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ABSTRACT

Gusset plate connections are commonly used in bridge trusses and braced steel frames to
transfer forces from one structural member to another. Due to the complexity of these
connections, it is extremely difficult to evaluate the strength of gusset plate connections.
Hence, a research program was initiated to investigate the compressive behavior and
ultimate strength of gusset plate connections by testing full-scale diagonal bracing
connections. A total of twenty-one tests were conducted on nineteen specimens. The

results of the experimental investigations were reported in Yam and Cheng (1993).

To further examine the compressive behavior and strength of the gusset plate connections,
analytical investigations by the finite element method, using the program ANSYS, were
conducted. The analytical results are summarized in this report. The plastic bifurcation
buckling loads of the test specimens by ANSYS are in good agreement with the test results.
The elastic stress predicted by ANSYS at the gusset plate area underneath the splicing
member agrees well with the experimental stress evaluated from the rosette readings. For
the eccentrically loaded specimens, the load deflection analysis by ANSYS also compares
well with the experimental ultimate loads. Based on th? available test data and the finite
element analysis, a modified Thornton method is proposed to estimate the inelastic buckling
strength of the gusset plate specimens. A rigid plastic collapse analysis was conducted on
the eccentrically loaded specimens and the results are in good agreement with the test
results. The beam-column equation is also recommended for the design of eccentrically

loaded specimens.
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1. INTRODUCTION

1.1 General

The compressive strength of gusset plate connections was investigated experimentally by
the authors and published in a separate report (Yam and Cheng 1993).7 The objective of
this current report is to present an analytical investigation of the compressive behavior and
strength of gusset plate connections. The results from both the experiments and the
analyses will be used to develop a preliminary design recommendations for the gusset plate

connections.

In order to facilitate the discussion of the analytical results, the test results from the
experimental program will be briefly described in the next section. This will be followed
by the chapter on analytical results and concluded by the summary and the

recommendations in the last chapter.

1.2 Brief Review of Test Program and Results

1.2.1. Test Specimens and Test Setups

The specimen sizes and designations are shown in Table 1.1. The test parameters included
the gusset plate sizes, thicknesses, brace angle, out-of-plane restraint at the gusset-to-splice
conjunction, beam and column moments and the out-of-plane loading eccentricity. The
schematic of the specimens and the arrangement of the splice members are shown in
Figs. 1.1 and 1.2 respectively. The test setups for the experimental program are shown in
Figs. 1.3 and 1.4. Test setup shown in Fig. 1.4 was used to conduct the tests on the
specimens with brace angle or beam and column as the test parameter. The remaining

specimens were tested by the test frame shown in Fig. 1.3.



1.2.2 Test Results

The ultimate loads for all the specimens are shown in Table 1.1. The test results can be

summarized as follows:

1)

2)

3)

4)

5)

6

7

8)

For specimens tested without the out-of-plane restraint boundary condition, the failure
mode was sway buckling of the gusset plate connections. However, if an out-of-plane
restraint boundary condition was imposed, a local buckling failure mode was
observed.

In general, significant yielding was observed in the gusset plate specimens prior to
their reaching the ultimate loads, except for the slender specimens (850 x 700 mm).
The ultimate loads of the specimens are almost linearly proportional to the gusset plate
thickness.

Significant in-plane bending was observed for the specimens with a 30° brace angle.
The ultimate loads of the 30° brace specimens were slightly lower than for the
corresponding 45° brace specimens.

The presence of beam and column moments did not affect the ultimate loads of the
gusset plate specimens. However, the in-plane stiffness of the specimens was reduced
by the moments, and yielding was observed at a load level significantly lower than the
corresponding yield load estimated by the Whitmore effective width method.

The ultimate loads of the compact specimens (500x400 mm) were significantly higher
than the corresponding yield load levels estimated by the Whitmore effective width
method.

The Thornton method (30°) produced conservative estimates of the ultimate loads of
the specimens.

The eccentrically loaded specimens failed by extensive yielding at the splice member.
The ultimate stren gtli of the specimens was improved significantly when a tee-section

splice member was used instead of a plate type splice member.



Table 1.1. Specimen Descriptions and Test Results

Plate Loading Beam  Column

Dii:;‘:s;‘n Plate Size  Thickness g oo M%em; Moment i;agc;: U}il.;:gte

(mmxmm)  (mm) (mm) (kN-m) (kN-m) (kN)

GP1 500x400 133 - - - 45° 1956
GP2  500x400 9.8 - - - 45° 1356
GP3  500x400 6.5 - - - 45° 742
GPIR  500x400 133 - - - 45° 2057
'GP2R  500x400 9.8 - - - 45° 1487
GP3R  500x400 6.5 - - - 45° 790
SP1 850x700  13.3 - - - 45° 1606
SP2  850x700 9.8 - - - 45° 1010
APl 500 x 400 13.3 - - - 30° 1720
AP2  500x400 9.8 - - - 30° 1210
AP3 500 x 400 6.5 - - - 30° 728
MP1  500x400 133 - 250 125 45 1933
MP2  500x400 9.8 - 250 125 45 1316
MP3  500x400 6.5 - 250 125 4y A
MP3A  500x400 6.5 - 375 1875 452 S19
MP3B  500x400 6.5 - 0 0o 4 82
EPI 500x 400  13.3 11.4 - - 45° 310
EP2 500x400  13.3 13.2 - - 45° 334
EP3 500x 400  13.3 53.0 - - 45° 890
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2. ANALYSIS OF TEST SPECIMENS
2.1 General

The compressive behavior of gusset plate connections has been investigated experimemaily
and the test results were presented in the previous chapters. To evaluate the ultimate
strength of the speci;nens analytically, the finite element method was employed. It can be
seen from the test results that the majority of the specimens experienced a significant
yielding and out-of-plane deflection prior to reaching the ultimate loads. Since the failure
mode of most of the specimens involved both a material nonlinearity and instability
phenomenon, the most appropriate analysis is to trace the actual nonlinear load-deflection
behavior of the specimens. However, the high computation expense of this approach
prohibits its use in analyzing all the specimens. Therefore, it was decided to employ the
method of plastic bifurcation buckling to evaluate the compressive strength of the GP, SP,
AP. and MP type specimens. For the eccentrically .loaded specimens (EP), a load
deflection analysis was used to predict the ultimate strength of the specimens, since the
main failure mode of the test specimens was yielding of the splice plate at the conjunction
of gusset-to-splice. A rigid-plastic analysis was also performed on specimens EP1 and
EP2 since a plastic collapse mechanism was observed from the test results of these
specimens. The plastic bifurcation buckling method will be presented in detail in the

following section.

2.2 Finite Element Analysis - Plastic Bifurcation Buckling

The general bifurcation buckling analysis in the context of the finite element method will be
discussed first, followed by the procedure of conducting plastic bifurcation buckling
analysis. Bifurcation buckling is characterized by the fact that, as the load passes through

its critical stage, the structure passes from its unbuckled equilibrium configuration to an



infinitesimally close buckled equilibrium configuration. The bifurcation buckling analysis

in matrix form (Cook, Malkus and Plesha 1988) can be described as :
(K] + A[KgD {D} = {0} [2.1]

where the matrix [K] is the conventional structural stiffness matrix, [Kc]vis the stress
stiffness matrix to account for the in-plane stress distribution, {D} is the displacement
vector corresponding to the buckling shape, and A is an arbitrary scalar multiplier. This
equation described the problem of classical buckling analysis (Chang and Chen 1986) in
which the prebuckling rotations of the structure are either neglected or are zero. Equation
[2.1] can also be described as an eigenvalue problem with {D}being the eigenvector and A
being the eigenvalue. To evaluate [Ks], a reference.load level {R} is applied to the
structure, and a standard linear static analysis is performed. The in-plane stress distribution
resulting from this analysis is then used to generate [Ks]. This [Ks] is subsequently
multiplied by A, an arbitrary scalar multiplier, to account for the applied load level which
causes bifurcation buckling to occur. It should be noted that, since [K] is independent of
displacement, multiplying [Ks] by A implies evaluating [K] based on a stress intensity
corresponding to the applied load level of A{R}. However, the in-plane stress distribution
remains the same. The lowest value of A and the associated {D}(buckling shape)

satisfying equation [2.1] defines the critical stage of the system, and the corresponding

bifurcation buckling load is A{R}.

In general, the method of plastic bifurcation buckling analysis is similar to the classical
buckling analysis, except that material nonlinearity is considered in the former analysis
method. In order to include the material nonlinearity existing prior to buckling, a nonlinear
in-plane static analysis based on a applied trial load level and the actual material properties
of the structure is performed. The resulting displacement field and the in-plane stress

distribution from this analysis are used to evaluate the current values of [K] and [Ks],
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respectively. The matrix [K], evaluated including the effects of material nonlinearity, is
termed the tangent stiffness matrix. Then a classical buckling analysis based on these
current stiffness values is conducted according to equation [2.1]. If A evaluated based on
the classical buckling analysis is equal to 1.0, then the applied trial load level is the critical
load. However, if A is greater than 1.0, a larger trial load level will be applied to the
structure to perform the nonlinear in-plane static analysis again . A new set of current

stiffness values is obtained and the classical buckling anlalysis is conducted to evaluate the

new A. This procedure continues until A equals 1.0. This procedure is also illustrated

schematically in Fig. 2.1.

2.3 Finite Element Model

The commercial program ANSYS (1989), version 4.4a, installed in a 486 personal
computer was used to perform the analysis. A four node quadrilateral shell element (STIF
43 in ANSYS) with six degrees of freedom at each node was used to model the gusset
plate. A beam element (STIF 4) and an elastic quadrilateral shell element (STIF 63) were
used to model the flanges and webs of the beam and column respectively for the analysis of
MP and AP types specimens. The STIF 43 element has the capability of handling
plasticity, stress stiffening and large deflection problems. A multilinear stress-strain curve,
based on the coupon tests results, as shown typically in Fig. 2.2a, was used as the material
properties in the analysis. The von Mises yield criteria with the associated flow rule and
isotropic hardening were employed in the multilinear material model. The full Newton-
Raphson method was used to solve the nonlinear equilibrium equations in the static
analysis. The full subspace iteration method was used to evaluate the eigenvector (D) and

eigenvalue (A) in the classical buckling analysis.

The typical finite element model of the GP and SP types specimens is shown in Fig. 2.2a.

Three-dimensional mesh was used to model the connection, with the splice plates placed on
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both sides of the gusset plate, as shown in Fig. 2.2a. The beam and column boundaries
were fully restrained to simulate a rigidly welded connection. At the conjunction of the
bracing member and gusset plate, infinite rotational restraint was assumed to be provided
by the bracing member along the element x-axis. A load was applied as the element
pressure on the splicing member and transferred from the splicing member to the gusset
plate, at the bolt locations as shown in the figure. Constraint equations were used at the
bolt locations to simulate a rigid line tied across the splice plates and the gusset plate such
that the same in-plane displacements were shared at these locations and the connection
rotated about the centerline of the gusset plate during buckling. It should be noted that the
shear deformation of the bolts was neglected in the analysis due to its complex nonlinear
behavior. It is also believed that this assumption will have negligible effects on the ultimate
strength of the specimens. This belief is based on the fact that the critical region of the
gusset plate at which inelastic buckling occurred is located directly underneath the splice
member. Hence, the distribution of the bolt forces is beh'eved to have insignificant effects

on the stress distribution and intensity at this region.

For the AP and MP type specimens, a similar finite model as the GP type specimens was
used; however, the beam and column supporting the gusset plate specimens were also
included in the model, as shown in Fig. 2.3a. This particularl model provides more realistic
boundary conditions for the AP type specimens and allows the application of beam and
column moment for the MP type specimens. Concentrated forces were applied at the end
of the beam and column to produce the required moment at the connection. For the EP type
specimens, the typical finite element mesh is shown in Fig. 2.3b. It can be seen from this
figure that the bracing member was also included in the model in order to provide a more
realistic boundary and loading conditions for the splice member. The bracing member was
modeled by using a beam element (STIF 4) for the flanges and shell elements (STIF 43) for
the web. The actual material properties of the gusset plate and the splice plate were used in

the load deflection analysis.
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Since plasticity introduced a nonconservative aspect to the problem, the applied load
increment was selected to be as close to the actual loading sequence used in the experiments
as possible. However, in some cases the incremental loads may have to be decreased in
order for the nonlinear solution to converge. For the plastic bifurcation buckling analysis,
in general, a single load step was applied to the gusset plate model such that the finite
elements in the highly stressed area were almost beginning to yield. The load level was
usually chosen as approximately 90% of the corresponding Whitmore load of the
specimens. Then, load increments were applied to capture the effect of material
nonlinearity. As the applied load approached about 90% of the experimental ultimate load,

a classical buckling analysis was performed, based on the current stiffness values as

mentioned above. This whole procedure was terminated when A, evaluated by the classical
buckling analysis, was equal to 1.05 or less. For the load vs. deflection analysis, a
displacement controlled method was used to load the specimens in order to achieve the
convergence of the solution, especially in the region of the ultimate load level and the
unloading part of the curve. A uniform incremental displacement was imposed at the nodes

of the bracing member, as shown in Fig. 2.3b.

The finite element mesh employed for this analysis was based on a mesh study of the GP
type specimens. The plastic bifurcation buckling loads of the GP type specimens,
evaluated using a coarse mesh, were within two percent of those of a fine mesh. However,
since the computation time required to analyse the fine mesh was not significantly increased

relative to the coarse mesh, the fine mesh was used for the analysis of the test specimens.

2.4 Finite Element Analysis Results
2.4.1 General
The analytical ultimate loads of the specimens, based on plastic bifurcation buckling

analysis, are shown together with the test results in Table 2.1. However, the analytical

13



results of the specimens with out-of-plane restraint are not included, since the solution of
the in-plane stress analysis for these specimens converged extremely slow. In fact, the
load increment had to be made so small that it became impractical to continue the analysis.
Hence, it was decided to abandon the analysis of the specimens with out-of-plane restraint.
In general, it can be seen from the table that the analytical predictions are in reasonable
agreement with the test results. The test to predicted ratios range from 0.76 (AP1) to 1.12
(MP3B), with a mean value of 0.94 and the corresponding standard deviation of 0.11.
These ratios are also shown graphically in Fig. 2.4. For comparison purposes, the elastic
buckling loads of all the specimens were also evaluated and are shown in Table 2.1. It can
be observed that, in general, the elastic buckling loads of the specimens are significantly
highér than the test ultimate loads, except for specimen SP2, which was governed by the

elastic buckling mode.

To examine the analytical results, the in-plane stress contour plots, the principal stress
vector plots, and the in-plane deformation plots of the specimens (except those of the EP
type) will be discussed in the following sections according to the types of specimen. Since
there is no significant difference in the buckling shapes for the specimens, only a general
discussion of the buckling mode will be presented. The analytical results of the EP type
specimens will be presented following the section of the discussion of buckling shapes.

Comparisons of the analytical results among test parameters will also be included.

- 2.4.2 GP and SP Type Specimens

2.4.2.1 In-Plane Stress Distribution

To investigate the compressive behavior of the specimens, their in-plane stress distributions
from the analysis are examined. The postprocessing routine of ANSYS allows the display
of the in-plane stress distributions in terms of stress contour lines. In producing these

contour plots, the von Mises effective stress was used. Since the experimental yielding
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behavior of specimen GP1 was recorded thoroughly at various load levels during testing,
the analytical yielding behavior of specimen GP1 will be examined in detail and compared
with the test results. The effective stress contour plots of specimen GP1 are shown in Figs.
2.5a to 2.5¢ at various load levels as indicated. As a reminder, the unit of the effective
stress is MPa.  As can be seen from Fig. 2.5a, the yielding of the gusset plate area near the
last row of bolts (Whitmore effective width section) was bbserved at a load level of 1370
kN. However, at this stage of loading most of the gusset plate area was still in the elastic
range. It can also be seen that the short free edge was loaded more severely than the long
free edge. At a load of 1500 kN, the effective stress distribution of the gusset plate
changed moderately indicating that a redistribution of load had occurred due to inelastic
action. The maximum effective stress at this stage occurred at the top right corner of the
gusset plate, as indicated in Fig. 2.5b. A slight yielding was also observed at the plate area
about the sides of the splicing member. Approximately 30% of the gusset plate area was in
the inelastic range when the applied load was 1700 kN, as shown in Fig. 2.5c. General
yielding of the plate was observed at the area around the last row of bolts and about the
sides of the splice member. The yielding at the area around the last row of bolts extended
towards the beam and column boundary when compared with the yielding zone at the
previous load level. For the gusset plate area along the sides of the splicing member, the
yielding progressed upwards and also towards the free edges. At aload of 1950 kN, about
65% of the area was in the inelastic range, as shown in Fig. 2.5d. A significant increase in
stress levels when compared to that of the previous load level was also observed at the plate
along the sides of the splicing member. Figure 2.5¢ shows the effective stress plot for
specimen GP1 at an ultimate load of 2336 kN. It can be seen from this figure that about
85% of the gusset plate area was yielded. The yielding basically extended from the
Whitmore effective width section to the entire area, excépt near the column boundary and
the fixed end of the free edges. A similar yielding behavior and process were recorded

during the testing of specimen GP1.
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Based on the above discussion, it can be seen that a significant part of the gusset plate can
reach the yield strength of the material. However, the connection must be stiff enough to
avoid early instability failure. If the connection is relatively slender, elastic buckling may
occur before the gusset plate can even reach the correspohding Whitmore load (Cheng et al.

1994).

For specimens GP2 and GP3, similar yielding patterns and stress distributions as those of
specimen GP1 at the early loading stage weré observed. However, the extent of yielding
was not as significant. In particular, for specimen GP3, only minor yielding occurred at
the plate area near the last row of bolts when the specimen reached the ultimate load. Since
the analytical elastic buckling load of specimen GP3 was very close to the experimental
ultimate load, it would not require a significant amount of inelastic deformation to cause
plastic bifurcation buckling. For specimen SP1, a similar stress pattern to that of GP1 was
observed since the same brace angle and similar plate aspect ratio were used for both types
of specimens. However, for spécimen SP2, no yielding developed and the plate was failed

in elastic buckling.

To compare the stress prediction by ANSYS in the elastic range, the test result from
specimen GP1 was used. The comparison was made at the rosette gages location in the
elastic range at a load level of 1220 kN. The experimental strain readings were first
converted to the principal values, and then these values were used with the two-
dimensional Hook's law to evaluate the corresponding principal stresses. These principal
stresses were then converted to the von Mises effective stress and compared to the ANSYS
effective stress contour plot as shown in Fig. 2.6. It can be seen from this figure that a

good prediction of stress was obtained from the analysis.
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2.4.2.2 Principal Stress Vector and In-Plane Deformation Plots

The principal stress vectors plots produced by ANSYS were also used to examine the flow
of force through the gusset plate to the beam and column boundary and also illustrated the
behavior of in-plane bending. The stress vectors indicate a compression (tension) when the
arrowheads of the vectors point inward (outward). Again, specimen GP1 was used for the
illustration. The principal stress vectors plots at a load level of 1370 kN and the ultimate
load level of 2336 kN were used for illustrational purposes, as shown in Figs 2.7a and
2.7b respectively . These figures show that thé principal stress directions in the free edges
area were almost parallel to the corresponding free edges especially in the Jower load level.
However, the direction of the principal stress vectors approached the angle of the bracing
member, especially in the area around the end of the splicing member at which the stress
vectors were almost aligned with the angle of the brace. In addition, this area was the most
stressed one, as can be seen from the lengths of the stress vectors which were scaled to the
actual stress values. The plate area near the last row of bolts and bounded by the béam
boundary was also severely loaded, and the stress vectors were oriented at approximately
60° to the horizontal, as shown in the figures. It can be seen from these figures that the

beam boundary attracted more load since it was closer to the last row of the bolts.

Transverse compression was observed at the top right part of the gusset plate, which was
also the location of maximum stress at ultimate. This transverse compression was due to
the significant in-plane deformation at the bolt points, as shown in Figs. 2.8a and 2.8b.
The in-plane deformation mode and the principal stress plot of specimen GP1 shown in
Fig. 2.8a and 2.7a respectively indicate that in-plane bending occurred at both free edges.
This in-plane bending can also be observed in the stress contour plot, as shown in Fig.
2.5a, which illustrates that the stress gradient occurred in the free edges. The stress vector
plot shown in Fig. 2.7b also indicates that compression occurred in the other principal

direction perpendicular to the applied load direction. This compression was caused by the
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displacement restraint applied to the beam and column boundary, which prohibited the
lateral displacement of the plate due to Poisson's ratio effect. As will be seen in a later
discussion, if the beam and column are allowed to deform (in-plane) when the load is

applied to the gusset plate, tension instead of compression will occur.

243 AP Type Specimen

2.4.3.1 In-Plane Stress Distribution

For this particular type of specimen, only the in-plane stress distribution for specimen AP1
at a load level of 1380 kN is discussed. It is believed that this is sufficient to demonstrate
the in-plane stress behavior of this type of specimen. The in-plane stress distribution is
shown in Fig. 2.9. It can be seen from this figure that the plate area underneafh the
splicing member was severely loaded. In addition, this highly stressed area was extended
to the beam and column boundary. A high stress gradiént was also observed at the short
side free edge caused by the in-plane bending, as will be discussed in the following
section. For this specimen, the maximum stress occurred at the top right part of the gusset

plate, as shown in the figure.

2.4.3.2 Principal Stress Vector and In-Plane Deformation Plots

The principal stress vector plot and the in-plane deformation plot are shown in Figs. 2.10
and 2.11 respectiVely. It can be seen from Fig. 2.10 that the plate area underneath the
splice member was highly stressed. Again, the principal compressive stress vectors in this
area were almost aligned with the brace angle. Transverse tension was observed in the
plate. As mentioned above, this tensile stréss was developed due to the in-plane
deformation of the supporting beam and column boundary when the axial load was applied.
This in-plane deformation can be observed from the in-plane deformation plot of the gusset

plate specimen, as shown in Fig. 2.11. This figure shows that the column boundary



deflected quite significantly when it is compared with the deformation at the beam
boundary. It also illustrates that in-plane bending existed in both free edges, especially in
the short free edge. The severity of this in-plane bending at the short free edge can also be
observed from the principal stress vector plot where tensile stress existed in almost all the

elements at the short free edge, as shown in Fig. 2.10.

2.4.4 MP Type Specimens

2.4.4.1 1In-Plane Stress Distribution

The general discussion of the in-plane stress distribution for the MP type specimen will be
based on specimen MP1. However, the effects of the beam and column moment will be
presented in the following section of discussion and comparison of analytical results. Two
load levels of 300 kN and 1500 kN were considered in this section. It should be noted that
full beam and column moment values were applied to the specimen at these load levels.
The stress contour plots for these load levels are shown in Figs. 2.12a and 2.12b. As can
be seen from Fig. 2.12a when the applied load was relatively small (300 kN), the in-plane
stress distribution was predominantly influenced by the beam and column moment. This
can be illustrated by the fact that maximum tensile stress occurred at the fixed ends of the
free edges due to the beam and column moment at the applied load of 300 kN. On the other
hand, as the applied load increased to 1500 kN, the stress distribution was significantly
altered, as shown in Fig. 2.12b. Again, the highly stressed area was located underneath
the splicing member, although the maximum stress occurred at the top right part of the
gusset plate. A high stress gradient also existed at the short free edge area, as shown in

Fig. 2.12b.
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2.4.4.2 Principal Stress Vector and In-Plane Deformation Plots

The principal stress vector plots and the in-plane deformation plots at the load levels of 300
kN and 1500 kN are shown in Figs. 2.13a and 2.13b respectively. It can be seen from
Fig. 2.13a that the beam and column moment severely loaded the part of the plate closer to
the beam and column boundary and produced principal tensile stress at this region, in
particular in the area close to the fixed ends of the free edges. When the applied load
increased to 1500 kN, the stress vector plot indicated that the axial load effect became more
dominant. Again, the principal compressive stress vectors were almost aligned with the
brace angle, especially in the area underneath the splicing member, as shown in Fig 2.13b.
However, the elements near the fixed ends of the freebedges still showed principal tensile

stresses at this high load level.

The in-plane deformation at the load level of 300 kN is shown in Fig. 2.14a. This figure
also includes the beam and column deﬂection.' As can be seen from this figure, significant
deflection was observed for the beam and column due to the applied concentrated loads at
their ends. This figure also shows that the beam and column deformation stretched the
gusset plate. The tensile stress produced by this stretching was oriented according to the
principal tensile stress vector, as shown in Fig. 2.14a. The in-plane deformation plot at the
load level of 1500 kN is shown in Fig. 2.14b. Again, in-plane deflection was observed at

the beam and column boundary.

2.4.5 Buckling Shapes of Specimens

The typical buckling shapes of each type of specimens (except EP type) are shown in Figs.
2.15ato 2.15d. For illustrational purposes, the splicing members were removed from the
model. It can be seen from these fiéufes that, in general, similar buckling shapes were
observed for the specimens. Since the bracing member was allowed to sway out-of-plane,

the buckling shapes of these specimens at the free edges and the plate area underneath the
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splicing member resembled the buckling shape of a fixed-guided column. However, a
slight twisting at the conjunction of gusset-to-splice was observed, especially with the AP
type specimens. This slight twisting was mainly caused by the unsymmetrical gusset plate
section for all thevspecimens and, in addition, the 30°brace angle for the AP type
specimens. However, it can be seen from these figures that the spliced region remains

relatively straight for all the specimens.

2.4.6 EP Type Specimens

2.4.6.1 Load Deflection Behavior

- As mentioned above, load deflection analysis was employed to evaluate the ultimate
strength of the EP type specimens. The experimental and analytical load deflection curves
for the specimens are shown in Figs. 2.16 to 2.18. It can be seen from these figures that
the analysis predicts very well the experimental ultimate load of the specimens. The test to
predicted ratios range from 0.97 to 1.05. However, the predictions by ANSYS show a
stiffer load deflection behavior for the specimens. This may be due to the effects of the
assumed idealized boundary conditions in the finite element model and the initial
imperfections that could exist in the connecﬁon. Nevertheless, for specimens EP1 and EP2

the predicted load deflection curves are generally in good agreement with the test results.

2.4.6.2 1In-Plane Stress Distribution

Since specimens EP1 and EP2 are similar, except for the splice plate thickness, only the
discussion of the in-plane stress distribution of specimen EP1 will be presented. The in-
plane stress distributions of the splice plate for specimen EP1 are shown in Figs 2.19 and
2.20. Fig 2.19 illustrates the in-plane stress for the top surface of the splice plate and Fig.
2.20 shows the bottom surface stress. The in-plane stress shown in these figures is in the

local element x-axis, as illustrated in Fig. 2.3b. It can be seen from these figures that the
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splice plate area near the last bolt line from the end of the brace member was stressed
significantly. The bottom stresses at this location were well above the static yield strength
of the material, and the top stresses were very close to yield. The test results also indicated
that significant yield lines occurred in this region when the applied load was near ultimate.
To illustrate that a significant bending stress existed in the splice plate, a plot of surface
stresses along the centerline of the length of the splice plate is shown in Fig. 2.21. This
figure shows that the bending of the splice plate was mainly concentrated in the vicinity of
the last bolt line. It should be noted that high compressive stresses existed in the top
surface of the splice plate for the part of the splice plate connected to the gusset plate,
whereas the compressive stresses in the bottom surface were reduced in this region. This
is due to the bending action of this region, which induced significant compressive bending

stress to the top surface and tensile bending stress to the bottom surface of the splice plate.

The top and bottom surface in-plane stress distributions of the gusset plate are shown in
Figs. 2.22 and 2.23. It can be seen from these figures that the gusset plate was stressed
significantly from the effects of bending in a strip of area joining the two fixed ends of the
free edges . The top stress levels in this strip of arca were generally greater than the static
yield strength of the gusset plate material. The test results also showed that yield lines in
the gusset plate originating from the end of the splice plate to the beam boundary were
observed . For the bottom surface stress, stress levels very close to yield were observed in
this strip of gusset plate area. It can be seen from the analytical results of specimens EP1
and EP2 that plastic hinges were developed at the splice plate near the end of brace and
along the strip of gusset plate area as mentioned above. These plastic hinges provided a
failure mechanism for the connection, which was also observed in the test results. This

plastic collapse mechanism will be discussed in the following section.

For specimen EP3, compressive yielding was observed for the 2.5 mm thick splice plate

on both the top and bottom surfaces, as shown in Figs. 2.24a and 2.24b. The tee-section
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splice member showed tensile yielding near the tip of the web at the conjunction of the
gusset-to-splice at the ultimate load. As shown in Fig. 7.15, these observations compared
well with the test results for the plot of load versus strain gauge readings recorded at the
splice plate and the web of the tee-section. The gusset plate in-plane stress distributions for
specimen EP3 are shown in Fig. 2.25a and 2.25b. Again, the strip of area joining the
fixed ends of the free edges was highly stressed for both top and bottom surfaces. In
particular, the gusset plate area underneath the splice members was severely stressed as
indicated by the contour lines. This observation also confirms the test results wherein
diagonal yield lines resulting from the applied axial load and yield lines resulting from the

bending effects were observed.

2.4.6.3 Principal Stress Vector and Out-of-Plane Deformation Plots

Since the principal stress vector plots for the gusset plate of the EP type specimens are
similar, only specimen EP1 will be discussed. The principal stress vector plots for both the
top and bottom surfaces of specimen EP1 are shown in Figs. 2.26 and 2.27. It can be seen
from these figures that significant bending of the gusset plate was observed. The top
surface of the gusset plate, which was connected to the bottom surface of the splice plate,
was in severe compression, due to the combination of the axial compressive stress and the
compressive bending stress. On the other hand, the bottom surface of the gusset plate was

loaded in tension due to the significant bending effects.

The out-of-plane deformation plots for the EP type specimens are shown in Figs 2.28 to
2.30. It can be seen from these figures that significant bending deformation was observed
at both the gusset plate and the splice member at the conjunction of gusset-to-splice. To
examine closely the deformation mode of the splice member, a plot of out-of-plane
displacement along the centerline of the splice plate for specimens EP1 and EP2 are

produced, as shown in Figs. 2.31 and 2.32. These figures illustrate that a significant
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rotation of the splice plate occurred in the vicinity of the location of gusset-to-splice and
also at the gusset plate near the end of the splice plate. These observed rotations

substantiated that plastic hinges were developed at these locations.

2.5 Discussion and Comparison of Analytical Results

2.5.1 General

As mentioned in the previous section, the predictions by ANSYS were in reasonable
agreement with the test results. The test to predicted ratios varied from 0.76 to 1.12, as
illustrated in Table 2.1 and Fig. 2.4. As can be seen from this figure, conservative
predictions are always observed for the 6.5 mm thick specimens except for specimen MP3.
However, the ultimate loads for the rest of the specimens were over-estimated. This is
probably due to the use of the bifurcation buckling concept and also the nature of finite
element method that usually produces a stiffer model of the stfucture. Nevertheless, these
predictions do provide a reasonable estimate of the compressive strength of the specimens.
A design method will be proposed, based on the test and analytical results and presented in
the following chapter. The effects of various parameters on the compressive behavior and

strength of the gusset plate specimens will be discussed in the, following sections.

2.5.2 Effects of Gusset Plate Thickness and Size

As can be seen in Table 2.1, as the gusset plate thickness increased, the ultimate load of the
specimens increased. In order to compare with the test results, a linear regression line was
fitted to the analytical results and the test results were also plotted on the same graph, as
shown in Fig. 2.33. As mentioned above, the predictions were in general higher than the
experimental ultimate loads, except for the 6.5mm thick specimens. This figure also shows
that as the plate thickness increases, the difference between the test results and the analytical

predictions increases. However, no reason can be found to explain this observation. In



general, for the same plate size the amount of yielding observed from the specimens in the
analysis decreased with decreasing plate thickness, as described in the previous section.
As the plate thickness decreases, the specimen may fail by instability before reaching the

load level which causes inelastic deformation.

Table 2.1 shows that the predicted ultimate loads of the specimens decreases with
increasing plate size. As expected, the slenderness of the gusset plate increases with
increasing plate size and thus leads to a decrease in ultimate load. The amount of inelastic
deformation also decreased with increasing plate size, as indicated from the analysis. It
was also observed from both the tests and the analysis that elastic buckling occurred in

specimen SP2 (850 x 700 x 2.8).

2.5.3 Effects of Angle of Diagonal Brace Member (45° and 30°)

In general, the analytical ultimate loads of the AP type specimens (30° brace angle) are
slightly lower than those of the corresponding GP type specimens (45° brace angle), except
for specimen AP3. However, Table 2.1 illustrates that the test results showed an
appreciable difference between the ultimate loads of the AP and GP type specimens.
Nevertheless, it can be seen that the ultimate loads of the specimens were not significantly
affected by changing the brace angle from 45°to 30°. On the other hand, changing the

brace angle affected the in-plane stress distribution of the specimens.

The effective stress distribution of specimens GP1 and AP1 are shown in Figs. 2.5a and
2.9 respectively. It can be seen that for specimen AP1, the severely loaded area undemneath
the splicing member was significantly increased, when compared to that of specimen GP1.
In addition, a higher stress gradient for specimen AP1 existed in the free edges, as shown
in Fig. 2.9. In fact, tensile stress was observed at the fixed end of the short free edge as
shown by the principal stress vector plot in Fig. 2.10. This observation was also recorded

from the strain gage readings from the test results. As mentioned in the previous chapter of
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test results, this tensile stress was probably caused by the in-plane bending resulting from
the larger horizontal component of the applied force for the AP type specimens. However,

this was not observed in the GP type specimens.

2.5.4 Effects of Beam and Column Moments

As can be seen from both the test and the analytical results, in general the beam and column
moments did not significantly affect the ultimate loads of the specimens. In fact, the
predictions by ANSYS showed very similar ultimate loads for the specimens with the same
thickness and size, regardless of the presence of beam and column moments. The effects
of beam and column moment levels on the ultimate loads of the specimens were also
examined by varying the moments applied to the 6.5 mm thick MP type specimens. As can
be seen from Table 2.1, the analytical ultimate loads of the these specimens did not vary
substantially when the beam and column moment levels were increased. However, as
mentioned in the test results, the beam and column moments influenced the in-plane
behavior of the specimens. To examine this observation in detail, the analytical results of
MP3 specimens (MP3, MP3A and MP3B) are used. Figs 2.34a to 2.34c show the
effective stress contour plots for the specimens at the same applied load level of 630 kN.
One significant observation from these figures is that the effective stress increased when the
applied beam and column moments increased. This explains the test results which
demonstrate that when the beam and column moments were applied to the specimens, a
significant additional increase in compressive strains was detected in the rosette gages. The
additional increase in compression also contributed to the decrease in the in-plane stiffness
of the specimens due to the early yielding initiated by this compression, as illustrated in the
test results. The stress contour plots for specimens MP3 and MP3A also indicated that a
high stress level existed ét the fixed ends of the free edges due to the applied moments.
Tensile strains close to yielding were also recorded at the strain gages located in the fixed

ends of the free edges.



The principal stress vector plots shown in Figs. 2.35a to 2.35¢ indicate that a significant
transverse tension due to the applied moments was observed in the specimens. As
expected, this transverse tension increased with increasing applied moments, as indicated
by the lengths of the stress vector. Again, significant tension was observed at the fixed
ends of the free edges for the specimens (MP3 and MP3A) with applied moments.
However, this tension was not observed from the specimen (MP3B) without applied
moments, as shown in Fig. 2.35c. Different in-plane deformation modes are also observed
for the specimens as shown in Figs. 2.36a to 2.36¢c. It can be seen from these figures that
stretching of the plate was observed for the specimens with applied moments. This

stretching is evident at the plate along the beam and column boundary and the free edges.

Based on the above discussion, it can be seen that beam and column moment produced
both tensile and compressive stresses to the gusset plate. Since there was no significant
increase or decrease in the ultimate loads of the specimens due to the applied moments, it is
speculated that, although the increase in compression would have detrimental effects on the
ultimate loads, the tensile stress would produce a beneficial stiffening effect on the
specimens. Therefore, these two opposite stresses compensated each other and no

significant change in ultimate loads was thus observed, due to the applied moments.

2.5.5 Effects of Loading Eccentricity

The test and analytical results both indicated that the presence of loading eccentricity
significantly reduced the strength of the gusset plate connection and also produced a large
out-of-plane deflection. It can be seen from the analysis that the loading eccentricity
induced significant bending moment to both the splice member and the gusset plate. At the
ultimate, plastic hinges were developed at the critical section of the splice member and also
at the gusset plate. When the in-plane stress contour plots for specimens GP1 and EP3 are

compared, it can be seen that the bending moment due to the loading eccentricity
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significantly altered the in-plane stress distribution of the gusset plate. In particular, the
gusset plate area underneath the splice member was stressed severely by both the axial load
and the bending moment, which also produced high bending stresses in the vicinity of the
fixed ends of the free edges, as typically shown by the stress vector plots of specimen EP1

in Figs. 2.25 and 2.26.

When the analytical load-deflection curves of the specimens were compared, it was found
that the out-of-plane stiffness of the specimens increased as the thickness of the splice plate
increased. In particular, the stiffness of specimen EP3 increased significantly due to the

tee-section splice which provided bending rigidity to the connection.

2.6 Rigid Plastic Analysis of Specimens EP1 and EP2

As mentioned above, both the test and analytical results indicated that plastic hinges were
formed in the splice plate at the conjunction of gusset-to-splice and along a strip of gusset
plate area joining the fixed ends of the free edges for specimens EP1 and EP2. Since a
failure mechanism was developed by these plastic hinges, a rigid-plastic analysis of the
specimens may provide useful information, especially in estimating the ultimate load of the
connection. Kitipornchai et al. (1993) also employed the rigid plastic collapse analysis to
evaluate the ultimate strength of the eccentrically loaded cleat plates. The rigid-plastic
analysis provides an unloading line which represents the changes in the plastic collapse
load due to the change in the plate geometry (Korol et al. 1972). The intersection of this
unloading line with the elastic loading curve of the connection provides an upper bound

estimate of the ultimate load of the structure.

The plastic collapse model for the specimens is shown in Fig. 2.37. The plastic hinges
were assumed to be located at the splice plate and the gusset plate, as mentioned above. It
should be noted that the plastic hinge in the gusset plate was assumed to be a horizontal line

originating from the fixed end of the long free edge to the beam boundary (hinge A), as
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shown in Fig. 2.37. A more appropriate plastic hinge would be the one labeled as hinge B,

shown in Fig. 2.37. Nevertheless, the assumed plastic hinge (hinge A) provided a simple

mechanism and also simplified the evaluation of the plastic moment capacity of the plate.

The equilibrium approach was used to derive the equation of the rigid-plastic unloading line
of the connection. A free body diagram of the mechanism is shown in Fig. 2.37. The

connection was assumed to have deflected A, and plastic moment capacity was developed
in both plastic hinges. However, the plastic moment capacity of the section was reduced

by the interaction of the axial load and applied moment, according to:

My = Mp(l.O ; G:_y)Z) [2.2]

where P is the applied axial load, Py is the yield load of the section, Mpc is the reduced
plastic moment, and My is the plastic moment capacity of the section. MpcG is the reduced
plastic moment for the gusset plate and Mpcs is the reduced plastic moment for the splice
plate, as shown in Fig. 2.37. The loading eccentricity produced an eccentric moment of

P-¢ as shown in the figure. Summing moment at the bottom plastic hinge gives:
MPCS + MpcG - P’e - P'A = 0
therefore, P(e+ A) = Mpcs + MpeG [2.3]

According to eqn. 2.2, eqn 2.3 can be further reduced to:

2

P(e+ A) =MpS (1,0 - (FPY_S) )+MpG(1.0 ) (i{‘é)z)

where the subscripts S and G resprent the splice plate and the gusset plate respectively. The
above quadratic equation can be solved simply as:
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(e+A)+—\/(e+A) +4(M
T

Pys” PyG

[2.4]

The unloading line can be evaluated by assuming a A and then solve for P from egn. 2.3.

A typical calculation of the unloading line for specimen EP1 is included in the appendix.

The rigid-plastic unloading lines for specimens EP1 and EP2 are shown in Figs. 2.38 and
2.39. As can be seen from these figures, an elastic curve was also included. The elastic
curve was evaluated using ANSYS, which considered only the large deflection behavior of
the connection. In general, the unloading lines for both specimens underestimated the
unloading behavior of the specimens. However, for specimen EP1, the slope of the
unloading curve was quite similar to that of the experimgntal curve. This underestimation
of the unloading behavior was probably due to the assumption of the plastic hinge location
in the gusset plate and also the strain-hardening of the material, aspects which were not
included in the analysis. Murray (1981) investigated this effect of strain-hardening on the
unloading line and concluded that if the static yield strength was increased by 20-30%, a
better agreement between the tests and analysis would be achieved. To obtain an upper
bound estimate of the ultimate load of the specimens, the intersection of the unloading line
and the elastic curve was used. As can be seen from these figures, the intersection of the
unloading line and the elastic curve for both specimens gives an ultimate load of
approximately 10% higher than the test loads. The plastic collapse loads for these
specimens are shown in Table 2.2. Hence, it can seen that by employing the rigid-plastic

analysis and the elastic analysis (both of which do not require enormous computation time)
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the upper bound of the ultimate load of the eccentrically loaded gusset plate connections can

be evaluated.

31



32

Table 2.1 Analytical Plastic Bifurcation Buckling Loads of Test Specimens

Ultumate Load Elastic
Specimen P PaNsys P_P_ Buckli; g Load
ANSYS E
(kN) (kN) (kN)
GP1 1956 2336 0.84 5428
GP2 1356 1483 0.91 2638
GP3 742 680 1.09 836
SP1 1606 1940 0.83 2169
SP2 1010 940 1.07 940
API 1720 2260 0.76 6476
AP2 1210 1460 0.83 3181
AP3 728 690 1.06 910
MPI1 1933 2320 0.83 6075
MP2 1316 1450 0.91 3118
MP3 721 755 0.95 985
MP3A 819 765 1.07 985
MP3B 821 735 1.12 985
EP] 310 321 0.97 -
EP2 334 342 0.98 -
EP3 890 846 1.05 -

Table 2.2 Rigid-Plastic Collapse Load for Specimens EP1 and EP2

Specimen Ultimate Load ~ Rugid-Plastic
Collapse Load P
P P
Prpc RPC
(kN) (kN)
EP] 310 341 : 0.91

EP2 ' 334 364 0.92




Plastic Bifurcation Buckling Analysis

{{K1] + MK,]} {D} = {0}

Apply approximate yield
load as 1st load step

in the static analysis

l

Apply small load increment to
capture nonlinear behavior

l

Perform bifurcation
buckling analysis

Apply additional
load increment in
static analysis

Yes

Solution = current applied load

Figure 2.1 Flow Diagram for Plastic Bifurcation Buckling Analysis
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Fig. 2.15ab Typical Buckling Shapes for Specimens GP1 and AP1
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Fig.2.19 In-Plane Stress Distribution of Splice Plate Top Surface for Specimen EP1 at Ulumate
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Fig. 2.30 Out-of-Plane Deformation for Specimen EP3
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3. PROPOSED DESIGN GUIDELINES AND METHODS

3.1 General

A set of general design guidelines and methods are proposed in this chapter. The design
guidelines are based on the parametric studies of the elastic buckling 1oad of gusset plate
connections (Cheng et al. 1994) which will be discussed in detail in the next section. The
design method for gusset plate connections subject to compression is derived from the
Thornton method (Thornton 1984), which has been examined in Yam and Cheng (1993).
For the eccentrically loaded gusset plate connections, which were failed by significant
yielding at the splice member, the strength of the connections is examined using the beam-

column equation of a rectangular section.

3.2 Elastic Parametric Studies of Gusset Plate Connections
3.2.1 General

Hu and Cheng (1987) examined the compressive behavior and buckling strength of thin-
walled gusset plate connections. The test setup for this experimental program is shown in
Fig. 1.3. The test results of this investigation showed that elastic buckling of the gusset
plate connection occurred in all the concentrically loaded specimens. The experimental

elastic buckling loads of these specimens are shown in Table 3.1.

The analytical elastic buckling load of these test specimens obtained using the finite element
program ANSYS was studied by Cheng et al.(1994). The typical specimen size and the
finite element model are shown in Fig. 3.1. The analytical results from this study are
shown in Table 3.1. It can be seen from this table that the analytical results and the test
results of specimens C2 and C3 are in reasonable agreement. However, a large
discrepancy exists for specimens C1 and C4. For specimen C1, the discrepancy was due

to the yielding that occurred in the splice plate at the conjunction of gusset-to-splice during
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testing. This yielding reduced the rotational restraint at the conjunction; hence, the buckling
load of the specimens was decreased. However, in the analytical model, a rigid rotational
restraint was assumed at the conjunction. For specimen C4, the test buckling load was
significantly higher than the analytical buckling load. This was due to the post-buckling
strengfh of specimen C4. The details of a large deflection analysis that was employed to

investigate this post-buckling behavior can be found in Cheng et al. (1994).

Hu and Cheng (1987) concluded that the splice plate thickness and length and the rotational
restraint at the conjunction of the gusset-to-splice have significant effects on the elastic
buckling load of the gusset plate connections. In order to study the effects of these
parameters, an elastic parametric study was conducted. The finite element program
ANSYS and the finite element model shown in Fig. 3.1 were used in the parametric study.
This study will provide the general guidelines for designing the concentrically loaded

gusset plate connections.

3.2.2 Parametric Studies

3.2.2.1 General

The parametric studies of the elastic buckling load of the gusset plate connections include
the following parameters:
1) the thickness of the splice plate members;

2) the length of the splice plate members (SL; see Fig. 3.2) connected to the gusset
plates; '

3) the rotational restraint at the conjunction of the bracing member and the gusset plate.

Although this parametric study is limited to elastic analysis, the results can still illustrate the

general influence of each parameter on the buckling load of the gusset plate connections.
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3.2.2.2 Effects of Splice Plate Thickness

The effects of splice plate thickness on the elastic buckling strength of the gusset plate
connections are shown in Fig. 3.3. As shown in the figure, the investigation was
conducted with two gusset plate sizes, 850 x 550 mm and 850 x 700 mm, three gusset
plate thicknesses, 3.11 mm, 6.7 mm, and 9.5 mm, and two splice member lengths (SL),
297 mm and 447 mm. The splice plate length of 297 mm corresponds to the length of
four rows of bolts connected to the gusset plate, and the splice plate length of 447mm

corresponds to six rows of bolts connected to the gusset plate, as shown in Fig. 3.4.

It can be observed from Fig. 3.3 that the 3.11mm thick gusset plates with a splice plate
thickness of 7 mm achieve 80% or more of the buckling load of the same gusset plate with
infinite splice plate thickness. At a splice plate thickness of 13mm, the 3.11mm thick
gusset plate is able to reach more than 97% of the buckling load of the same gusset plate
with infinite splice plate thickness. Therefore, it can be seen that when the splice plate
thickness is increased, the buckling load of the gusset plate increases until a critical value of
the splice plate thickness is reached, after which increases in the splice plate thickness do
not produce a significant additional increase in the buckling load. This implies that this
critical value of splice plate thickness provides a rigid support to the gusset plate. The
critical value (Sc) is defined as the splice plate thickness at which a gusset plate specimen
achieves 90% or more of the buckling load of the same specimen with infinite splice plate
thickness. The critical values of the specimens shown in Fig. 3.3 are given in Table 3.2.
It can be seen from the table that the critical splice plate thicknesses of the specimens range
from about two to four times the corresponding gusset plate thickness. Therefore, it is
believed that the elastic buckling load of a gusset plate connection with an infinite splice
plate thickness can be achieved by providing a splice plate thickness of at least four times

that of the gusset plate. It is also observed from Fig. 3.3 that, for the same gusset plate
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size and the splice plate length, the buckling load of the gusset plates is proportional to the

cube of the gusset plate thickness if infinitely thick splice plates are used.

3.2.2.3 Effects of Splice Plate Length

As can be seen from Fig. 3.3, for the same gusset plate size and thickness and splice plate
thickness, the elastic buckling loads of the specimens inc.rease with the increasing length of
the splice member. The amount of the increase depends significantly on the splice plate
thickness, as shown in the figure. To further investigate the effects of the splice plate
length, the elastic buckling loads of the specimens with a splice plate thickness at least
equal to the corresponding critical splice plate thickness are examined and are shown in
Table 3.3a. As can be seen from this table, for the gusset plate size of 850 x 550, when the
splice plate length is increased from 297 mm (4 rows of bolts) to 447 mm (6 rows of
bolts), the elastic buckling loads are increased by approximately 2.4 times. It is also
observed from this table that the same ratio of increase is recorded for all the gusset plate
thicknesses examined. As mentioned above, since the elastic buckling loads of the
specimens corresponding to each splice plate length increased proportionally to the cube of
the gusset plate thickness if the critical splice plate thicknesses were used, the ratio of
increase in the elastic buckling load due to an increase in the splice plate length was thus
maintained with various gusset plate thicknesses. For the specimen with a plate size of 850
x 700 x 6.7 and the critical splice plate thickness of 20 mm, a 33% increase in the elastic
buckling is observed when the splice plate length is increased from 447 mm (six rows of
bolts) to 522 mm (seven rows of bolts), as shown in Table 3.3b. Hence, it can be seen
that the length of the splice plate member has a significant effect on the elastic buckling load

of the gusset plate connections.

The increase in the elastic buckling load due to an increase in the splice plate length can also

be observed by examining Fig. 3.2. This figure shows a triangular area of the gusset plate
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which is bounded by the beam and column boundary and a line (which will hereafter be
referred to as the bending line) joining the extremities of the fixed edges. It is reasonable to
assume that this triangular area provides out-of-plane and rotational supports to the
connection if a significant part of the splice plate is extended beyond the bending line.
Diagrams of the gusset plate specimens discussed above are shown in Fig. 3.4. This
figure shows that, for the 850 x 500 mm specimens, increasing the number of rows of

bolts from four to six moves the splice plate member from the outside of the triangular area

to the inside of it with the first row of bolts extending beyond the bending line. The

increase in buckling load due to this increase in splice plate length is 2.4 times, as
mentioned above. Hence, it can be seen that in order to increase the buckling load of the
gusset plate connections, the splice member should be extended beyond the bending line as

close to the beam and column boundary as possible.

3.2.2.4 Effects of Rotational Restraint at Conjunction of Bracing Member
and Gusset Plate

The effects of rotational restraint at the conjunction of the bracing member and the gusset
plate are shown in Table 3.4. This table shows the elastic buckling load of a gusset plate

connection with a plate size of 850 x 550 and a splice plate thickness of 13 mm. As can be

seen from the table, providing infinite rotational restraint at the conjunction of the bracing

member and the gusset plate significantly increases the elastic buckling load of the gusset
plates. The ratios of the buckling loads of the gusset plates with infinite restraint to the
buckling loads of the gusset plates without restraint range from 2.6 to 3.1, as shown in the

table.

To further examine the effects of the rotational restraint on the elastic buckling load, a
rotational spring is applied to the gusset plate at the conjunction; the analytical results are

shown in Fig. 3.5. As can be seen from this figure, the elastic buckling load of the
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specimens increases with increasing rotational spring stiffness. However, the rate of
increase diminishes significantly when the rotational spring stiffness reaches a critical value
of about 400 kN-m/rad for both specimens. At this value of rotational spring stiffness, the
buckling loads of the specimens have already reached more than 90% of the buckling load
of the same specimens with infinite rotational restraint. To compare the flexural stiffness of
a bracing member to the critical value of rotational spring stiffness, a W250x67 section
with a length of 5650 mm is chosen to be the diagonal bracing member (a 4 m x 4 m frame
is assumed). The diagonal bracing member is assumed to be subject to equal end moments;
therefore, the flexural stiffness of the member (neglecting the axial force effects) is 2EI/L,
where E is the modulus of elasticity (200 000 MPa), I is the moment of inertia of the
section (Iy = 22.2 x 10 mm#) and L is the span length of the diagonal member. For this
section, the flexural stiffness based on 2EI/L is 1600 kN-m/rad. Hence, it can be seen that
the chosen section, which is a reasonable size for a diagona_l bracing member, provides

sufficient rotational restraint to the gusset plate specimens examined in this section.

3.2.2.5 General Design Guidelines

A set of general design guidelines is proposed in this sectionl. It should be noted that these
are based on the elastic parametric studies cited above. Further analytical studies which
take into account the inelastic behavior of the compact gusset plate connections would be
required in order to refine the proposed design guidelines. The general design guidelines

for designing concentrically loaded gusset plate connections subject to compression are:

1) To increase the buckling strength of the gusset plate connections, the use of splice
members which have a high out-of-plane bending rigidity is recommended, e.g., a tee-

section or a channel section. Based on the specimens examined in the parametric
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studies, a splice plate member which has a thickness of four times the gusset plate

thickness is recommended.

2) The splice member should always be extended beyond the bending line and as close to

the beam and column boundary as possible.

3) The use of bracing members with high out-of-plane flexural rigidity is recommended.
Based on the elastic parametric studies of the specimens, a flexural stiffness of 600
kN-m/rad is recommended for the diagonal braciné members. The reduction of the
flexural stiffness of the bracing members due to the axial forces in the members should

be considered in the design.

3.3 Modified Thornton Method
3.3.1 General

The experimental results, the analytical plastic bifurcation buckling loads, the Whitmore
loads, and the Thornton loads of the specimens are shown in Table 3.5. As can be seen
from the table, the Thornton load (Pgo) predictions are generally very conservative: the
ratio of the test loads to the Thornton loads (P/Py3) varies from 1.31 to 1.87. This method
recommends evaluating the critical buckling stress level at the Whitmore effective width (a

30° dispersion an gle), as discussed in Chapter 1.

The tests results and the analyses showed that the yielding of the specimens usually
extended beyond the Whitmore effective width, provided that the specimens were stiff
enough to avoid early instability failure. This suggests that a load redistribution has
occurred in the test specimens. In order to account for this load redistribution behavior in
designing gusset plate connections subject to compression, it is proposed that a 45°
dispersion angle be used to evaluate the effective width, instead of 30°, as shown in Fig.

3.6. The modified Thornton load is then calculated based on the extended effective width
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and the appropriate column curves. It should be noted that the unsupported length of the
unit column strip was evaluated from the end of the splicing member to the beam and
column boundary, since a relatively rigid splicing member was used in the testing program
(see Fig. 3.6). However, the unsupported length of the unit column strip measured from
the effective width section can also be used for a more conservative estimate of the inelastic

buckling strength.

The calculated design loads by the Thornton method based on a 45° dispersion angle,
labeled as Pus, are shown in Table 3.5. Again, the effective length factor, k=0.65 was
used to evaluate the Thornton loads. However, the use of this value is intended to reflect
the plate action that exists in the critical region bounded by fhe beam and column and not to
account for a fixed-fixed boundary condition for the column strip as suggested by Thornton
(1984). It can be seen from the table that a significant improvement in predictions is
obtained using the modified Thornton method, except for specimen SP1. This discrepancy
is attributed to the fact that the SP type specimens did not experience a significant amount
of yielding prior to reaching the ultimate loads. In fact, the ultimate loads of the SP type
specimens are lower than the corresponding Whitmore loads; hence, the load redistribution

concept is not applicable for the SP type specimens.

As shown in Table 3.5, the ratio of test loads to the modified Thornton loads varies from
0.96 to 1.19, excluding SP type specimens. However, the ratio of the test loads to the
Thornton loads, based on a 30° dispersion angle, varies from 1.51 to 1.87. For the
purpose of comparison, the test specimens from Gross (1990) were also analyzed by the
modified Thornton method and the results are shown in Table 3.5. It should be noted that,
according to Grosé (1990), a value of 0.5 was used for the effective length factor to
account for the ideal no rotation end conditions occurring during'his tests. Although three
tests were conducted in the program, in only two tests did the gusset plate fail in

compression. Table 3.5 shows that the test to predicted ratios which are 1.50 and 1.65 for
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the Thornton loads based on 30° dispersion angle, improve to 1.05 and 1.15 for the
modified Thornton method. Hence, it can be seen that the modified Thornton method

produces a better estimate of the compressive strength of the gusset plate specimens.

3.3.2 Proposed Design Method

It is important to note that the modified Thornton method is developed on the basis of load
redistribution due to yielding occurring in the gusset plates prior to stability failure. To
ensure that sufficient yielding occurs in the gusset plate, the elastic buckling load of the
gusset plates must be significantly higher than the corresponding Whitmore load. As
shown in Table 3.6, the ratio of analytical elastic buckling loads (based on finite element
analyses) to the Whitmore loads ranges from 1.51 io 5.33 (excluding the SP type
specimens). The lowest ratio, 1.51, corresponds to specimen GP3. The test results for
specimen GP3 showed that moderate yielding occurred in the gusset plate prior to stability
failure and the ultimate load of the specimen is comparatively higher than the corresponding
Whitmore load. Therefore, it is reasonable to establish a limit for the applicability of the
modified Thornton method: namely, that' the ratio of the elastic buckling load to the

Whitmore load has to be greater than about 1.5.

The evaluation of the elastic buckling loads of the gusset plate connections by the finite
element method is not a practical design procedure. Therefore, it is proposed that the
elastic buckling load of the gusset plate connections be estimated by the Thornton method

(30° dispersion angle) along with the elastic buckling equation of a column, that is:

g

()

a

Oy = (3.1]
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where G, is the critical stress of a column and r is the radius of gyration. The elastic
buckling load estimated by this procedure will be termed the Thornton elastic buckling load
(P1g). The Thornton elastic buckling loads of the test épecimens are shown in Table 3.6.
It can be seen from this table that the Thornton elastic buckling loads are generally higher
than the corresponding elastic buckling loads evaluated by the finite element method. For
specimen GP3, the ratio of the Thornton elastic buckling load to the Whitmore load
increases to 2.1 from 1.51 (which is the ratio of the analytical elastic buckling load to the
Whitmore load). Based on the estimation of the Thornton elastic buckling loads, the design
method for designing concentrically loaded gusset plate connections subject to compression

is:

Poe = Pus i PIE > 20 [3.2a]
: P,
. Pt

Per = Pgo if —= < 20 [3.2b]
P,

where Per is the compressive strength of the gusset plates and all the other terms have been
defined previously.- It is assumed that the general design guidelines presented in Section
3.2.2.5 will also be followed when equation [3.2] is used. If the gusset plate shapes are
significantly different from a rectangular shape, equation [3.2b] is recommended regardless
of the ratio of the Thornton elastic buckling load to the Whitmore load and the length of the
unit column strip as suggested by Thornton (1984) should be used. It should also be
noted that the above design method is based on a limited number of test data and analytical
study. Therefore, further experimental and analytical investigations are required to refine

the design method.

The above design method has also been applied to the test results from Hu and Cheng
(1987). The test results of this investigation are repeated in Table 3.7, along with the

Whitmore loads (P), the Thornton elastic buckling loads (P1g), the Thornton loads (Py30)
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and the analytical elastic buckling loads, assuming an infinite splice plate thickness for the
test specimens. Since the ratios of Ptg to Py, for all the specimens are significantly less
than 2.0, equation [3.2b] should be used to estimate the buckling strength of the
specimens. The Py predictions of the specimens are conservative for three of the four
cases. The overestimation of the buckling load for specimen Cl1 is because the splice plate
used in the test of specimen C1 was only 13.0 mm thick, and this is not sufficient to
provide the required stiffness as recommended in the general design guidelines. To further
investigate this result, the analytical buckling loads (evaluated using ANSYS) with an
infinite splice plate thickness (Pg) are evaluated and shown in Table 3.7. The table shows
that the analytical buckling load of specimen C1 is two times the corresponding test load;
however, the Pyg prediction of specimen C1 is conservative relative to the analytical
buckling load. Hence, it can be concluded that if the recommended general design
guidelines are followed, the proposed design method will provide a conservative estimate

of the compressive strength of gusset plate connections.

3.4 Eccentrically Loaded Gusset Plate Connections

3.4.1 General

The physical tests showed that the failure mode for the eccentrically loaded specimens was
yielding at the splice member and the gusset plate. However, it should be noted that the
yielding at the splice member was recorded during the loading stage whereas the yielding at
the gusset plate was only observed when the applied loéd was very close to the ultimate
load. Rigid plastic collapse analyses were conducted on specimens EP1 and EP2. These
analyses, together with the elastic curves based on the large deflection assumption
(evaluated using ANSYS), provided good estimates of the ultimate loads of the specimens,
as discussed in Chapter 2. However, this method may not be practical in everyday design

since a finite element analysis is required to evaluate the elastic curve.
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According to Hu and Cheng (1987), the strength of the eccentrically loaded specimens can
be evaluated using the beam-column equation for a rectangular cross-section. The beam-

column formula for a rectangular section, as presented in the previous chapter is:
P ’ M = 1 0' 3.3
®) « () = * 3

The ultimate strengths of the EP type specimens estimated by equation [3.3] are shown in
Table 3.8. It should be noted that the beam-column equation only considers the cross-
sectional strength of the splice member. It was also assumed that the total eccentric
moment was resisted by the splice member at the conjunction of gusset-to-splice, which is

a conservative approximation. The detail calculations are contained in the Appendix.

It can be seen from Table 3.8 that the beam-column, equation produces conservative
estimates of the strength of the specimens. The test to predicted ratios range from 1.16 to
2.54. (It should be noted that a linear beam-column equation which used the yield moment
of the cross-section was employed to evaluate the strength of specimen EP3. In this case,
the tee-section splicing member used is a Class 3 section according to the steel design
specification (S16.1)). A reasonable prediction of the strength by the beam-column
equation was obtained for specimen EP3. This is probably because the splice member for
this specimen was relatively rigid and hence more moment was distributed to the splice
member. Therefore, the assumption that the eccentric moment was resisted by the splice

member was quite valid.

For specimens EP1 and EP2, which have relatively slender splice plates, if the assumption
of the distribution of the eccentric moment is modified such that both the splice plate and
the gusset plate share an equal amount of eccentric moment, the ultimate loads estimated by
the beam-column equation are significantly improved. The beam-column ultimate loads of
specimens EP1 and EP2 based on this modified assumption are shown in Table 3.8. It can

be seen that the test to predicted ratios for specimens EP1 and EP2 are greatly improved,
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decreasing from about 2.54 down to 1.42. It is believed that this modified assumption is
still quite conservative since the bending rigidity of the gusset plate is usually larger than
that of the splice plate member and hence more moment will be distributed to the gusset

plate.

3.4.2 General Design Guidelines

Keeping in mind that the number of test data are limited, general design guidelines for

designing the eccentrically loaded gusset plate connections can be set out as follows:

1) Eccentricity of load should be avoided in the gusset plate connections in order to

prevent premature yielding failure of the splice member.

2) If the loading eccentricity cannot be avoided, splice members which have a high out-of-
plane flexural rigidity (such as tee-sections and channel sections) are recommended. In
this case, the beam-column equations for a rectangular cross-section can be used to
evaluate the strength of the splice members. It should be assumed that the total

eccentric moment is resisted by the splice members.

3) If a plate type splice member is used for the eccentrically loaded gusset plate
connections, the beam-column equation for a rectangular cross-section can be used to
evaluate the strength of the splice plate member. It may be assumed that half of the

eccentric moment is resisted by the splice plate member.
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Table 3.1 Buckling Loads of Test Specimens from Hu and Cheng (1987)

Free Case Finite Element Whitmore Load

Specimen Plate Size Buckling Load Buckling Load Py,
(mm X mm X mm) P Pansys (kN)
(kN) (kN)
C1 850 x 550 x 6.7 441.7 604.0 1922
C2 850 x 550 x 3.11 122.4 94.5 424
C3  850x700x 6.7 380.1 332.0 1922
C4 850 x 700 x 3.11 89.6 37.3 424

Table 3.2 Critical Splice Plate Thickness for 850 x 550 and 850 x 700 Specimens

Gusset Plate  Splice Plate  Critical Splice Plate

Specimen Thickness Length Thickness %
Size t SL Sc
(mm) (mm) (mm)
3.11 297 7 2.25
3.1 447 13 4.18
850 x 550 6.7 297 13 192
6.7 447 26 3.88
9.5 297 26 2.74
2:3 447 35 3.68

850 x 700 6.7 447 20 2.99

6.7 552 20 2.99
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Table 3.3a Effects of Splice Plate Length on Buckling Loads for Specimens with a Plate

Size of 850 x 550
. P P
Gusset Plate Size
SL =297 SL = 447 PesL=a47)
and , P(sL=297)
4 Rows of Bolts Six Rows of Bolts
Splice Plate Thickness (kN) (kN)
850 x 550x 9.5
splice plate thickness = 35 1038 2526 2.43
850 x 550 x 6.7
splice plate thickness = 26 378 920 243
850x 550 x 3.11 38.8 95.9 2.47

splice plate thickness = 13

Table 3.3b Effects of Splice Plate Length on Buckling Loads for Specimens with a Plate

Size of 850 x 700
) P P
Gusset Plate Size .
SL = 447 SL = 552 Psi=ss2)
and : P(s1.=447)
Six Rows of Bolts Seven Rows of
Splice Plate Thickness Bolts
kN) (kN)
850 x 700 x 6.7
353 471 1.33

splice plate thickness = 20




Table 3.4 Effects of Rotational Restraint at the Conjunction of Bracing Member
and Gusset Plate

t

Splice Plate Gusset P P
Length (SL) Plate With Infinite Without Rotational
(mm) Thickness Rotational Restraint Restraint
(mm) (kN) (kN)
12.7 1213 346
297 9.50 758 152
6.70 344 55.0
3.11 38.3 5.60
12.7 1275 499
447 - 9.50 849 237
6.70 573 90.7
3.11 95.9 9.65
12.7 1383 619
522 9.50 888 315
6.70 591 128
3.11 144 14.2

Gusset Plate Size = 850 x 550 mm  Splice Plate Thickness = 13.0 mm
E =200 000 MPa
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Splice plate length (SL) Bending Line
<Y
\\\
850 x 500 850 x 500
Splice plate length = 297 mm Splice plate length = 447 mm
N N
N
\\ ° o
\\ A
\\ oo o
N
AN
N
~
N
850 x 700 850 x 700
Splice plate length = 447 mm Splice plate length = 552 mm

Fi g 3.4 Various Splice Plate Lengths for the Specimens
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4. SUMMARY AND RECOMMENDATIONS
4.1 Summary

The finite element method was employed to analyze the test specimens. The finite element
program ANSYS was used in these analyses. An elastic parametric study was conducted
to examine the effects of splice plate thickness, splice plate length, and rotational restraint at
the conjunction of the bracing member and the gusset plate upon the elastic buckling

strength of the gusset plate connections.

The following is a summary of the research findings by the analysis.

1) Plastic bifurcation buckling analyses done using ANSYS give reasonable predictions
of the ultimate loads of the test specimens. The test.to predicted ratios range from 0.76
to 1.12.

2) The ultimate loads of the eccentrically loaded specimens evaluated by the load-
deflection analysis using ANSYS are in good agreement with the test results. The test
to predicted ratios range from 0.97 to 1.05.

3) The rigid plastic analysis, together with the elastic curve evaluated using ANSYS,
provided a good estimate of the ultimate loads of the eccentrically loaded specimens

which used a plate as the splice member.

4.2 Design Recommendations

4.2.1 Concentrically Loaded Gusset Plate Connections

It should be noted that the design recommendations are based on a limited number of test
data and analytical studies. Therefore, further experimental and analytical investigations are
required to refine these design recommendations. The method recommended for desi gning

concentrically loaded gusset plate connections subject to compression is:
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P = Pys if PIE > 20
PW
.. P

Per = Pgp if — < 20

where Per = the compressive strength of gusset plates
Piss(modified Thornton load) = 6; x (2 lytan 45° + s ) t
or = compressive stress of the unit column strip (Fig. 4.1) evaluated using the
column curves in CAN/CSA-S16.1- M89 (Clause 13.3.1)
Puo (Thornton load) = 6, x (2l tan 30° +s ) t

2
E
Prg (Thomton elastic buckling load) = ’;{L 5 X (21ptan 30° +5) t

r
k =0.65

P,, (Whitmore load) = Fy x (2 I tan 30° + s ) t

The dimensions lp, s, L, and t are defined in Fig. 4.1. It is assumed that the general
design guidelines presented in Section 10.2.2.5, which are not repeated here, are followed
when employing lﬁe above design recommendations. If the gusset plate shapes are
significantly different from a rectangular shape, the Thornton load (Pgg) is recommended,
regardless of the ratio of the Thornton elastic buckling load to the Whitmore load, and the

length of the column strip as suggested by Thornton (1984) should be used.

4.2.2 Eccentrically Loaded Gusset Plate Connections

Based on a limited number of test data and analyses, the following general design

guidelines for designing eccentrically loaded gusset plate connections are recommended:

1) Loading eccentricity should be avoided in the gusset plate connections so as to prevent

premature yielding failure at the splice member.



2)

3)

If loading eccentricity cannot be prevented, splice members that have a high out-of-
plane flexural rigidity (such as tee-sections and channel sections) are recommended.
The beam-column equations for a rectangular cross-section can be used to evaluate the
strength of the splice members, assuming that the total eccentric moment is resisted by

the splice members.

If a plate type splice member is used for the eccentrically loaded gusset plate
connections, the beam-column equation for a rectangular cross-section can be used to
evaluate the strength of the splice plate member, assuming that half of the eccentric

moment is resisted by the splice plate member.

4.3 Recommendations for Future Research

In order to develop a set of complete guidelines for designing the compressive strength of

the gusset plate connections, the following areas should be further investigated:

1)

2)

3)

More tests should be conducted to investigate the effects of gusset plate shape, types of
splicing members, and types of bracing members on the ultimate strength and

compressive behavior of gusset plate connections.

Parametric studies on the inelastic compressive behavior of gusset plate connections by
the finite element method should be performed and important design variables should

be identified in order to develop complete rational design procedures.

More tests should be conducted to investigate the compressive behavior of eccentrically
loaded gusset plate connections. Test variables such as the relative stiffness of the
gusset plate and the splice member, stiffener requirements, and the types of splicing

members should be further investigated.
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4) Parametric studies of eccentrically loaded gusset plates should be conducted in order to

develop rational design guidelines for this kind of connection.



t = gusset plate thickness

splice
member
unit column strip
r = radius of gyration k = effective length factor
of unit column strip of unit column strip

_ =L =0.65

Fig. 4.1 Dimensions Required in the Design Method
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Example calculation: Specimen EP1

igid-Plastic Unloading Lin
Splice Plate:
=435 MPa
Pys = 435x 148 x9.5x 107

611 kN

2

Gusset Plate :
=295 MPa

PyG =295x 565 x 13.3x 10
=2217 kN

2
MpG = oy (b—j—)

119

2 2
= 435% (1—4—8—’;—9'—5—)7( 10 =295 x (&5—"41—3—3—) x 10
= 1452 kNmm = 7371 kNmm
ISEEETERPrpp.
From eqn. 9.4 :
- e+ A)+—\/ (e+A) +4 (Mps )(MpS+MpG)
P= MpS [9.4]
? (b "ee?)
Pys
~(11.4+A)+ ¢\/ (11.4 + A)2 1452 7371 1452+7371)
611 2107
Therefore, P=

1452 7371
*“‘)

6112 21072

(114+A)+\/(114+A) + 4 (5.45 x 10-3)(8458)

(2)(5.45 x 10-3)

A 0O 2 4 6 8

P 581 521 471 429 393

362 335 312

12 14 15 16 18 20

302 292 274 238




Beam-Column Equation

Oy =435 MPa e= 11.4mm
Pys = 611kN
MpS = 1452 kNmm

P \2 Mpes\ _
(‘P—y's—) + (MpS) = 1.0

P 2 Px11.4

(ﬁ) ¥ ( 1452 ) = 10

P2 +2931P = 373321

(2931 +-N2931% - 4 x (- 373321))
7

P=
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