in £5.000 &0.000 15,00
Max
41083 69.890 8&5.500 20,94
41092 69.4E5 84,595 21,17

B

vh

! Battendorlf Julien
i Porteur de signature spéciale
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Tag #:

Job #
W/C) #

P/N #:

P/O #:
Qty

AYIAALS FUNLYNDIS 30 HNILHOd

pmwuuuﬂ\“\Au“\\\“nwn NYI3¥D ¥IIINKW
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BL'QD 0'IZ O8E"ZB 018°'vS gl LZO0YM-LOD
% (%)°13 sin SA
¥/3  WROOZ 154d 15d LY3H
1831 FTISNIL HN/ON

1 LELS 1g'a 8L0°0 PLA'0 2000 £4°0 £0'0 £L'0 gl1*0 L00'0 GZ0°'D Ot‘t 80'0 g8LvE £00~¥00
b L8218 §58'0 520'0 9L0°0 €00'0 Z1'0Q ZL'D LZ°0 61°0 £00‘0 €Z0'0 0Z'L 60'0 brive £00-£00
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To

W & W STEEL COMPANY

11/18/2007 From

Tag #:

Job #:
W/0 #

B/N #

P/O #:
Qty:

SIVINEAS FUALYNDIS 30 dN3LHO0

pmwuuu\kv|ﬁuu\\“nu‘ NYLIVD ¥ITINW

Q3711IY¥ NOJITIS NIVHD INId
gL CHYd - 8 ¥ WLSY
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11/19/2007 From:W & W STEEL COMPANY

To:

Tag #: P/N #: Jeb #:
BP/O #: W/O #:
Qty:
NUCOR-YAMATO STEEL CO. CERTIFIED MILL TEST REPORT
FQBOX 1225 BATE 1030 MELTED AND MANUFACTURID IN U.B.A
BLYTHEVILLE AR 12316 12/722/06 ALl shages prodeced by Furer-Famals Steel are cast ind rolfed
4+ Tully killed and 19 grafn practice.
SOLD TO SHIPTO
. W E W SIELL TUV-URECD INVOICE
1730 W. RENG 1730 ¥. RENO 104035
PO BOX 23368 B0 BOX 25369 "BILL OF LADIN
CELAHOMA CITY, OK 73125 DELAHOMA CITY, OK 73125 822881
SPECIFICATIONS =uba =

ASTM A7Q9/AT09M-D3a GR503 (31458)

ASTM A6/BOM-00a

MECHANICAT PROPERTIER

qTRM]  (TIM DEICKNTION oY BEATS

1] we -159.0 | 1]287828] .78
35 4 76
W360 x237.0
18,770 H 'sean’

2\ -159.0 | 3{zersaf.7
3w WP
K360 x237.0
11,278 #

3|ws -159.0 | 2|287840( .77
a7 36
W360 x237.0
11.278 ¥

[ELONGATION JM.SI!J QN 8.00 INCH GALIGE LXNCTH
Pem=C+8l 7 30+Mn { 20+Cn / 20+N1/ 66+Ce 7 20+Mu S 15+V / 10+358
Corroston Index: CI=20.01(%C N3, 8803 NiHL2{ % Cr)+1L 4%

 CRAMPYIMPMT_ ] o [Mp| P ¢ S| 8 [Cul Ni |Cr|Me Ch |CE
I IELE mn TENNLX pFromd TIME |[{HFACT INEROY
STRRNGTH |STRIKCTE| % ¥ nin
E::I'u I E_ £ [ 1ouLIs Su |Peml I
58000 | 74000 | 2% .080.30] 022|024 | .19}.32| .12|.16{.03|.00| .01% .37
57000 | 75000 { 28 A1.19
200 | 510]29
393 | 51728
56000 | 73000 | 2% 07.829.0230025 | .20].32| .11|.18{.03].00| .018 .36
56000 | 73000 | 29 .01f.18
3|86 | 50329
a6 | 50329
58000 | 75008 | 2% .oet.31| 016021 .20).27| .10|.12}.03}.00] .02 .35
59000 | 76000 | 29 01,18
400 517 |29
400 | 52428

CARBON EQUIVALENT CE = C* MI/a + (Cr+MotV )/ 5 + (+Cu) / 18
stoﬂ'f 28(%P)-7.2N% Cu)(%ND-9. % NIX % P)-33. 3% Cu)

GARY PENNELL
T TEALT ATIVRARGE

Nercky coiilly frmt W pordeni o1 dile icpur ain @ oawie and el Al il HAHE Gl §HNWES pmumu iylul: WALHR] MARN AT 478 ARKANSAS
caraliance with thy requiremucie ¥ tee movtwria) -pulﬂcd.ﬂl;l. A0l when dealgnatad g ihy ! STATE OF

COUNTY OF MISSISSIFFI

SWORN TQ AND SUBSCRIBED BEFORE ME THIS

Day of
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Appendix F

3,000,000-LB SOUTHWARK-EMERY TESTING
MACHINE CALIBRATION REPORT
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UNIVERSITY OF ILLINOIS
AT URBANA-CHAMPAIGN

James W. Phillips, Ph.D., P.E.

Department of Mechanical Science and Engineering
158 Mechanical Engineering Building

1206 West Green Street

Urbana, IL 61801-2906

2007 Calibration Report on the 3,000,000-1b
Southwark-Emery Tension/Compression Machine

On January 9, 2007, the 1,000,000-Ib hydraulic gage, the 3,000,000-lb hydraulic gage, and a
Sensotec pressure transducer (Model A-5/743-03, 0-3000 psia) with an Omega strain-gage indicator
(Model DP41-S) connected to the Tate-Emery hydraulic load cell on the 3,000,000-Ib Southwark-Emery
universal testing machine in Talbot Laboratory were calibrated by means of a strain-gaged load cell that
had been calibrated by the National Institute of Standards and Technology, Gaithersburg, Md., in 2002,
according to ASTM standard procedures E4-91 and E74-91, as applicable to load cells exceeding
1,000,000-Ib capacity. This memorandum sets forth the procedures and results of the calibration.

Procedure

1. The load-cell indicator (Interface .
Model 9840, Serial No. 90070) was first Calibration value, mV/V Value read on
calibrated by means of an NIST-calibrated Nominal Exact indicator, mV/V
precision resistor box (Micromeasurements
Model 1550A, Serial No. 135879), which was 0 0.0000 0.0000

certified to be calibrated by Micro- 1 1.0000 1.0000
Measurements in June 2005. The load-cell
indicator was set so as to read directly in 2 2.0000 2.0000
millivolts per volt (mV/V), from zero to 3 3.0000 3.0000
approximately 4.9 mV/V in steps of 0.0001

mV/V. The results of this preliminary cali- 4

bration are indicated in the accompanying 4

table.

4.0000 3.9999
5 4.5000 4.5001

2. The load-cell indicator was con-
nected to the NIST-calibrated load cell with the same 6-wire cable that was used by the National Institute
of Standards and Technology during its calibration. Values of the compressive load applied to the load cell
are determined from the relation

X = A+BR +CP?, 1)

where x is the indicated reading in mV/V, and P, is the temperature-uncorrected NIST-applied load, in

kips. (One kip equals 1000 Ib.) The coefficients A, B, and C are given by the 2002 NIST calibration data
as follows:

Load range, A B C
kips mV/V mV/V/kip mV/V/kip?
0-1000 ~0.00011 1.51527x107° ~0.00377x107°
0-3000 -0.00027 1.51779x1072 -0.004311x107®

53
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2007 Calibration of the 3,000,000-1b Southwark-Emery

For example, if a load cell not exceeding 1,000,000-1b capacity is being calibrated, the value of B, for
x=1.5000 mV/V is B = 992.4 kips; whereas if a load cell exceeding 1,000,000 Ib capacity is being
calibrated, the value of B for x=1.5000 mV/V is B, = 991.2 kips. These values are determined by

writing the solution to Eqgn. (1) as:
—B++/B? —4C(A-x)
R )

- 2C ’

where the plus (+) sign should be used since P, =0 when x= A.

3. The actual load P acting on the load cell at the UIUC calibration temperature T was found by
the relation

P=F-R, (3a)
where F is the ASTM E74-91 temperature correction factor
F = 1-0.000270 (T —TysT) (3b)

and TysT IS the temperature at which the load cell was calibrated at the National Institute of Standards and
Technology:

Load range, | UIUC temperature, | NIST temperature, | ASTM correction
Kips T (°C) TnisT (C) factor, F
0-1000 24.6 23.0 0.99957
0-3000 24.8 25.2 1.00016

For example, for the 1,000,000-1b load range at T = 24.6°C, the corrected value P for x = 1.5000 mV/V is P
= (0.99957)(992.4) = 992.0 Kips; whereas, for the 3,000,000-Ib load range at T = 24.6°C, the corrected
value P for x = 1.5000 mV/V is P = (1.00016)(991.2) = 991.4 kips.

A Hewlett-Packard calculator using reverse-Polish notation can be programmed to yield the value
of the temperature-corrected P for any x as follows:

sto0  Store x in Register 0 for recall if +
necessary Jx
chs

. . rcl 2
rcl1  Assume A is in Register 1
i 2
rcl3  Assume C is in Register 3 .
: rcl 3

-+ P, (not temperature corrected)

Zhs rcl4  Assume F is in Register 4

L. . x Apply temperature-correction factor
rcl2  Assume B is in Register 2 . . L

2 ffix1 Pisdisplayed in Kips to the nearest

X 0.1 kip

4. Calibration data were taken at load increments according to the following table:

Load range, | Number of readings, | Load increment,
kips including zero load kips
0-1000 11 100
0-3000 13 250

354
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2007 Calibration of the 3,000,000-1b Southwark-Emery

For each value of the Tate-Emery indicated load, the actual load P was determined from Egns. (2) and (3)
after the value of x had been read from the load-cell indicator.

Results of the August 1983 Calibration using the First UIUC Reference Load Cell

The August 1983 calibration of the Tate-Emery cell was the first known NIST (formerly National
Bureau of Standards)-traceable calibration ever to be performed on the Southwark-Emery. Prior to 1983,
annual consistency checks had been performed by means of a 0.0001-inch dial-gage indicator on a solid
circular steel bar kept in Talbot Laboratory’s crane bay. The consistency checks showed that the Tate-
Emery cell response had not changed over a 41-year period (1942-1983), even after the Tate-Emery
diaphragm was replaced in the Spring of 1983.

It was found, in the 1983 calibration, that both the 1,000,000-1b gage and the 3,000,000-Ib gage
were extremely linear in their response to the load. Any nonlinearity in either gage’s response was masked
by a seemingly reproducible deviation perhaps related to the pitch of the rack-and-pinion mechanism in

15
» 3,000-kip Southwark-Emery Calibration
= Elam/Phillips
x— January 9, 2007
< 10
= i Sl e 3M# Bourdon
8 N
a5l -
5 - / 7>
c i Sensotec/Omega (1M#) / ~
E 0 - - /ﬁ\%f 4
- -t ~ d .~ e / -

e r \ \ / /
s \_ 1M# Bourdon 7
E 5 N ourdo ad Sensotec/Omega (3M#) |
< I N Ut
< Yoy

_10 | | | | \\\ | | | | | | | |

0 500 1000 1500 2000 2500 3000
Indicated Bourdon gage or Sensotec/Omega load, kips

Fig. 1. Plots of the deviation (actual load minus indicated load) as functions of the indicated load,
for the 1,000,000-Ib and 3,000,000-1b Bourdon gages and Sensotec transducer,
after the January 9, 2007, calibration.

each gage. This deviation was approximately +1 kip on the 1,000,000-Ib gage and +3 Kkips on the
3,000,000-Ib gage. Consequently, it can be stated that the precision of either gage is approximately 0.1%
of the full-scale value.

As for accuracy, it was determined in the 1983 calibration that the 1,000,000-Ib gage was reading
low by approximately 0.5%, and that the 3,000,000-Ib gage was reading low by approximately 1.2%, prior
to calibration. The pre-calibration readings of the Tate-Emery gages were found to be conservative: if the
indicated load on the 3,000,000-Ib gage was 2.000 million pounds, for example, the actual load on the
specimen was approximately 1.012x 2.000 million pounds or 2.024 million pounds. The indicated values
on the 1,000,000-Ib gage were also conservative, but to a lesser degree.

Both the 1,000,000-Ib gage and the 3,000,000-Ib gage were opened for inspection. The
mechanisms were determined to be in good working order, although the 3,000,000-Ib mechanism showed
some bearing wear. For each gage, the lever-arm of the rack gear was adjusted with the aid of a vernier
caliper to correct the scale factor. It was easier to adjust the_1,000,000-1b gage because its mechanism has

355
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2007 Calibration of the 3,000,000-1b Southwark-Emery

a lever-arm considerably longer than that of the 3,000,000-1b gage. Corrections to the lever-arm lengths
are of the order of 0.001 inch, and fine adjustment of the 3,000,000-Ib gage was found to be tedious.

As a result of the 1983 adjustment, the scale-factor errors were reduced to approximately 0.04%
and 0.20%, respectively, for the 1,000,000-Ib and 3,000,000-Ib gages. The errors in both cases remained
conservative, in the sense mentioned previously.

Results of the January 2002 Calibration using a New UIUC Reference Load Cell

In 2001, Mr. David Foley machined a new reference load cell—more compact than the first one—
from Viscount 44, and instrumented it with sixteen 350Q strain gages. It was sent to the National Institute
of Standards and Technology for calibration by Mr. Rick Seifarth and returned in January 2002. Although
the values of the B coefficients were somewhat larger than those of the first cell (since the cross-sectional

1.5
I 300-kip Southwark-Emery Calibration
=N Elam/Phillips
% January 9, 2007
T 1.0
S I Sle -
8 - x\/
g 05| -~
E i o -~ Sensotec/Omega (300Kk)
2 <
IE L~ \///———\
ge] RN
(35}
= o5/ AN
g | N
3] i ~
< % o

-1.0 —

0 50 100 150 200 250 300
Indicated Sensotec/Omega load, Kips

Fig. 2. Plot of the deviation (actual load minus indicated load) as a function of the indicated load,
for the 0-300-kip Sensotec transducer, after the January 9, 2007, calibration.

area was smaller and the working stress correspondingly greater), the subsequent calibration of the Tate-
Emery load cell produced essentially the same results as those of January 2001 using the former load cell.
The former cell had been recalibrated by Mr. Seifarth in 1992, with less than 0.1% change in response
from its 1983 calibration.

Results of the Most Recent Tate-Emery Calibration

The results of the calibration of the Tate-Emery load cell in the Southwark-Emery testing machine
on January 9, 2007, are shown in Fig. 1. It will be seen that the response of the 1,000,000-Ib Bourdon gage
is characterized approximately by the relation

P =1.0001I+1kip,

where P is the actual load on the specimen, and | is the indicated load on the gage. The corresponding
relation for the 3,000,000-Ib Bourdon gage is

P =1.0001 +£5Kkip.
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2007 Calibration of the 3,000,000-1b Southwark-Emery

The Sensotec pressure transducer, installed in 1988 for the purpose of automated data acquisition,
and augmented in July 1997 with an Omega DP41-S strain-gage indicator, has a nearly linear response
given approximately by

P = 1.0001 +1Kkip.

For both hydraulic gages, the precision of the readings is less than or equal to the smallest dial
division. For the Sensotec/Omega readout, the precision is limited to 0.5 kip. The procedures in ASTM
E4 (Load Verification of Testing Machines) require that the accuracy be stated as a percentage of the
indicated reading, and that the range over which this accuracy holds also be stated. Accordingly, it can be
stated that without any correction, the 1,000,000-1b Bourdon gage is accurate to within 0.5% over the range
of 100 kips to 1000 kips. The 3,000,000-1b Bourdon gage is accurate to within 0.5% over the range of 300
kips to 3000 kips. The Sensotec/Omega readout system is accurate to within 1 kip, or 0.1% of the
indicated load, whichever is larger, over the range from 0 to 3000 kips. It should be noted that ASTM E4
requires that the stated accuracy shall not exceed 1.0%.

Low-range Calibration (0-300 kips)

In January 2005, a separate load cell and readout were added to the common load-cell pressure
manifold. The range of the new device, a Sensotec pressure transducer (Model A-5/8246-15, 0-300 psia)
with an Omega strain-gage indicator (also a Model DP41-S), is 0-300 kips. The new device was then
calibrated using the procedure outlined above, using the NIST calibration parameters for the 1,000,000-Ib
range of the UIUC reference load cell. The results for the January 9, 2007, calibration of this device are
given in Fig. 2.

The response of the 0-300 kip readout is seen to be approximately

P = 0.999 1 +0.2kip,

where, as before, | denotes the indicated load on the load-cell readout and P denotes the NIST-traceable
load being applied. This readout system is accurate to within 0.2 kip, or 0.1% of the indicated load,
whichever is larger, over the range from 0 to 300 kips.

The calibration procedure outlined in this memorandum meets the requirements of ASTM E4 and
ASTM E74 (Calibration of Force-Measuring Instruments for Verifying the Load Indication of Testing
Machines). It is recommended that the Tate-Emery load cell be recalibrated yearly.
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