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ABSTRACT

The behavior of double row bolted shear connections was
examined by conducting a series of eight full-scale tests and an
elastic finite element analysis. The test program involved coped
and uncoped beams with compact type connections where the full
depth of the beam web was not developed by the connection, All

of the specimens failed in a block shear mode.

The results of the tests indicate the 1978 AISC Specifica-
tion formula for block shear resistance predicted higher capacities
than actually obtained in the tests. Also, the current method of
checking the bending stresses at the cope was found to be inadequate.

A new recommendation for a block shear failure model is given.
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NOTATION

Projected area of bolt on bearing surface (dtw)

Net area of web in tensile stress plane of connection

Net area of web in shear stress plane of connection

Area of web at the cope (dntw)

Depth of outstanding legs of clip angles resisting flexure

Distance from neutral axis of beam cross section to fiber of
which bending stress is calculated

Diameter of bolt

The effective diameter of the bolt hole (d + 1/8)

Depth of beam at the cope

Eccentricity at the connection (M/R)

Modulus of elasticity of steel (29000 ksi)

Edge distance from center line of the bolt hole to free edge
End distance from center line of the bolt hole to free end
Static ultimate tensile stress of material

Static bearing stress of material

Static yield stress of material

Gage length of bolt line

Moment of inertia

Spring constant stiffness equivalent to stiffness of outstanding

leg of clip angle

Distance from center line of the bolt hole to the free edge

xi
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Moment in test beam or at the test connection
Plastic moment capacity of test beam
Number of bolts in test connection
Load carried by one bolt
Bolt shear force ignoring effect of eccentricity
Reaction based on top edge distance of connection
(eFt)
guw
n
2
Reaction based on end distance of connection
(e Ftr
n u w)n
2
Reaction based on bolt bearing force (FpAbn)

Reaction at test connection

Allowable reaction of the test connection based on the

1978 AISC Specification

Ultimate capacity of test connection based on the new

block shear failure model

Maximum reaction obtained by the test connection
Center to center spacing of bolts

Thickness of clip angles in test connection
Thickness of web of the test beam

Allowable AISC web shear (O.QFyAw)

Allowable bolt shear (26.5 kips for 3/4 in., diameter

A325 bolts in double shear)

F
Shear yield capacity of test beam web(Aw‘J%)

Deflection
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Deflection of compression flange at the connection
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Deflection of tension flange at the connection
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q) Rotation of member
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o Bending stress in test beam based on beam theory (Eﬁ)

Tavg Average nominal shear stress at the connection based on
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Both of these equations are plotted with test data in Fig. 1l.1.

Equation (1.2) becomes unconservative when the L/d ratio exceeds 3.0 7? 0"7*"\
hence the upper limit of the bearing ratio F !F was placed at 3.0. ﬁﬁg;;.“_
The 1976 RCRS Specification™ adopted these bearing strength

e,
Hole ‘4‘74

recommendations using a factor of safety of 2.0 as:

LFu
FP S 74 (1.3)
but FP < 1.51—‘u (1.4)

The current (1980) maximum allowable bearing stress, l.SFu, is
approximately 80 percent greater than the previous specification

reQuirement,l.BSFy.

The current bearing stress limitations were based on lap
splice specimens where the bolt force is applied in the direction of
minimum edge distance. When applied to other types of connections,
such as the common double angle beam web connection, the new require-
ments became ambiguious due to minimum edge distances not in direct
line of the bearing force. A series of full-scale tests of single
row bolted simple beam connections were conducted at the University
of Toronl:o5 to check the new requirements. The W18x45 beam shown in s
Fig. 1.2 was connected to transmit shear to the web, the connection
capacity was controlled by bearing using both new and old specifica~
tions., The results cited failure mechanisms that had not been
anticipated. At failure the bottom bolt split the end of the beam. ‘
The factor of safety was 3.0 based on the 1969 AISC Specification6 k
and only 1.8 based on the 1976 RCRS Specification. At the critical
bolt location general yielding occurred with high bearing stress.
A test on a similar connection but with the compression flange coped,
Fig. 1.3, had a 24 percent decrease in strength which was attributed

to the cope. The failure consisted of massive hole elongation at
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the bottom bolt, fracture along lines A-A and B-B in Fig 1.4

starting from the bottom bolt hole, and a local buckling of the

i

web _at the cope. This test and similar supplemental tests indicated
a failure model where ultimate tensile and shear stresses along

sections A-A and B-B, respectively developed simultaneously.

The 1978 edition of the AISC Specificationl incorporated
modifications for the design of coped and uncoped bolted web
connections using the new bearing criteria given by Eqs. (1.3) and
(1.4). The bearing stress was limited by the edge distance
(eg, Fig. 1.4) Eq. (1.5) and end distance (en, Fig. 1.4) Eq. (1.6);
the bearing stressed based on end distance neglects any eccentricity

on the connection.

2P

. % (1.5)
uw
2P

e = F ¢ (1.6)
uw

The 1978 AISC Specification also adopted requirements to
limit the stresses on sections A-A and B-B (Fig. 1.4) to prevent
a block shear type failure as observed in the Toronto tests. A
limit of ULQEU was set for shear stress and O.SFLI for tensile stress
which is shown in Fig. 1.5 and expressed mathematically by

Eqs (X773

R < AVO.3FU ;= At0.5Fu (1.7)

Equation (1.7) was incorporated into the 1978 AISC Specification
in order to account for the potential failure mechanism which may
occur when a bolted web connection is designed to transmit a shear
force R to a coped beam over a relatively small portion of the web

depth. A connection of this type where the connection depth is less
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Fig. 1.5 Block shear failure model
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than one~half the beam depth will be referred to as a compact

connection.

The two beam tests reported by Birkemoe and Gilmor?
exposed the block shear mode of failure, but the limited experimental
program did not address potential interacting factors such as
minimum end and edge distance, multiple rows of holes, and the
type of hole (standard or slotted). A research program sponsored
by the American Institute of Steel Construction (AISC) was developed
to investigate these problems. The objectives of these tests
reported herein focus on the behavior of compact double row shear
connections. Only a few tests have been conducted on connections
with double rows, Kulak8 and Higgins9 examined the effects of
eccentricity, and Munselo studied the moment-rotation behavior of

standard riveted and bolted connections.

A total of eight compact double row bolted shear connections
on W18x60 beams were tested. The behavior was examined and the
connection capacities compared with the 1978 AISC Specification.

An elastic finite element program was used to analyze the connections
in order to develop a simple failure model. Design recommendations

for simple bolted shear beam connections are presented,
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CHAPTER 2

TEST PROGRAM

Test Specimens

Eight tests were conducted on compact, double row bolted
shear connections with framing clip angles on both sides of the
web, as shown in Fig. 2.1. The principal parameters considered in
preparing test specimens were edge distance, slotted holes, the
number of bolts and their arrangement, and coped compression
flanges. The test beams were W18x60 with flame cut edges. The
minimum edge or end distance of one inch shown are the minimum
values permitted by the 1978 AISC Specification. The test beams
were from two heats of A36 steel, tests 18-10 through 18-13 from
heat 1 and tests 18-16 to 18-19 from heat 2. The tensile coupon
test results for the two heats are listed in Table 2.1; standard

1
11,32 The coupons were cut

ASTM coupons and procedures were used.
from areas subjected to elastic stresses of two beams after the
connection tests were completed. Web coupons were taken in both
the longitudinal and transverse direction since the primary cause

of failure of the connection tests was fracturing in the web.

The framing clip angles used in the test connection were all
L7x4x3/8 except for test 18-11 which had a pair of LB8yx4xl/2 clip
angles. The thickness of the clip angles was chosen in order that
the test connection remain flexible yet the failure of the
connection would occur in the web. Thirteen-sixteenth (13/16) in.
diameter holes for the 3/4-A325 bolts were used for the test
connections with standard holes; 1-15/16 x13/16 in. slotted holes
were used for test 18-11. The A325 bolts had no threads in the

shear plane and were tightened by calibrated wrench. The bolts




- ..

el 2%

All holes 13/16 in. ¢
diameter, slotted holes
1-15/16 in. x13/16 in.

Note:

Fig. 2.la

| -—
~
~N

9
2:1/2" —» - e 1:1/2"
!
y 17172
GF—GF 1
4 qD 2@3
< 180 . P
p é?_elb
—l 3" | fa— "
'
3./2"
o VS
2 @3
- 18-13 i
2LBx4x1/2 b 2L7x4123/8
ray - 1/2" : i7"
=T , *‘f g 50
e 2@3 | 2@3
é_ 172" -?_*)_ ;2"

. i y
l-—z 2" ——I 3"| Lv—z 72"

Detail of connection specimens from heat 1

A



‘ l

-

10
ha—h-qa-akl.lq— L_5_'____=3"? 2
| ’ |+ |
; | y /2 —_— ! 1 172"
o ) g
|' . i
18-16 | - 18-17 l ae
4" 3" i G
y |
= 1 \ ]'U’E" &‘_—L . Y | IJJZ"
L | ¥ 3 2 1
e |2@3" | | 2@ 3"
18-18 | ' 18-19 ? |
¥ & A ]
- 1 1 " —.I—’—-—-—!
— — — —————————
2L7x4x3/8 | 2L7x4x3/8
X | 11z2" i’ = _'* -172"
A
W : 2@3" I@s"
T 172" 12"
B
—
3" 272"

Fig. 2.1b Detail of connection specimens from heat 2



1 ' . - - - -'-
. . z L »

TABLE 2.1 TENSILE COUPON TEST RESULTS REPRESENTING HEAT 1 AND HEAT 2

Heat 1
Coupon " -
Tens Lon Compression Longitudinal Longitudinal Transverse Transverse
propert Flaonge Flange Web A Web B Web © Web D
Static yleld 36.7 36.2 8.2 38.9 8.4 379
(ksi)
Static ultimate 57.5 58.1 61.3 5.2 59.3 59.1
(ksi)
Elongation 28.5 29.7 8.9 28.7 19.1 23.0
(%)
Average Web Strength (Static)
F_ - 38.3 ksl
y
F = 59.7 ki
Heat 2
i Tension Compression Longitudinal Longitudinal Transverse Transverse
Flange Flange Web A Web B Web C Web D
Property E
Static yleld 11.5 34,3 39.5 4.4 35.6 Jo.7
(ksi)
Static ulcimaLe 56.7 - 58.2 56.1 58.5 59
(ksi)
Elongation 32.6 32.6 24.8 32.9 25.0 3.4
(%)

Average Web Strength (Static)
F - 36.6 ksl

I"y - 58.0 ksi
u

1t
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were placed in bearing against the holes in the test connection
before being tightened. The bolts were tightened to meet the
minimum bolt tension of 28 ksi required for 3/4 in. diameter A325
bolts by the 1978 AISC Specification. To obtain the desired
tension in the bolts the necessary torque applied by the wrench

was determined by the procedure suggested by Steuart.l

Test Setup

The test arrangement shown in Fig. 2.2 permitted the
individual testing of a connection on each end of the 10 ft. long
test beam. The end of the beam with the connection being tested
was framed into a W10x89 column stub. A roller support and
calibrated load cell were placed approximately 18 in. from the other
end so it would be undisturbed when framed to the column for a
later test. Load was applied to the test beam 24 in. from the
face of the column stub by a 200 ton hydraulic ram. The load
position was chosen to produce failure in the connection and not
the test beam. A channel section was bolted to both sides of the
web at the ram location to prevent web crippling. Roller assemblies
were placed under the reaction load cell and above the loading ram

so that longitudinal movement would not be restricted.

The test frame consisted of a reaction beam, column and
thrust bracket. The thrust bracket and column were anchored to
the floor by 3 in. diameter threaded studs to prevent vertical
movement and in-plane horizontal movement of the frame. The
framing system supported the reaction at the load cell and the
column stub. The reaction beam was fabricated by bolting two wide
flange steel beams together with high strength bolts at 6 in.
intervals along the span. The same type of friction connection
attached the column stub to the thrust bracket. To help prevent
slippage of these friction connections, the surfaces in the shear

plane were sanded to obtain greater roughness. Out-of-plane
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movements of the support frame were prevented by a bracing system
shown in Fig. 2.3. Plates with slotted holes that were attached to
the bracing system prevented lateral movement of the test beam's
flanges, shown in Fig. 2.4, but allowed vertical movement of the
beam., Additional plates laterally braced the test beam's compres-
sion flange near the test connection. Any in-plane horizontal

movement was prevented by the thrust bracket.

Instrumentation

The hydraulic ram was controlled with a handpump. The
magnitude of the applied load was established by a pressure trans-
ducer and verified by a second transducer connected to a x-y plotter
and by a pressure gage. The far end reaction was determined with a
calibrated load cell. With this arrangement the moment and shear
at the test connection could be determined by statics. Vertical
deflections were measured using dial gages which had 0.001 in.
intervals. Vertical movement was recorded at the load point and in
the vicinity of the test connection at the locations shown in
Fig. 2.5. Gages 1 and 2 helped to determine when elongations and
fracture occurred in the web in the direction of applied shear. A
potentiometer attached near dial gage 2 and wired to the x-y plotter
also measured the vertical movement of the top flange at the test
connection. Relative horizontal movement between the clip angle and
the web was measured by sighting with a transit on scales with
0.02 in. graduations, as shown in Fig. 2.5. Scales were placed
against the clip angle at two locations and also on the beam web.
Knowing the relative horizontal movement of two points on the clip
angle and the distance between the two points, the rotation of
the clip angles could be determined by assuming rigid body rotation
between the two points. The beam's rotation likewise could be
determined. As a second means of establishing beam rotation an
inclinometer was placed on the top flange to measure end rotation

of the beam,
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Test Procedure

Prior to each test, the web area, flanges and clip angles
in the vicinity of the connection were whitewashed to provide a
visual display of yield patterns. Only the web on one side of
the beam was whitewashed; the other side of the beam's web had a
1 in. square grid scribed onto a silver painted background to
document the deformations. 1In testing the connections, the load
was applied in increments and the data recorded approximately five
minutes after each load increment so that the load and deformation
could stabilize when yielding occurred. The test was terminated
when the maximum load was reached and unloading commenced or when
the connection deformations were excessive. After completion of
a load test the beam was rotated, the connection on the opposite

end was bolted to the column stub, and a new test conducted.



CHAPTER 3
EXPERIMENTAL BEHAVIOR

An evaluation of the test data showed that in general a
plot of end reaction R at the connection versus the vertical
deflection at the clip angle &1 or 52 gave the best quantitative
description of connection behavior throughout the test. Because
the behavior of the connections was similar,only one typical
test, 18-12, will be discussed in detail. The discussion of
test 18-12 is followed by a presentation of photos of all the failed
connections along with some comments. The plots of connection
reaction versus deflection containing descriptive captions are in
Appendix I for all the tests; the nominal connection dimensions
appear in the figures, the actual dimensions are listed in

Table 1-1I of Appendix 1I. A summary of the experimental ultimate

capacity of the connections is in Chapter 5 under Table 5.1.

Figure 3.1 shows the plot of connection shear versus the
deflection above and below the connection, as recorded from dial
gages 1 and 2. The same result is plotted in Fig. 3.2 using only
the deflection measured by dial gage 2. During the test, yielding
first appeared in the web near the connection below the bottom line
of the holes (line B in Fig. 3.1) followed by fracturing in the web
along the bottom horizontal line of fasteners. The separation of
the two curves after load point 4 in Fig. 3.1 indicates when the
fracturing starts in the connection. The net deflection between
dial gages 1 and 2 is a measure of deformations within the connection
and separation of the material in the web due to fracture. Figure 3.3
shows a plot of net deflection. After fracturing occurred yield

lines appeared in the web between the horizontal plane where fracture
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occurred and on the top of the beam at the connection. Figure 3.4
shows the behavior described; the fracturing in the web is not
noticeable in the figure. The yielding that occurs after fracturing
could be caused by shear, and also by flexural stresses as illustrated
in Fig. 3.5. The buckling of the web at the cope that appeared at
Rmax could be a result of this flexural yielding; however, the

buckles appeared after the web had undergone excessive deformation

and the beam web had fractured.

Test 18-12 had an allowable reaction Ra]lnw of 76 kips based
on the 1978 AISC Specification which was controlled by the top edge
distance with an applied eccentricity factor. Further discussion
of the 1978 AISC Specification related to the test connections and
a summary of allowable loads is given in Chapter 5. The shear
yield: capacity, Vu, of 163 kips for test 18-12 assumes a uniform
shear stress equal to FVXNﬁ; over the gross area of the web at

the cope, Aw = dntw' These values are shown in Fig. 3.2.

Figure 3.6 shows the plot of applied load versus deflection
at the point of load. The deflection of the load point increased

rapidly once the connection showed signs of yielding.

The connections tested were flexible shear connections
which in design are assumed to act as simple supports and allow the
beam to rotate without developing any moment at the connection.
However, all connections will develop some end moment. A flexible
connection will restrict some rotation of the beam's end. Figure 3.7
shows the rotation of the clip angles versus the moment developed at
the connection. Some of the erratic behavior at the early stages
may be due to experimental error. The moment at the connection is
determined by subtracting the load times 24 in. from the product of
the load cell and its distance from the face of the column stub.
Since the products are large and the difference is close to zero,

a small discrepancy in the load cell or pressure transducer
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reading can lead to a larger discrepancy in the moment. The
experimental reliability noted in Fig. 3.7 is based on an 0.65 kip
error in load cell reading and an 0.02 in. error in the transit
reading used to measure the rotation. Figure 3.8, which shows a
plot of connection reaction R versus the point of inflection from
the column stub face (eccentricity), is also not too smooth because
of the same problem. However, the significance of Figs. 3.7 and 3.8
is that the point of inflection shifts and the moment at the connec~
tion depend on what stage of failure the connection is at. The
connection becomes more flexible as the load is increased due to

the yielding and fracturing in the beam web.

Figure 3.9 shows a plot of connection reaction R versus
rotation at the connection; the beam end rotation and the clip
angle rotation are superimposed on the same plot. The curves
indicate that once the yielding and fracturing occur the beam will
rotate with respect to the clip angles. The difference in
rotation between the clip angles and the beam is due to the clip
angles yielding in the outstanding legs, shown in Fig. 3.10, as
they are pulled away from the column, and also due to rotation of
the beam web within the connection once fracture occurs in the
horizontal plane in the web as depicted in Fig. 3.5. With most
of the beam rotation occurring in the web above the plane of
fracture, the tension flange below the connection will not rotate.
Thus the inclinometer which was placed on the tension flange showed
less rotation than the clip angles. The maximum rotation of 0.012
radians that occurred at the beam's end is equivalent to the
rotation of a similar beam with a 20 ft. simply supported span
subjected to a uniform load which would cause the plastic moment,

Hp, to be reached at midspan.

All of the failed connections appear in Fig. 3.11 with the

clip angles removed, the ultimate capacity of each connection is
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given as Ru' The specimens showed no significant hole deformation
except those located in the horizontal failure plane. Therefore
it appears that the shear is not distributed uniformly among the
bolts. Test 18-11 which had slotted holes, failed at a load

9 percent less than test 18-1C even though both tests had the

identical end and edge distance.

Buckling of the cope which was observed in test 18-12
also occurred in test 18-16, 18-17 and 18-19. Thus the cope buckled
in the connections that had only four bolts, or a 2 in. end and
edge distance. However, the buckling occurred when the connection

had already fractured as described earlier for 18-12.

Test 18-13 involved no cope; once fracturing commenced
there was severe compression yielding in the web between the upper
row of fasteners (line D in Fig. 3.11) and the compression flange.
A small amount of yielding occurred between the bottom line of
bolts and the upper line of bolts (line B and line D), However,
the web area above the bottom line of bolts along with the
compression flange acts as a structural tee in flexural similar
to the behavior in Fig. 3.5. Eventually extensive yielding
developed in the compression flange 8 in. from the face of the

column as shown in Fig, 3.12.
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CHAPTER 4

FINITE ELEMENT ANALYSIS

Purpose

Using the finite element program SAPZIQ a model of the
test connection was analyzed in order to obtain elastic stress
distributions in the region of the connection. It was felt that
such an analysis could provide some guidance to the development
of a simple model to predict the connection capacity. The entire
W18x60 test beam and L7x4x3/8 clip angles were analytically
modeled as shown in Figs. 4.1 and 4.2. The dimensions of the

beam's cross section are based on the AISC Handbook.l5

Description of Finite Element Model

The beam and connection were treated as a plane stress,
two dimensional model using 4-node quadilateral elements and
3-node triangular elements with all out-of-plane movement
surpressed, In the actual connection the outstanding legs of the
clip angles make the connection three-dimensional. Figure 4.3
shows the outstanding legs of the clip angles bending as the beam
rotates and pulling away from the column flange. In the finite
element model the clip angles were modeled by a connection plate
with attached springs. The spring constant of each spring was
equivalent to the stiffness of the outstanding leg of one clip
angle, enabling the connection to be modeled in two dimensions.
Springs were attached only to the top of the connection plate since
only this portion of the clip angle pulls away from the column as
shown in Fig. 4.3. The value of the spring constant was calculated

as shown in Fig. 4,4. The eccentricity of the connection created

37
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horizontal components of force in the bolts; this force in the upper
horizontal line of bolts caused the clip angles to pull away, Hence
the dimension B of the clip angle was centered around the upper

line of bolts and used as the effective portion of the outstanding
legs to resist flexing and pulling away of the clip angles. The
bottom part of the clip angles bears directly against the vertical
face, thus rollers on a vertical plane were placed at this location
on the connection plate. Rollers on a horizontal plane provided
vertical equilibrium of the connection plate. Figure 4.2 shows the
two~dimensional model with the springs and rollers attached to the
connection plate. The finite element analysis produces & moment

in the connection of approximately 48 kip-ft. which is within

10 percent of actual test values.

To attach the connection plate to the beam the connection
plate was overlaid on the beam's web such that lines 2 were super-
imposed on lines 1 and line 4 was superimposed on line 3 as shown
in Fig, 4.2. The nodes forming one side of the elements on the
contact surfaces with the bolt of the bolt holes were made common
to elements in the beam and connection plate., The insert of

"a" and "b" on the contact surface

Fig. 4,2 shows the common nodes
with the bolt. These nodes simulated infinitely stiff bolts that
connected the clip angles to the beam's web; this simulated actual
behavior since no test bolts showed significant deformation. Square
holes which appear as darkened squares, were used instead of the
standard round holes for ease in modeling. Since in actual testing
the bolt only bears on one side of the bolt hole, the square holes
in the finite element model could be used if nodes on the contact
side of the hole are attached to the connection plate. Preliminary
computer models with an additional node "c", shown in Fig. 4.2,

were used to consider the observed direction the bolt bears due

to eccentricity of the connection; the results showed no significant

difference with using only two nodes. Therefore for the connections
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modeled only 2 nodes, nodes "a" and nodes "b," were attached per

bolt hole between the connection plate and the beam.

Nine analyses were made studying the effect of the bolt end
distance, bolt arrangement, and the spacing of the bolts. 1In all
connections modeled, the edge distance to the cope was given a
constant value of 1-3/4 in. For each analysis, the same load of
100 kips was applied to the beam at the same location. In modeling the
clip angles two situations were considered. Case 1 has a more
flexible connection than the other cases; in cases 2 to 9 the stiff-
ness of the connection plate was twice that of case 1. The stiffness
of the connection plate for cases 2 to 9 was equivalent to a pair .
of L7x4x3/8; in case 1 the stiffness of the connection plate was

equivalent to one L7x4x3/8.

Finite Element Results

A typical stress contour of the finite element model is
shown in Fig. 4.,5a with an actual test beam exhibiting yield lines
shown in Fig. 4.5b, The analytical stress contour was plotted by
drawing contours at 45 degrees to principal stresses of the same
value. The plane of maximum shear stress exists at 45 degrees with
respect to the principal stress, where according to yield theory
slip lines form, Figures 4.5a and 4.5b compare quite well with
respect to stress contours; hence the finite element model predicts
where the yield lines form in the beam's web near the connection,
The calculated vertical stress distribution around the periphery of
the connection (plane A and plane B in Fig. 4.2) can be seen in Figs.
4.6 through 4.14. The planes are a distance d, the bolt diameter,
away from the edge of the bolt holes to avoid the local discontinui-
ties in the stress distributions due to the bolt holes. The area
of interest in the model was the overall connection behavior and

not the localized bearing stresses at the bolt holes.
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The first connection modeled, case 1, consists of a 5-bolt

arrangement with a 1 in. end distance and flexible connection
plate. Figure 4.6 shows the shear stress distribution (plane A)
and the tensile stress distribution (plane B) for case 1. The
horizontal plane has a triangular tensile stress distribution
while the vertical plane has a reasonably uniform shear stress
distribution. The average nominal shear stress Tavg is shown to
be in close agreement with the finite element shear stresses,
especially in the region between bolt holes. The average nominal
shear stress for all cases is 7 - R/Fntw)where dn is the net

‘avg
beam depth at the cope of 16.611 in.; t, the web thickness of ; :

0.416 in., and R the reaction at the connection equal to %
;E;ﬁAA,

approximately 76 kips for all cases. Hence the average nominal

shear stress is 11 ksi. The average shear stress from the &;f
finite element analysis is 10.5 ksi on plane A. Note that the / : P
A&
top edge distance to the cope, alon lane A, d not contribute La

P g C pe, B P , does on u ed

much in developing vertical shear stress.

Case 2, shown in Fig. 4.7, is similar to case 1; only the
stiffness of the connection plate was increased. The stiffer
connection forced more of a trapezoidal tensile stress distribution,
but the stress distribution is still not uniform along the horizontal
plane. The shear stress distribution on the vertical plane is
similar to case 1. 1In cases 3 and 4 the end distance was increased
eventually to 2 in. as shown in Figs. 4.8 and 4.9. The shear

stress distribution for these two cases is very similar to cases 1

and 2 and is in close agreement with T - R«d t } However,
avg nw
the tensile stress distribution along the horizontal plane is

bilinear with a peak stress near bolt number 5.

The geometry of case 5 is similar to case 4, but one of
the bolts was removed as shown in Fig. 4.10. The resulting vertical

stress distribution appears to be the same as that of case 4; only

a slight decrease of tensile stress is noticed at the end of the
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beam near the connection for case 5. However, the peak stress and
stress distribution in the tensile plane between bolt holes,

commonly referred to as the gage, is of the same value.

To model case 6, the 4-bolt arrangement with a 2 in. end
distance was again used, but instead of a 6 in. bolt spacing there
was a 3 in. bolt spacing. The results of the vertical stress
distribution shown in Fig. 4.11 indicates the same type of
bilinear tensile stress distribution on the horizontal plane, but
the peak tensile stress has increased. Also, the tensile plane
between bolt number 4 and the end of the beam has a higher average
tensile stress. The shear stress distribution on the vertical
plane is not quite as uniform as compared to previous cases, but
the value of ?avg = 11 ksi is close to representing the average shear
stress, Figure 4.12 shows case 7 with the 4-bolt arrangement with
a 2 in. end distance and the 9 in. bolt spacing. The shear stresses
along the vertical plane are fairly uniform and close in magnitude
to 11 ksi. The tensile stresses are lower in magnitude as compared
to previous cases, being uniform between bolt holes with a slight

peak near bolt number 4 and a decrease towards the end of the beam.

For case 8 the number of bolts was increased to 5 with the
additional bolt being placed in the line of inside bolts to form
a spacing of 3 in. The end distance remained at 2 in. The
resulting vertical stress distribution shown in Fig. 4.13 is similar
to the vertical stress distribution of case 5 and case 4. The
shear stress distribution along the vertical plane between bolt

holes is close to 11 ksi.

A 3-bolt arrangement with bolts spaced at 3 in. and a 2 in.
end distance was used for case 9 (see Fig. 4.14). The resulting
shear stress distribution along the vertical plane was less
uniform with peak shear stresses near the bolt holes; the average

shear stress is 14.6 ksi along the vertical plane and is greater than
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11 ksi. The tensile stresses along the horizontal plane are of

a definite bilinear distribution.

In examining the elastic behavior of the nine connections
modeled, there appears to be a relationship between the end
distance and the tensile stress distribution in the horizontal
plane. The shear stiffness of the clip angle appears to cause
the outside lower bolt (bolt number 5 in Fig. &4.15a),which is
closest to the end of the beam, to pick up a large percentage
of the shear in the connection. When the end distance is
approximately 1 in. the tensile stress distribution in the
horizontal plane is almost triangular; if the end distance is
increased, the tensile stress distribution becomes bilinear and
can be simulated by a bilinear stress distribution. This would
seem especially reasonable for the connections that have smaller
bolt spacings similar to case 6 where the high tensile stress
concentration in the horizontal plane caused the resulting
stress distribution to have a definite bilinear-type shape.

The vertical shear stress appears to correlate with the shear
stress obtained by-dividing the reaction by the area of the
”E?;EEEEEE_Eﬁi_thE single row arrangement (Fase 9). The

simulated vertical stress distributions are shown in Figs. 4.15a

and 4.15b.

The spacing of the bolts also appears to have an effect
on the vertical stress distribution. The contribution of forces
on the horizontal tensile plane and vertical shear plane to the
total vertical reaction of the double row connection varies as
the bolt spacing is spread out or compacted and is also a function
of the stiffness of the clip angles. For case 1, consisting of a
flexible clip angle and a 6 in, deep connection, the horizontal
tensile plane carried 51 percent of the total connection vertical
reaction and the vertical shear plane carried the remaining

49 percent. With the more stiff clip angle and a 6 in. deep
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connection, the horizontal tensile plane carried about 45 percent

and the vertical shear plane carried 55 percent of the total /
vertical reaction. This same ratio was true for the double row ;
connections modeled with a stiff clip angle and a 6 in. deep '
connection and only varied by 1 or 2 percent when the bolt
arrangement within the 6 in. depth of the connection was altered. .
As the connection was made more compact, the tensile plane

supported a greater portion of the total vertical reaction. The |
3 in. deep connection of case 6 shows the horizontal tensile

plane carrying 65 percent of the reaction. When the bolts are

spread out in the vertical direction the opposite will occur

for the 9 in. deep connection shows the horizontal tensile plane
contributing 29 percent to the total reaction. For the single \
row connection (Fig. 4.14) the horizontal tensile plane carried

33 percent of the total reaction.

The shear stresses on the horizontal plane are of the same
magnitude as the shear stresses on the vertical plane, A typical
horizontal stress distribution around the connection is shown in
Fig. 4.16. Llocal effects due to the bolt holes and eccentricity

effects probably caused the stress reversal along the vertical

plane.

A typical horizontal stress distribution is plotted along
the vertical plane at the cope (line C-C) in Fig. 4.17. The
finite element model results are plotted along with the theoretical
bending stresses based on simple beam theory. The moment of
inertia used for the theoretical stresses was calculated using
the reduced depth at the cope. The finite element model predicts
bending stresses near the cope more than twice that using simple
beam theory. Hence the assumption that plane sections remain plane
does not seem valid when trying to predict these bending stresses;

more discussion of this matter is given in Chapter 5.
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A summary of the finite element results indicate that the
tensile stresses in the connection along the horizontal plane are
a function of the depth of the connection, stiffness of clip
angles, and end distance. The shear stresses developed along the
vertical plane at the connection are not greatly affected by the
depth of the connection. A stiffer pair of clip angles causes a
more uniform reaction among all the bolts, forcing more of the
reaction to be carried by the interior column of bolts close to
shear plane A (shown in Fig. 4.6) compared to flexible clip angles.
A failure model developed from the results of this chapter are

compared to test results in Chapter 5.
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DISCUSSION OF TEST RESULTS AND
DESICGN RECOMMENDATIONS

Effect of End and Edge Distance

All the tests appeared to have the same type of failure;
fracturing of the web along the bottom line of bolts with yielding
in the vertical plane between bolts. This is similar to the block
shear failure described in Chapter 1. The capacity of the connec-

tion was affected by the end distance and edge distance.

Figures 5.1 and 5.2 show for all tests superimposed plots
of the net deflection at the connection (difference between dial 1
and dial 2, see Fig. 2.5) versus the connection reaction R. The
various end distances and edge distances for the bolt holes not
only affects the capacity, but also the net vertical movement at
the connection. The curves display similar behavior up to the
start of fracturing; once fracturing commences the curves show
individual behavior. Fracture of the web occurred at the same
deformation for tests all in the same heat; Figs. 5.1 and 5.2
indicate the amount of deformation. Figure 5.1 indicates that
with increased end distance the connection provides a higher
capacity and a greater deformation capacity once fracture starts;
webs with slotted holes showed an immediate decrease in capacity
when fracture occurs. When a connection had the 1 in. minimum
end distance, such as test 18-10, the capacity also decreased
immediately after fracturing started, Test 18-12, which had a
2 in. end and edge distance, performed better than the uncoped J)
test 18-13 which had a 1 in. end distance. Figure 5.2 indicates

that the additional bolt in test 18-19 caused no difference in
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behavior compared to test 18-17; however, the 5-bolt arrangement
of test 18-12 improved the deformation capacity and strength of
the connection. Tests 18-12, 18~17, and 18~19 all had the same
2 in. end and edge distance. The elastic stress distribution from
the finite element models in Chapter 4 were shown to be similar
for these three tests, hence, the difference in capacity is related l "j?

to the behavior once yielding and fracture starts. ©

The distribution of vertical reaction between the two
rows of bolts is a function of the clip angle stiffness as indicated
in Chapter 4; fracture along the bottom line of bolts is initiated
at the bolt hole closest to the end of the beam and progresses
along the horizontal plane. Comparing the curves of test 18-12 with
18-16 and 18-17 in Figs. 5.1 and 5.2, the fracture load is not
affected by the different bolt arrangements of these connections,
Figure 5.2 also shows that the larger edge distances increase the
connection capacity, but not as effectively as end distance.
This is evident by comparing test 18-16 with 18-17 where the
end distance was varied by 1 in., and an 18 percent increase in
capacity was obtained. When increasing the edge distance by 1 in.,
(tests 18-16 and 18-18), the capacity was increased only by
9 percent. Tests 18~18 and 18-19 show the difference in capacity
when increasing both the end distance and edge distance. The
tests which had a 2 in. end distance and/or edge distance were
able to develop more shear in the web of the beam (away from the

connection) than tests with minimal end and edge distance.

AISC Allowable Connection Capacity

In Table 5.1 a summary of the AISC allowable reactions,
based on the 1978 AISC Specification, and factors of safety are
given for each test. In column 1 of Table 5.1 the allowable
reaction is given based on a shear stress of O.&Fy over the web

area, dnxtw. The bolt shear strength (column 2) is the shear




TABL

E 5.1

AISC ALLOWABLE REACTION

HEAT 1
t = 0.644 In F = 38.3 ksi
v Yy
/ Fo= 59.7 kai & (7 /
2 " i = z B 9. £ /
2——% — .
Test Allow, . R R Factor of
" AISC Allowable Reaction allow "
Kumher Weh ki ) K Safety
Shear Bolt Bolt Top Edge Eccentricity Eccentricity End Block (kips (kips)
(kips) Shear Bearing Distance Factor-1980 Factor-1978 Distance Shear
(kips) (kips) (kips) (kips) (kips)
18-10 113 133 148 131 0.60 D.75 62 R7 62 111 1.79
18-11 114 133 148 131 0. 60 0n.75 62 74 62 101 1.63
18-12 113 133 148 127 0.60 0n.75 131 101 76 152 2.00
18-13 123 133 148 0.60 n.75 62 - 62 140 2.26
HEAT 2
t = 0,43 in. F = 36.6 ksi
v y
F“ = 58.0 ksi
Tost  Alkow, AISC Allowable Reaction Ralliow s vessor 6
Number Weh (kips) (kips) Safety
Shear Bolt Bolt Top Edge Eccentricity Fccentricity End Block s ol
(kips) Shear Bearing Pistance Factor-1980 Factor-1978 Distance Shear
(kips) (kips) (kipn) (kips)
1B-16 106 106 112 1Nl 0.60 0.67 56 B& 56 111 1.98
18-17 106 106 112 106 0.60 n.67 97 96 64 131 2.05
18-18 106 113 140 62 51 D.62 70 12 32 101 ). 16
18-19 106 133 140 125 0.51 0.62 121 B9 b4 134 2.09
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (1) o
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strength of the bolts considering no eccentricity effect. The
bolt bearing strength in column 3 is based on the upper limit

for bearing stress (Eq. (l1.4) in Chapter 1). The allowable
reaction based on the bearing stress formula for top edge distance
(Eq. (1.5) in Chapter 1) appears in column 4; the value in column 4
is based on having all the bolts' bearing strengths equal to that
of the bolt with the minimum top edge distance as implied by the

Specification.1 The end distance in column 7 is the allowable

reaction based on the bolt bearing strength (Eq. (1.6) in Chapter 1)

of the most critical bolt and applied to the other bolts. Column 8

lists the allowable reactions based on a block shear failure

(Eq. (1.7) in Chapter 1). ?’ #/
The 1978 AISC Specification that the effect of

eccentricity be neglected when determining the reaction based on
end distance (column 7 of Table 5.1). However, it is not clear
in the 1978 AISC Specification whether the effect of eccentricity
should be considered when determining reactions based on bolt
bearing and edge distance (columns 3 and 4 of Table 5.1). The
author will interpret the 1978 AISC Specification so as to
consider any eccentricity that may exist and apply it to bolt
bearing and edge distance. 1In the seventh edition of the AISC
Hanual,15 the approach recommended by Higginsg was adopted for
eccentricity effects; the eighth edition of the AISC Manual16
recommends Crawford and Kulak's approach.s Higgin's approach
assumes elastic behavior and replaces the actual eccentric arm
with an effective eccentricity; Kulak's approach developed the
concept of an ultimate strength method which assumes an
instantaneous center of rotation of the connection with the
actual eccentricity. The 1980 eccentricity factor in column 5
of Table 5.1 is based on Kulak's approach while the 1978
eccentricity factor in column 6 is based on Higgin's approach.

The eccentricity factors represent the reduction in capacity due to
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the eccentricity of the shear load, which was sssumed to be equal
to the distance from the face of the column stub to the centroid
of the fastener group. This factor follows the procedure in the
eighth edition of the AISC Manual. As implied by the 1978 AISC
Specification, the eccentricity factor was multiplied by the bolt
shear, bolt bearing and top edge distance bearing strength to

determine the allowable reaction.

Kulak's method produced the smallest value of eccentricity
factor in all cases. This method was chosen instead of Higgin's
approach for calculating the allowable reaction which appears in
column 9 of Table 5.1. The 2llowable reaction is the smallest
reaction in columns 1 through 8 after the eccentricity factor is
applied to columns 2 through 4. The ultimate reaction during the
tests appears in column 10 with the factor of safety against

failure (column 10 divided by column 9) appearing in column 11.

Considering the Effect of Eccentricity

In Table 5.1 the eccentricity factors discussed previously
are all greater using Higgin's elastic approach compared to Kulak's
ultimate method. Higgin's approach produces a larger eccentricity
factor because the actual eccentricity is replaced with a reduced
effective eccentricity; Kulak's approach uses the actual eccen-
tricity. Kulak's method is sensitive to the degree of eccentricity;
if the actual measured eccentricity is used from Fig. 3.8 at the
start of fracture in the connection, then the eccentricity factor
is increased to 0,83 from the previous value of 0.60. The
allowable load is directly proportional to the eccentricity factor.
Test 18-12 has a capacity of 95 kips if Higgin's approach is
used, leaving a factor of safety of only 1.59, whereas the factor

of safety is 2,0 based on Kulak's approach,
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In some instances the factors of safety were satisfactory
(2.0 or greater) because the eccentricity factor based on Kulak's
approach was used to modify the edge distance bearing stress
formula (Eq. (1.5)) which was assumed to limit the bearing load
for all bolts in the particular connection. As a result of using
the eccentricity factors the factors of safety were satisfactory
for cases that would otherwise be unsatisfactory. The eccentricity
factors have thus provided a margin of safety against a failure
not caused by eccentricity but by block shear for the compact
connections. The eccentricity factors are based on bolt strength,
not bearing strength of the material surrounding the bolt. It
is the opinion of the author that the eccentricity factors are
only valid for bolt strength and need to be investigated for cases
when a bearing failure controls. Tests herein did not examine the
effects of varying the eccentricity by a significant amount; more
work should be done to determine the effect eccentricity may have

on block shear type failures.

Connection Capacity Controlled by
End or Edge Distance

The philosophy of the AISC Specification is to have a factor
of safety of at least 2.0 in connection design. The results show
three tests with unsatisfactory factors of safety. The controlling
parameter for the tests was either end distance considering no
eccentricity or edge distance with the applied eccentricity factor.
The mode of failure for all the tests was not edge or end tear
out of the bolt, but rather a block shear failure. The end and
edge distance formulas are based on the bolt shearing along two planes,
planes A-A and B~B as shown in Fig. 5.3. Although the tests
reported herein did not fail due to edge distance problems because
of block shear being critical, other tests have indicated edge

distance effec:s.17’18
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When examining the horizontal plane of fracture between the
bottom bolt and the end of the beam,necking along the fracture was
noticed, hence the fracture was due mainly to a tensile force and not a
shear force. The elastic finite element model also showed low
shear stresses along the horizontal plane of fracture. No fracture
or hole elongation of the web occurred between the top bolt holes

_ﬂ_
and the edge of the cope, however, the bearing stress formula

————

based on_top edge distance (Eq. (1.5)) controlled the allowable

reaction of four tests (see Table 5.1).

Block Shear

The block shear model currently in the 1978 AISC Specifica-
tion does not seem valid for double row connections. A block shear
failure was not predicted by the formulas, yet it occurred. The
factors of safety for the tests assuming that block shear (Eq.(1.7))
did control, are listed in Table 5.2. The factor of safety, which
in every instance is less than 2.0, is not at a satisfactory
level. Most of the tests have a satisfactory factor of safety
listed in Table 5.1 because the capacity is controlled by a
conservative edge distance or end distance interpretation of the
1978 AISC Specification, If the end and edge distances are
increased and eccentricity ignored, the factor of safety would be
less than 1.51 as given by tests 18-12, 18-17, and 18~19 in
Table 5.2.

The current block shear model needs to be revised in
order to give satisfactory factors of safety based on actual
failure. The block shear failure model referenced in Chapter 1
assumed full tensile strength along the horizontal plane between
the bottom line of bolts and full shear strength along the vertical
plane (see Fig. 1.5). The elastic finite element model showed
that the tensile stress distribution was nonuniform over the

horizontal plane with high stresses near the lower bolt close to
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TABLE 5.2 1978 AISC ALLOWABLE REACTION
BASED ON BLOCK SHEAR

Test Block Ru Factor
Number Sh?ar (hkiow) of Safety
(kips)
18-10 87 111 1.28
18-11 T4 101 1.36
18-12 101 152 1.50
18-13 = 140 =
18~16 86 111 1.29
18-17 96 131 1.36
18-18 72 101 1.40
18-19 89 134 1Sl

the beam's end. From tests, it is known that fracture first occurs
in this area of the horizontal plane (see Fig. 5.4.). No signs of

shear fracture along the vertical plane were observed in the tests,
rather there was gross yielding along the vertical plane previously

discussed in Chapter 3 and in Fig. 3.1l.

To predict the connection capacity for block shear
a new failure model based on the tests and analysis herein is shown
in Fig. 5.5. A triangular tensile stress distribution along the
horizontal plane is recommended; this linear approximation of
stress distribution is based on the finite element analysis with
an end distance of 1 in., and gives conservative results when the
end distance is greater than the minimum required. The capacity
of the net section along the horizontal failure surface should be
considered to be effective in tension. The vertical plane in the

connection after failure showed no fracture due to shear, but
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Fig. 5.5 New failure model for block shear
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rather gross yielding. The Von Mises yield criterion is assumed
where yielding occurs as the shear stress reaches a value of F IJE,
which is approximately 0.6Fy. The gross section along the veriical
plane in the connection between the bottom row of holes and the top
of the beam is assumed to develop a shear stress of 0.6F . The
capacity of a connection against block shear based on thz new

failure model would be:

LBIOCK/M Capacity = Tensile Strength -LM

-~
vV 7 7, vV |[8+4]/2
o Fu lg + en]tw x % -[E—:—;;- ﬂ:J; + O.BFyleg + Es]tw (5.1)

For the case where an uncoped beam has a compact connection

(test 18-13), the new block shear failure model will predict

when the start of fracture occurs, assuming the uncoped compression
flange does not carry any vertical shear. The start of fracture
occurred during test 18-13 at approximately 115 kips (see test 18-13
of Appendix 1) the new block shear model gives a capacity of 121 kips.
The load at which fracture of the web starts should be considered

the maximum serviceable load because with any increase in the load
the deformations become large. Table 5.3 lists a summary of ultimate
loads and capacities predicted by the new failure model for each
test, The allowable load is based on the block shear capacity with

a factor of safety of 2.0.

The nonuniform tensile stress along the horizontal plane
discussed previously is a result of the bolt near the beam's end
(bolt number 5 in Fig. 5.5), carrying a large percentage of the
connection's reaction R and creating stress concentrations near
this bolt hole. As the connection is made deeper, the vertical
shear plane will develop more shear and the contribution of the

horizontal tensile plane will reduce (case 7 of the finite element
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TABLE 5.3 REACTION CAPACITY BASED ON NEW
BLOCK SHEAR FAILURE MODEL

Test Block Shear Ru R Rallow
Number CBp:City (kips) EE (kips)
f f
(kips)
18-10 113 111 0.98 57
18-11 106 101 0.95 53
18-12 130 152 1.17 65
18-13 121 140 1.16 61
18-16 109 111 1.02 55
18-17 123 131 1.07 62
18-18 99 101 1.02 50
18-19 122 134 1.09 61

analysis). As a result, the stress distribution along the
horizontal plane becomes more uniform and the stress concentrations
disappear, A block shear failure can be avoided by developing

a greater depth of the beam's web at the connection.

Stability of the Web

The high horizontal compressive stresses in the web,
as shown in Fig. 4.17, can cause the web to buckle at the cope.
This was witnessed in a few tests as shown in Fig. 5.6. According
to the AISC Structural Steel Detailing Hanual,19 it is suggested
that the bending stresses at the cope (line C-C in Fig. 4.17) be
calculated using the section properties at the reduced depth and
then compared to the allowable bending stress, D.6Fy. The AISC
Structural Steel Detailing Manual makes no reference to a
stability check of the beam's web. From the elastic finite element

analysis, shown in Fig. 4.17, the theoretical bending stresses
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predicted by beam theory were smaller by a factor of two. Obviously
there is some discrepancy since the AISC approach gave calculated
bending stresses which were less than O.BFY; however, yielding and
buckling occurred, It may not be sufficient to compare the bending
stresses calculated using beam theory with a stress of 0.6Fy. The
connection's capacity may be controlled by buckling of the web at
the cope when the cope becomes long. Further research should be
done to establish a method of checking the stability of the web

in coped connections.

The placement of a compact connection with respect to beam
depth is significant for the stability of coped and uncoped connec-
tions. Test 18-13 indicated that if the compression flange is
uncoped, then there is restraint against vertical deformation of
the web at the connection. This will result in compressive stresses
in the web directly above the connection. Consequently, the web
may yield and buckle in this zone. A connection such as the one
shown in Fig. 5.7 will prevent a block shear failure, however,
failure may occur by web buckling above the connection. Therefore,
any connection with this type of detail should be avoided unless

the web is checked for stability.
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CHAPTER 6
SUMMARY AND CONCLUSIONS

A research program was carried out to study the behavior
of double row bolted shear connections. The program consisted of
full-scale testing of eight W1Bx60 beams of A36 steel and also
of analytical studies using an elastic finite element program.
Interacting factors such as minimum end and edge distance, double
row of bolts, and type of hole (standard or slotted) were

investigated. The results show that:

(1) All the connections behaved the same with failure
initiated by fracturing of the web along the bottom horizontal
line of bolts followed by yielding in the web between the plane
of fracture and the top of the beam, compression flange, at the

connection. This type of failure is called a block shear failure,

(2) A few of the beams had the web yield and buckle at the
cope after the web had fractured and the connection had undergone
large deformations.

(3) The eccentricity of the connection varies as the
connection load is increased.

(4) The one test with slotted holes showed a 9 percent
decrease in capacity due to less area in the horizontal tensile
plane.

(5) End distance is more critical in the connection than
edge distance due to the concentration of tensile stress at the
bolt closest to the beam's end along the bottom line of bolts.
The tensile stress distribution is nonuniform along the horizontal

plane; the shear stresses are uniform along the vertical plane.
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(6) The current 1978 AISC Specification does not predict )
block shear failures for the tests, yet they occurred. The {
allowable capacity of the connections was controlled either by the
edge distance bearing stress formula (Eq. (1.5)) or the end distance
bearing stress formula (Eq.(1.6)) with an applied eccentricity
factor to consider the effects of eccentricity. The factor of

safety was sometimes unsatisfactory.

(7) A new block shear failure model (Eq. (5.1)), consisting
of gross yielding on the vertical plane and a triangular tensile
stress distribution along the horizontal plane, gives a satisfactory
factor of safety of the connection capacity against a block shear

failure (Table 5.3).

(8) The elastic finite element analysis shows the bending
stresses at the cope to be twice as large as the bending stresses
predicted by beam theory. Only checking the bending stresses
against the stress of 0.va, as suggested by the Structural '
Steel Detailing Manual, is not satisfactory for the web at the

cope may not be stable at this level of stress. f
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TABLE I1-1 AVERAGE REPRESENTATIVE DIMENSIONS
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Test End Distance Edge Distance Net Depth Web Thickness
Number e eg dﬂ t,
18-10 15/16 2 16-3/4 0.44
18-11 1-1/2 2 16-13/16 0.44
18-12 2 1-15/16 16-3/4 0.44
18-13 15/16 - 18=1/4 0.44
18-16 1-1/8 2-1/16 16-13/16 0.43
18-17 1-15/16 2-1/8 16-7/8 0.43
18-18 1-1/8 1 16-3/4 0.43
18-19 1-15/16 2 16-13/16 0.43

All dimensions in inches
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Rl 1II|I l|Ill ‘III‘ 1". llll‘ 1'.' - R W ‘ =
. - a

2
A.wm 1 30 In F = 38.3 ksi
W y
dn = 16.75 in. n =5 bolts
e = 1.938 in. g = 3.0 in.
2
g = 2.0 1a. t = 0.44 in.
R W
F = 59.7 ksi
u

Von Mises Shear Yield Capacity

<
1

F
;%=A
u W

1%@3 7.37 = 162.9 (kips)
'

Calculations to Determine
AISC Allowable Reaction

(a) Allowable Web Shear

V = 0.4F A
y w

0.4(38.3)(7.37) = 112.9 (kips)

(b) Bolt Shear Ignoring Effect of Eccentricity

P V.n

b b

26.5(5) = 132.5 (kips)

(c) Bolt Bearing

P =FAn

P pb
where

F = 1,5F

2] u

90



thus,

Pp = 1.5(59.7)(0.44)(0.75)(5) = 147.7 (kips)

(d) Bolt Bearing Limited by Connection
Top Edge Distance

e Ft
P =_&L.w_

n
g 2

1.938(59;7}(0.4&1 (5) = 127.2 (kips)

thus,

the allowable reaction based on bolt load applying the
effects of eccentricity.

where

Kulak's eccentricity factor = 0.60

and
minimum allowable total bolt force = 127.2 (kips)
(Bolt force is controlled by bolt bearing limited
from top edge distance)
is

R = 127.2(0.60) = 76.3 (kips)

(e) Allowable Bolt Bearing Limited by
Connection End Distance

e RrE
nuw

n 2

bt -
"

n

% 2.0(59-;)(0-4&)(5)ﬁ 131.3 (kips)
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(f) Allowable Reaction Based on Block Shear
R =A0.3F + A 0,5F
v u t u
where
A =[e_ + 28 = 1,54 ]t
B h| w
-
=[1,938 + 2(3.0) - 1.5(3/4 + 1/8)] 0.44 = 2,92 (in%)

and

thus,

g + r_’n - I.Sdh]tw

=[.0 + 2.0 - 1.5(3/4 + 1/8)] 0.44 = 1.62 (in>)

= 2,92(0.3)(59.7) + 1.62(0.5)(59.7) = 100.6 (kips)

the AISC Allwable Reaction is

= 76.3 (kips)

(controlled by edge distance with the applied eccentricity
factor)
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