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ABSTRACT

The cyclic behavior of steel gusset plates has been examined by an experimental

investigation of full-scale gusset plate connections of a diagol}al bracing member at the

joint of a beam and column. The frame model examined considers a concentric braced

frame where the brace member is designed not to buckle. The energy of the system is

designed to be absorbed by the gusset plate connection. The experimental program

considered the effect of the gusset plate thickness, plate edge stiffeners, gusset plate

geometry, and connection bolt slip on the energy absorption characteristics of the system.

A total of five gusset plate specimens were tested under reverse loading conditions. The

test results were compared to current design practices and to the results of a monotonic

gusset plate test series. The finite element program ANSYS was used to provide an

analytical reference to the observed test results.

Based on the test results it was revealed that the ultimate tensile behavior of the gusset

plate specimens was not significantly adversely affected by the cyclic loading history. In

contrast, it was observed that cyclic loading significantly reduces the ultimate compressive

strength of gusset plates. The tensile strength of gusset plates under cyclic loads can be

accurately determined using the block shear tear-out model. The equivalent column

method provides a conservative estimate of the ultimate compressive capacity of gusset

plates under cyclic loads. Unstiffened gusset plate specimens experienced an unstable

drop in compressive load carrying capacity once overall plate buckling occurs. However.

stiffened gusset plates reveal a stable post-buckling response. It was determined that there

is no rationale for providing for the free formation of a plastic hinge in the geometry of a

gusset plate connected to the framing members on two sides. The gusset plate required to

accommodate the free formation of a plastic hinge results in a reduced stiffness and

buckling load. It is concluded that properly designed and detailed gusset plate



connections appear capable of absorbing significant amounts of energy to validate the

proposed 'strong braced, weak gusset' concentric braced frame model.
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1. INTRODUCTION

1.1 General

Concentric braced frames are one of the most common lateral load-resisting systems for
,

steel buildings. In a concentric braced frame the lateral loads applied to the structure are

resisted by a network of inclined bracing members. Depending on the configuration of the

braced frame, either tensile or compressive loads can be accommodated by the bracing

members. These loads are commonly transferred to the beam and column members of the

frame by gusset plate connections. The gusset plate receives the load from the diagonal

bracing member and transfers it to the main framing members. The delivery of load into

and out of the gusset plate will produce bending, shear, and normal forces in the gusset

plate. Some common configurations of concentric braced frames are shown in Figure 1.1.

When a structure is subjected to reverse lateral load conditions, the bracing members and

the gusset plate connections can be subject to both tensile and compressive load

conditions.

1.2 Seismic Design Considerations

When a steel structure is required to resist seismic load conditions, the design of the

concentric braced frame is governed in Canada by the National Building Code of Canada

1990 (NRCC, 1990) and the provisions ofCAN/CSA-SI6.1 - Limit States Design of Steel

Structures (CSA, 1989). The National Building Code outlines the procedure for

determining the minimum lateral seismic force that is to be applied to the structure. The

determination of the lateral seismic force considers, among others, the nature of the design

seismic event. the fundamental period of the structure, the foundation substrate conditions.

and the type of lateral load resisting system. The type of lateral load resisting system is

included in the design by a force reduction factor, R. Depending on the strength and

ductility of the framing system, the calculated elastic lateral seismic force is reduced by the
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force reduction factor to reflect the inelastic response of the structure. The National

Building Code classifies concentric braced frames as either ductile, nominally ductile, or in

a third category for which no special provisions are made for ductile behavior.

CAN/CSA-S16.l (CSA, 1989) provides detailed provisions for ductile and nominally

ductile braced frames. The CSA standard defmes the design loading to be applied to the

components of the framing system and as well imposes specific member limitations. The

expected behavior for braced frames with concentric bracing is that ductility is provided by

braces yielding in tension or in flexure under compression. In general, the other members

of the framing system are designed to remain essentially elastic. A further discussion of

the energy absorbing mechanism in lateral load resisting systems will be considered in the

next section.

1.3 Energy Absorption in Braced Frames

It is the requirement of the CSA code that ductile braced frames with concentric bracing

have the capacity to absorb energy through the yielding of braces. It will be proposed in

the current research, that an alternate design philosophy is worthy of consideration.

The energy absorption characteristics of traditional braced frames is best understood by

observing the behavior under cyclic loads. A typical horizontal load versus displacement

plot for a one-bay, one-story X-braced frame is shown in Figure 1.2 (Wakabayashi, et al.,

1974). The solid curve line represents the actual test frame behavior under reversed

loading conditions. The observed hysteresis loops are pinched and begin to deteriorate as

the loading cycles increase. This reduced energy absorbing response is a result of the

post-buckling behavior of the compression bracing and the behavior of bent tension

bracing. A more stable inelastic compressive response would be required to improve the

energy absorption characteristic of the frame. In addition, the figure shows the monotonic
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test behavior of the frame specimen (heavy dotted line) and an analytical prediction of the

frame response (light dotted line).

Eccentric braced frames absorb energy in an entirely different manner than concentric,
braced frames. The distinguishing characteristic of an eccentric braced frame is that at

least one end of every brace is connected so that the brace force is transmitted either to

another brace or to a column through shear and bending in a beam segment called a link:

(Figure 1.3). Inelastic activity under severe cyclic loading is restricted primarily to the

links, which are designed and detailed to sustain large inelastic deformations without loss

of strength. In contrast to concentric braced frames, the braces are designed not to

buckle, regardless of the severity of lateral loading on the frame. Because brace buckling

is prevented and because the link: can sustain large deformations without strength loss. full

and stable hysteretic loops similar to those of moment resisting frames are obtained

(Popov and Engelhardt, 1988).

Figure 1.4, reprinted from Popov and Engelhardt (1988), provides a crude comparison

between the hysteresis behavior of a moment resisting frame (MRF). a concentric braced

frame (CBF), and an eccentric braced frame (EBF). The observed difference in cyclic load

behavior is recognized by the National Building Code of Canada (NRCC, 1990). The

favorable energy absorption behavior of ductile moment resisting frames is assigned a

force reduction factor of R =4.0. Eccentric braced frames are designed using an R value

of 3.5, while the reduced energy absorption behavior of concentric braced frames is

evidenced by an assigned R value of 3.0 or less.

The experience gained from eccentric braced frames can be applied to concentric frames in

an effort to improve their energy absorption characteristics. The behavior of concentric

braced frames can be improved if brace buckling can be avoided and the inelastic activity
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can be confmed to an element designed and detailed to sustain large inelastic deformations

without significant loss of strength. The current research attempts to do just that. The

frame model to be examined considers a concentric braced frame where the brace member

is designed not to buckle. The energy of the system is designed to be absorbed by the

gusset plate connection. The gusset plate is designed to yield in tension and to buckle in

compression. In compression, a stable post-buckling behavior is desired for the gusset

plate if an improved energy absorption behavior is to be obtained. It is the behavior of the

gusset plate element under severe cyclic loads that is the focus of this investigation.

1.4 Current Gusset Plate Design

Design specifications in North America currently provide very little guidance for the

design of steel gusset plates. Generally, only design philosophy is provided, with no

specific formulas for evaluating the dimension and thickness of a gusset plate. As such.

the design of gusset plates often draws upon the experience of the structural engineer.

When gusset plates are designed to resist strictly monotonic tension or compression,

CAN/CSA-S6-88 - Design of Highway Bridges (CSA, 1988) states only that gusset plates

shall be of ample thickness to resist shear, direct load, and flexure, acting on the weakest

or critical section. A simple design equation is provided to determine the factored shear

resistance of the gross area of the gusset plate. In addition, a provision is provided to

avoid local buckling of the unsupported edge of a gusset plate. CAN/CSA-S6-88 states

that if the unsupported edge of a gusset plate that may be subjected to compression

exceeds 945/.JFY times its thickness, the edge shall be stiffened. Similar provisions are

also provided in the 1989 Standard Specifications for Highway Bridges (AASHTO, 1989).

The Load and Resistance Factor Design Specification for Structural Steel Buildings

(AISC, 1986) suggests that, if practicable, intersecting axially stressed members shall have
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their gravity axes intersect at one point, otherwise, provisions shall be made for bending

and shearing stresses due to the eccentricity. Design strength for gusset plates is only

considered for tension loading conditions. It is stated that the design strength shall be the

lower value obtained according to the limit states of yielding, fracture of the gusset plate

element, and block shear rupture of the connection. Provisions relating specifically to the

design of gusset plates under seismic conditions are provided in the Seismic Provisions for

Structural Steel Buildings (AISC, 1992). A distinction is made between gusset plates that

are connected to brace members that buckle in-plane or out-of-plane of the gusset plate.

When the brace member buckles out-of-plane it is required that the brace terminate on the

gusset a minimum of two times the gusset thickness from the theoretical line of bending

which is unrestrained by the column or beam joints. This detail is provided to permit the

formation of a hinge line in the gusset plate.

Under seismic loading conditions, CAN/CSA-SI6.I-M89 - Limit States Design of Steel

Structures (CSA, 1989) provides detailed provisions for the design of braced frames. A

required factored resistance for the design of bracing connections is provided. The

resistance of the bolted gusset plate connection is based on the ultimate tensile strength

due to block shear considerations. In addition, it is suggested that gusset plates shall be

detailed to avoid brittle failures due to rotation of the brace when it buckles. This specific

design recommendation, and its origins, will be considered in detail in Chapter 5.

It is evident that the available design specifications provide only minimal support to the

structural designer in his task of conventional gusset plate design. What guidance is

provided is based on the design philosophy that ductile braced frames with concentric

bracing have the capacity to absorb energy through the yielding of braces. This assumes

that the other frame elements, including the gusset plates, remain essentially elastic.

However, when the gusset plate is to be designed as the primary energy absorption
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element, undergoing large inelastic deformations, no design guidelines exist

1.5 Objectives and Scope

In order for the proposed 'strong brace, weak gusset' concentric braced frame to be

effective under seismic loading conditions, the gusset plate must be capable of sustaining

large inelastic deformations without significant loss of load. Therefore, the current

research project was initiated to investigate the behavior of steel gusset plates under cyclic

loads. The main objectives of the project are as follows:

1. Observe the general behavior of gusset plates under cyclic loading conditions

2. Provide experimental data for the various design parameters

3. Improve the compressive behavior of gusset plates under cyclic compressive loads

4. Determine if the ultimate gusset plate capacity under tension is affected by severe

compressive inelastic deformations, and vice versa

5. Determine the feasibility of having the gusset plate as the primary energy

absorption element in a concentric braced frame

6. Establish preliminary design rules, if possible

7. Identify areas requiring further investigation

Because of the complexity of the problem, the research program developed to fulfill these

purposes was primarily experimental in nature. The test results are compared both with

the current design practices and the results of tests performed on gusset plates under

monotonic loading conditions. A limited ftnite element study was conducted to provide a

basis of comparison for the observed test results. The scope of the investigation is limited

to the following:

1. Single gusset plate connections of a concentric braced steel frame were used
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2. All gusset plates were connected to the main framing members along two plate

boundary edges

3. The diagonal bracing member was prevented from buckling

4. Forces that exist in the beam and column were neglected in the test program

5. The gusset plate variables that were chosen for investigation under cyclic loads are

plate thickness, gusset plate geometry such that the formation of a plastic hinge is

facilitated, and the stiffness of the plate free edges

7



a) Diagonal Bracing

b) X-bracing

c) Chevron Bracing (V-bracing)

Figure 1.1. Basic Configurations of Concentric Braced Frames
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2. LITERATURE REVIEW

2.1 Introduction

The current design method for gusset plates is mainly the result of experience, general

practice, and the engineer's intuition. Recent research has attempted to improve the

knowledge of the behavior of gusset plates in an effort to provide a rational design

approach. However, the focus has been only on the behavior under either monotonic

tension or compression. Research into the behavior of steel gusset plates under cyclic

loads is severely lacking.

In this chapter, past work done on gusset plate connections is reviewed. Section 2.2

examines gusset plate research from an historical perspective, while Section 2.3 reviews

recent research into the ultimate load behavior of gusset plates under both monotonic

tensile and compressive loads. The limited investigations of the behavior of gusset plates

under cyclic loads is considered in Section 2.4.

2.2 Early Gusset Plate Research

Early research focused on determining the general elastic stress distribution in gusset

plates. One of the early gusset plate studies that was to prove significant was conducted

by Whitmore (1952). Whitmore tested a one-quarter scale model of a gusset plate

connection from the lower chord of a Warren Truss. A schematic drawing of the gusset

plate prototype is shown in Figure 2.1. Experimental tests were performed on aluminum

gusset plate models and stresscoat tests were performed using masonite specimens. Based,

on his experiments, Whitmore determined that the location of the maximum tensile stress

is near the end of the tension diagonal and the maximum compressive stress is near the end

of the compressive diagonal. Whitmore also concluded that using beam formulas to

determine the direct, bending, and shearing stresses on a plane through the ends of the
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diagonals does not accurately reflect the stress condition in gusset plates. Based on his

observations, Whitmore found that the maximum tensile and compressive stresses could

be approximated quite closely by assuming the force in each diagonal to be uniformly

distributed over an area obtained by multiplying the plate thickness by an effective length

normal to the axis of the diagonal. This effective length is obtained by drawing 30° !ires

from the outside bolts of the first row, to intersect with a line perpendicular to the member

through the bottom row of bolts. This concept compares quite well to test results and has

since been used as one of the primary tools in gusset plate design. An estimate of the

gusset plate yield load can be determined by multiplying the yield stress by the plate area

at the effective width section. The method of determining the 'effective width' is

illustrated in Figure 2.2.

Subsequent investigations attempted to confirm Whitmore's fmdings. Irvan (1957)

investigated the primary stress in the double gusset plates of a Pratt truss. The locations

of the maximum stresses were similar to Whitmore's. However, his method of estimating

the maximum stress was slightly different than Whitmore's. A further study by Hardin

(1958) of a gusset connection of a Pratt truss confirmed lrvan's [mdings. Finite element

studies were first performed by Davis (1967) and Vasarhelyi (1971) to determine the

elastic stress distribution in gusset plates. Davis performed his study on the gusset plate

model used by Whitmore and confirmed his results. Vasarhelyi performed tests and elastic

[mite element analyses on a scale model of a Warren truss. He found that the maximwn

stress determined by various simplified analytical methods are only slightly different; the

only deviations are in the location of the maximums.

2.3 Monotonic Gusset Plate Behavior

More recent research has concentrated on the behavior of gusset plates under ultimate

load conditions. This section will consider the body of research that has addressed the
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problem of ultimate gusset plate capacity under monotonic loads, both tensile and

compressive.

Thornton (1984) presented an approach to the design of vertical bracing connections

based on satisfying the dual requirement of equilibrium and yield, with sufficient attention

given to stiffness to preclude buckling and failure. Thornton considered all components of

a typical bracing connection. To determine the gusset plate ultimate strength under

tension, he considered the tear-out of the gusset plate. The capacity is related to the block

shear requirements of the 1978 AISC Specification. The tear-out capacity is based on the

net section with hole size taken as bolt diameter plus 1/16 inch. In compression, Thornton

considered gusset plate buckling by establishing the capacity of an equivalent column

section. This method considers an imaginary fixed-fIXed column strip (effective length

coefficient, k=O.65) of unit width below the Whiunore section. The length of the column

strip may be taken as the largest of Ll' LZ, and L3 as defmed in Figure Z.3. This strip is

used to determine an equivalent slenderness ratio. Alternately, Thornton suggests that a

shorter length, such as the average of L1' LZ' and L3 may give a more reasonable,

approximation of the buckling strength. Thornton originally presented his approach as an

allowable stress method. From an ultimate strength perspective, the compressive buckling

resistance of the gusset plate can be evaluated according to the column curves in the

CAN/CSA-S16.1-M89 standard (CSA, 1989) using the Whiunore effective width

(Whiunore, 195Z) as the column area and the equivalent slenderness from the fIXed-fIXed

column strip. Thornton states that this approach is conservative because it ignores plate

action and the post-buckling strength of plates.

The behavior of gusset plates under tensile loads was isolated by Bjorhovde and

Chakrabarti (1985). The joints that were tested were full-scale single gusset plate

connections of a diagonal bracing member at the joint of a beam and column. Six tests
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were performed. with three tests each at two different plate thicknesses and three different

bracing member angles. For the type of bracing connection examined, the primary failure

mode of the gusset plate was a tear across the boltom bolt holes of the splice connection.

It was also determined that the type and location of the gusset pla~ boundaries, combined

with the load transfer mechanism into the plate. have important secondary effects on plate

buckling and associated out-of-plane bending.

Hardash and Bjorhovde (1985) continued the study of gusset plate capacity under tensile

loads. In order to develop an ultimate strength approach to the design of gusset plates.

test results from the University of Arizona, the.University of Illinois, and the University of

Alberta were incorporated into the evaluation. For all 42 gusset plate specimens, a tensile

tear across the last row of bolts was observed, regardless of the strength parameters, hole

size, or plate material. It was concluded that the governing block shear model is one

incorporating the tensile ultimate strength. Fu' on the net area between the last row of

bolts. and a uniform effective shear stress, Feff. acting on the gross area along the outside

bolt holes (Figure 2.4). The set of equations developed to give the nominal ultimate

resistance, Rn• of a gusset plate loaded in tension are as follows:

Rn = FuSnett + 1.15FeffLt

Feff =(1-Cl)Fy + CIFu

CI =0.95 - 0.047 L ( L in inches)

It was discovered that the shear stress distribution is not uniform, but rather depends on

the particular connection geometry and material. The variation in the shear stress

distribution is accounted for by a connection length factor. CJ. If Cl equals zero, then the

effective shear stress equals the shear yield stress. and if Cl equals one, then the effective

shear stress equals the shear ultimate strength.

Williams and Richard (1986) conducted analytical and experimental studies to develop
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design procedures for steel gusset plates in diagonally braced frames. The study

considered both the tensile and compressive behavior of gusset plates. The analysis

included the nonlinear behavior of the fasteners and the frame to which the gusset plate is

attached. Finite element results demonstrated that the additional stiffness provided by the

gusset plate cause the beam to develop end moments equivalent to a haunched ftxed-end

beam. To determine the tensile capacity, Richard developed a block shear model in which

it is assumed that the plate will fail along the gross section of the bolt pattern in large

diagonal connections. The strength of the gusset plate in tension may be determined by

combining the tensile stress resultant acting at the end of the bolt pattern with the shear

stress resultants acting along the sides of the bolts. In the case of bracing connections

with less than six rows of bolts, it is suggested that it may be appropriate to use the net

shear area, as opposed to the gross shear area, in the block shear model. Design equations

were also generated to predict the gusset-to-frame fastener force distribution. It was

determined that fastener forces do not act in pure shear as is commonly assumed in current

design procedures. In compression, the ftnite element analysis was limited to linearly

elastic behavior.

Full-scale diagonal bracing members were tested by Cheng and Hu (1987) at the

University of Alberta. The compressive behavior and elastic buckling strength were

examined. The gusset plate parameters considered in the investigation were plate

thickness, geometric conftguration, boundary condition, and out-of-plane eccentricity. All

concentrically loaded tests failed in plate buckling. The eccentrically loaded specimens

failed in plate bending of the splice plates. Attempts were, made to correlate the eccentric

loading tests with beam-column formulas and the concentric loading test results with the

fmite element program BASP (Akay, et al., 1977). The analytical predictions were in

reasonable agreement with the test results. The available design methods were found to

be inappropriate for determining the compressive behavior and failure of gusset plates.

16



Additional analysis of the test results was performed by Cheng, et al. (1993). A finite

element analysis by the program ANSYS gave reasonable predictions of the elastic

buckling strength of the gusset plate test specimens. Furthermore, the splice member

connection length and the thickness of the splice member were found to affect the elastic

buckling strength of the specimens. Increasing the length of the splice member

connection, or the thickness of the splice member, results in an increase in the elastic

buckling strength.

An experimental program was undertaken by Gross (1990) to determine 1) the influence

of the members framing into the connection on the behavior and strength of the

connection, 2) the effect of connection eccenuicity on gusset plate capacity and the

distribution of forces to the framing members, and 3) the difference in performance

between a connection made to the column flange and one made to the column web. The

behavior of three nearly full-scale braced steel subassemblies were studied experimentally.

It was determined that computing gusset plate buckling using the equivalent column

method with a value of k=O.5 appears to be conservative. Additionally, gusset tear-out

capacity is predicted very closely using the block shear approach. It was found that the

eccentric connection, which had a compact gusset plate, had a higher buckling capacity

than larger concentric gusset plates, and that the gusset plates produced a nearly fixed

condition for the beam to column connection.

Additional gusset plate research was performed at the University of Alberta by Cheng and

Yam (1991). Test were performed on five gusset plate specimens in order to determine

the inelastic behavior of gusset plates under compressive loads. Each specimen was tested

under two conditions, the free case and the fixed case. For the free case, the diagonal

bracing member was allowed to move out-of-plane relative to the test frame. For the

fixed case, both the test frame and the diagonal bracing member were restrained from
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moving out-of-plane. The paper presents the results of the inelastic specimens tested by

Cheng and Yam and reviews the test results of the elastic specimens tested by Cheng and

Hu (1987). It was determined that the plate thickness and plate size affect the buckling

strength of the gusset plate significantly. The failure mode for the free case tests was

sway buckling of the gusset plate connection, while the failure mode for the fixed case was

local buckling of the free edges of the plate. The out-of-plane restraint had a lesser effect

on the inelastic buckling strength of the specimens while the elastic buckling strength was

greatly affected by the restraint. The test results show that the Whitmore effective width

concept overestimates the strength of the specimens that failed in elastic buckling, but

underestimates the inelastic buckling strength. In addition, the Thornton equivalent

column method produced a large margin of safety for the gusset plate specimens that

failed in inelastic buckling.

Cheng and Yam are considering the effect of the framing members, brace angle, and

eccentric loading conditions on the compressive behavior of gusset plates. This phase of

the research is currently in progress at the University of Alberta.

2.4 Cyclic Gusset Plate Behavior

Research into the cyclic behavior of steel gusset plates in concentrically braced frames is

severely lacking. One of the most relevant studies in this area is a series of experimental

investigations conducted at the University of Michigan. Astaneh-Asl, et al. (1981)

conducted an experimental study to investigate the cyclic behavior of bracing members

made of double angles connected to end gusset plates by fillet welds or high strength

bolts. However, only the preliminary results from the welded specimens are included in

this report. Two types of specimens were made. Brace angle specimens with long legs

back-to-back buckled out-of-plane, whereas specimens with short legs back-to-back

buckled in-plane. The specimens were tested under quasi-static cyclic deformations to
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simulate the effects of strong earthquakes. Although the study focused on the brace

member behavior, gusset plate behavior was also monitored. Observations from the in­

plane specimen tests revealed that no major plastification occurred in the gusset plates and

they behaved mostly elastic until the end of the test. Observations from the out-of-pl,ane

specimen tests showed that during post-buckling deformations the rotation of the plastic

hinges in the gusset plate is about an axis normal to the axis of the brace member. From

the study, it was discovered that the portion of the gusset plate connected to the angles

must be allowed to rotate freely about the axis of the hinge. Any restriction to this

freedom would cause early fractures in the gusset plate. As such, it was concluded from

the tests that an optimum free length of 2t, where t is the thickness of the gusset plate, was

necessary for the free space in the gusset to prevent its premature fracture. Figure 2.5

shows the type of gusset plate employed in this study and the recommended free length of

gusset plate required to allow free rotation about the plastic hinge.

A further research paper by Astaneh-AsI, et al. (1985) focuses on the out-of-plane

specimen tests. The results of both the welded and bolted specimens are included in this

report. It was observed that three plastic hinges formed in all test specimens. One hinge

formed at midspan of the brace and one in each end gusset plate. The formation of plastic

hinges in the end gusset plates was due to the relatively small strength and stiffness of the

gusset plate in out-of-plane bending, compared to that of the double-angle member. The

combined effect of bending and axial load in the post-buckling region caused yielding in

the gusset plate before the angles. It was noticed that the brace buckling load decreased

significantly from the first to second cycle. In further cycles, however, the rate of

decrease in buckling capacity was reduced. The conclusions of Astaneh-AsI, et aI. (1981)

are reiterated. It is stated that not only must plastic hinges in the gusset plate be free to

form, but there must be enough free length of the gusset between the ends of the angles

and the comer of the gusset. The free length of 2t is again advised.

19



The cyclic behavior of gusset plate connections in V-braced frames was studied by

Astaneh (1992). To improve the behavior of V-braced frames, this study suggests that

shear inelasticity of the gusset plate connection be utilized as a reliable and stable source

of ductility and energy dissipation. The experimental part of the research consisted of

subjecting three gusset plate connections to cyclic loading. It was observed that the

specimen with the largest eccentricity of point of intersection of members behaved in the

most desirable manner, while the behavior of the typical concentric connection used in V­

braced frames was relatively brittle and undesirable. In the specimen with the largest

eccentricity, the governing failure mode was the shear yielding of the gusset plate which

was a very ductile and stable energy dissipating mechanism. Additionally, a capacity

design approach is proposed. The main component of the design philosophy is to make

the shear yielding of the gusset plate the weakest link in the system. It is expected that the

gusset plate will yield before the buckling of the bracing member and that the inelastic

shear deformation of the gusset will result in a more ductile bracing system.

Research into the behavior of connections for seismic-resistant eccentrically braced frames

(EBFs) is described by Engelhardt and Popov (1989). Although brace connections in

EBFs may be subject to a significantly different stress environment than brace connections

in concentrically braced frames, the observed gusset plate behavior is worthy of note. It

was observed that large compressive stresses were produced along the edge of the gusset

plate nearest the link region. In order to preclude gusset plate buckling, stiffeners were

provided along the edge of the gusset plate. The improved gusset plate detail performed

well under cyclic loading.

The current test program by the author is a continuation of the gusset plate research

conducted at the University of Alberta. Cheng and Hu (1987) considered the elastic

buckling of gusset plates, while Cheng and Yam (1991) are currently considering the
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inelastic compressive behavior. The current study on the cyclic behavior of steel gusset

plates draws upon the experienced gained in these previous investigations.
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Figure 2.4. Block Shear Tear-out Model



Figure 2.5. Gusset Plate Studied by Astaneh-Asl, et al. (1981)
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3. EXPERIMENTAL PROGRAM

3.1 Introduction

The purpose of the experimental program was to investigate the general behavior of

gusset plate connections in a braced steel frame under cyclic loading conditions. A

bracing system subjected to cyclic loads may fail either in the bracing member itself or in

the gusset plate which connects the bracing member to the beam and column. The

proposed 'strong brace, weak gusset' model to be examined in this investigation considers

a concentric braced frame where the brace member is designed not to buckle. In such a

case, the bracing member acts as a restraining member to provide rotational restraint to

the gusset plate. The assumption was made in designing the present experimental program

that the gusset plate would fail prior to the bracing member and that the rotational

restraint provided by the bracing member is effectively infmite.

3.2 Preliminary Considerations

The experimental program was designed to represent the conditions of actual gusset plate

connections. Thus, full-scale single gusset plate connections of a diagonal bracing

member at the joint of a beam and column were used. The variables of this kind of

connection include plate thickness, plate size and configuration, plate boundary conditions,

angle of bracing, type of connection (welded or bolted), cross-section of bracing member,

length of splice member. In order to simplify the problem, the test parameters considered

were gusset plate thickness, stiffness of the free edge of the gusset plate, and the geometry

of the gusset plate such that the free formation of a plastic hinge is facilitated. These

parameters were considered to be the most significant in examining the overall behavior of

the connection under cyclic loading.

The connection details that were maintained constant throughout the test program were
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designed to best represent the conditions of actual gusset plate connections. The most

common bracing angles in practice range from 30 to 60 degrees. As such, a 45 degree

bracing angle was used in this program. It was chosen to connect the brace member to the

gusset plate through the use of a splice member. A bolted connection was used to connect

the splice member to the gusset plate and the gusset plate itself was directly welded to the

beam and column members in the braced frame assembly. All gusset plates were loaded

concentrically through the brace member.

3.3 Specimen Description

A series of five specimens was tested in the experimental program. The plate size and

thickness of the test specimens are listed in Table 3.1 and a typical gusset plate specimen is

shown in Figure 3.1. All specimens were fabricated from CSA G40.21-M 300W

structural quality steel. Two different thicknesses of gusset plate, 9.32 rnm and 6.18 rnm,

were used in the test program. The test specimens were rectangular in shape with the

exception of Specimen A-5, which was designed to allow the free formation of a plastic

hinge under compressive buckling deformations. Based on the recommendation of a

previous research investigation (Astaneh-Asl, et al., 1985), a plastic hinge region of width

of 2t, where t is the thickness of the test specimen, was provided for at the base of the

splice member connection. The modified geometry of Specimen A-5 is illustrated in

Figure 3.2.

In order to investigate the effect of the stiffness of the free edge of a gusset plate,

stiffeners were welded onto the.free edges of Specimen A-3 and A-4. 50 x 9.32 mm

stiffeners were used on Specimen A-3, while 50 x 6.18 mm stiffeners were used for

Specimen A-4. The dimensions of the plate stiffeners were designed such that the strong

axis (out-of-plane) bending stiffness of the stiffener was proportional to the thickness of

the individual test specimen. Free edge stiffeners were added in an attempt to increase the
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energy absorbing capacity of these specimens.

In all cases, two Tee-sections (WTl25x22.5) and two 10 nun thick plates were used as a

splice member to ensure that the gusset plate failed prior to the splice assembly. The 9.32

nun specimens were connected to the splice member with five rows of 7/8" diameter

ASTM A325 high strength bolts designed for bearing. Due to the loads anticipated in the

connection, all 9.32 nun thick specimens were expected to experience bolt slip in the

gusset plate to splice member connection during the cyclic loading history. The 6.18 mm

thick specimens utilized 7/8" diameter ASTM A490 bolts in order to achieve a slip-critical

connection. All bolts were pretensioned using turn-of-nut tightening as specified in

CAN/CSA-S16.1-M89, Clause 23.5 (CSA, 1989). The calculated slip-resistance of all

gusset plate to splice member connections are recorded in Table 3.2. All specimens were

designed to be loaded at 45 degrees by the bracing member and all specimens were

directly welded to the beam and column members. In the design of the weld connection,

the force distribution between the gusset plate and the beam and column members was

based on a model proposed by Williams and Richard (1986). In connecting the gusset

plate specimens to the frame members, a 10 mm ftilet weld was used for the 9.32 mm

specimens and an 8 mm ftllet weld was used for the 6.18 mm specimens.

3.4 Test Set-up

A gusset plate connection under cyclic loading conditions might deform out-of-plane due

to compressive loading as shown in Figure 3.3(a). The upper end of the gusset plate.

which is connected to the brace member, moves out-of-plane. However. the lower end of

the gusset plate, which is welded to the frame members, remains in-plane due to the

restraint provided by the steel frame. This boundary condition can be simulated by the

frame assembly shown in Figure 3.3(b). In this case, the bracing member and the upper

end of the gusset plate remain fixed in-plane, while the lower end of the gusset plate is
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allowed to move out-of-plane along with the frame assembly. To simplify the test set-up,

the simulation of Figure 3.3(b) was used. To further simplify the test set-up, the forces

that would normally exist in the framing members under lateral loading conditions were

neglected in the testing program.

The test set-up is shown schematically in Figure 3.4. The cyclic test loads were applied by

the MTS 6000 testing machine. Two W31Oxl29 steel sections were used as the beam and

column members in the test frame assembly. The frame assembly was then bolted to a

WWF400x202 distributing beam in order to transfer the specimen loads out to the test set­

up reactions. The diagonal bracing member (W250x67) was restricted to vertical

displacements in the plane of the test specimen by the restraint provided by two lateral

bracing roller assemblies. The roller assemblies were fixed to the frame of the MTS

testing machine and restrained the brace member at the contact points shown in Figure

3.4. The test frame, with the specimen in place, was then sandwiched between a set of

rollers at each end of the set-up to allow it to sway laterally out-of-plane under both

compressive and tensile loading (Figure 3.5). The compressive reactions were transferred

directly to the strong floor of the test lab, while the tensile reactions were resisted by a

tension reaction frame as shown in Figure 3.6. To prevent a sudden kicking out of the test

frame a guided rod mechanism was affixed to each end of the distributing beam. The

movement of the guided rod mechanism was monitored throughout the testing to allow

unrestrained sway of the test frame. Figure 3.7 is a photograph of the assembled test set­

up, with the tension reaction frames removed.

3.5 Instrumentation

The specimens were instrumented using linear variable displacement transducers (LVDT),

cable transducers, strain gages, and dial gages. In order to measure the strain distribution

in the gusset plate, strain gages were placed on each specimen in pairs, one on either side
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of the gusset plate. The location of the strain gages was decided on the basis of previous

gusset plate test experience. In addition, a pair of rosette strain gages were placed on

either side of the test specimens at the possible location of the maximum normal stress.

The strain gage locations were the same for Specimens A-I through A-4, while the gage

locations were modified for Specimen A-5 due to the unique geometry of that specimen.

The locations of the specimen strain gages are shown in Figures 3.8 and 3.9.

LVDTs were used to monitor both the out-of-plane and in-plane displacements of the

gusset plate specimens and the test frame assembly. The out-of-plane buckled shape of

the specimen plates were monitored by three sets of LVDTs which recorded the deformed

shapes of the two free edges of the gusset plates and the center line of the loading path

(Figure 3.10 and 3.11). In the in-plane direction, a pair of LVDTs were used to record

the axial displacement of the gusset plate itself. An additional pair of LVDTs were used

.to monitor the axial displacement of the splice member and to observe the behavior of the

proposed fixed boundary condition. By monitoring the axial displacement of both the

gusset plate and the splice member, the deformation and bolt slip in the splice member to

gusset plate connection could be isolated. In addition, an LVDT was used to record the

axial displacement of the brace member relative to the distributing beam to confmn that

the brace member to splice member connection was performing adequately. The locations

of the axial displacement LVDTs are shown in Figure 3.12. All axial displacement LVDTs

were referenced to the distributing beam.

In order to monitor the effectiveness of the out-of-plane restraint provided to the brace

member, a pair of LVDTs were used to record the out-of-plane displacement of the brace

member at the lateral brace location. In order to record the out-of-plane sway of the test

frame, an LVDT was positioned on the distributing beam at the point of load application.

In addition, dial gages were positioned at each end of the distributing beam to monitor the

31



lateral and longitudinal twist that might develop in the test frame. Finally, the centerline

deflection of the distributing beam was recorded using a cable transducer. The location of

the test frame instrumentation is detailed in Figure 3.13. All in-plane LVOTs and most

out-of-plane LVOTs were placed on a support frame affixed to the distributing beam at

the point of load application, as shown in Figure 3.14. The remaining LVOTs were

affixed to the frame of the MTS testing machine.

The cyclic load applied to the test specimens was monitored by the intemalload cell of the

MTS 6000. Furthermore, load cells were incorporated into the tension reaction at both

ends of the test set-up. Under tension loading, the MTS load was compared to the sum of

the loads recorded at the tension reactions. The MTS load was in strong agreement with

the loads recorded at the reactions. Therefore, the statics of the systems are confmned

and all loads are accounted for. The specimen load as recorded by the MTS 6000 testing

machine was used in the test results. Load cells were not incorporated into the

compression reactions due to stability considerations.

The electronic readings generated from the strain gages, LVOTs, load cells, and the MTS

testing machine were continuously monitored by the Fluke data acquisition system. Dial

gage readings were monitored manually at regular intervals throughout the testing. In

addition, a whitewash coating was applied to all specimens in order to visually observe the

yielding process.

3.6 Test Procedure

The cyclic test loads were applied and controlled by using the MTS 6000 testing machine.

All specimens were tested under reverse loading conditions. Each test began with a series

of cycles in the elastic range. Elastic cycles were conducted at 10% and 50% of the

expected tensile yield load based on the Whitmore yield capacity and the nominal material
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properties (Fy=300 MPa). The procedure for calculating the Whitmore yield capacity of a

gusset plate is outlined in Section 2.2. During each cycle, the specimen was initially

loaded in tension to the desired maximum cycle load level. The specimen was then

unloaded from tension and cycled. through zero to the same load level in compression.

Two cycles were conducted at each elastic load level. The first cycle was loaded in a

start-stop fashion with the testing stopped at regular intervals for electronic data

acquisition. The second cycle at each load level was tested under continuous loading

conditions; the loading was only stopped at the peak tensile load, zero load, and the peak

compressive load during each cycle so that qualitative specimen observations and dial

gage readings could be recorded.

The inelastic loading sequence for all specimens began with a set of yield level cycles at

100% of the expected nominal tensile yield load. The loading procedure in the inelastic

range varied slightly between the specimens tested. In general, subsequent inelastic cycles

were conducted under increasing levels of specimen axial deformation. The specimen

axial deformation was monitored using the LVDTs attached to the splice member, such

that the bolt slip in the connection, if any, would be included in the determination of the

cycle axial deformation level.

During each cycle, a specimen was initially loaded in tension to a predetermined level of

axial deformation. The specimen was unloaded from tension and then deformed in

compression to the same axial deformation level, as referenced to the specimen

deformation level recorded after tension unloading of the same cycle. For the 6.18 mm

thick specimens (Specimen A-2 and A-4) the axial deformation level for all inelastic cycles

was based on intervals of a yield load deformation, tiy' as computed from the maximum

tensile deformation attained during the nominal yield level cycles. Since bolt slip was

anticipated in the 9.32 mm specimens (Specimen A-I, A-3, and A-5), no reference could
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be made to a nominal yield level defonnation. As such, the cycle axial defonnation level

was increased in roughly evenly spaced intervals over the course of the inelastic loading.

The level of axial defonnation was increased in subsequent cycles until the tensile failure

of the specimen was achieved. Failure in tension was signified by a decrease in specimen

load carrying capacity under increasing MTS machine stroke. The test was concluded by

loading the specimen in compression until an excessive level of compressive plate

defonnation was obtained. The test loading was limited by the level of out-of-plane

defonnation that was able to be accommodated by the test set-up.

All inelastic cycles were tested under continuous loading conditions, with the exception of

the testing of Specimen A-I. It was originally thought that the effect of continuous versus

stop-start loading on the specimen behavior could be investigated in the test program. As

such, the loading scheme for Specimen A-I involved a set of three cycles at each axial

defonnation level in the inelastic range. The fIrst cycle was loaded in a stop-start fashion

with the testing stopped at regular intervals for electronic data acquisition. The other two

cycles of the set were loaded continuously. However, when the axial defonnation level is

held constant for successive inelastic cycles, there is inadvertently an observed drop in the

load carrying capacity due to inelastic straining and residual defonnations. Consequently,

no significant infonnation could be obtained from this cycle loading scheme. Therefore,

inelastic loading cycles of increasing axial defonnation, with no cycle repeats, were

employed in the testing of all remaining specimens.

The test loading for all elastic cycles, including the yield level cycle, were conducted under

MTS load control, while the inelastic cycles were conducted under MTS stroke control.

The cycle loading rate under load control ranged from 25 kN/min to 100 kN/min. Under·

stroke control, the stroke loading rate ranged from 0.5 mmlmin to 2.0 mm/min, as

measured by the stroke of the MTS 6000 testing machine. It has been shown that the
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behavior of steel structures is relatively unaffected by moderate variations in the loading

rate within the range of loading rates employed in this investigation (Davis, et aI., 1982).

Therefore, the loading rates chosen reflects values that enabled careful and controlled

observation of the specimen throughout the testing process.

35



Table 3.1. Specimen Description

Test Plate Size Thickness Specimen

Specimen (mmxmm) (mm) Test Parameter

A-I 550 x 450 9.32 Basic Plate

A-2 550x 450 6.18 Basic Plate

A-3 550x 450 9.32 Stiffened Free Edge

A-4 550 x 450 6.18 Stiffened Free Edge

A-5 550x 450 9.32 Free Formation of Plastic

Hinge Facilitated
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Table 3.2. Slip Resistance of Gusset Plate to
Splice Member Connection

Slip Resistance (kN)
Test Connection 5% Probability of Slip ...

Specimen Details
Class A Surface Class B Surface
Clean mill scale Blast-cleaned

9.32mm 10 - ASTM A325 918 1510
Specimens 7/8 in. Bolts

6.18 mm 10 - ASTM A490 1096 1810
Specimens 7/8 in. Bolts

... As per CAN/CSA-SI6.I-M89. Clause 13.12
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(a) Bracing member and upper end of gusset plate
defonn out-of-plane due to buckling

(b) Steel frame and lower end of gusset
plate move out-of-plane
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Figure 3.3. Simulation of Boundary Conditions
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Figure 3.5. Test Set-up Reactions
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Figure 3.9. Strain Gage Layout of Specimen A-S
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Figure 3.10. Out-or-plane LVDT Locations
Specimens A-I to A-4
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Figure 3.11. Out-of-plane LVDT Locations for Specimen A-5
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4. EXPERIMENTAL RESULTS

4.1 Introduction

The results of the experimental program are presented in this chapter. The material

properties of the test specimen are discussed in Section 4.2. The results of the gusset

plate tests are presented in Section 4.3. The full test behavior of each specimen will be

presented. This chapter will focus on the physical behavior of the specimens during the

cyclic loading as well as consider the load versus defonnation response, the buckled

configuration, and the observed strain distribution of the specimens. Further discussion of

the test results in relations to the test parameters will be covered in Chapter 5.

4.2 Material Properties

Table 4.1 lists the values of the elastic modulus, the static and dynamic yield levels, and

the dynamic ultimate strength as detennined from tensile tests on coupons taken from the

material used in the test specimens. Four coupons were fabricated from each of the plate

thicknesses utilized. A 200 mm gage length was used for all material tests. Two coupons

from each plate were tested in the direction parallel to the sheet steel rolling direction (a),

while the remaining two coupons were tested in the perpendicular direction (b). The test

values from each plate direction and the average values from the four coupons tested are

reported. As expected, higher strengths were observed from the coupons tested parallel

to the rolled direction of the steel plate. However, the response of the specimens should

not be significantly affected by the orientation of the plate material with respect to the

rolled direction since a 45 degree brace angle was chosen for the testing program.

Consequently, average material properties will be utilized in the analysis of the gusset

plate test results. A typical plot of stress versus strain for the material tested is shown in

Figure 4.1 and reveals the characteristic behavior of mild structural steel. All coupon tests

were conducted in accordance with ASTM standard A370-92 (ASTM, 1992).
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4.3 Test Results

The ultimate tensile and compressive loads attained during testing are recorded in Table

4.2. The ultimate load is defmed as the maximum load level reached by a specimen

throughout its cyclic loading history. The test results of each specimen are presented in

tum in Section 4.3.1 through Section 4.3.5. The discussion of each specimen will first

focus on the physical response of the specimen during testing and will then consider the

load versus deformation response, the buckled configuration, and the observed strain

distribution within the specimen. Additional test data, including the gusset plate load

versus deformation response and the load versus out-of-plane displacement of the test

frame, is provided in Appendix A

4.3.1 Specimen A·l

Specimen A-I is a basic, unreinforced gusset plate specimen of 9.32 rom thickness. Ten

7/8" diameter ASTM A325 high strength bolts designed for bearing were used to connect

the splice member to the gusset plate.

The load versus axial displacement response of Specimen A-I throughout its loading

history is shown in Figure 4.2. The area under the load-deformation curve is a measure of

the energy absorbed by the gusset plate throughout the cyclic loading. Plotted here is the

average axial displacement of the gusset plate assembly. The displacement was recorded

by the LVDTs attached to the splice member and referenced to the distributing beam. The

recorded displacement includes the deformation of the gusset plate, the splice member,

and the slip in the splice member to gusset plate connection, if any. The same general

specimen behavior can be observed from a plot of the load versus axial displacement

behavior of the gusset plate itself (Appendix A, Figure A-I). Although the influences of

the splice member to gusset plate connection slip and the local bearing deformations in the

gusset plate are absent, the same general specimen response is observed.
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By examining the tension portion of the loading in Figure 4.2, it is observed that the

specimen response under tension is relatively stable; as the axial defonnation level is

increased the load carrying capacity of the specimen is maintained. Conversely, in

compression, the overall plate buckling of the specimen is accompanied by a sudden

increase in axial defonnation and a significant drop in load carrying capacity. Although,

the cyclic specimen loading was not continued very far into the post-buckling range, it can

still be observed that there is a deterioration of the compressive load carrying capacity as

the cyclic axial defonnation level and the specimen out-of-plane defonnations increase. A

photograph of the failed specimen and the final yield line pattern is shown in Figure 4.3.

Figure 4.4(a) shows the specimen load versus defonnation response of the gusset plate

assembly during the elastic portion of loading, Cycle #1-7. As expected, no yield lines

were observed on the specimen during the elastic cycles. During the tension loading of

Cycle #5, at a load of approximately 1000 kN, boIt slip occurred in the fasteners in the

splice member to gusset plate bolted connection. Due to the slack created in the loading

system, the observed load dropped during the slip process. Upon completion of the initial

bolt slip, the specimen once again began to pick up load.

As the testing progressed, the splice member to gusset plate connection underwent

slippage twice during every test cycle, once during tension loading, and once again when

the specimen was cycled through into compression. The connection slipped in several

small steps as various portions of the connection were each brought into bearing in tum.
,

In the load versus axial displacement plot of Figure 4.2, the bolt slip experienced during

the tensile and compressive portions of each loading cycle appear as a series of plateaus on

the loading curve. Although the overall response of the specimen varies with the cycle

axial defonnation level, the load at which slip occurs, and consequently the dynamic slip

level, appears roughly constant throughout the loading history.

54



Figure 4.4(b) shows the load versus deformation response of the specimen during the

inelastic loading cycles up to the onset of plate buckling. Cycle #8-13. The first visible

signs of yielding were recorded on the specimen along the welded boundary between the

gusset plate and the frame assembly. Yielding was indicated by the flaking of the

whitewash coating on the specimen. Yielding in this region appeared to be due to the

restraint provided by the welded boundary as the specimen began to deform out-of-plane.

As the cycle axial deformation level increased. yield lines developed on the gusset plate

about the sides of the splice member at the mid-height of the connection. This indicated

the yielding of plate material in the connection under both tensile and compressive bolt

bearing deformations. Yield lines about the base of the splice member revealed the

beginning of a plate buckle stretching from the bottom comer of one free edge. extending

beneath the splice member. to the bottom corner of the other free edge.

During the compressive loading of Cycle #13. overall plate buckling occurred. The long

free edge of the gusset plate buckled. allowing the specimen to deform signillcantly out­

of-plane. The load carrying capacity of the specimen dropped signillcantly after overall

plate buckling occurred. As a result, the maximum load of 1682 kN reached during Cycle

#11 is the compressive capacity of this specimen.

Once overall plate buckling had occurred, the remaining loading cycles for Specimen A-I

involved only an increase in the axial deformation level for the tension loading portion of

each cycle. Since the specimen had already buckled in compression, it was decided to

stop the compressive loading during each cycle when the specimen load carrying capacity

began to drop. Figure 4.4(c) shows the load versus deformation response of the specimen

for the remainder of the cyclic loading. As the cycle axial deformation level increased.

tensile yield line activity was observed to increase slowly on the gusset plate in the vicinity

of the splice member connection. The test was concluded by loading to failure in tension
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(Cycle #17). The specimen underwent significant tensile axial defonnation until tensile

failure was reached at a load of 1794 kN.

The gusset plate specimen was examined after the completion of the test. It was observed

that the specimen failed in tension due a fracture of the plate material between the bolt

holes in the bottom row of the connection. Figure 4.5 is a photograph of the failed plate

material. 11ris tensile failure mode was characteristic of all the specimens tested. The

remaining bolt holes in the connection had been defonned in both tension and compression

due to the bearing of the bolts under load, with the greatest defonnations occurring in the

fIrst and last row of the connection.

The linear variable displacement transducers recorded the out-of-plane deflected shape of

the specimen free edges and the center line deflection. Figure 4.6 depicts the

displacements that existed in the specimen after overall plate buckling occurred in Cycle

#13. It is observed that the deflected shape of the specimen center line closely resembles

that of a fIxed-fIxed but guided column. The long free edge has buckled and the defonned

shape indicates that the restraint provided to the top of the specimen by the splice member

appears to be localized, and does not provide fIXity to the free edges of the gusset plate.

Figure 4.7 is a photograph of the long free edge of the specimen after overall plate

buckling occurred.

In plotting the deflected shape of the specimen center line, an interpolation of the existing

data was necessary. Only one LVDT recorded the out-of-plane displacement of the splice

member along the gusset plate center line (Figure 3.10). Therefore, a linear interpolation

was used to detennine the displacement along the entire length of the splice member. The

splice member was assumed to displace as a rigid body and a compatibility of specimen

defonnations was maintained at the top of the gusset plate. The displacement of the top
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of the splice member was assumed to be rougWy equal to the out-of-plane displacement at

the top of the gusset plate free edges. Since the splice member is relatively rigid compared

to the gusset plate, this assumption appears to be valid.

Specimen strain gage readings were recorded throughout the loading history. However,

only strain levels obtained from the elastic portion of loading are relevant in an analysis of

the strain distribution in the specimen. Once local yielding occurs and the stresses begin to

redistribute in the plate, the strain readings are difficult to interpret. Strain gage values

were investigated at the cycle maximum loads at both the 50% and iClO% nominal

Whitmore load levels, 530 kN and 1060 kN respectively. From this analysis it was

observed that the peak strain levels in the specimen were recorded at the rosette locations

beneath the splice member. Figure 4.8 shows both the tensile and compressive plate strain

distributions at the 530 kN and 1060 kN levels. At the 530 kN load level there was no

significant difference between the strain levels and pattern of distribution between the

tension and compression stress states. This indicates that the elastic loading path within

the specimen is generally the same under both tension and compression loading.

When the specimen load is increased to the +I060 kN level, strain levels are generally

twice those recorded at the +530 kN load level. The linearity of strain supports the

assumption that the material response is generally elastic at this load level. When the

strain readings at the -1060 kN load level are analyzed, the strain levels are generally

slightly more than twice those recorded at the -530 kN level. In addition, a comparison of

the gage readings from both faces of the specimen indicate that plate bending strains are

present along the long free edge of the plate and at the rosette locations under the splice

member. This observation is in agreement with the onset of local yielding in the plate that

was observed at the same load cycle level.
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For the purpose of comparison, the maximum strain levels in the specimen, based on the

Whitmore critical stress theory, should be approximately ±1500 microstrain at the

Whitmore section at the 100% nominal yield load level (1060 kN). The Whitmore section

runs through the bottom row of bolts in the splice member connection, slightly above the

rosette gage locations.

4.3.2 Specimen A·2

Specimen A-2 is a basic, unreinforced gusset plate specimen of 6.18 rom thickness. Ten

7/8" diameter ASTM A490 high strength bolts were used to connect the splice member to

the gusset plate in order to achieve a slip-resistant connection. No bolt slip was expected

to occur during the testing of this specimen.

Figure 4.9 shows the load versus the axial displacement response of the gusset plate

assembly throughout the loading of Specimen A-2. By examining the tension portion of

the loading, it is observed that the specimen response under tension is stable. In

compression, the buckling behavior of the specimen is revealed. The occurrence of overall

plate buckling is well defmed by the compressive peak load plotted in the figure. As

observed during testing, the compressive capacity immediately drops significantly to a

post-buckling load capacity level. The figure confirms that the post-buckling behavior is

relatively stable; the post-buckling load capacity is seen to deteriorate very slowly as the

axial plate deformations increase significantly. A photograph of the failed specimen and

fmal yield line pattern is shown in Figure 4.10.

Figure 4.ll(a) shows the specimen load versus deformation response of the gusset plate

assembly during the elastic portion of loading, Cycle #1-6. The onset of yielding was

observed during the compression loading of Cycle #4, at 50% of the nominal yield load

level A few yield lines were noted at the base of the specimen running parallel to the
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long free edge of the plate. Yielding was likely due to the restraint provided by the

welded boundary condition.

Figure 4.11 (b) shows the load versus deformation response of the specimen during the

inelastic loading cycles up to the onset of plate buckling, Cycle #7-8. As the cycle axial

deformation level increased, a significant increase in compressive plate yielding was

observed about the base of the splice member. The fIrst signs of tension yielding were

observed during Cycle #8 (±2.0l1y), when yield lines were noted about the sides of the

splice member as the material in the connection region was beginning to yield. When the

loading was cycled through to compression, overall plate buckling occurred at a load of

1128 leN. Immediately upon buckling, the load carried by the specimen dropped to 730

leN. The plate buckle extended from the midpoint of both free edges down to the base of

the splice member. Both plate free edges buckled in order to enable the specimen to

undergo signifIcant out-of-plane deformation.

Figure 4.11 (c) shows the specimen load versus deformation response for the remainder of

the test loading. As the test proceeded under sequentially increasing levels of cyclic axial

plate deformation, the tensile yield lines about the splice member connection increased.

The maximum tensile loads reached continued to increase as the cycle axial deformation

level increased. In compression, only minor deterioration was observed in the post­

buckling behavior of the specimen. The compressive loads attained only decreased slightly

with each successive cycle. As the compressive deformations increased, yield lines were

observed along the outside edges of the gusset plate to frame assembly connection.

Yielding in this region is likely due to the deformation reversals, as the plate buckles, then

straightens under tension loading. As compressive deformations continued to increase, a

secondary buckle was observed running from the bottom corner of one free edge, down

beneath the base of the splice member, and up to the bottom corner of the other free edge
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(Figure 4.10).

The tensile failure of the specimen occurred during Cycle #16 (±16.0dy) when the load

carrying capacity reached 1340 leN, then quickly began to drop as the MTS controlled

axial deformation continued to increase. The test was concluded by loading the specimen

in compression until an excessive level of deformation was achieved. Even at the extreme

deformation level that was imposed during this [mal cycle, the compressive capacity was

still 630 leN, only 100 leN less than the initial post-buckling capacity. The [mal deformed

shape of the specimen (Figure 4.10) reveals the complex pattern of plate yielding and the

associated plastic hinge locations. It is believed that the complex pattern of buckles

allowed the specimen to redistribute the compressive load through a series of redundant

load paths, resulting in a relatively stable post-buckling capacity.

The failure of the specimen in tension was a fracture of the plate material between the

bolts in the bottom row of the connection. Only the bottom row of bolt holes appeared to

be significantly deformed. Since no major connection slip occurred, bolt hole

deformations observed were due to overall connection material yielding, not bolt bearing

deformations. In addition, tensile yielding caused the plate to spread outwards and bulge

upwards at the top of the splice member connection region.

The out-of-plane deflected shape of the plate free edges and the center line deflection of

the specimen, as recorded immediately after overall plate buckling occurred, are shown in

Figure 4.12. Unlike Specimen A-I, the deflected shape of the center line more closely

resembles the buckled shape of a fixed-pinned but guided column. It appears that a plastic

hinge region developed at the base of the splice member, thereby reducing the fixity

provided to the gusset plate by the splice member at that location. The buckled shapes of

the free edges also resemble that of a fixed-pinned but guided column. As the out-of-
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plane deformations increased, the fIxity of the free edges decreased as plastic hinges

developed at the bottom comers of the free edges· at the location of the weld connection

to the frame assembly. Photographs of the free edges (Figure 4.13) show the deformed

shapes, including the location of the plastic hinge lines that developed as the specimen

buckled.

Strain gage values were investigated at the maximum cycle loads at both the 50% and

100% cycle levels. For Specimen A-2, this corresponds to 353 kN and 707 kN

respectively. In general for Specimen A-2, the strains are highest at the rosette locations

at the base of the splice member, and the edge strains are higher along the long free edge.

The recorded plate strain distributions at both the 353 kN and 707 kN load levels are

shown in Figure 4.14. At the +707 kN load level, the distribution of strains is roughly

unchanged from the +353 kN level. In addition, strains have approximately doubled,

indicating an elastic linearity of strains in tension. Under compressive loading, the strains

have more than doubled at the rosette locations when the loading increased from the -353

kN to the -707 kN level. The strains at the rosette locations are approaching yield strain

levels, which is in agreement with the whitewash flaking observed on the specimen at this

load level.

4.3.3 Specimen A·3

Specimen A-3 is a 9.32 mm thick specimen with reinforced plate free edges. 50 mm x

9.32 mm stiffeners, of the same material as the specimen, were welded along the full

length of each plate free edge. Ten 7/8" diameter ASTM A325 high strength bolts

designed for bearing were used to connect the splice member to the gusset plate.

The load versus axial displacement response of the gusset plate assembly for Specimen A­

3 is plotted in Figure 4.15. The specimen response under tension loading is similar to

61



Specimen A-I in that as the axial deformation level is cyclically increased, the load

carrying capacity of the specimen is stable. In compression, the enhanced behavior of

Specimen A-3 is revealed. Not only is the ultimate compressive capacity increased over

that of Specimen A-I, but the onset of overall plate buckling was not accompanied by a

sudden increase in axial plate deformation nor a significant decrease in load carrying

capacity. Since Figure 4.2 and Figure 4.15 are both plotted to the same scale, the

increased energy absorption capacity of the reinforced plate, Specimen A-3, as compared

to the basic plate, Specimen A-I, is evident. A photograph of the failed specimen and the

fmal yield line pattern is shown in Figure 4.16.

Figure 4.17(a) shows the specimen load versus deformation response of the gusset plate

assembly during the elastic portion of loading, Cycle #1-6. As expected, no yield lines

were observed on the specimen during the elastic cycles. Figure 4.17(b) shows the load

versus deformation response during the inelastic loading cycles up to the onset of plate

buckling, Cycle #7-14. Connection bolt slip in Specimen A-3 first occurred during the

tension loading of Cycle #7 at a load of 1290 kN. As in the testing of Specimen A-I, the

splice member to gusset plate connection experiences slippage twice during every

subsequent test cycle. The bolt slip experienced during each cycle of loading is evident in

the load versus axial deformation response of Figure 4.15. The saw-tooth character of the

slip on the load versus deformation curve is a function of the discrete nature of the data

observations.

The first visible signs of yielding were observed on the specimen at the base of the gusset

plate, near the gusset plate to frame assembly welded boundary. As the axial deformation

level increased in subsequent loading cycles, yielding spread to the region of the gusset

plate beneath the splice member. These yield lines can be associated with the compressive

loading as the gusset plate begins to deform out-of-plane. Whitewash flaking due to
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tensile yielding was first noticed on the specimen along the sides of the splice member as

the plate material in the connection region began to yield. Yielding about the sides of the

splice member connection was likely due to both tension and compressive loads. As the

testing progressed, plate yielding spread out from the regions previously indicated.

During the compressive loading portion of Cycle #14, a maximum compressive load of

1990 kN was reached, accompanied by the first signs of yielding on the outside face of the

plate edge stiffeners. 1bis was a slight decrease from the maximum compressive load

reached during the previous cycle. The slight decrease in maximum load and the onset of

yielding in the stiffeners indicated that plate buckling or local plate crippling of the

specimen had begun. The maximum load of 2004 kN reached during Cycle #13 is the

compressive capacity of this specimen.

The test proceeded under sequentially increasing levels of cyclic axial plate deformation

until tensile failure of the specimen was observed. Figure 4.l7(c) shows the specimen load

versus deformation response for the remainder of the test loading. The failure of the

specimen in tension occurred during Cycle #15 just prior to reaching the desired cycle

axial deformation level. The maximum tensile load reached prior to failure was 1850.

1bis was slightly less than the ultimate specimen tensile capacity of 1884 kN attained

during the previous cycle. The test was concluded by loading the specimen in

compression until an excessive level of compressive deformation was achieved. During

this fmal loading a peak compressive load of 1910 kN was reached prior to the slow

deterioration of the load carrying capacity of the specimen under increasing axial and out­

of-plane deformations.

The tensile failure mode and the behavior of the plate material in the connection region

were similar to that of Specimen A-I. The tension tear-out deformations caused the plate
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to spread outwards and to bulge upwards at the top of the connection. In addition, due to

the high compressive loads realized, the compressive bolt hole deformations were more

severe, resulting in some piling-up of material on the compressive side of some of the bolt

holes.

Figure 4.18 shows the out-of-plane deflected shape of the stiffened plate edges and the

center line deflection of the specimen after the onset of overall plate buckling in Cycle

#14. The deflected shape of the center line again resembles that of a fIxed-fIxed but

guided column. However, the presence of the edge stiffeners restricts the plate edges

from experiencing any signillcant out-of-plane deformation at this load level. Only when

severe compressive axial deformations were imposed during the fmal test cycle, do

significant deformations become visible along the stiffened edges. As seen in Figure 4.19,

the stiffener displacements are predominately confIned to rotational deformations at the

stiffener to frame weld locations while the rest of the stiffener remains relatively rigid.

Gusset plate strain distributions for Specimen A-3 were investigated at the same levels as

Specimen A-I. Figure 4.20 shows the strain distributions at both the 530 kN and 1060 kN

load levels for Specimen A-3. The general distribution of strains remains generally

unchanged between the tensile and compressive load states. The peak specimen strains

are recorded at the rosette locations beneath the splice plate, while the edge and interior

strains are higher along the long edge side of the specimen. Along each reinforced edge,

the strains are highest at the top of the specimen. When the specimen load is doubled to

the 1060 leN level, plate strains in both tension and compression also approximately

double. When compared with the strain readings from Specimen A-I at the same load

level, strains in Specimen A-3 aregenerally lower about the edges of the specimen, while

roughly the same or slightly higher at the rosette locations. It appears that the effect of

the plate edge stiffeners is to reduce the strains along the exterior plate edges. By welding
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stiffeners onto the specimens, the plate stresses and strains are distributed over a larger

area of material. In addition, at the -1060 leN load level, no significant bending is

indicated by the strain readings in Specimen A-3. This observation supports the

conclusion that the addition of stiffeners to Specimen A-3 delays the onset of yielding and

out-of-plane buckling deformation in the gusset plate.

4.3.4 Specimen A-4

Specimen A-4 is a 6.18 rnm thick specimen with reinforced plate free edges. 50 rnm x

6. 18 rnm stiffeners, of the same material as the specimen, were welded along the full

length of each plate free edge. Ten 7/8" diameter ASTM A490 high strength bolts were

used to connect the splice member to the gusset plate in order to achieve a slip-resistant

connection. No bolt slip was expected to occur during the testing of this specimen.

Figure 4.21 shows the load versus axial displacement response of Specimen A-4. The

tensile portion of the cyclic loading curve shows the stable response of the specimen under

tension loading. In compression, the effect of the edge stiffeners is observed. Although

the compressive capacity of Specimen A-4 is not significantly higher than Specimen A-2,

the presence of the plate edge stiffeners greatly affected the post-buckling behavior of the

specimen. The attainment of the specimen compressive capacity was not followed by a

sudden drop in load carrying capacity, but instead, a steady deterioration is observed. By

comparing Figure 4.9 and Figure 4.21, the increased energy absorption capacity of the

reinforced plate, Specimen A-4, as compared to the basic plate, Specimen A-2, is

observed. The fmal yield line pattern observed on the failed specimen plate and the

deformed plate edge stiffeners is shown in Figures 4.22 and 4.23.

Figure 4.24(a) shows the specimen load versus deformation response of the gusset plate

assembly during the elastic portion of loading, Cycle #1-6. The onset of yielding was fIrst
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observed during Cycle #5, at the 100% nominal Whitmore yield load level. A few yield

lines were noted running parallel to the long free edge at the base of the specimen. The

onset of yielding was supported by the presence of residual plate strains at the completion

of the cycle.

The testing proceeded with cycles of increasing axial plate deformation. Figure 4.24(b)

shows the load versus deformation response of the specimen during the inelastic loading

up to the onset of plate buckling, Cycle #7-10. During Cycle #9, at an axial deformation

level of 2.5dy, the fIrst signs of tensile yield lines were observed on the plate about the

sides of the splice member connection. In compression, yield lines increased about the

base of the splice member as a localized buckle began to form at the base of the specimen

plate. The onset of yielding was also observed on the outsides of the plate edge stiffeners

at the bottom corner of each edge.

During Cycle #10 (±3.0dy) the compressive capacity of the specimen was reached. A

compressive load of 1149 leN was attained, accompanied by an increase in yield line

activity about the base of the splice member and on the plate edge stiffeners. Although the

compressive capacity had been reached, the plate appeared to have only buckled locally as

overall plate buckling was being restrained by the plate edge stiffeners. Unlike Specimen

A-2, the buckling of the speCimen was not immediately followed by a signifIcant drop in

the specimen load carrying capacity.

As the test proceeded under sequentially increasing levels of axial plate deformation, the

tensile yield lines about the splice member connection increased. Figure 4.24(c) shows the

specimen load versus deformation response for the remainder of the test loading. It is

observed that the maximum tensile loads attained increased as the cyclic axial deformation

level increased. In compression, the maximum cycle loads reached deteriorated at a
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steady pace as the testing cycles continued. There was an increase in yielding throughout

the specimen as the plate continued to buckle under constraint from the plate edge

stiffeners. Yield lines developed along the long edge of the gusset plate, just beneath the

edge stiffener. Eventually, the buckled shape became more defined, stret~hing from the

bottom comers of the splice member out towards the comers of the plate edges. Yield

lines on the plate stiffeners increased significantly under cycles of increasing axial plate

defonnation. Ultimately, the plate edge stiffeners themselves defonned both in-plane and

out-of-plane, allowing the outside edges of the specimen plate to buckle.

The tensile capacity of the specimen was reached during Cycle #17 (±2I.O~y) when a

maximum load of 1265 leN was reached. However, the tensile failure of the specimen

occurred during Cycle #18 when the tensile load carrying capacity began to drop under

increasing axial plate defonnation. During Cycle #18, a new region of yielding was

observed along the gusset plate to frame assembly boundary due to the cyclic out-of-plane

defonnations in the specimen. The test was concluded by loading the specimen in

compression. The test was stopped when the compressive capacity of the specimen had

deteriorated to 680 leN.

The tensile failure mode of the specimen was a fracture of the plate material between the

bolts in the bottom row of the connection. There was no sign of bolt slip in the

connection region. Tensile yielding defonnations were the most severe in the bottom row

of bolts, while compressive defonnations were the greatest in the top row of bolts. The

compressive yielding in the connection caused the topmost bolt holes to defonn

downwards and outwards, in a direction approximately parallel to the plate free edges. In

addition, overall connection yielding caused tension plate bulging and plate spreading at

the top of the connection region, and compressive plate spreading at the bottom of the

connection region. Figure 4.25 is a photograph of the bolt holes and defonnation in the
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connection region after the completion of testing.

Figure 4.26 shows the out-of-plane deflected shape of the stiffened plate edges and the

center line deflection of the specimen during the compressive loading of Cycle #ll.

Initially, the deflected shape of the center line resembles the buckled shape of a fixed-fixed

but guided column. The deflected shapes of the reinforced edges reveal that the edges

themselves had not buckled at this load cycle level. As the compressive plate

deformations increased, the deflected shape of the specimen center line began to resemble

that of a fixed-pinned but guided column. As the stiffened edges began to buckle, overall

plate buckling was facilitated. This created a plastic hinge region beneath the base of the

splice member, thereby reducing the fixity provided by the relatively rigid splice member.

Photographs of the [mal deformed shape of the plate edge stiffeners (Figure 4.23) show

that the stiffeners have buckled.

Gusset plate strain distributions for Specimen A-4 were investigated at the same load

levels as Specimen A-2. Figure 4.27 shows the tensile and compressive strain distributions

at both the 353 kN and 707 kN level for Specimen A-4. In general, the plate strains are

highest at the rosette locations beneath the splice member. The strain distribution is

generally the same along both stiffened edges of the specimen, with slightly higher strains

observed at the top comer of the long free edge. When the strain distribution under

tensile and compressive loading is compared, the compressive loading state reveals lower

strains along the plate edges and the interior points, but slightly higher strains at the
,

rosette locations. Plate strains generally double when the specimen load is increased from

the 353 kN to the 707 kN level. Under compression, at the 707 kN level, strains have

become slightly higher along the short side of the plate. In addition, strains in the rosette

locations are approaching yield levels and are indicating the onset of plate bending in that

region. When compared to Specimen A-2, strains are significantly less along the plate
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edges and within the interior of the plate, but are at similar levels at the rosette locations.

By providing stiffeners to the plate edges, the stresses and strains in the edge regions of

the plate are distributed over a greater area of material, thereby reducing the strain levels

in those locations.

4.3.5 Specimen A-5

Specimen A-5 is a 9.32 mrn thick specimen. The plate geometry was modified to

accommodate the free formation of a plastic hinge under compressive loading

deformations. Ten 7/8" diameter ASTM A325 high strength bolts designed for bearing

were used to connect the splice member to the gusset plate.

The load versus axial displacement response of Specimen A-5 is plotted in Figure 4.28.

Although the specimen geometry was significantly altered, the tensile response of

Specimen A-5 is similar to the other test specimens. In contrast, the deteriorated

compressive behavior is evident. The compressive capacity of Specimen A-5 is only a

fraction of the compressive capacity of the other specimens of the same plate thickness

(Table 4.2). By comparing the load deformation response of Specimen A-5 with the

response of Specimens A-I and A-3, the decreased energy absorption capacity of this

specimen geometry is evident. A photograph of the [mal yield line pattern of the failed

specimen is shown in Figure 4.29.

Figure 4.30(a) shows the specimen load versus deformation response of the gusset plate

assembly during the initial portion of loading, Cycle #1-7. The specimen was to be

subjected to a set of cycles, Cycle #5-6, each at 100% of the expected nominal tensile

yield load, 1060 leN. However, during the compressive loading portion of Cycle #5, the

loading was stopped at a maximum load of 907 leN in order to maintain the compatibility

of axial deformations in both tension and compression. Observations at maximum
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compression revealed the onset of yield lines along the specimen plate to frame assembly

welded boundary. In addition, strain gage readings also indicated that yielding was

occurring in the plate in the region beneath the splice member. Therefore compressive

yielding had begun prior to reaching the expected nominal yield level. However, since the

actual measured material yield level was significantly higher than the nominal value of 300

MPa, the 100% or nominal Whitmore yield level cycles were actually still well in the

elastic range. Therefore, compressive yielding had begun well below the expected yield

level based on the Whitmore critical stress theory.

Cycle #6 was loaded to the same axial deformation level as Cycle #5. Observations taken

at the maximum compressive load of 905 kN revealed that the plate free edges were

visibly deformed out-of-plane and the strain gage readings in the 'plastic hinge' region

indicated significant plate bending. During compressive loading of Cycle #7, a maximum

load of only 860 kN was reached. Specimen observations revealed the start of a plate

buckle extending from the bottom comer of each free edge. The plate free edges

themselves buckled in a region near the frame boundary, allowing the specimen to buckle

out-of-plane.

The testing was continued with cycles of increasing axial plate deformation to observe the

post-buckling behavior of the gusset plate and to reach the tensile capacity of the

specimen. Figure 4.30(b) shows the specimen load versus deformation response for the

remainder of the test loading. During the tension loading of Cycle #8, major bolt slip

occurred in the splice member connection at a load of 1720 kN. Since tile compressive

capacity of the buckled specimen was less than the dynamic frictional resistance of the

bolted connection, major slip did not occur during compressive loading. In fact, major slip

was avoided throughout the remainder of the test as the splice member connection

remained in tension bearing. The connection bolt slip that occurred is illustrated in the
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plot of Figure 4.30(b).

As the testing progressed, the maximum tensile loads reached increased as the cycle axial

deformation level increased. The fIrst signs of tension yielding on the gusset plate were

observed about the sides of the splice member as the bolt holes yielded under tensile

bearing deformations. As the cycle axial deformation levels increased, the tensile yield

lines about the connection region began extending outwards towards the free edges of the

specimen. Under compression, the capacity of the buckled specimen deteriorated slowly

but steadily from the peak capacity attained during Cycle #5. As the compressive

deformations increased, yield lines indicated the presence of a secondary plate buckle

extending from the base of the splice member out towards the middle of the plate free

edges. In addition, the increase in cyclic out-of-plane deformations resulted in a fracture

of the weld along the gusset plate to frame weld boundary, at the extreme outside edge of

the long welded side. Initially, a fracture length of about I cm was visible. A photograph

of the weld fracture under tension loading is shown in Figure 4.3 I.

The tensile failure of the specimen occurred during Cycle #14. However, the tensile

capacity of the specimen was reached during the previous cycle when a maximum load of

1887 kN was attained. The test was concluded by loading the specimen in compression

until an excessive level of compressive deformation was achieved. As the cyclic

deformations increased, the length of the weld fracture grew as the plate was being pried

off at that location.

The tensile failure mode and the behavior of the plate material in the connection region

were similar to thllt of the previous specimens. However, since slip only occurred in

tension, bolt hole bearing deformations occurred only in tension and material scaling due

to slip was only evident on the tension side of all bolt holes.
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Figure 4.32 shows the out-of-plane deflected shape of the plate free edges and the center

line deflection of the specimen recorded during Cycle #7 once the compressive

deformations had become significant The deflected shape of the center line resembles

that of a fixed-pinned but guided column. A hinge is evident on the gusset plate beneath

the base of the splice member. At this load level, the deformed shape of the long free edge

resembles the buckled shape of a fixed-pinned but guided column, while the deflected

shape of the short free edge is closer to the buckled shape of fixed-fixed but guided

column. The difference in deformation between the free edges is likely due to the

increased ftxity provided to the top of the short free edge by the close proximity of the

splice member to that edge, as shown in the specimen geometry (Figure 3.2). Figure 4.33

is a photograph of the deformed plate free edges at the completion of the testing. It is

observed that further deformation of the specimen caused hinges to form at the base of the

plate edges along the frame member boundary.

An analysis of the specimen strain distribution during the assumed elastic cycles of loading

confirms the poor response of Specimen A-5. Figure 4.34 illustrates the strain distribution

of Specimen A-5 at both the 530 k.N and +1060/-907 k.N load level. At the +530 k.N

level, plate strains are highest under the splice member at the rosette locations. The strain

distribution is similar along both free edges with slightly higher strains recorded at the

middle of the edges. In compression, the magnitude and distribution of strains is relatively

unchanged from the +530 k.N load level. However, the strain readings indicate the onset

of plate bending along the long edge, in the 'plastic hinge' region, and at the rosette

locations. When the strains are examined at the +1060 kN level, the strains are

approximately double those recorded at the +530 k.N level, indicating elastic response

under tension. In compression at a load of -907 k.N, the overall buckling of the specimen

is evident. Strains indicate significant plate bending at the gage locations along the length

of the long edge, at the middle of the short edge, in the 'plastic hinge' region, and in the
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rosette region. In addition, strain readings at the middle of the free edges, in the 'plastic

hinge' region, and at the rosette locations are at or beyond yield levels. Gage readings

appear distorted due the effects of significant plate bending.
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Table 4.2. Ultimate Specimen Capacities

,

Ultimate Ultimate
Specimen Plate Size Tensile Compressive

(mm) Load (leN) Load (leN)

A-I 550x450x9.32 1794 1682
A-2 550x450x6.18 1340 1128
A-3 550x450x9.32 1884 2004
A-4 550x450x6.18 1265 1149
A-5 550x450x9.32 1887 907
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Fi~ure 4.3. Final Specimen Yield Line Pattern - Specimen A- I
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Figure 4.5. Plate Fracture in Dolted Connection - Specimen A-I
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Figure 4.7. Buckled Long Free Edge· Specimen A-I
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Figure 4.10. Final Specimen Yield Line Pattern - Specimen A-2
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Figure 4.13. Buckled Plate Free Edges - Specimen A-2
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Figure 4.16. Final Specimen Yield Line Pattern - Specimen A-3
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Figure 4.19. Deformed Plate Edge Stiffeners· Specimen A·3
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Figure 4.22. Final Specimen Yield Line Pattern· Specimen A-4
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Figure 4.23. Deformed Plate Edge Stiffeners - Specimen A-4
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Figure 4.25. Plate'Deformations in Bolted Connection - Specimen A-4
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Figure 4.29. Final Specimen Yield Line Pattern - Specimen 1\-5
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Figure 4.34. Strain Distribution· Specimen A·5



5. DISCUSSION OF TEST RESULTS

5.1 Introduction

This chapter discusses the test results in relation to the gusset plate parameters

investigated in the test program. Section 5.2 considers the effect of the gusset plate

thickness, plate edge stiffeners, gusset plate geometry, and connection bolt slip on the

energy absorption characteristics of the test specimens. Section 5.3 examines current

design theories for gusset plates under tensile and compressive loading and compares the

present cyclic test results to monotonic tests performed at the University of Alberta on

similar gusset plate specimens. Finally, the results of an elastic finite element analysis are

presented in Section 5.4. An elastic finite element analysis was performed to provide an

analytical reference to the plate strain distribution data discussed in Chapter 4.

5.2 Parameters Affecting Energy Absorption

The test parameters considered in the design of the test specimens were gusset plate

thickness, stiffness of the free edge of the gusset plate, and the geometry of the gusset

plate such that the free formation of a plastic hinge is facilitated. In addition, by providing

slip-resistant fasteners in the gusset plate to splice member connection, the effect of bolt

slip could be investigated. The effect of these test parameters on the energy absorption

characteristics of the gusset plate specimens will be discussed in tum.

5.2.1 Gusset Plate Thickness

The effect of plate thickness on the energy absorption behavior of gusset plates can be
,

considered by comparing the behavior of the 9.32 mm specimens and the 6.18 mm

specimens. Specimen A-I, A-3, and A-5 are all 9.32 mm thick, while Specimen A-2 and

A-4 are 6.18 mm thick.
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The ultimate compressive load behavior of Specimen A-I and A-2 appears to be roughly

proportional to the thickness of the specimen. The specimens are both basic gusset plates

of identical geometry with the exception of plate thickness. The ultimate compressive

capacity of Specimen A-I is 1.49 times greater than the compressive capacity of Specimen

A-2. The ratio of the specimen thicknesses, 9.32 mm to 6.18 mm, is 1.51. Therefore, a

strong linear relationship exists between the compressive capacity and the specimen

thickness. The observed relationship between the ultimate compressive load behavior and

the specimen thickness is only applicable to the basic gusset plates tested, Specimen A-I

and A-2. The addition of plate edge stiffeners to Specimen A-3 and A-4, and the

modifications to the specimen geometry of Specimen A-5. greatly affect the specimen

behavior under the compressive portion of the cyclic loading. The effect of the addition of

plate edge stiffeners and the specimen geometry on the compressive capacity of the gusset

plate specimens will be considered in detail in subsequent sections.

In tension, plate thickness appears to be the primary variable affecting the ultimate tensile

capacity of the specimens. It is observed that all specimens with the same plate thickness

and the same connection geometry reached approximately the same ultimate load level in

tension. From the test loads recorded in Table 5.1, it is evident that the ultimate tensile

capacity was not significantly affected by either the addition of plate edge stiffeners to

Specimen A-3 and A-4, or the modified plate geometry of Specimen A-5. In addition, the

relationship between plate thickness and specimen response is again roughly linear.

5.2.2 Plate Edge Stiffeners

The effect of the addition of plate edge stiffeners on the energy absorption capacity of

gusset plates can be examined by comparing the behavior of the stiffened specimens,

Specimen A-3 and A-4, with the unstiffened basic specimens, Specimen A-I and A-2.

Since it has been determined that the tensile behavior of the specimens is governed by the
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connection geometry and the plate thickness, only the compressive behavior of the

specimens will be considered presently.

Specimen A-3 is a stiffened specimen of 9.32 rnrn thickness. During the test, yielding

initially progressed in a pattern similar to that of the unstiffened specimen, Specimen A-I.

However, the presence of the plate edge stiffeners prevented the specimen from

undergoing overall plate buckling at the same load level as Specimen A-I. Initially, the

specimen buckled locally in a confined region beneath the splice member. Only when the

plate edge stiffeners began to yield. was the ultimate compressive capacity reached. The

ultimate compressive capacity of Specimen A-3 is almost 20% greater than that recorded

for Specimen A-I. In addition, the presence of the plate edge stiffeners prevented the

specimen load carrying capacity from dropping significantly once buckling occurred. The

unstiffened specimen experienced a sharp drop in load carrying capacity once overall plate

buckling occurred, while the response of Specimen A-3 showed a gradual decrease in load

carrying capacity under cycles of increasing axial compressive deformation. Figure 5.1

shows the load versus displacement response of the gusset plate assembly for Specimen A­

I and A-3. Although slightly different test loading schemes were employed for each

specimen, the enhanced energy absorption behavior of Specimen A-3 is evident

Specimen A-4 is a stiffened specimen of 6.18 rnrn thickness. Although the ultimate

compressive load reached was not significantly different than that obtained during the

.testing of the unstiffened specimen. Specimen A-2, the presence of the plate edge

stiffeners affected the post-buckling behavior of the specimen. Initially, as the axial

compressive deformation level increased, the plate edge stiffeners prevented the specimen

from undergoing overall plate buckling. As the axial deformation level increased further,

the plate edge stiffeners themselves ultimately buckled both in-plane and out-of-plane,

allowing overall plate buckling to occur. Unlike the unstiffened Specimen A-2, the
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buckling of the specimen was not immediately followed by a significant drop in specimen

load carrying capacity. Instead, as the axial deformation level and the out-of-plane

deformations increased, the load carrying capacity slowly deteriorated from the ultimate

compressive load reached. The increased load carrying capacity under post-buckling

deformations improves the hysteresis response of the stiffened specimen. This can be

observed in Figure 5.2 where the load versus axial deformation response of Specimen A-2

and A-4 are plotted.

It is observed that the addition of plate edge stiffeners does not have a consistent effect on

the ultimate compressive capacity obtained by a test specimen under cyclic loads. The

9.32 mm thick specimen, Specimen A-3, reached a significantly higher ultimate load than

the unstiffened Specimen A-I. In comparison, the ultimate capacity of the 6.18 mm

specimens, Specimen A-2 and A-4, was relatively unaffected by the presence of the plate

edge stiffeners. However, the above observation can not automatically lead to the

conclusion that the addition of plate edge stiffeners does not improve the compressive

capacity of gusset plates. It must be noted that different thicknesses of stiffeners were

used for each specimen. The slenderness ratio, bit, for the unsupported edge of the

stiffener of Specimen A-3 was 2.68, while the stiffeners of Specimen A-4 had a bit of

4.05. In addition, the behavior of the stiffeners varied between the tests. In the testing of

Specimen A-3, the stiffeners remained mostly elastic. In contrast, during the testing of

Specimen A-4, the stiffeners yielded and eventually buckled in both the in-plane and out­

of-plane directions. If a thicker stiffener was applied to Specimen A-4, an improved

compressive capacity may have been observed.

It is interesting to note that the Canadian highway bridge design code, CAN/CSA-S6-88 ­

Design of Highway Bridges (CSA, 1988), makes a distinction based on the unsupported

length of a gusset plate free edge. Clause 7.26.4.4 specifies that a gusset plate under

113



compression must be stiffened if the length of an unsupported edge is greater than

945/..JF; times its thickness. Both unsupported edges of the 6.18 rom specimens and the

long edge of 9.32 rom specimens would fail the above criterion. The current test results

on gusset plates of concentric braced frames indicate that stiffeners are beneficial

regardless of the unsupported length of the plate free edges. The addition of plate edge

stiffeners significantly improved the energy absorption behavior of the gusset plates tested.

5.2.3 Gusset Plate Geometry

The effect of the gusset plate geometry on the energy absorption behavior of gusset plates

can be considered by examining the behavior of Specimen A-5. All the test specimens

were rectangular in shape with the exception of Specimen A-5. As outlined in Section

3.3, the geometry of Specimen A-5 was modified to accommodate the free formation of a

plastic hinge (Figure 3.2).

In order to accommodate the free formation of a plastic hinge in the specimen geometry.

the splice member had to be placed further away from the base of the gusset plate. The

change in specimen geometry significantly affected the compressive response of the

specimen. Although the specimen yield pattern was similar to the other specimens of the

same plate thickness, yielding and plate buckling occurred at significantly lower load and

axial deformation levels. The geometry required to accommodate the plastic hinge region

greatly lowered the stiffness and buckling load of the specimen. As seen in Table 5.2. the

ultimate compressive capacity of Specimen A-5 was approximately one-half of the other,

specimens of the same plate thickness. In the post-buckling range, the specimen capacity

continued to deteriorate under cycles of increasing axial plate deformation. In addition,

the inherent flexibility of the specimen caused the weld at the gusset plate to frame

boundary connection to fracture as the axial deformation level, and the resulting out-of­

plane deformations, increased.
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The test results from Specimen A-5 clearly indicate that there is no rationale for providing

for the free formation of a plastic hinge in the geometry of the type of gusset plate

investigated in this study. Astaneh-Asl's investigation (Astaneh-Asl, et al., 1985)

considered the cyclic out-of-plane buckling of double angle bracing where the gusset

plates were connected to the frame along one plate edge only (Figure 2.5). He concluded

that restraints on the free formation and the rotation of plastic hinges leads to premature

fracture in the gusset plate. It is apparent that this conclusion does not apply when the

gusset plate is connected to the framing members along two plate edges, as was the case

in the current investigation.

The conclusions from the experimental investigation by Astaneh, et aI. (1986) are adopted

by the AISC seismic design code (AISC, 1992) and are used as a reference for Clause

27.4.4.4 in the seismic design provisions of the current Canadian limit states design code,

CAN/CSA-SI6.1-M89 (CSA, 1989). Clause 27.4.4.4 states:

Brace connections including gusset plates shall be detailed to avoid brittle failures

due to rotation of the brace when it buckles. This ductile rotational behavior shall

be allowed for, either in the plane of the frame or out of it, depending on the

slenderness ratio.

Based on the observed test results of Specimen A-5, it is believed that the ductility

requirements of Clause 27.4.4.4 may need to be clarified. The current test program

reveals that no special provisions need to be made to avoid the brittle failure of gusset

plates connected to the beam and column framing members along two plate edges. The

free formation of a plastic hinge was not provided for in the geometry of Specimen A-I to

A-4 and no premature fracture was observed. It appears that the rotational restraint

provided by the specimen boundary causes the plastic strains to be distributed more evenly

over a wide region of the gusset plate. The testing of Specimen A-5 indicates that if a
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gusset plate is designed to be overly ductile in the out-of-plane direction. a deteriorated

behavior is observed.

5.2.4 Connection Bolt Slip

All 9.32 rnrn specimens. Specimen A-I, A-3. and A-5. used 7/8" diameter ASTM A325

high strength bolts designed for bearing in the splice member to gusset plate connection.

Due to loads anticipated in the connection. all 9.32 rnrn specimens were expected to

experience bolt slip at some point during the cyclic loading history. The mechanism of

connection bolt slip will fIrst be considered. followed by the possible influence of bolt slip

on the energy absorption behavior of a braced frame.

The process of initial bolt slip in a connection likely proceeds as follows. Initially. the load

is transferred by friction forces between the contacting surfaces at the ends of connection.

As the load is increased. the maximum frictional resistance is eventually exceeded at the

ends, and small displacements of contact points on the faying surfaces take place. As the

load is increased further, the slip zone proceeds inward from the ends towards the center

of the connection. When the applied load exceeds the frictional resistance over the entire

faying surface of the connection, large relative displacements occur. major slip. When

major slip occurs, only the end bolts may come into bearing against the gusset plate and

the splice members. As the applied load is increased. the end bolts and holes deform

further until the succeeding bolts come into bearing. This process continues until all of the

bolts are brought into bearing. (Kulak, et al., 1987)

In Specimen A-I and A-3. connection slip occurred twice during every cycle subsequent

to the initial bolt slip. As seen in Figures 4.2 and 4.15, the connection slip that occurs

under repeated loading cycles occurs at a lower load level than the initial slip experienced

in the connection. The initial bolt slip that occurs is due to the overcoming of static
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friction. At this point, the original contact between the members of the connection has

been altered and subsequent slip under cycles of repeated loading occurs as the level of

dynamic friction is exceeded. It is this repeated connection slip that is of interest when

aSsessing the importance of bolt slip in the energy absorption behavior of the gusset plate.

Since the area under the load versus axial displacement curve is a measure of the energy

absorbed by the test specimen, it is apparent that slip displacements in the splice member

connection can contribute significantly to the energy absorption capacity of the gusset

plate assembly.

To consider the effect of connection slip on the energy absorption capacity in the design of

a braced frame, it must be ensured that connection slip will occur during every loading

cycle. This may not always be the case, as was observed in the testing of Specimen A-5.

The initial connection slip occurred during the tension portion of a loading cycle. The

compressive capacity of the specimen, however, was not sufficient to cause the connection

to slip from tension bearing into compressive bearing. As such, the connection remained

in tension bearing throughout the remainder of the loading history and no further bolt slip

was experienced.

The present investigation centered around the behavior of the gusset plate itself and

connection slip was only investigated as a secondary consideration. The reliance on

repeated connection slip throughout the cyclic loading puts into questions the suitability of

considering the energy absorbed by the connection. As such, it is believed that further

study focusing on connection slip would be required before the energy absorbed by the

connection slip could be relied on to improve the design of a braced frame.

5.3 Comparison of Test Results

This section will examine some current design theories for both the tensile and
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compressive strength of gusset plates under monotonic loading. The present cyclic test

results will be compared to the current design theories to determine their applicability in

predicting the capacity of gusset plates under cyclic loads. In addition, the cyclic test

results will be compared to a monotonic test series performed at the University of Alberta

on similar gusset plate specimens.

5.3.1 Monotonic Tension

Table 5.1 lists the ultimate tensile capacity of each test specimen. The ultimate tensile

load is defmed as the maximum tensile load level reached by a specimen throughout its

cyclic loading history. Table 5.1 also lists a Whitmore yield load and a tension tear-out

load for each specimen. The Whitmore yield load is calculated by applying the Whitmore

critical stress theory (Whitmore. 1952) at the actual material yield level (see Section 2.2).

The tension tear-out load is based on a block shear tear-out model proposed by Hardash

and Bjorhovde (1985). It was determined that gusset plates in tension are governed by a

block shear failure consisting of a tensile failure on the net cross section of the plate

between the rows of bolts, and shear yielding on the gross section along the line of the

applied force from the last row of bolts to the top edge of the plate (Hardash and

Bjorhovde, 1985). A schematic drawing of the proposed tear-out model is shown in

Figure 2.4. Additionally, Table 5.1 lists the nominal tensile capacity of the gusset plate

specimens as computed according to the seismic design provisions of CAN/CSA-S16.1­

M89 (CSA, 1989). Clause 27.4.4.3 considers the block shear failure of the gusset plate to

splice member bolted connection based on the ultimate capacity of the net section. In

calculating the present theoretical specimen capacities dynamic material properties were

used since the gusset plate specimen were tested under continuous loading conditions.

By examining Table 5.1 it is revealed that the Whitmore load underestimates the ultimate

tensile capacity of the test specimens. Since the Whitmore load is a material yield
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approach, it is expected that it will provide a conservative estimate of the ultimate

specimen capacity. The seismic design provisions of CAN/CSA-S16.l-M89 also provide

a conservative estimate of the ultimate tensile capacity of the test specimens. In

comparison, the tension tear-out load proposed by Hardash and Bjorhovde provides a

very accurate estimate of the ultimate tensile capacity. For the specimens tested, the ratio

of ultimate test capacity to predicted tear-out capacity ranges from 0.92 to 1.05, with a

mean value of 0.97 and a coefficient of variation of 0.043.

Hardash and Bjorhovde's block shear analysis was based on the experimental test results

of monotonically loaded specimens. Still, it is shown that the test results from the current

cyclic test program are in relatively strong agreement with the predicted capacities.

Therefore, it can be concluded that the ultimate tensile behavior of the test specimens was

not significantly adversely affected by the cyclic loading history and the extreme

compressive deformations that resulted. In addition, the block shear theory is based

entirely on a tear-out failure of the gusset plate to splice member connection. There is no

reference to the overall geometry of the gusset plate or the stiffness of the plate free

edges. Therefore, the correlation between the predicted tension tear-out load and the

actual test capacities reinforces the previous conclusion (Section 5.2.1) that the tensile

behavior of a gusset plate under cyclic loading is governed by the connection geometry

and the plate thickness.

5.3.2 Monotonic Compression

The compressive capacity of the cyclic test specimens will be compared with two current

design approaches. Table 5.2 list the ultimate compressive capacity of each test specimen.

The ultimate compressive capacity is defmed as the maximum compressive load level

reached by a specimen throughout its cyclic loading history. The test capacities are

compared to a Whitmore yield load and a Thornton load for each specimen. The



Whitmore yield load for compression is defmed as for tension in Section 5.3.1. The

Thornton load (Thornton, 1984) attempts to estimate the buckling load of the gusset plate

by considering an imaginary fIxed-fIXed column strip of unit width below the Whitmore

effective width in the gusset plate. The process for determining the buckling capacity of a

gusset plate by the Thornton equivalent column method is outlined in Section 2.3.

The ratios of the actual compressive test capacity to the Whitmore load and to the

Thornton load are recorded in Table 5.2. It is observed that the Whitmore load is

ineffective in estimating the ultimate capacity of the test specimens. The Whitmore load

does not account for the effect of the stiffness of the plate edges or the overall gusset plate

geometry in its formulation. As a material yield approach, the Whitmore load attempts to

estimate the load at which material yielding will occur at the critical section. From the

Whitmore load data, it is seen that Specimen A-5 reached its ultimate capacity well before

material yielding occurred at the critical section. All other specimens reached their

ultimate compressive capacity once material yielding at the critical sections had occurred.

The ultimate capacity of all test specimens was accompanied by gusset plate buckling.

In all cases the Thornton load produced conservative estimates of the ultimate

compressive capacity of the test spec.imens. By accounting for the overall geometry of the

gusset plate, the Thornton load provides a more rational estimate of the ultimate

compressive capacity. The calculation of the Thornton load does not, however, account

for the presence of the plate edge stiffeners. The average test specimen capacity to

Thornton load predicted capacity is 1.24.

Table 5.2 also presents the results from a test series performed at the University of Alberta

on similar gusset plate specimens tested under monotonic loading conditions (Cheng and

Yam, 1991). 500 mm x 400 mm rectangular specimens with four rows of bolts were
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tested under monotonic compression. All specimens were unstiffened and ranged in

thickness from 6.51 mm to 13.3 mm. The average test to predicted ratios based on the

Whitmore load theory and the Thornton load theory for the specimens tested are

presented in Table 5.2. By comparing the monotonic test to predicted ratios with the

current test results, it is observed that cyclic loading significantly reduces the ultimate

compressive strength of steel gusset plates. Some possible explanations to this observed

effect will be discussed in the next section. Due to the modified gusset plate geometry of

Specimen A-5, no comparison with the monotonic test results was made.

It is important to note that both the Whitmore yield load and the Thornton equivalent

column load theories are provided for monotonic loading conditions. Under monotonic

loading, the Thornton load is shown to greatly underestimate the inelastic buckling

capacity of gusset plates (Cheng and Yam, 1991). Therefore, the relative effectiveness of

the Thornton load in estimating the ultimate compressive capacity under cyclic loads may

be a result of the deteriorated specimen behavior observed under the imposed cyclic

loading.

5.3.3 Cyclic Load Behavior

In Section 5.3.2 it was observed that cyclic loading significantly reduces the ultimate

compressive strength of steel gusset plates. It is believed that the cyclic loading history,

and the resulting residual strains, are responsible for altering the mechanical properties of

the test specimens. The material phenomena that may be responsible for the observed

specimen response include: the effect of stress reversal, Bauschinger Effect; the effect of

prior cycles on reversed loading curves, cyclic hardening or softening; and the effect of

aging (Singh, et al., 1965).

The Bauschinger Effect is described as a phenomenon that results in an increase in the
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proportional limit and yield strength by reloading a plastically deformed specimen in the

same direction, tension after prestretching, or in a decrease by reloading it in the opposite

direction, compression after prestretehing (Chajes, et al., 1963). It is the latter case that is

of interest to the current testing program. All test specimens were initially loaded in

tension during each loading cycle. In all cases, with the exception of the testing of

Specimen A-5, significant plastic straining had occurred under tensile loading prior to

reaching the ultimate compressive capacity of the specimen. As such, it would be

expected that the compressive yield strength would be reduced under the imposed test

loading. A reduction in the compressive yield strength would lead to an increase in

compressive plate deformations at reduced load levels, resulting in a reduced plate

buckling capacity.

Due to plastic deformation, modifications to the microstructure occur during cyclic

straining. Depending on the initial state and test conditions, the deformation resistance of

the material may increase, decrease, or remain essentially unchanged: cyclic hardening,

cyclic softening, or cyclic stability (Starke and Lutjering, 1978). The loading procedure

unique to Specimen A-I allows an assessment of this phenomenon. The loading scheme

for Specimen A-I involved a set of three identical cycles at each axial deformation level in

the inelastic range. Figure 5.3 shows the hysteresis loops for Cycles #8-10. All three

cycles involved testing the specimen to roughly the same axial deformation level. From

the figure, it is observed that the maximum tensile loads reached decreased with each

repeated cycle of loading. Therefore, the material used in this investigation undergoes

cyclic softening under cyclic loading conditions. The magnitude of this cyclic softening

has not been quantified, but it is evident that this behavior contributed to the observed

specimen behavior under cyclic loading.

The effect of aging on the behavior of a material subject to cyclic loading appears to vary



with the type of steel and the nature of the plastic straining history. An investigation into

the behavior of reinforcing steel under reversed loading (Singh, et al., 1965) revealed that

the reversed strain curves showed a recovery of stiffness and strength with time, as the

cyclic material response tended towards the virgin response curve. Conversely, research

into the effects of cold-straining on structural sheet steels (Chajes, et al., 1963) showed an

increase in the yield strength and proportional limit, above the virgin curve, as a result of

aging. The effect of aging on the cyclic behavior in the current investigation is unknown.

However, it is believed that the magnitude of prior plastic straining and the duration of

time between successive loading cycles might not have been sufficient to produce any

significant effects due to aging.

The above discussion has only attempted to provide an insight into the possible factors

that may be responsible for the observed gusset plate compressive behavior. A detailed

investigation would be required to isolate the relative effects under the type of cyclic

loading employed in the current test program. Such an investigation is beyond the scope

of this test program.

5.4 Finite Element Analysis

An elastic finite element analysis was performed to provide an analytical reference to the

recorded test strain data. The fmite element program ANSYS was used to determine the

in-plane principal stress distribution of a typical gusset plate specimen within the elastic

loading range. Specimen A-I and A-2, both unstiffened specimens, were selected to

provide a comparison to the observed test results.

In the analysis, the gusset plate and splice member were modeled by a series of three­

dimensional shell elements. The fmite element mesh used to model the gusset plate is

shown in Figure 5.4. The gusset plate was assumed to be fixed along the welded
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boundary to the beam and column members. The top of the gusset plate, at the

conjunction of the gusset plate and splice members, is assumed to be fIxed in rotation but

free to move in both the in-plane and out-of-plane directions. The test load was applied as

a constant pressure over the cross-section of the splice member at the top of the specimen.

The bolted connection between the splice members and the gusset plate was modeled as a

series of rigid-link connections at the bolt locations. This configuration was believed to

best represent the design prototype and the actual conditions under testing.

The analytical stress distribution for Specimen A-I at the 530 kN load level, 50% of the

nominal Whitmore yield level, is shown in Figure 5.5. The stress analysis for Specimen A­

2 was likewise perfonned at 50% of the nominal Whitmore yield level, 353 kN. Due to

the similarity of the results, only the analytical stress distribution for Specimen A-2 will be

considered in detail.

The analytical principal stress distribution for Specimen A-2 is shown in Figure 5.6. The

observed stress distribution can be converted to strains by applying Hook's Law. It is

observed that the elastic strains recorded during the cyclic testing of the specimen (Figure

4.14) are in good agreement with the analytical results. The recorded principal strains at

the rosette locations near the base of the splice member are in particularly strong

agreement with the analytical results, while the overall fInite element stress distribution

pattern corresponds with that observed during testing. The actual principal stress at the

rosette locations during testing at the +353 kN load level were computed to be 162.1 MPa

and 155.6 MPa, with the higher stress recorded at the rosette location nearest to the plate

boundary. To allow a comparison with the analytical results, the location of the rosette

gages are shown on Figure 5.6. The comparison of data must be viewed in light of the

ideal conditions modeled by the fInite element analysis. The model assumes perfect

boundary conditions and no initial imperfection. Since an elastic fInite element analysis



was perfonned. the gusset plate stress distribution presented are applicable to either

tension or compression at the 353 kN load level.

The [mite element analysis also produced data on the fastener force distribution in the,

splice member to gusset plate connection. Figure 5.7 shows the relative magnitude of the

force components in the splice member connection for Specimen A-I at the 530 kN load

level. The distribution of fastener forces can be compared with the bolt hole defonnations

observed during the testing of Specimen A-I. Careful observation of Figure 4.3 reveals

that the pattern of bolt hole defonnations corresponds with the fastener force distribution

obtained from the finite element analysis.
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Element Edge Pressure
Applied to Splice

Top of Gusset Plate

""

• Rigid Link Connection Between Gusset Plate
and Splice Member

Figure 5.4. Finite Element Mesh



40

40

(stress in MPa)
Maximum Stress = 187.0 MPa

Figu~e 5.5. Analytical Stress Distribution - Specimen A-I
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Figure 5.6. Analytical Stress Distribution - Specimen A-2
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Figure 5.7. Analytical Fastener Force Distribution - Specimen A-I
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6. SUMMARY AND DESIGN GUIDELINE

6.1 Summary

The cyclic behavior of steel gusset plates has been examined by an experimental

investigation of full-scale gusset plate connections of a diagonal bracing member at the

joint of a beam and column. The frame model examined considers a concentric braced

frame where the brace member is designed not to buckle. The energy of the system is

designed to be absorbed by the gusset plate connection. The experimental program

considered the effect of the gusset plate thickness, plate edge stiffeners, gusset plate

geometry, and connection bolt slip on the energy absorption characteristics of the system.

A total of five gusset plate specimens were tested under reverse loading conditions. The

brace member was connected to the gusset plate by means of a bolted splice member

connection. The gusset plate was directly welded to the beam and column members of the

frame. The test results were analyzed and compared to current design practices and to the

results of a monotonic gusset plate test series. The finite element program ANSYS was

used to provide an analytical reference to the observed test results. The following is a

summary of the most significant findings from this investigation.

I. The ultimate tensile and compressive capacity of the unstiffened gusset plate

specimens is roughly proportional to the thickness of the specimen.

2. The ultimate tensile capacity was governed by the plate thickness and the connection

geometry. The tensile capacity was not affected by either the addition of plate edge

stiffeners to Specimen A-3 and A-4, or the modified plate geometry of Specimen A-5.

All specimens with the same plate thickness and the same connection geometry

reached approximately the same ultimate load level in tension.

3. The addition of plate edge stiffeners significantly improved the energy absorption



behavior of the gusset plates tested. The effect of plate edge stiffeners on the ultimate

compressive capacity of gusset plates is dependent on the size and stiffness of the

stiffener.

4. Unstiffened gusset plates experience a sudden drop in compressive load carrying

capacity once overall plate buckling occurs. In contrast. stiffened gusset plates

experience a stable post-buckling response; there is only a gradual decrease in

compressive load carrying capacity under cycles of increasing axial compressive

deformation.

5. The test results from Specimen A-5 indicate that there is no rationale for providing for

the free formation of a plastic hinge in the geometry of a gusset plate connected to the

main framing members on two sides. The gusset plate geometry required to

accommodate the free formation of a plastic hinge under compressive deformations

results in a reduced stiffness and buckling load.

6. Slip displacements in the gusset plate to splice member bolted connection can

contribute significantly to the energy absorption capacity of the gusset plate assembly.

However. to be able to consider the energy absorbed through connection slip. it must

be assured that connection slip will occur during every loading cycle.

7. The Whitmore yield load (Whitmore. 1952) underestimates the ultimate tensile

capacity of the test specimens. The tension tear-out load proposed by Hardash and

Bjorhovde (1985) provides a very good estimate of the ultimate tensile capacity of the

test specimens.

8. The Whitmore yield load (Whitmore. 1952) is ineffective in estimating the ultimate

compressive capacity of the test specimens. The Thornton equivalent column load

(Thornton. 1984) produced conservative estimates of the ultimate compressive

capacity of the test specimens. The Thornton method accounts for the overall

136
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geometry of the gusset plate, but does not account for the presence of plate edge

stiffeners.

9. The ultimate tensile behavior of the test specimens does not appear to be significantly

adversely affected by the cyclic loading history and the extreme compressive

deformations that resulted. However, when the ultimate compressive behavior is

compared to gusset plates tested under monotonic loading conditions. it is observed

that cyclic loading significantly reduces the ultimate compressive strength of gusset

plates.

10. The tensile failure mode of all gusset plate specimens was a fracture of the plate

material between the bolt holes in the bottom row of the splice member connection.

The compressive failure mode of all gusset plate specimens was ultimately an overall

buckling of the gusset plate. For the stiffened specimens. overall buckling of the

gusset plate was delayed until the stiffeners began to yield.

11. The peak gusset plate strains recorded during the elastic portion of loading were

beneath the base of the splice member. The general elastic distribution of gusset plate

strains recorded during testing are in good agreement with the results obtained from

the fmite element analysis.

6.2 Design Guideline for Gusset Plates Under Cyclic Loads

Properly designed and detailed gusset plate connections appear capable of absorbing

significant amounts of energy to validate the proposed 'strong brace, weak gusset'

concentric braced frame model. The brace member is designed not to buckle. The energy

of the system is designed to be absorbed by the inelastic deformation of the gusset plate

connection.

Based on the test results. a design guideline for gusset plates subjected to cyclic loading
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conditions is recommended as below. However, it should be noted that the present

recommendations are based on the limited results of the current investigation. Further

research as outlined in the next section is required for the improvement of the proposed

design recommendation.

1. Plate edge stiffeners should be added to all gusset plates in order to improve their

behavior under cyclic loads. The size and stiffness of the edge stiffener should be

sufficient to delay the onset of overall plate buckling of the gusset plate and to provide

a stable post-buckling response.

2. The tensile strength of gusset plates under cyclic loads can be accurately determined

using the block shear tear-out model proposed by Hardash and Bjorhovde (1985).

3. Prior to the development of a more refined design approach, the Thornton equivalent

column method (Thornton, 1984) can be used to provide a conservative estimate of

the ultimate compressive capacity of gusset plates under cyclic loads.

4. A defined free plastic hinge width should not be provided for in the geometry of the

gusset plate when the gusset plate is connected to the main framing members along

two plate edges. No special provisions need to be made to accommodate the

formation of a plastic hinge in the gusset plate.

5. The end of the splice member should be located within the region of the gusset plate

constrained by the plate boundary to the beam and column frame members.

6.3 Recommendations for Future Research

Further research should be conducted on the cyclic behavior of steel gusset plate

connections in the following areas:

1. A parametric study should be performed to determine the optimum size and stiffness
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of plate edge stiffener required to improve the buckling strength and energy absorption

characteristics of gusset plates under cyclic loads.

2. Further study is required to develop a more refined design method for the compressive

capacity of gusset plates under ~yclic loads. Such a study should attempt to evaluate

the loss in gusset plate compressive capacity due to cyclic loading effects.

3. A full scale test program should be undertaken to determine the ability of bolt slip in

the gusset plate to splice member connection to partake in the energy absorption

mechanism of a concentric braced frame.

4. Further tests should be conducted to investigate the optimum location for placing the

end of the splice member (or brace member) in order to maximize the compressive

strength and overall ductility of the connection.

5. Full frame tests should be performed to better assess the energy absorption

characteristics of the proposed 'strong brace. weak gusset' concentric braced frame

model. A comparison with the energy absorption characteristics of other types of

braced frames would be beneficial.
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APPENDIX A. Additional Test Data

Figures A.I to A5 show the load versus axial displacement response of the gusset plate

for the specimens tested. The displacement is recorded by the LVDTs attached to the top

of the gusset plate adjacent to the splice member connection. The observed displacement

is that of the gusset plate itself. The deformations in the splice member, the local bearing

deformations in the gusset plate bolted connection, and the connection slip in the splice

member to gusset plate connection, if any, are not included. For the purpose of

comparison, Figures A.l to A.5 are plotted to the same scale as the load versus

displacement curves presented in Chapter 4.

Figures A6 to AlO show the out-of-plane displacement response of the test frame. The

displacement is recorded by the LVDT attached the distributing beam. The displacement

represents the out-of-plane sway of the test frame and the lower end of the gusset plate.

The test frame was allowed to displace out-of-plane to simulate the desired plate boundary

condition.

141



20
00

10
00

~ z j,
L
~ u

0
ro 0 -.

J

(J
)

f
- L

-1
00

0

-2
00

0

-5
-3

-1
1

3
5

7
9

11
13

15

A
X

ia
l

D
ef

or
m

at
io

n
o

f
G

us
se

t
P

la
te

(m
m

)

F
ig

ur
e

A
.I

.
L

oa
d

vs
.A

xi
al

D
is

pl
ac

em
en

t
R

es
po

ns
e

o
ft

he
G

us
se

t
P

la
te

-
S

p
ec

im
en

A
-I

..... t



15
00

10
00

~

50
0

z :>
L
~ "D

0
ro 0 --

l

(J
)

t
-

-5
00

L

-1
00

0

-1
0

-8
-6

-4
-2

o
2

4
6

8
10

12

A
x,

al
D

ef
or

m
at

,o
n

o
f

G
us

se
t

P
la

te
(m

m
)

F
ig

ur
e

A
.2

.
L

oa
d

vs
.A

xi
al

D
is

pl
ac

em
en

tR
es

p
om

e
o

ft
he

G
us

se
t

P
la

te
·S

pe
ci

m
en

A
-2

..... e;



21
21

12
11

21

112
112

112
1

~ Z ::.
L
~ lJ

121
ru 0 ....

J

(f
)

t
- L
:

-1
12

11
21

12
1

-2
12

11
21

12
1

-5
-3

-1
1

3
5

7
9

1
1

13
15

R
X

ia
l

D
ef

or
m

at
io

n
o

f
G

us
se

t
P

la
te

(m
m

)

F
ig

ur
e

A
.3

.
L

oa
d

vs
.A

xi
al

D
is

pl
ac

em
en

t
R

es
po

ns
e

o
ft

he
G

us
se

t
P

la
te

-S
pe

ci
m

en
A

-3

- ~



1
5

0
0

1
0

0
0

,.., z
5

0
0

::.t
.
~ U '1J 0

0
-.

J

r.
J) I
- L

-5
0

0

-1
0

0
0

-1
4

-1
2

-1
0

-8
-6

-4
-2

o
2

4
6

8

R
X

la
l

D
ef

or
m

at
,o

n
o

f
G

us
se

t
P

la
te

Cm
mJ

F
ig

ur
e

A
.4

.
L

oa
d

vs
.A

xi
al

D
is

pl
ac

em
en

t
R

es
po

ns
e

o
ft

he
G

us
se

t
P

la
te

·
Sp

ec
im

en
A

·4

- :ti



20
00

10
00

r-
.

Z .JI
.
~ U

0
ro 0 ---

.l

(J
)

t- :L

-1
00

0

, -2
00

0

-5
-3

-1
1

3
5

7
9

11
13

15

A
X

ia
L

D
ef

or
m

at
io

n
o

f
G

us
se

t
P

L
at

e
(m

m
)

F
ig

ur
e

A
.S

.
L

oa
d

vs
.A

xi
al

D
is

pl
ac

em
en

tR
es

po
ns

e
o

f
th

e
G

u
ss

et
P

la
te

-
Sp

ec
im

en
A

-S

- ~ 0
0



....,
<
~lSI
.~

~ =-E [I)

E ,
~ Gl
....,

~C
OJ ....E
OJ ...
0 ~lSI ro

'""' ....
I 0- 0

1Il ..., =0 is
OJ Gl
C

~ro- -
0- =-
I .ra

<..- Q
0 Gl

lSI I =N
....,

~

I :J -0 =-..:.
0..:.
:I
0

~
<
Gl

lSI a
r<1 ell
I

.~

lSI tSl
....

tSl tSl tSl lSI
tSl tSl tSl lSI
N '""' tSl lSI

'""' N
I I

CN)j) Pl?Ol SlW

149



15
00

10
00

~

5
0

0
z :,

t.
~ lJ

0
ru 0 ...
.J

(f
)

r- L
-5

0
0

-1
0

0
0

-1
0

o
10

20
3

0
4

0
50

O
u

t-
o

f-
p

la
n

e
O

ls
p

la
ce

m
en

t
(m

m
)

F
ig

ur
e

A
.7

.
O

ut
-o

f-
pl

an
e

D
is

pl
ac

em
en

to
fT

es
tF

ra
m

e
-

Sp
ec

im
en

A
·2

-UI o



20
00

10
00

~ Z :J
I.

'-
J "0

0
ru 0 -
l

U
l

t
- ::E

-1
00

0

-2
00

0

-4
0

-3
0

-2
0

-1
0

o
10

O
u

t-
o

f-
p

la
n

e
D

is
pl

ac
em

en
t

(m
m

)

F
ig

u
re

A
.8

.
O

ut
-o

f-
pl

an
e

D
is

pl
ac

em
en

to
fT

es
tF

ra
m

e
-

Sp
ec

im
en

A
-3

.... U
l ...



15
00

10
00

~

50
0

z ~ ~ 1
:) ro 0

0
-.

J

(J
)

t
- L

-5
00

-1
00

0

-1
0

o
10

20
3

0
40

50

O
u

t-
o

f-
p

la
n

e
D

is
pl

ac
em

en
t

[m
m

)

F
ig

ur
e

A
.9

.
O

ut
-o

f-
pl

an
e

D
is

pl
ac

em
en

to
fT

es
tF

ra
m

e·
Sp

ec
im

en
A

·4

-VI N



20
00

10
00

,.., z .:,
L
~ \J

0
ru 0 -
l

(f
)

r- ~

-1
00

0

-2
00

0

80
lt

S
l,

p
-

LV
D

T
R

e
p

0
5

1
l,

o
n

e
d

--
e,

.

-5
0

-4
0

-3
0

-2
0

-1
0

o
10

20
30

O
u

t-
o

f-
p

la
n

e
D

ls
pl

ac
em

en
t

(m
m

)

F
ig

ur
e

A
.tO

.
O

ut
-o

r-
pl

an
e

D
is

pl
ac

em
en

to
r

T
es

tF
ra

m
e

-
Sp

ec
im

en
A

-S

..... C
J\

W




