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SYNOPSIS

A methodology, based on finite element modeling, is presented to
analytically develop the moment-rotation relationship for a bolted steel
end-plate connection. The methodology is demonstrated for a flush end-
plate connection. Experimental testing of a few selected specimens was
conducted to verify the finite element modeling and associated computer
analysis procedure. The finite element model was used to conduct a para-
metric study to determine the effect of various geometric and force related
variables on the prediction of maximum end-plate separation. Sufficient
cases were then analyzed, which cover the variation of these variables within
practical ranges. The analyses data collected were regressed to develop a
prediction equation characterizing the general behavior of the connection.

NOTATION

End-plate width.

Nominal bolt diameter.

Gage of the bolts (centerline distance between two bolts).
Width of equivalent rectangular area to represent the bolts.
Beam depth.

Total number of beam cross sections selected.

Pitch of the bolt (distance from top of the flange to the centerline of

the bolt). )
End-plate thickness.
Beam web thickness.

x,y,z Cartesian global coordinate directions.

Ag
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Beam cross-sectional area.
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Coefficient dependent on end-plate thickness, beam dimensions,
bolt diameter and pitch of the tension bolt.

1/C

Young’s modulus of elasticity.

Secant modulus of elasticity.

Yield stress of beam material.

Ultimate stress of bolt material.

Yield stress.

Yield stress of bolt material.

Applied moment on the beam stub.

Moment-carrying capacity of the mth beam cross section chosen.
Yield moment capacity of a beam cross section.

Maximum value of M, for all the beam cross sections selected.
Minimum value of M, for all the beam cross sections selected.
(M) max = (M) min

Coefficient of multiple determination for the regression analysis.
Elastic section modulus of the beam cross section.

Scalar number varying from 0-1to 1-Oin increments of 0-1 to denote
the beam load level.

Power of moment, M, in the moment-rotation relationship.
Maximum end-plate separation.

Effective strain for von Mises yield criterion.

Yield strain.

Principal strains (€, > €,> €3).

End-plate connection rotation.

to/h

p i/ h

tulh

ti/h

b,/h

dv/h

4 v/

Bending stiffness parameter for the end plate.

M

S

Ratio of the 3-D value of 6 to the corresponding 2-D value.

1 INTRODUCTION

Real connections in steel structures are neither perfectly ‘rigid’ nor perfectly

‘flexible’.

Even the ‘rigid’ connections recommended by the American
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Institute of Steel Construction (AISC) Manual' are flexible to some extent.
On the other hand, the ‘flexible’ shear connections, which are commonly
used, do transfer some moment. Thus moment-rotation relationships are
needed for the analysis and design of steel framed structures for which the
members are connected by semi-rigid connections. In the past, moment-
rotation curves for some connections were developed from experimental
tests conducted on actual connections.”” But, in general, such a concept
could not be extended for other connections since tests of prototype con-
nections are time-consuming and expensive, and above all, the data
gathered from tests are few and generally limited to surface measurements
(e.g. strain measurements on the surface). As an alternative, in this paper
the writers have presented a methodology, based on finite element
modeling, to analytically develop the moment-rotation relationship for a
bolted steel end-plate connection. To demonstrate this methodology, a
flush end-plate connection is considered. Such a connection may be used to
provide a connection between two beams, called a ‘splice plate connection’,
as shown in Fig. la, or between a beam and a column, as shown in Fig. 1b.
Experimental testing of a few selected specimens was conducted to confirm
and modify accordingly the finite element modeling and associated
computer analysis procedure. Once the computer analysis procedure was
validated, a parametric study was conducted and the data collected were
regressed to develop prediction equations characterizing the general

behavior of the connection. '
Considerable research results, of both an analytical and experimental

nature, are available for extended end-plate connections, in which the end
plate projects beyond the beam flanges. Early attempts (prior to 1970) to
develop a design methodology for such end-plate connections were based on
tee-stub analogy. In these studies the prying action was assumed to act at the
edge of the end plate. One of these methods was developed by Douty and
McGuire* and was presented in the seventh edition of the AISC Manual of
Steel Construction.’® Other significant methods using the tee-stub analogy
were suggested by Kato and McGuire® and Nair ez al.” Along with other
methods, the aforementioned methods are summarized by Fisher and
Struik.® More recently, methods based on refined yield line analyses have
been suggested by Zoetemeijer,” Mann and Morris, " and Kennedy ez al. "
Krishnamurthy? developed the finite element methodology, specifically for
the analysis of unstiffened, four-bolt-extended end-plate connections.
Based on finite element analyses of a large number of geometric con-
figurations of the connection, Krishnamurthy developed the design
methodology found in Reference 1. From Krishnamurthy’s theoretical
studies it was found that even though prying action was present, it was overly
conservative to assume that the prying action acted at the edge of the plate
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(a)

N

(b)

Fig. 1. Typical uses of flush end-plate connections. (a) Beam-to-beam connection (splice
connection). (b) Beam-to-column connection.

since it resulted in thicker than necessary plates. Krishnamurthy also
investigated the behavior of stiffened tee-stubs " as it applied to the stiffened
extended end-plate connections. Tarpy and Cardinal," based on tests and
linear finite element analysis, developed a moment-rotation/strength
relationship for the unstiffened end-plate connection. The end-plate
thickness was described as the ‘key parameter’ on the response of the
connection. Ahuja® was the first to investigate stiffened end-plate con-
nections with two rows of bolts on either side of the tension flange. Basically
this was an extension of the work done by Krishnamurthy. ? Based on linear
finite element analyses, prediction equations were developed to predict
maximum end-plate separation and forces in the bolts. Ghassemeih " later
extended this work to incorporate the non-linear material behavior of the
end-plate and the bolt shank material. Hendrick'” has studied the column
strength at the end-plate connections.

o e MO NI

Prob
connec
both €
behavis
Morris
analysi
French
capacil
Parket
plate t
collaps
eleme:
multip
beam-
used ti
results

The |
nectit
How:
two-(
costl
conn
on a
mid-
stres
relat
anab
cons
prac
resu
expe
A
stud
ade
web
wid'
bolt
sepi



‘splice

also
ened
;s and
‘ngth
plate
f the
con-
cally
near
edict
later
f the
umn

v TR MR s . TR
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Probably because of its smaller moment capacity, the flush end-plate
connection has received much less attention. Douty and McGuire* studied
both extended and flush end-plate connections and concluded that the
behavior and strength of these two connections differ greatly. Parker and
Morris, " Blockley, " Zoetermeijer® and Srouji* have presented a yield line
analysis procedure for flush end-plate connections. The German® and the
French? specifications have presented formulae to determine the moment
capacity of the connection for a given flush end-plate thickness. Phillips and
Parker? conducted a series of tests to determine the influence of the end-
plate thickness on the moment-rotation characteristics and the end-plate
collapse mechanism. Krishnamurthy* developed the two-dimensional finite
element model to predict the behavior of flush end-plate connections with
multiple rows of bolts in the tension region. For other types of bolted
beam-to-column connections finite element methods have been successtully
used to model the connection behavior when compared to experimental test
results, for example, refer to Reference 26.

2 ANALYTICAL MODELING

The finite element method was used to analyze the flush end-plate con-
nection. The problem is obviously three-dimensional (3-D) in nature.
However, a 3-D finite element analysis is much more complicated than a
two-dimensional (2-D) analysis, and above all, computationally much more
costly. To develop prediction equations characterizing the behavior of the
connection, it was therefore decided to conduct 2-D finite element analysis
on a plane stress model taken parallel to the plane passing through the
mid-thickness of the web. Since transverse variations of deformations and
stresses cannot be represented in this model, in order to determine the
relationship that exists between the 2-D and 3-D results, 3-D finite element
analyses were conducted on certain ‘bench mark’ connections which are
considered representative of common fabrication and construction
practices. A correlation factor was then developed between the 2-D and 3-D
results to enable the prediction of the more accurate 3-D values from the less
expensive 2-D results.

A typical configuration of the 2-D finite element model used in the present
study is shown in Fig. 2. A length of the beam equal to its depth is chosen as
adequate for inclusion in the analysis domain. The end plate, beam flanges,
web and bolt shank are represented as plane stress elements, with their
width equal to their thicknesses measured perpendicular to the web. The
bolts near the tension flange are simulated by modeling the bolt shanks as
separate elements, connected to the end-plate nodes at the plate surface,
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and by constraining the bolt centerline nodes against vertical displacement,
as shown in the typical mesh configuration of Fig. 2a. For the 2-D analysis, the
bolt area in a row is assumed to be uniformly spread across part of the width
(in a rectangle), as shown in Fig. 2b. The equivalent bolt area for both the
tension and the compression region is calculated by setting yield strength of
one-third of the beam section equal to the strength of two bolts in one row.
The height of the equivalent rectangular bolt area is taken to be the nominal
bolt diameter. The typical 2-D mesh of Fig. 2 contains 560 rectangular
hybrid plane stress elements (developed by Turner et al. 7y, 626 nodes and
1252 degrees-of-freedom (d.o.f.).

To model the non-linear material behavior, the effective stress—strain
relationship for the elements of the end plate, beam flanges and web is taken
to be elastic—perfectly-plastic, as shown in Fig. 3a. For bolt shank material, a
bi-linear stress—strain curve is used, as shown in Fig. 3b. To check yielding,
the effective strain, €., for an element was evaluated using the maximum
distortion energy theory (von Mises), which gives

€t = {V[2(e;— €)* + (€3— €3)*+ (63— €)°]}/3 (D

in which e, €, €5 are the principal strains (€;> €;> €3). If €= €, (yield
strain), then the element has yielded and its modulus of elasticity is reset
equal to its secant value, E,, corresponding to the respective effective strain
value as indicated in Fig. 3. Failure in a plate element is said to occur due to
excessive yielding if the strain reaches 0-02. For the bolt shank element,
failure is said to occur due to rupture if the strain equals or exceeds 0-006 93.
If any of these failure modes occurs then the execution is stopped and a
message is printed defining which criterion was violated.

A typical analysis sequence is as follows. The pretension caused by the
bolt tightening is first applied as forces at the end of the bolt-end nodes.
Displacements of bolt nodes and the nodes at the back of the end-plate are
then determined. The resulting bolt elongations and the displacements of
the nodes at the back of the end-plate are applied as specified displacements
for the subsequent external loadings, thus simulating the bolt tightening and
subsequent interactions with the other components of the connection. The
moment loading on the connection is simulated by the application of forces
at the nodes on the end of the beam stub, as shown in Fig. 2c. In this figure
the extreme fiber stress, oy, is designated aFy,, where « is a scalar number
and F., is the yield stress of the beam material. The loads are applied on the
beam section in increments of a varying from 0- 1 to 1-0, in increments 0of 0-1.

When the pretension load is applied at the beginning of the analysis, all
the nodes at the back of the end-plate are assumed to be in contact with the
support (as shown in Fig. 2a), and the actual deformed shape is determined
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Effective
iig??s ? €y = 0.001667
€y = 0.02
Fy = yield stress
I re. e e
y /] |
| - |
. i
Ak |
El S |
/k | l Effective
/ | | | Strain (in /in )
! 1 I >
€y Eeff Eu
(a)
Effective
Stress
(ksi) T
Ey = .002793
€ = ,00693
Fop= B F——————= |
Fyp = 81 == | |
1] '
s Eq |
s
// l | l Effective
| [ I Strain (in /in )
| I i —P
€ € €

Y eff u

(b)

Fig. 3. Idealized non-linear stress—strain curves used. (a) ldealized stress-strain diagram and
secant modulus for end plate. (b) Idealized stress—strain diagram and secant modulus for
A325bolt. (1 in = 25-4 mm and | ksi = 6-895 MPa)

by an automated trial and error procedure. At the end of each analysis cycle,
the displacements and reactions of the nodes at the back of the end plate are
checked, nodes that tend to move away from the support are released;
previously released nodes which moved into the support region are con-
strained. The process of analysis and checking support modifications is
repeated until no changes occur.
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The configuration of the 3-D model used for comparison purposes is
shown in Fig. 4. Due to symmetry about a plane passing through web
mid-thickness, only half of the connection is considered. The most critical
components of the connection, namely, the end plate, bolt shank, bolt head
and the weld connecting the beam flanges with the end plate are idealized
using a 33-d.o.f. 3-D subparametric element developed by Levy.” For the
beam web and the weld connecting it to the end plate, eight-noded
rectangular hybrid plane stress elements” are used. The influence of bolt
shank has been carefully considered in this model. The nodes of the shank at
the back of the end plate are distinct from those of the end plate even though
they have the same coordinates (see Fig. 4b). Thus, the nodes of the bolt
shank are free to move in the x-direction (axial) at the bolt pretension level.
To model the necking action of the shank, one of the four nodes of the shank
is allowed to move in both the y- and z-directions. The node diagonally
opposite to this node is constrained in both the y- and z-directions, while one
of the adjacent nodes can move only in the y-direction. The fourth node is
constrained to move only in the z-direction. The bolt head area is considered
as an equivalent square area equal to the actual bolt head area. The moment
loading on the connection is simulated by application of forces at the end of
the beam stub, as shown in Fig. 2c for the 2-D model. The typical 3-D mesh
of Fig. 4 contains 546 elements, 998 nodes and 2810 d.o.f.

3 COMPARISON OF TWO-DIMENSIONAL AND
THREE-DIMENSIONAL FINITE ELEMENT RESULTS

A typical 3-D finite element analysis of the mesh shown in Fig. 4 required
approximately 150 minutes of Central Processor Unit (CPU) computer time
for solution on an IBM 3081 computer. The 2-D finite element analysis for a
similar connection required only about six minutes of CPU computer time.
Thus it is obvious that the 2-D model is much more suitable than the 3-D
model to develop the prediction equation for the moment-rotation
behavior of the connection. The maximum end-plate separation, 3, at the
level of the beam tension flange is an important parameter for the computa-
tion of the rotation (® = 8/h, h = beam depth) of the connection. Hence it
was chosen as the quantity to correlate the 3-D and 2-D results.

The 3-D finite element analyses were conducted for eight connections,
which were also analyzed using the 2-D model. These connections were also
experimentally tested, the results for which will be presented later on in this
paper. A comparison of 3-D and 2-D results showed one dominant
characteristic: the 3-D model was more flexible than the 2-D counterpart,
with larger displacements and stresses. This difference in their flexibilities
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TABLE 1
Correlation of Maximum End-plate Separation Predicted by 3-D and 2-D Models

Experimental case Load level b

1-15
1-07
1-12
15

F-3-5-16

SO SV (&

1-00
1-00
1-01
1-56

N

1-2
12
13
1-6

1-2
1-2
1-23
1-51

F-3-4-16

B DN

F-3-4-24

N -

can be attributed to the additional constraints imposed on the 2-D model by
the prevention of transverse variation of deformation and stresses.

The correlation factor ® was defined as the ratio of the 3-D value of & to
the corresponding 2-D value. Since the 3-D model proved to be more
flexible, the value of this factor was always greater than unity. Table 1 shows
the end-plate separation relationship between 3-D and 2-D models for four
of the connections analyzed. The results for the remaining four connections
were within the range of values for ® shown in Table 1. In this table, the first
column F-3-4-16 designates a flush end-plate connection with one row
of ¢in (19 mm) diameter bolts near the tension flange, tin (13 mm) end-
plate thickness and 16 in (410 mm) beam depth. In the second column, load
levels 1, 2, 3 and 4 correspond to the loads applied at the end of the beam
stub to give an extreme beam fiber stress of 0-1Fy,, 0-2Fy,, 0-:3Fy and 0-4Fyy,
respectively. Thus based on the two failure criteria defined earlier, both the
3-D and the 2-D models predicted failure of the connection at the same load
level. It can be seen from this table that the 2-D and 3-D models are more
comparable at the lower load levels. At failure load level the two differed
significantly. The & predicted by the 3-D model at failure load level
compared well with experimental results. Hence it was decided to use the
2-D model, with a correction factor of 1-5 applied to the maximum end-plate
separation predicted at failure load level.
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4 PARAMETRIC STUDY

A parametric study was conducted to determine the effect of various geo-
metric and force related variables on the prediction of maximum end-plate
separation. The primary geometric related independent variables for the
2-D model of the end-plate connection are identified as follows:
t, = thickness of the end-plate, p; = pitch of the bolt (distance from top of
the flange to the centerline of the bolt), t. = thickness of the web,
h = depth of the beam, d, = nominal bolt diameter, b, = width of the end
plate, g = gage of the bolts (centerline distance between two bolts) and
g» = width of equivalent rectangular bolt area. As mentioned before, the
variable g, is calculated from

g = (1/3) (Fby/Fyb)(AB/db) (2)

where Fy, is the yield stress of the beam material, F, is the yield stress of the
bolt material and Aj is the cross-sectional area of the beam. All other
dimensions necessary in the analysis were set as functions of the primary
geometric variables. The edge distance was set at the AISC recommended
value of 1-75d,.' The plate width, b,, was set equal to the beam flange width.
The size of the fillet welds connecting the end plate to the beam flanges and
the beam web was computed to develop the yield capacity of the two
equivalent bolts. The primary force related independent variable in the
parametric study was taken as M (= applied moment on the beam stub
calculated from the double triangular stress distribution).

The primary geometric variables were non-dimensionalized with respect
to the beam depth, h. This gave seven independent geometric parameters,
called ‘pi terms’ as follows: 7, = t,/h, m, = pdh, w5 = tu/h, w4 = ti/h,
s = by/h,ms = dv/h,and 7; = gu/h. In addition to these seven dimension-
less parameters, one additional parameter to represent the bending stiffness
of the end-plate was considered. This parameter was defined as

g = pilbyty (3)

This parameter has unit of (length)™'. The force related parameter was
taken as o = M. The primary concern of the parametric study is to develop
a prediction equation for the end-plate separation, so only one dependent
variable was chosen, defined as 7, = §, the maximum end-plate separation.

To conduct the parametric study, it was decided to limit the geometric
variables to practical ranges based on usual detailing practices, as given in
Table 2. Based on the ranges of variables defined in this table, the following
procedure was adopted to select the beam dimensions:

(1) Four values of beam depth, h, were selected: 10 in (254 mm), 16in
(410 mm), 24 in (615 mm) and 30 in (770 mm).
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TABLE 2
Practical Ranges for Various Geometric Parameters (in)
Parameter Low Intermediate High

8 25 24 b

dy 3 3 1

ps 1§ 15 3

by 5 7 10

fp 16 3 i

te 0-18 0-375 0-50
tw 0-10 0-187 5 0-25
h 10 24 30

lin = 25-4 mm

(2) For each value of &, four values of beam flange width, b (= b,), were
selected: /6, h/5, h/4 and h/3, with the limitation that b= 21in
(5 mm).

(3) For each value of by, four values of flange thickness, ;, were selected:
b.35, b26, b/16 and b6, with the limitation that #;= O-1in
(0-25 mm).

(4) For each value of A, four values of web thickness, t., were selected:
h/160, h/153, h/107 and h/180, but with the limitation that ¢, = 0-1in
(0-25 mm).

Based on this procedure, a total of 256 different beam cross sections were
chosen which would fall within the range of the variables given in Table 2.
Since it would have been too costly to perform 2-D finite element analyses
for all the 256, it was decided that only fifty beam cross sections would be
used in the analysis. A regression analysis procedure was then employed to
develop the desired prediction equation for 7,. The following automated
procedure was used to select these fifty cases:

(1) The value of yield moment, M, (= SF,,, where S = elastic section
modulus), was calculated for all the 256 beam cross sections.

(2) Choose the number of beam cross sections, say 1, to be considered in
the study. Here, n = 50 was used.

(3) Compute a moment interval, AM = (M) max — (M) min) /11, Where
(M)nex and (My)m, are the maximum and minimum value,
respectively, of the yield moment computed in step 1.

(4) For each case, the beam cross section is chosen such that its moment-
carrying capacity, M, is given by

Mm = (My)min+(m— 1)1\/1"<—(1Vly)max form = 1,2,. ... N (4)
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For each of the aforementioned fifty cases selected, f, and d, were
computed from the expressions developed by Srouji* based on yield line
theory. As mentioned earlier, for each of these fifty connections selected,
the load level was varied from the zero initial value, corresponding to the
bolt pre-tension acting alone, to a level producing the extreme fiber stress in
the beam material equal to aFy,, where a was varied from 0-1 to 1-0, in
increments of 0-1. The finite element analysis was terminated either if the
connection failed or if &« = 1-0, whichever occurred first.

5 PREDICTION EQUATION

The 2-D finite element results obtained for maximum end-plate separation
for the fifty connections selected were statistically analyzed using the
multiple regression analysis computer program SAS.? The prediction
equation obtained was

—8336 _7-620 _ —6-932 __ —0-501 _ -0-032 _2-885 _ —0-849 _ —~0-519 _3.053 _1-356
™ 3 Ta 6 9 (5)

Ty = € 7 ™ Ts T Ty

The coefficient of multiple determination, i.e. R?, for this regression analysis
was 0-94, indicating that 94% of the variations in the data can be explained
by the prediction equation (eqn (5)).

The 2-D value of the end-plate separation predicted by eqn (5) must be
multiplied by the (3-D/2-D) correlation factor of 1-5 to obtain the practical
estimate of the end-plate separation, §, i.€.

8 = 1'5m, (6)

The rotation, ©, of the flush end-plate connection at any load level can be
found from the following expression

)
G)ZE (7)

Substituting eqns (5) and (6) into eqn (7) and expressing the ‘pi terms’ in
terms of the geometric variables defining them, gives

0 = CM*? (8)
where
€ = (359X 107 ()™ () 7%() " (1) () ™ (g) "
(b)) (1) ™ )

is a coefficient dependent on the end-plate thickness, beam dimensions, bolt
diameter and pitch of the tension bolt. The value 3 for the single bolt row
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flush end-plate was found to be to 1-356 from the regression analysis results.
Expressing moment in terms of rotation, eqn (8) gives

M = C/@UB (10)

where C' = 1/C. It should be noted that the units used in eqns (8), (9) and
(10) for length is inches (in) and for moment is kip-ft.

6 EXPERIMENTAL VERIFICATION

To verify the analytical procedure and the prediction equation so obtained,
eight flush end-plate connections were tested under increasing loads up to
failure. Table 3 lists the nominal geometry of the specimens tested. The last
column in Table 3 gives yield stress values (F,) obtained from coupon tests
conducted on the end-plate material. This yield stress value was used in the
finite element analysis. Each specimen was subjected to moment alone,
without shear, by a symmetric two-point loading. The end-plate separation
was measured by means of caliper gages. A spring was inserted between two
legs of the caliper to keep the tips pressed against the two end-plate faces. A
strain gage was mounted on the standard caliper spring and the modified
caliper was calibrated prior to use. Three caliper gages were used, one at the
plane of the beam section webs and one near each edge of the end-plates.
The moment versus end-plate separation plots obtained from experi-
mental tests and 3-D finite element results were compared. These results
were also compared with the corresponding values obtained from the pre-
diction equation (eqn (6)). Table 4 illustrates the results obtained at failure
for all the eight connections, whereas, Fig. 5 illustrates the moment versus
end-plate plots obtained for two connections. Similar plots were obtained
for the other six connections. Based on 3-D finite element analyses, all the
eight test specimens failed due to excessive yielding in the end-plate (i.e.
when strain = 0-02). In column 3 of Table 4 the corresponding end-plate
separation at failure, as obtained from 3-D finite element results, is given.
The experimentally observed moment corresponding to the end-plate
separation listed in column 3 of Table 4, was obtained from the moment
versus end-plate separation variation for the connection plotted from the
test results. These values are listed in column 4 of Table 4. Based on the
values for maximum end-plate separation at failure reported in column 3 of
Table 4, it can be seen that this value varies between 0-0087 in (0-221 mm) to
0-014 07 in (0-3574 mm), giving an average value of about 0-0lin
(0-254 mm). Adopting a value of 0-01in (0-254 mm) for the maximum
allowable end-plate separation, the maximum allowable moment for a
connection can be calculated from the prediction equations, eqns (5) and
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(6), by setting & = 0-01 in (0-254 mm). The moment values so obtained for
the eight test specimen geometrics are indicated in column 6 of Table 4.
Based on the results presented in columns 7, 8 and 9, respectively, of Table 4
the following is concluded: the difference between 3-D finite element and
experimental results lies within the range +6% to +30%; the difference
between predicted (i.e. from eqns (5) and (6)) and experimental results lies
within the range —5% to 20% (negative implying lesser predicted value);
and the difference between predicted maximum applied moment and the
maximum applied moment based on the 3-D finite element results lies
within the range —6% to 27%. In view of the complexities involved in the
problem, these comparisons show that the moment-rotation relationship,
eqn (10), developed for the flush end-plate connection with a single row of
bolts in the tension region, may be considered to be quite adequate.

7 CONCLUSION

In this paper, a methodology to develop the moment-rotation relationship
(analytically) for a steel bolted end-plate connection has been presented. The
finite element method was used as a tool to analyze a typical connection and
has been validated by comparing the analytical results with those obtained
from physical tests of a few selected specimens. Although the methodology
was developed for a flush end-plate connection, it can also be extended to
study the behavior of other types of symmetrical steel bolted connections.
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