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ANALYTICAL AND EXPERIMENTAL INVESTIGATION OF
STIFFENED FLUSH END-PLATE CONNECTIONS WITH
FOUR BOLTS AT THE TENSTION FLANGE

CHAPTER 1

INTRODUCTION

1.1 Background

plate COnnections, Such COnnections, g shown 1in Figure 1.1, are




a) Gusset Plate Between Bolt Rows

b) Gusset Plate Outside Bolt Rows

Figure 1.1 Typical Stiffened Flush End-Plate Connections



1.2 Literature Review

An extensive review of end-plate connection literature was re-

ported by Srouji(l).

In his review he briefly discussed design proce-
dures by various authors and determined end-plate thicknesses for a
number of configurations based on the recommended design procedures.
Because the variation in end-plate thicknesses was as large as 100%, a
research program was undertaken to study unstiffened flush end-plate
connections. The result was design procedures for two and four bolt at
the tension flange flush end-plate connections based on yield-line anal-
ysis with bolt force predictions based on a method proposed by Kennedy(z).
Srouji's work is reported in Reference 1. The following research program

is an extension of Srouji's research for stiffened flush end-plate con-

nections of the configurations shown in Figure 1.1.

1.3 Scope of Research

The purpose of the research described here is to develop design
procedures for stiffened flush end-plate connections with two rows of two
bolts at the tension flange. A complete design procedure must provide
criteria for:

1. Determination of end-plate thickness using given geometry
and material yield stress, e.g. strength criterion.

2. Determination of required bolt diameter including prying
effects, if any, using given end-plate geometry and thick-
ness, and bolt pretension and proof load forces, e.g. bolt
force criterion.

3. Determination of the moment-curvature relationship of the
entire connection so that possible effects of connection
flexibility can be accounted for in the frame design, e.g.
stiffness criterion.



Yield-line theory is used here to develop strength criteria from which
end-plate thickness is determined. A modification of the procedure sug-
gested by Kennedy g;__l,(z) is used to develop bolt strength requirements.
Development of a stiffness criterion is not addressed in this report. The
analytical developments for the strength and bolt force criteria are de-
scribed in Sections 2.1 and 2.2, respectively.

Eight full-scale tests were conducted to verify the analytical
results, four tests of each configuration shown in Figure 1.1. The test
specimens, set-up and procedures are described in Section 3.1. Compari-
sons are made with the yield-Tine strength and bolt force analytical pre-

dictions in Section 3.2. Finally, design procedures for end-plate thick-

ness and bolt strength are presented in Chapter IV.



CHAPTER 11

ANALYTICAL STUDY

2.1 Yield-Line Theory

2.1.1 General

Yield-line theory was first introduced to analyze reinforced con-
crete slabs. A yield-line is a continuous formation of plastic hinges
along a straight or curved line. The failure mechanism of the slab is as-
sumed to exist when the yield-lines form a kinematically valid collapse
mechanism. Since the elastic deformations are negligible compared to the
plastic deformations, it has been proven acceptable to assume that the
yield-Tlines divide the slab into rigid plane regions. Most of the develop-
ment of this theory is related to reinforced concrete; however, the prin-
ciples and findings are applicable to steel plates.

Generally, yield-line patterns are assumed to be a series of
straight lines; however, some work has been done with curved yield lines.
To establish the location of a yield line, the following guidelines should
be followed:

1. Axes of rotation generally 1ie along Tines of support.

2. Yield lines pass through the intersection of the axes of ro-
tation of adjacent plate segments.

3. Along every yield line, the bending moment is assumed to be

constant and is taken as the plastic moment of the plate.
5



The analysis of a yield-line mechanism can be performed by two
different methods, the equilibrium method and the virtual work or energy
method. The latter method is comparatively simple and straight-forward
and is preferred. In this method, the external work done by the applied
loads from a small arbitrary virtual deflection is set equal to the in-
ternal work done as the plate rotates at the yield lines to accommodate
this virtual deflection. For a specified yield-line pattern and loading,
a certain plastic moment will be required along the hinge Tines. For the
same loading, other patterns may result in a larger required plastic mo-
ment capacity. Hence, the controlling pattern is the one pattern which
requires the largest required plastic moment. Or conversely, for a given
plastic moment capacity, the controlling mechanism is the one which pro-
duces the lowest failure load. This implies that the yield-line theory is
an upper bound procedure and the least upper bound must be found.

To determine the required plastic moment éépacity or the failure
load, an arbitrary succession of possible yield-1ine mechanisms must be
selected. By equating the internal and external work, the relation between
the applied loads and the ultimate resisting moments is obtained. The re-
sulting equation is then solved for either the unknown Toads or unknown
moments, and by comparing the different values obtained from the various
mechanisms the controlling minimum load (or maximum required plastic moment)
obtained.

The internal energy stored in a particular yield-Tine mechanism
is the sum of the internal energy stored in each yield Tine forming the
mechanism. The internal energy stored in any given yield line is obtained

by multiplying the normal moment on the yield Tine with the normal rotation
6



of the yield line. Thus the energy stored in the n-th yield Tine of length
Ln is
w, = Gm e ds (2.1)
in _) p'n )
L

n

where o, is the relative rotation of line n, and ds is the elemental length

of Tine n. The internal energy stored by a yield-line mechanism can be

written as
v
W. = 1 m 6 _ds
1 n=1 Jopn
L
n
: )
= £ moeL (2.2
n=1 P nn

where N is the number of yield lines in the mechanism.

In complicated yield-Tine patterns the values of the relative ro-
tation are somewhat tedious to obtain, therefore it is more convenient to
resolve the slopes and moments in the x- and y- directions. This results

in the following form of Equation 2.2

N
W, = ¢ (

; L L.) (2.3)
n=1

mpxenx X + mpyeny y

in which mpx and mpy are the x- and y-components of the normal moment ca-
pacity per unit Tength, LX and Ly are the x- and y-components of the yield
1ine length, and ®nx and eny are the x- and y- components of the relative
normal rotation of yield line n.

To calculate the values of B and eny’ convenient straight Tlines

X

7



parallel to the x- and y- axis in the two segments intersecting at the
yield-1line are selected and their relative rotation calculated by se-
lecting straight Tines with known displacements at the ends.

2.1.2 Application to Stiffened Flush End-Plates

A number of yield-line patterns are possible for the stiffened
flush end-plate geometries defined in Figure 2.1. The controlling yield-
line mechanisms used in this study are shown in Figures 2.2 and 2.3.

These patterns were determined from a study of possible yield-line pat-
terns and predict the Teast moment capacity of the sets analyzed. The
resulting virtual work expressions are found in Appendix B.

For both patterns, the external work done due to a unit dis-
placement at the top of the beam flange, resulting in a rotation of the
beam cross-section about the outside of the compression flange is given by

We = Mue (2.4)

where Mu = factored beam moment at the end-plate, and & = the rotation at
the connection, equal to 1/h, where h = beam depth. The internal energy

stored in the Tine mechanism shown in Figure 2.2 (see Appendix B) is

b h-p
w1.=4mp{_-2—f(P—1{~+§—i—>+(Pf+Ps)<§>] () +

_
b )

h-p, -Pp
T e Ly —3—;1 5 (25
S ) (B | ) ()

where pf = the distance from the bolt centerline to the face of the flange,

equal to (pt - tf), and s = the distance between parallel yield lines, to
be determined. The unknown quantity s in Equation 2.5 is obtained by dif-

ferentiating the internal work equation with respect to s and equating to

8
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Figure 2.2 Controllina Yield-Line Mechansim for
Gusset Plate Between the Tension Bolt
Rows
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Figure 2.3 Controllina Yield-Line Mechanisms for
Gusset Plate Outside the Tension Bolt Rows
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zero, resulting in

s = —%-‘/ 579 (2.6)

On equating the internal and external work terms and cancelling

6, the following expression is obtained

S g

b
= 2 f o1 1 5
W {[ z Gt op ) T et (——ﬂ (h - py) +

b k
[ﬁi (Lo )+ (pg + ) <-—~)] (h-p, - p)b  (2.7)

where m_ = tp2 Fy/4. Equation 2.7 can be solved for tp, the end-plate

p

thickness, in terms of the beam moment, M ,
u ~ 1
/ \ 2
M /F \
¢ = u__py ¥
PRy 1y s (D) (epy) ¢ L+ Ly (s B (hpyopy) |
kw 2°pe P PerPs/\ g | Py L 2°p, S Ps 9’} PtPp/

(2.8)
The controlling mechanism for the two row flush end-plate with
the stiffener outside the bolt rows, Figure 2.3, is calculated in a similar

manner. The internal energy stored in the mechanism is (see Appendix B):

b, h-p h-p.-p 2(h-p,)

i 2h pf S 2 gh (pf+pb+s) *
2p, h-p.-p
b t b
= (—F )J (2.9)

where Pe equals (pt—tf) as before. On the other hand, s = the distance
from the center line of the inner bolt to the inner edge of the stiffener.
On equating the internal and extekna] work terms and cancelling

¢, the following expression is obtained

12



o [ bg h-py hep-p, g 2(h-py)
7-( + ) :

My = Foy B Pr s T2 T g (petpy*s)
2P (h-p,-p ﬂ (2.10)
g t b7
Solving Equation 2.10 for tp yields, .
2
M F
By PPy PRy 1U/ sz'(h_pt) 2Py 1!
— ( . T +3) + —5— (pgtppts) + —— (h-pyopy)

(2.11)
Results from the above analyses are compared to experimental

data in Chapter III.

2.2 Estimation of Bolt Forces

Basic yield-line analysis procedures do not result in bolt forces
if prying action is to be considered. Therefore, it was necessary to use
a different method to obtain the desired bolt forces. A method suggested
by Kennedy gg_gl,(z) can be used to estimate the bolt forces due to both
applied force and prying action. The basic assumption in the method 1is
that the end-plate goes through three different stages of behavior. Dur-
ing the first stage, plastic hinges have not developed and the plate is
referred to as "thick". The prying force is taken as zero in this stage.
When the plastic hinge forms at the beam flange, the plate becomes "in-
termediate" and the prying force is somewhere between zero and the maximum
prying force that can occur. The last stage begins when a second plastic
hinge forms at the bolt line. The end-plate in that stage is called "thin"
and the prying force is at its maximum. For the two row flush end-plate,

the model used for analysis is shown in Figure 2.4. Further assumptions

13
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have been made in order to obtain the bolt forces for this particular
end-plate configuration. It is assumed that the inner bolt force, BZ’
is a function of the flange force, Ff. For thick end-plates, B2 is as-
sumed to be zero. For intermediate end-plates, the inner bolt force,

B2 = Ff/lo, and for thin end-plates, 82 = Ff/6.

Following are the steps used in this method:

1. Select the load level, or moment at end-plate, at which the
bo]f forces are desired. Calculate the resulting flange force, Ff, and
flange stress, oc.

2. Find the thick plate limit, ts for this load level using the

following approximate equation:

t, = V2.11 Pets Gf/Fby (2.12)

Then using the following exact iterative equation:

/ .
2teosPy

t1 = = >
' 2
/Fny -3 (tfof/Ztl)
L

Once the thick plate 1imit is determined, the actual end-plate thickness,

(2.13)

tp, is compared to it. If tp > tl’ then the prying force, Q, is taken as
0, otherwise, Q # 0 and the next step is used.
3. Find the thin plate limit, tll’ using the following approxi-

mate equation

/ Ty (08507 +0.80 w')

i

t

1 °

15



where Fyb = yield stress of the bolt. Then using the iterative exact

equation

3 1
2(botoope - (7/16)d.” F ) 2
to U - \(MS)

1 1 1 i )
t. o \2 b t

b |F 2 f o2 5 /

fy py -3 <ét11 ;) o J pr <2w Tt f},/

Again, the end-plate thickness is compared to tll' If tp >t

11° then the

plate is intermediate and the following equation for prying force is used

2 3
PY

(atpy)  4latpy) bftp 16(a+p,)

where a = tp if tp/db < 2/3 and a = 2tp otherwise, F = flange force per

bolt and F2 = Ff/Z.

The bolt force in the two-row flush end-plates is given by

5. =2 4q (2.17)

where B1 = the outer row bolt force. Again, B1 must be greater than the
pretension force.
4. If tp < tll the end-plate is said to be thin and the prying

force is at its maximum.

2 \
w't 2
- p 2_ F' (2.18)
Q \S Foy -3 )

where F' is the lesser of the following:

2 : 3
e tp pr(0.85bf +0.80w') + ( /16)db Fyb (2.19)

4pf

or

16



The bolt force is then
(2.20)

Bolt forces calculated using the above procedure are compared to

experimentally obtained forces in Chapter III.

17



CHAPTER III

EXPERIMENTAL INVESTIGATION

3.1 Testing Program

3.1.1 Test Set-up and Procedure

To verify the analytical procedures described in Chapter II,
eight tests were conducted. Four tests consisted of gusset plates be-
tween the tension bolt rows and four tests had gusset plates outside the
tension bolt rows. The test set-up was as shown in Figures 3.1, 3.2 and
3.3. The end-plates and Web gusset plates were welded to two beams and
tested as splice connections under pure moment. A1l beam and end-plate
material was A572 Gr50 steel and bolts were A325. Table 3.1 lists the
nominal geometry of the eight end-plates and the measured yield stress
obtained using coupons cut from identical material. The test designa-
tions shown in Table 3.1 are to be interpreted as follows: FB2-3/4-3/8-
16 designates a stiffened flush end-plate test with two rows of 3/4 in.
diameter bolts at the tension flange. The 'B' designates that a gusset
plate is placed between the two rows of bolts. The end-plate thick-
ness is 3/8 in. and the beam depth is 16 in. For tests where a stiff-
ener was placed outside of the two bolt rows, an 'O' replaced the 'B’
in the test designation. Tests were conducted using 16 in., 23 in.
and 24 in. deep beams. The 23 in. beam used in tests 7 and 8 was to
allow more space for the lateral brace mechanisms. Bolt pitch, gage,
and diameter were varied within the 1imits shown in Table 3.2.

In the test setup, the Toad was applied using a closed-Tloop

18
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Figure 3.3 Photographs of Test Set- up and
MTS Loading System
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Tab

le 3.2

Limits of Geometric Parameters

Parameter Low Intermediate High
g 2 1/4 2 3/4 31/2
db 5/8 3/4 1
Pe 11/8 1 3/4 2 1/2
Py 17/8 2 3/4 4
bf 5 7 10
tp 5/16 1/2 3/4
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tw .10 .1875 .375
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hydraulic testing (MTS) system. The test beams were laterally supported
at three locations using lateral brace mechanisms. The spreader beam was
also laterally braced at the centerline (see Figures 3.1, 3.2 and 3.3).

The weight of the spreader beam, the pivoting head and the other
equipment on top of the test beam produced a moment of approximately 3 ft.-
kips at the end-plate connection. The loads or moments indicated through-
out the following discussion are applied Toads or moments and include
the dead load moment.

3.1.2 Instrumentation

Instrumentation consisted of wire displacement transducers, cal-
ipers, strain gages and instrumented bolts. For all eight tests a Hewlett-
Packard 3497 data acquisition/control unit was used with an HP 85 desktop
computer to collect and record the data. One wire displacement transducer
was placed at the end-plate to measure the vertical deflection, two more
were placed on the top and bottom flange of the test beam to measure the
Tateral displacement close to the end-plate. Two calipers were used to
measure the plate separation at two locations on the end-plate. One of
the calipers was placed on the centerline of the plate while the other
was attached to the edge.

Strain gages were used to measure web and flange strains at ap-
proximately 2 in. from the face of the end-plate. Figure 3.4 shows the
typical location of the strain gages; gages were placed on the top and
bottom of both the tension and compression flanges and at fhe web
centerline. Gages were also located on the web opposite each bolt row.

The instrumented bolts were used on the tension side to monitor the bolt

24
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strains resulting from the applied loads. The bolts were pretensioned
after the spreader beam was placed on top of the test beam. Measured
strains were converted to stresses assuming a modulus of elasticity of
29,000 ksi, but not to exceed the yield stress of the material.

3.1.3 Loading Procedures

At the beginning of each test the specimen was loaded to approx-
imately 20% of the expected maximum load to check the test setup and in-
strumentation. Load-deflection and load-plate separation curves were
plotted simultaneously using an HP 7470A graphics plotter. The specimen
was then unloaded and initial readings recorded at zero load.

The specimens were then loaded at varying increments depending
on the expected failure load of each test to approximately 2/3 of the
failure load. The specimens were then unloaded at increments of 5 kips
or more to a load of 2 or 5 kips, taking readings at every step while
unloading. The load was then increased to the previous Toad, which was
then increased 5 to 10%. The process was repeated with resulting Toad

versus deflection curves as shown for a typical test in Figure 3.5.

3.2 Experimental Results and Comparisons

3.2.1 Results of Stiffened Four-Bolt Flush End-plate Tests

The test results consist of load versus vertical deflection,
Toad versus plate separation, load versus bolt forces, and stress distri-
bution at the instrumented cross-sections. Failure moment and the fail-
ure mode were also noted and recorded during the tests. Data packages
for each of the eight tests, including a test summary sheet, are found

in Appendices C through J.
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The load versus vertical deflection data includes a theoretical

1ine obtained using the following equation

Pa

_ 2
max  24El

~4a%) (3.1)

(3L

where a is the distance from the beam support to the point of Toad appli-
cation. The predicted strength using the previously described straight
line yield-Tline mechanism for the measured yield stress is also indicated
on these plots. Bolt force versus moment figures include predictions
using the modified Kennedy et al. procedures described in Section 2.2.
The cross-section stress distribution plots include a theoretical Tine
based on the flexure formula.

Figure 3.6 shows the moment versus vertical displacement re-
Jationships for all eight tests. From these plots it is noted that the
test beams always deflected as predicted to a certain moment whereupon
the curve softened. The moment at this load level is defined here as Myv
and is taken at the Tevel when the measured deflection exceeded the theo-
retical deflection by approximately 10%. The predicted failure moments
from the yield-1line mechanisms are also shown in the plots.

Moment versus plate separation relationships are shown in Fi-
gure 3.7. In each test, the plate separation is linear up to 40-60% of
failure load at which point the curve begins to Tean over and a yield
plateau forms near the failure moment.

Figure 3.8 shows bolt force versus moment relationships for the
eight tests. Predicted bolt forces using the Kennedy et al. method are
also shown in the figures. The measured bolt forces were calculated

from strain data assuming elastic material properties and a modulus of
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elasticity of 29,000 ksi. The measured bolt forces were close to the
predicted values to near the bolt proof load (twice the allowable ten-

(3);.

sion capacity given in the AISC Manual The corresponding moment is

designated as Myb‘

For all tests, the loading was increased until a yield plateau
was reached in either the moment versus vertical deflection curve or
moment versus plate separation curve or the bolt forces became exces-
sive. Figure 3.9 shows typical end-plate yielding in the vicinity of
the tension bolts after loading.

Stress distribution, calculated from measured strains, at a
cross-section 2 in. from the end-plate and at various load levels, is
found for each test in the respective appendix. Figure 3.10 shows a
typical set (from Test FB2-3/4-1/2-23). 1In all load vs. stress plots,
the tension flange of the beam is at the top.

Table 3.3 summarizes the strength data. The ratio of maximum
applied moment to predicted failure moment using the straight yield-
line mechanism varied from 0.92 to 1.08. Table 3.4 presents ratios of

vertical yield moment, M_ , and bolt proof load moment, Myb’ to the max-

yv
imum applied moment for all tests. The moment governed by the bolt
proof load exceeds in all cases the yield moments defined by vertical
deflection and plate separation. The ratio of the vertical deflection
yield moment to the maximum moment varied from 0.34 to 0.92. The ratio

of the bolt proof moment to the maximum moment varied from 0.71 to 1.10.
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b) Failure Mechanism, Test FB2-3/4-3/8-24

Figure 3.9 Photographs Showing End-Plate Yielding
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c¢) Failure Mechanism, Test F02-3/4-3/8-24

d) Failure Mechanism, Test FB2-5/8-3/8-16

Figure 3.9 Photographs Showing End-Plate Yielding (cont.)
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e) Failure Mechanism, Test F02-5/8-3/8-16

Figure 3.9 Photographs Showing End-Plate Yielding (cont.)
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3.2.2 Comparison of Stiffened Four-Bolt Flush End-Plate Tests

Figure 3.11 shows comparisons between results from Tests FB2-3/4-
1/2-23 and F02-3/4-1/2-23. These two tests are geometrically identical,
except for the location of the gusset plate. From the moment versus ver-
tical displacement curves shown in Figure 3.11, it can be seen that the
four-bolt flush end-plate with a stiffener between the tension row of
bolts provides a slightly stiffer connection than when the stiffener is
outside the bolt rows. However from the moment versus plate separation
curves, Figure 3.12, the stiffener outside provided a slightly stiffer
connection only at low loads. From the bolt force comparisons; Figures
3.13 and 3.14, it can be seen that when the stiffener is placed outside
the tension rows of bolts, the inner bolt force reaches the proof load
(38.8 kips) at a lower moment than when the stiffener is placed between
the tension rows of bolts. For the outer bolt, the two configurations
reached the proof load at approximately the same applied moment.

Addtional comparisons of the data from the eight tests are pre-
sented in Tables 3.5 and 3.6. Only six tests, three of each configura-
tion, are compared because the pitch between bolt rows differs in the
FX2-5/8-3/8-16 series. Table 3.5 presents strength and comparison data
for the configurations. Strength data includes maximum applied moment,
predicted failure moment and ratios. The comparisons include the ratio
of maximum applied moments for the gusset plate between the tension bolt
rows to the maximum applied moment for the gusset plate outside the ten-
sion bolt rows, the ratios of the predicted failure moments, and the

ratios of the maximum to predicted failure moment ratios.
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The maximum moment ratios vary from 1.21 to 1.24, which indicates
that the four-bolt flush end plates with a stiffener between the tension
row of bolts are 21% to 24% stronger than when the stiffener is outside
the tension row of bolts. The predicted failure moment ratios ranges
from 1.19 to 1.24, showing that the predicted increase in strenath is 19%
to 24%. The ratios of the ratios varied from 0.97 to 1.03 and show that
the prediction equations are consistent in accuracy between the two config-
urations.

Table 3.6 presents comparisons of the yield moment, Myv and Myb’
for the two configurations. Again, only three sets of tests are compared.
The ratios shown for the stiffness yield moment (vertical displacement)
are not consistent. The ratios of the bolt proof load moments, (Myb)B/

(Myb)O’ show that the proof load is reached at a 7% to 30% higher moment

when the gusset plate is placed between the tension row of bolts.
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CHAPTER IV

SUMMARY COMPARISONS, CONCLUSIONS AND RECOMMENDATIONS

4.1 Summary Comparisons

fhe investigation of the behavior of stiffened flush end-plate
connections, with two rows of tension bolts, has been described in the
preceding chapters. The investigation included yield-line analyses and
procedures to estimate bolt forces along with experimental testing to
verify the analytical models. Eight specimens were tested and the data
obtained was compared to the analytical predictions. The test results
were all very similar and compared well with the predictions.

4.1.1 Comparison of Stiffened and Unstiffened Four-Bolt Flush End-
plate Tests

Figures 4.1 thru 4.4 shows comparisons of results from Tests
F2-3/4-3/8-16, FB2-3/4-3/8-16 and F02-3/4-3/8-16. These three tests are
geometrically identical, except for the placement of the gusset plate in
the stiffened tests. The moment versus rotation curves are shown in Fi-
gure 4.1. The rotation at centerline, ¢, was determined from Equation
4.1 by solving

oL

Aexp = Ltheor. 7 (4.1)

for ¢. In this equation, & is the experimental centerline deflection

exp

at load P and A is the centerline theoretical deflection at the same

theor
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load P. (Equation 4.1 was developed in Chapter II1). From the moment ro-
tation curves, it can be seen that the four bolt connection with the gus-
set plate between the tension rows of bolts provides a slightly stiffer
connection than the other two configurations. A similar conclusion is
reached from the moment versus plate separation curves shown in Figure
4.2.

Figures 4.3 and 4.4 provide bolt force comparisons for the inner
and outer bolt forces, respectively. In bolt plots, the proof load is
first reached in the unstiffened connection, followed by the stiffened
outside connection and finally the stiffened between connection. Thus,
the addition of the gusset plate reduces the force that is carried by
the bolts.

A comparison of the strength data for the stiffened and un-
stiffened tests is presented in Table 4.1. The F2-3/4-3/8-16 tests are
the only tests that have identical geometric configurationss; thus, com-
parisons of experimental data for each set of tests cannot be made.
However, predicted failure moments for each test can be calculated and
comparisons made on this basis. This data and ratios of stiffened be-
tween and stiffened outside to unstiffened failure moments are found in
Table 4.1. From the predicted ratios, the stiffened between connection
is 42-56% stronger than the unstiffened connection, while the stiffened

outside connection is 24-29% stronger than the unstiffened connection.
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4.2 Conclusions

The major conclusions drawn from this study are:

1. The proposed yield-1ine mechanisms adequately predict the
strength of stiffened flush end-plate connections with two rows of two
bolts at the tension flange. For all eight tests where yielding of the
end-plate governed the maximum applied moment, the ratio of applied to

predicted moment varied from 0.92 to 1.08 (Table 3.3).

2. The modified Kennedy et al. procedure adequately predicts
bolt forces to the proof load of the bolt, (Figure 3.8).

3. The applied moment corresponding to a measured bolt force
equal to the published proof load varied from 72% to 112% of the maximum
applied moment (Table 3.4).

4. The moment versus vertical displacement curves for the four-
bolt flush end-plates were linear to 50-90% of the total strength.

5. The moment versus plate separation curve for the eight end-
plates tested were linear to 40-60% of the total strength (Figure 3.7).

6. The applied moment corresponding to the bolt proof load al-
ways exceeded the "yield moment" based on plate separation (Table 3.4).

7. The useful strength of the stiffened flush end-plate connec-
tion studied here may be limited to 50% to 90% of the strength predicted
by the straight yield-line mechanism because of excessive deformation
due to end-plate yielding unless the connection is located at an assumed
plastic hinge.

8. Stresses in the beam web of the four-bolt stiffened flush
end-plate were not close to the flexure formula prediction line. The
stresses near the tension bolts are the highest and in some tests the

nominal yield stress was exceeded.
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9. Analytical comparisons with unstiffened configurations, shows
that a gusset plate between the tension row of bolts increases the pre-
dicted plate capacity by 40-50%. Placement of the gusset plate outside
the tension bolts increased predicted plate capacity by 24-29%.

10. The proof load of the most highly stressed bolt is reached
at a higher relative moment if the end-plate is stiffened.

11. Increasing the bolt pitch, Pes and gage, g, decreases the
capacity of the end-plate for both the stiffened and unstiffened con-
figurations. Increasing the pitch between bolt rows, Pp > increases
the capacity of unstiffened and outside stiffened connections and de-
creases plate capacity of between stiffened connections. However, as
Ph is increased, the bolt forces also increase so no benefit is ob-
tained. The ideal geometry is minimum values for Pt and g, and Py
between minimum Py and approximately 4db, where db = bolt diameter.

12. Use of a web gusset definitely increases the strength of

the end-plate but only slightly increases the stiffness.

4.3 Recommendations

For the four-bolt stiffened flush end-plates with the range of
geometries used in this research, it is recommended that Equations 2.8
and 2.11 be used to determine end-plate thickness for a given ultimate
design moment. For stiffness requirements, the following design moments
are recommended:

- Type III Construction (Semi-Rigid Framing)

Mw = O.6Mu
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- Type I Construction (Rigid or Continuous Framing)

it

M

w - 0-75 My = 0.75(0.6 Mu)

0.45 Mu

The required bolt size can then be determined using Equations 2.12

to 2.20 and

d. = VZBl/nFa (4.2)

b
where Fa = the allowable stress of the bolt material. In the AISC speci-
fication(4 ), the allowable tensile stress for A325 bolt material is 44
ksi with a factor of safety against yielding of 2.0. Equation 4.2 re-
flects this factor of safety. The recommended procedures are demonstrated
in the following design examples.

Design Example (1). Determine end-plate thickness, for both Type III and

Type I Construction and bolt size for a built-up beam with dimensions
below. Assume a working moment of 55 ft-kips, A572 Gr50 Steel and A325
bolts. Use a 3/8 in. gusset plate between the tension row of bolts.

h=16 in. bf=6 in. pf=1 1/4 in. pb=3.0 in.
tW=1/4 in. tf=1/4 in. g=2 3/4 in. ts=3/8 in.

a). For Type III Construction

Step 1. Determine Mu and end-plate thickness (Equations 2.6 and

2.8):
M, = 55/0.6 = 91.7 ft.-kips
s=1/2 /6 x 2.75 = 2.03 in.
P, = 1.25 + 0.25 = 1.50 in.
P, =1/2 [3-.375] =1.3125
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91.7 x 12/50

Pl fe 1 1 ,
[f (T8 * 13128) *+ (1.25 + 1.3125)(5755) | (16-1.5) +

!

1
2

[E (T3m5 + 2.9 *+ (1.3125+2.03) (§j7g)] (16-1.5-3)

t
P

Step 2. Compute flange force and flange stress.

0.364 in. Try PL 6 x 3/8.

Fe = (91.7 x 12)/(16 - 0.25) = 69.9 kips
of = 69.9/(6 x 0.25) = 46.6 ksi

Step 3. Find the thick plate Timit, ty, (Equation 2.12 and 2.13).
Approximate thickness (Equation 2.12):

t, = v/(2.11)(1.25)(0.25)(46.6)/50

1
"= 0.784 >> tp = 0.375 in.

Therefore Q # 0
Step 4. Determine the thin plate limit, tll’ (Equation 2.14 and
2.15).

Assume db = 3/4 1in.

rojon

W' - (3/4 + 1/16) = 2.188 in.

Fyb

Approximate thickness (Equation 2.14):

1]

120 ksi for A325 material

oL J 21(6.0 x 0.25 x 46.6 x 1.25) - =(0.75)3(120)/16)
1 50(0.85 x 6 + 0.8 x 2.188)

0.672 in.
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Using the exact equation (Equation 2.15):

ty1= 2(6.0x0.25x46.6x1.25 - = (0.75)3 (120)/16)

A 5
2 ..0.25x46.6 2 . 6.0x0.25%46.6
6'0J 50°-3(yg.672 ) + 2:313 \} 50°-3(335 168x0 672

= 0.664 = 0.672 1in.

Since tll > tp = (0.375 in., Q = Qmax'

Step 5. Determine prying force, Q, (Equations 2.16 or 2.18)

F]imit from Equation 2.19:
F - 0.3752 x 50(0.85 x 6.0 + 0.8 x 2.188) + ﬂ(0.75)3120/16
limit 4 x 1.25
= 11.62 kips
(Fe)ay/2 = 6.0 x 0.25 x 50/2 = 37.5 kips
Thus, F' = 11.62 kips and a = 0.375 1in.
(2.188)(0.375)° 2
Q = b hd ) 502 _ 3( 11-62 )
max 4 x 0.375 2.188 x 0.375
Quax = 8-94 kips

Step 6. Select bolt diameter
From Equation 2.20:

69.9 .
Bl = m + 8.94 = 32.2 k'lDS > PT = 28 k‘lpS

dy = Y2 x 32.2/(r x 44.0) = 0.683 in. < 0.75 in.

Use PL 6 x 3/8 A572 Gr50, 4 - 3/4 in. diameter A325 bolts.
Connection Strength = 97.4 ft.-kips (Equation 2.7).
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b).

For Type I Construction

Step 1. Determine M, and end-plate thickness (Equation 2.6

‘and 2.16).

M
u

S

= 55/0.45 = 122.2 ft.-kips

= 1/2 /6.0 x 2.75 = 2.03 in.

From Equation 2.8.

t
P

-
122.2 x 12/50

L]

6 1 1 2
— (135 * T3128) * (1.25 % 1.3125)(?775)] (16 - 1.5) +

1
¢

6 1 1 2
[f (T35 + 7,99 * (13125 + 2-03)(§j7§ﬂ(16 - 1.5 - 3)

0.42 in. Try PL 6 x 1/2.

Step 2. Compute flange force and flange stress.

Fe

9f

122.2 x 12/(16 - 0.25) = 93.10 kips

93.10/(6.0 x 0.25) 62.1 ksi

Step 3. Find the thick plate Timit, tl'

Approximate thickness (Equation 2.12):

t

= V/2.11 x 1.25 x 0.25 x 62.1/50 = 0.905 in.

Exact thickness (Equation 2.13):

t

_[2 x0.25 x 62.1 x 1.25 = 0.982 in.

1

p . 3(0:25 x 62.1y2

\50 .905
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t; > t, = 0.50 in.

Therefore, Q # 0.

Step 4. Determine the thin plate 1imit, tll'

Assume db = 3/4 din.

W' o= g-- (3/4 + 1/16) = 2.188 in.

Approximate thickness (Equation 2.14) .

¢ _12(6.0 x 0.25 x 62.1 x 1.25 - (1/16)0.75° x 120)
1 50(0.85 x 6.0 + 0.80 x 2.188)
= 0.789 in. >> 0.5 1in. |
Therefore Q = Qmax’
Step 5. Determine prying force, Q.
From Equation 2.19
_ 0.5% x 50(0.85 x 6.0 + 0.80 x 2.188) + (r/16)0.75° x 120
1imit 4 x 1.25
= 19.11 kips
(Fedmax/2 = 37.5 kips
Thus F'= 19.11 kips and a = 2 x 0.5 = 1.0 in.
\
G = LA || 50 - syl
= 5.44 kips

Step 6. Select bolt diameter,

o
i

1 93.1/2(1.5) + 5.44 = 36.47 kips

lvs]
1

o = Ff/6 = 15.5 kips

(a8
il

b V2 x 36.47/(n x 44.0)

0.726 in. < 0.75 1in.
Use PL 6 x 1/2 A572 Gr50, 4 - 3/4 in. diameter A325 bolts.

Connection strength = 173.1 ft.-kips (Equation 2.7).
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Design Example (2).

For the working moment and geometry given in Example
(1), determine the thickness for a stiffened four-bolt flush end-plate
with a gusset plate outside the tension rows of bolts. Also size bolt.

a). For Type III Construction:

Step 1. Determine Mu end-plate thickness

=
1!

55/0.6 = 91.7 ft.-kips

s = 1.25 in.

From Equation 2.11:

t = 91-7 X 12/50
P |6 (16-1.5 , 16-1.5-3 , 1, , 2(16-1.5)
5 (Foe>+ 75—+ 5) + g (1.25+3+1.25) +
%
2(3) (16-1.5-3)
2.75

tp = 0.387 in. Try PL 6 x 1/2

Step 2. Compute flange force and flange stress .
F

£ (91.7 x 12)/(16 - 0.25) = 69.9 kips

gg = 69.9/(6 x .25) = 46.6 ksi

Step 3. Find the thick plate limit, tg

Same as Example (1-a), ty = 0.784 >> tp = 0.50 in.
Therefore, Q # 0.

Step 4. Determine the thin plate Timit, 9.

Same as Examnle(1-a), assume db = 3/4 in.
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Step 5. Determine prying force, Q.
Q=0Q.,
Step 6. Select bolt diameter.

X = 8.94 kips

From Equation 2.20:

. 69.9 . .
Bl = 315 + 8.94 = 32.2 kips > PT = 28 kips

"B, = Ff/6 = 11.65 kips
Select all bolts fer Bl'
db = V2 x 32.2/m x 44.0

]

0.683 in. < 0.75 1in.
Use PL 6 x 1/2 A572 Grb50, 4 - 3/4 in. diameter A325 bolts.
Connection strength = 153.1 ft.-kips (Equation 2.19).

b). For Type I Construction

Step 1. Determine Mu and end-plate thickness.
Mu = 55/0.45 = 122.2 ft.-kips

From Equation 2.11:

122.2 x 12/50

t =
P |6 16-1.5 , 16-1.5-3 , 1, , 2(16-1.5)
7 T35 T vt Togs (LaELas) 4
X
2(3) (16-1.5-
203). (16-1.5-3)

= 0.447 in. Try PL 6 x 1/2
Step 2. Compute flange force and flange stress.

Ff = (122.2 x 12)/(16 - 0.25) = 93.1 kips
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Ge = 93.1/(6 x .25) = 62.1 ksi

Step 3. Find the thick plate limit, ty-
Same as example (1 - b), t, = 0.905 >> 0.50 in.
Therefore, Q # 0.

Step 4. Determine the thin plate limit, t,,.

Same as example (1 - b), assume dy = 3/4 in.

Q = Quax
Step 5. Determine prying force, Q.
Q= Qmax = 5.44 kips

Step 6. Select bolt diameter.

From Equation 2.20.

_93.10 - . - .
B1 =5 1'5)+ 5.44 = 36.5 kips > PT 28 kips
db = 0.727 in. < 0.75 in.

Use PL 6 x 1/2 A572 Gr50, 4 - 3/4 in. diameter A325 bolts.

Connection strength = 153.1 ft.-kips.

For comparison, the results of the previous examples are sum-
marized in Table 4.2. Also presented in this table are end-plate
thicknesses and bolt diameters for unstiffened flush end-plates with
the same geometry as the previous examples based on design equations

presented by Sroujil.
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Table 4.2

Summary of Flush End-Plate Design Examples

Bolt Plate Connection
Type Diameter Thickness Strength
(in.) (in.) (ft.-kips)
s I 3/4 1/2 173.1
g 111 3/4 3/8 97.4
o | e | B
[«3) — oo
[ @]
e
“1s5ly I 3/4 1/2 153.1
-G BVl B 111 3/4 1/2 153.1
E
: I 3/4 1/2 122.7
[}
- 3% 111 3/4 1/2 122.7
(B} L. oo
2
Y
S| o= I 7/8 5/8 147.8
[7,] =2 0
= 111 3/4 1/2 94.6

From Table 4.2, for Type I Construction (Rigid or Continuous
Framing) with a working moment of 55 ft.-kips, a 3/4 in. diameter bolt
and 1/2 in. end-plate is required for both stiffened and unstiffened
four-bolt connections. However, the connection strength when the
stiffener is placed between the tension rows of bolts is 41% stronger

than the unstiffened connection and 13% stronger than the stiffened

outside connection. For the two bolt connection , a 7/8 in. diameter
bolt and 5/8 in. end-plate is required.

For Type III Construction (Semi-Rigid Framing) and a working
moment of 55 ft.-kips, a 3/4 in. diameter bolt is required for both

stiffened and unstiffened connections. However, a 3/8 in. end-plate
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can be used when a stiffeﬁer is placed between the tension rows of
bolts; whereas, the other connections require a 1/2 in. end-plate. If

a 1/2 in. end-plate is used, by placing a stiffener outside the tension
bolts the connection strength will be increased 25% over the unstiffened
four-bolt connection and 62% over the two bolt connection.

The design procedures presented herein are based on specific
yield-Tine mechanisms. Significant changes in the geometric relation-
ships can affect the mechanism configuration and thus the predicted
capacity. For these reasons the following lTimitations apply to the

design procedures presented herein:

t
pe < 2.0 in. £ < 1.0
b
: b
g < 4.0 in. §£‘§ 5 95
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APPENDIX A
NOMENCLATURE



NOMENCLATURE

distance from edge of end-plate to the bolt Tine

distance from bolt centerline to edge of web root fillet
distance from top bolt row centerline to edge of flange root fillet
bolt force

outer bolt force

inner bolt force

beam flange width

(bf—g)/Z = end-plate bolt edge distance

(pf-3/2tf—tp/2 - diameter of washer/4)

bolt diameter

distance from bolt line above tension flange to edge of plate
bolt hole diameter

elemental length of line n

the x-component of the elemental length ds

the y-component of the elemental length ds

Young's modulus of elasticity

flange force per bolt

allowable bolt stress

bending stress

yield stress of beam material

A.l



flange force = Mu/(d—tf)

flange force at which the end-plate becomes "thin"
yield stress of plate material
tensile strength of bolt material
yield stress of bolt material
gage distance between bolts

beam depth

distance between bolt centerline and compression flange
moment of inertia

length of beam

length of yield line n

ultimate moment at end-plate

moment at which the experimental bolt force is at the proof
load (twice the allowable)
moment at which the experimental plate separation exceeds the
predicted separation by 10%
moment at which the experimental
the predicted deflection by 10%

vertical deflection exceeds

plastic moment capacity of plate

- 2
rPYtP /4

per unit length, equal to

the x(y)-component of the normal moment capacity per unit length

the y-component of the normal moment capacity per unit length
number of yield lines in a mechanism
pitch between upper and lower rows of the tension bolts

pitch measured from bottom of flange to centerline of first
bolt row

bolt proof load

A.2



Pretension force

pitch measured from top of flange to centerline of the first
bolt row

prying force

distance from bolt centerline to the lower yield line
stiffener thickness

flange thickness

end- plate thickness

thick plate 1limit

thin plate Tlimit

total internal energy stored

width of end-plate per bolt pair

internal work done in the nth yield 1{ne

width of end-plate per bolt at bolt line minus bolt hole
diameter

distance from the edge of the bolt head to the beam web
plate separation correction facteor

coefficient depending on bolt arrangement (Zoetermeijer)
angle between the edges

normalized displacement at bolt line

vertical displacement

maximum vertical deflection (at centerline of beam)
plate separation

relative normal rotation of yield line n

the x-component of the relative normal rotation of the yield
line n

the y-component of the relative normal rotation of the yield
line n

A.3



i
°yb

1

stress in beam flange

= yield stress of bolt material
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APPENDIX B
YIELD-LINE PATTERNS
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APPENDIX C
FB2-3/4-3/8-16 TEST RESULTS



MBMA TLST SUMMARY

Project: MBMA/Conn.
Test No.:__ FB2-3/4-3/8-16
Test Date: ?2/10/84 .

Purpose: ___ngg..g___m_lme_-_fiull_ntet_enimn e
Rows of Bolts in Tension: 2 Bolts/Row

g v et 4 o ot o,

g

.. ———
Bolt Diameter: 3/4" ... Plate Thickness: 3/8" (.375)
Beam Depth: 18" ——_ ... Flange Width: g
Web Thickness: 1/4" Flange Thickness:j/4"

Moment of Inertia:  263.64 in.4
Pretension Force: 28 kips

———— A - ——— ——— - —— - — — —

Failure Load: 23.8 kips vertical load; 92.8 ft - kips moment at end plate -
Fatlure Mode: Yielding of end plate
Predicted Failure Loads:

Method:_ Yield-line Theory .. Load: _ 24.6 kips (96.0 ft - kips)

T - e e 4 e e e ——

Method: ____ Load:
Max imum Displacements:

Vertical: 2.474 in. S

Horizontal top flange: 0 114 ip. . .

Horizontal bottom flange: ¢ 351 ip. o
Maximum plate separation: East: 0.0  centerline: .049 West: -025

Discussion:

-Instrumented bolts were used in the test. Pretension force was obtained by using
the data acquisition system to monitor the bolt tension as torque was applied.

-Failure load was approximately 3% 1ess than predicted by yield 1ine analysis.

-Maximum applied Toad was 23.8 kips corresponding to a moment at the end plate of
92.8 ft - kips.

-Bolt force in interior bolt was approximately 7% more than the exterior bolt.

-Vertical displacement was close to prediction up to a moment of 80 ft - kips at
which time the curve began to lean over.

-Plate separation was approximately one half as much as predicted up to 60 ft -
kips.
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Figure C.1 Specimen Details, Test FB2-3/4-3/8-16
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APPENDIX D
F02-3/4-3/8-16 TEST RESULTS



MBMA TEST SUMMARY
Project: MBMA/Conn.
Test No.: F02-3/4-3/8-16
Test Date: 2-16-84

Purpose: Load to failure - Full pretension
Rows of Boits in Tension: 2 Bolts/Row: 2
Bolt Diameter: 3/4" Plate Thickness:  3/8"
Beam Depth: 16" Flange Width: 6"
Web Thickness: 1/4" Flange Thickness: 1/4"
Moment of Inertia: 263.64 1‘n.4
Pretension Force: 28 kips
Failure Load: 18.6 kips vertical load; 74.4 ft-kips moment at end plate
Failure Mode: Yielding of end plate causing excessive plate separation
Predicted Failure Loads: ' |
Method: VYield Line Theory Load: 79.1 ft-kips (19.8
Method: ' Load: | K1ps)

Maximum Displacements:
Vertical:  3.972 (2.053" at 18.6 kips)
Horizontal top flange: .363" (.033" at 18.6 kips)
Horizontal bottom flange: .626" (.220" at 18.6 kips)

Maximum plate separation: East: 0.0 Centerline: .0543" West:  0339"

Discussion:
-Instrumented bolts were used in the test. Pretension force was obtained by

using the data acquisition system to monitor the bolt tension as torque was
applied.

-Failure Toad was approximately 6% less than predicted by yield 1line analysis.

-Failure Toad of end plate was 18.6 kips corresponding to a moment at the end

plate of 74.4 ft-kips. However, the test was continued until a load of 24.4
kips (97.5 ft-kips) was atta1ned

-The bolt force in the exterior bolt was approximately 6% more than the interior
bolt force.

-Vertical displacement was close to predicted up to 25 ft-kips at which time the
curve began to lean over.

-Plate separation was approximately one half as much as predicted up to 25 ft-
kips.
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Figure D.1 Specimen Details, Test F02-3/4-3/8-16
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APPENDIX E
FB2-3/4-3/8-24 TEST RESULTS



MBMA TEST SUMMAKY

Project: MBMA/Conn.

Test No.: FB2-3/4-3/8-24
Test Date: 3-26-84

Purpose: Load to failure
Rows of Boits in Tension: 2 Bolts/Row: 2
Bolt Diameter: 3/4" Plate Thickness: 3/8"
Beam Depth: 16" Flange Width: 6"
Web Thickness: 1/4" Flange Thickness: 1/4"
Moment of Inertia: 693.4 in.%
Pretension Force: 28.0 kips
Failure Load: 35.1 kips vertical load; 146.2 ft-kips moment at end plate
Failure Mode: Yielding of end plate
Predicted Failure Loads:
Method: Yield Line Theory Load: 37.1 kips or 154.6 ft-
Method : ‘ Load: Kips
Maximum Displacements: '
Vertical: 1.93 in.
Horizontal top flange: 0.216
Horizontal bottom flange: -0.032
Maximum plate separation: East:__ 0.0 Centerline: 0.0933  West:0.0432
Discussion:

-Instrumented bolts were used in the test. Pretension force was obtained by

using the data acquisition system to monitor the bolt tension as torque was
applied.

-Failure load was approximately 5% less than predicted by yield 1ine analysis.

-Failure load of end plate was 37.1 kips corresponding to a moment at the end

plate of 154.6 ft-kips. The test was further continued until a load of 43.0
kips (179.2 ft-kips) was attained.

-The bolt force in the outer bolt was approximately 15% more than the bolt force
in the inner bolt at failure load.

-Vertical displacement was close to predicted up to a vertical load of 7.2 kips
at which point the curve began to lean over.
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Figure E.1 Specimen Details, Test FB2-3/4-3/8-24
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APPENDIX F
F02-3/4-3/8-24 TEST RESULTS



MBMA TLST SUMMARY

Project: MBMA/Conn.

Test No.:__ Fp2-3/4-3/8-24
Test Date: 3/15/84

o = —— —— . — it S e 16t S

Purpose: Load to failure - Full pretension
Rows of Bolts in Tension: 2 ___ Bolts/Row: __ 2 _
Bolt Diameter:_ .75" ______Plate Thickness: .375"
Beam Depth: 24" ______ . Flange Width: 6"

Web Thickness: .25"
Moment of Inertia: _ 693.4 in.f
Pretension Force: 28 kips

Flange Thickness: _ .25"

. e ——— = - — s s - = e - - -

— - D ——— - —T— —— I . S WIS e eme —

Failure Load: 29 kip vertical Toad; 120.2 ft -kips at end plate
Failure Mode: Yielding of end plate
Predicted Failure Loads:
Method: Yield-line Theory ~ Load: _30.2 kips (125.1 ft -kips)
Method: o Load:
Maximum Displacements:

Vertical: 1.842 in.

- —— e ——

—

Horizontal top flange:  .138 in. = _ . L

Horizontal bottom flange: .223 in. o
Maximum plate separation: East:__.0433 _ Centerline: .0265  West: 0.0 __
Discussion:

-Instrumented bolts were used in the test. Pretension force was obtained by

using the data acquisition system to monitor the bolt tension as torque was
applied.

-Failure load was approximately 4% less than predicted by yield line analysis.

-Failure load of end plate was 29 kips corresponding to a moment at the end plate

of 125 ft- kips. The test was continued until a Toad of 34.6 kips (143 ft - kips)
was attained.

-The bolt force in the interior bolt was 35 kips at failure load (29 kips) and 47

kips at a load at 34.6 kips. The strain gage in the outer bolt did not operate
properly. :

-Vertical displacement was close to theoretical up to 35 ft - kips at which time
the curve began to lean over.

-Plate separation followed theoretical up to 40 ft - kips
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Figure F.1 Specimen Details, Test F02-3/4-3/8-24
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APPENDIX G
FB2-5/8-3/8-16 TEST RESULTS



MBMA TEST SUMMARY
Project: MBMA Conn.
Test No.: FB2-5/8-3/8-16
Test Date:  5/30/84

Purpose: Load to Failure - Full Pretension
Rows of Bolts in Tension: 2 Bolts/Row: 2
Bolt Diameter: 5/8 in. Plate Thickness: 3/8 in. (.383 in.)
Beam Depth: 16 _in. Flange Width: 6 in.
Web Thickness: .25 1in. Flange Thickness: .25 in.
Moment of Inertia: 263 in.”
Pretension Force: 19 kips
Failure Load: 27.1 kips vertical load; 108.4 ft.-kips at end plate
Failure Mode: Yield of end plate
Predicted Failure Loads: ‘
Method: VYield line theory Load: 28.9 kips or 115.8 ft.-kips
Method: Load:
Maximum Displacements:
Vertical: 2.80 in.
Horizontal top flange:’ .124 1in.
Horizontal bottom flange: .112 in.
Maximum plate separation: East: .033 in. Centerline: .048 in. West: —
Discussion:

-Instrumented bolts were used in the test. Pretension force was obtained by using
the data acquisition system to monitor the bolt tension as torque was applied.

-Failure of end plate occurred at 27.1 kips (108.4 ft.-kips) which was 6% less
than predicted by yield line analysis.

-Vertical deflection followed theoretical up to 50 ft.-kips at which point it
began to lean over.

-Plate separation followed theoretical up to 70 ft.-kips.

-Bolt forces reached proof load (27 kips) in the outer bolt at 83 ft.-kips, while
the inner bolt reached proof load at 100 ft.-kips.
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Figure G.1 Specimen Details, Test FB2-5/8-3/8-16
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APPENDIX H
F02-5/8-3/8-16 TEST RESULTS



MBMA TEST SUMMAKY

Project: MBMA Conn.
Test No.: F02-5/8-3/8-16
Test Date: 5/24/84
Purpose: Load to Failure - Full Pretension
Rows of Boits in Tension: 2 Bolts/Row: 2
Bolt Diameter: 5/8 in. Plate Thickness: 3/8 in. (.383 in.)
Beam Depth: 16 in. Flange Width: 6 in.
Wet Thickness: 1/4 in. Flange Thickness: 1/4 in.
Moment of Inertia: 263 1n.4
Pretension Force: 19 kips
Failure Load: 21.3 kips vertical load; 85.0 ft.-kips at end plate
Failure Mode: Yield of end plate
Predicted Failure Loads:
Method: _ Yield line analysis Load:__20.8 kips (83.1 ft.-kips)
Method: Load:
Maximum Displacements:
| Vertical: 2.22 in.
Horizontal top flange: .033 in.
Horizontal bottom flange: .237 in.
Maximum plate separation: East:.0217 in. Centerline: .030 in. West: —
Discussion:

-Instrumented bolts were used in the test. Pretension force was obtained by

using the data acquisition system to monitor the bolt tension as torque was
applied.

-Failure of end plate occurred at 21.3 kips (85 ft.-kips) which was 2% more
than predicted by yield line analysis.

- -Vertical deflection followed theoretical up to 45 ft.-kips at which point it
began to lean over.

-Plate separation followed theoretical up to 30 ft.-kips at which point it
began to lean over.

-Bolt forces reached proof load (27 kips) in the outer bolt at 69 ft.-kips and
in the inner bolt at 75 ft.-kips.
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Figure H.1 Specimen Details, Test F02-5/8-3/8-16
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APPENDIX I
FB2-3/4-1/2-23 TEST RESULTS



MBMA TEST SUMMAKY

Project: MBMA Conn.

Test No.: FB2-3/4-1/2-23

Test Date: 7-2-84

Purpose: Load to failure - full pretension

Rows of Boits.in Tension: 2 Bolts/Row: ?

Bolt Diameter: .75 4in. Plate Thickness: 50 in
Beam Depth: 23 1in. Flange Width: 6 in.
Web Thickness: .375 in. Flange Thickness: .375 in,
Moment of Inertia: 920 in.4

Pretension Force: 28 kips

Failure Load: 41 kins vertical load; 254 ft. -kips at end plate
Failure Mode: Yielding of end plate
Predicted Failure Loads:

Method:___ Yjeld Line Theory lLoad:  41.9 kips or 260 ft.-kips

Method: Load: '
Maximum Displacements:

Vertical: '3.20 in.

Horizontal top flange: 233 in.

} Horizontal bottom flange:,240 in.
Maximum plate separation: East:__(26 ipn Centerline: 0405 ip.West:

Discussion:

- Instrumented bolts were used in the test. Pretension force was obtained by

using the data acquisition system to monitor the bolt tension as torque was
applied.

- Failure of end plate occurred at 41 kips (254 ft.-kips) which was 2% less than
predicted by yield line analysis,

- Vertical deflection followed theoretical up to 60 ft.-kips at which point it
began to lean over.

- Bolt forces reached proof load (38.8 kips) in the inner bolt at 29 kips (180
ft.-kips) and in the outer bolt at 35.5 kips (220 ft.-kips). _
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Figure I.1 Specimen Details, Test FB2-3/4-1/2-23
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APPENDIX J
F02-3/4-1/2-23 TEST RESULTS



MBMA TEST SUMMARY

Project: MBMA Conn.,
Test No.: F02-3/4-1/2-23
Test Date: 7-6-84
Purpose: Load to failure - full pretension
Rows of Boits in Tension: ? Bolts/Row: 2
Bolt Diameter: .75 in. Plate Thickness: b in,
Beam Depth: 23 1in. Flange Width: 6 in.
Web Thickness: .375 in. Flange Thickness: .375 in.
Moment of Inertia: 920 in.4
Pretension Force: 28 kips
Failure Load: 34.5 kips vertical load; 207 ft.-kips at end plate
Failure Mode: Yielding of end plate
Predicted Failure Loads:
Method: Yield Line Theory Load: 36.3 kips or 218.0 ft.-kips
Method : Load:
Max imum Displacements:
Vertical: 1.862 in.
Horizontal top flange: .466 in.
Horizontal bottom flange: .128 in.
Maximum plate separation: East: .0166 in. Centerline: 046 in West: —
Discussion:

- Instrumented bolts were used in the test. Pretension force was obtained by

using the data acquisition system to monitor the bolt tension as torque was
applied,

- Failure of end plate occurred at 34.5 kips (207 ft.-kips) which was 5% less
than predicted by yield line analysis.

- Vertical deflection followed theoretical up to 70 ft.-kips at which point it
began to lean over.

- Bolt forces reached proof load (38.8 kips) in the inner bolt at 27.6 kips
, (166 ft.-kips) and in the outer bolt at 28.4 kips (170 ft,-kips).
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Figure J.1 Specimen Details, Test F02-3/4-1/2-23
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