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ABSTRACT: A finite element model and an equivalent truss model have been developed to capture the linear and
nonlinear behavior of bolted bracing connections. To validate these models, a %-scale plane specimen representing the
lower story of a three-story concentrically braced steel frame has been tested under cyclic and pseudodynamic loadings.
The latter tests have been conducted with a newly developed substructuring approach. In this paper, the modeling
methods and experimental procedures are summarized, and the correlation of numerical and experimental results, in
terms of global load-displacement hystereses, energy dissipation, and displacement time histories, is examined. It has
been shown that the displacement response of the braced frame can be satisfactorily evaluated with the proposed
connection models. Furthermore, it has been shown that the results of frame analyses in which the flexibility of mode-

rately bolted bracing connections is neglected can underestimate the story drift by 33% under a severe seismic load.

1 INTRODUCTION

The seismic. performance of concentrically braced frames
(CBF) has been widely studied. Some of the results have
led to design recommendations adopted in the recently
developed document on Seismic Provisions for Structural
Steel Buildings - LRFD (AISC 1990). In particular, strin-
gent requirements have been proposed to avoid undesired
brittle behavior of CBF under severe seismic load condi-
tions, including the minimum strength requirements for
bracing connections of the type shown in Fig. 1. Never-
theless, no specific guidelines or commonly accepted anal-
ysis methods are available to evaluate the strength and
assist the design of such connections. Furthermore, in
frame analysis, bracing connections are often modeled as
ideal pins or rigid joints without the connection flexibi-
lity, contributed by clip angles and gusset plates, taken
into consideration. In reality, the connection flexibility
may affect the sway of braced frames under static and
dynamic loads, and bracing connections are expected to
affect the local stress distribution in beams and columns
around the joints. .

To evaluate the strength and stiffness of bracing connec-
tions through detailed stress analysis, a plasticity-based
finite element model has been developed by Bursi (1992a)
for modeling bolted clip-angle and welded fasteners that
are commonly used in such connections. The model has
been validated with experimental data obtained from iso-
lated bolted and bolted-welded bracing connections (Bursi

et al 1992b). Furthermore, to allow a realistic assess- -
ment of story sways in braced frames, a phenomenological
model based on an equivalent truss concept has been pro-
posed (Bursi and Gerstle 1992c). While this model is effi-
cient for frame analysis, the strength and stiffness of the
equivalent truss have to be calibrated by means of refined
finite element analysis. The main objectives of this study
are to examine the accuracy of these models when used
in the two-stage analysis of a braced frame as mentioned
above, to investigate the influence of connection flexibility
on the sway of a braced frame under seismic loads, and
to evaluate the performance of a CBF, including that of
bolted bracing connections, designed in accordance with
the LRFD provisions (AISC 1990), under severe seismic
load conditions.

To this end, a 3-scale plane frame specimen represent-
ing the bottom story of a three-story CBF has been tested
under cyclic and pseudodynamic loads. The latter tests
have been conducted with a newly developed substructur-
ing approach (Vannan 1991), in which only the bottom
story of a multistory frame needs to be tested, while the
upper stories are modeled in an on-line computer. Numer-
ical computations are conducted during testing to evalu-
ate the displacement response that is to be imposed on
the structural subassembly. The experimental results are
compared to frame analyses conducted with an equiva-
lent truss model using the computer program ANSR-III
(Oughourlian and Powell 1982). In this paper, both the
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analysis methods and experimental procedures, the nu-
merical and experimental results in terms of the global re-
sponse, plastic energy dissipation, and failure mechanism
of the frame specimen at various seismic load levels, are
presented. Finally, the influence of connection flexibility
and the overall frame performance are commented upon.

2 FRAME SPECIMEN AND ANALYSIS METHODS

In this study, a diagonal bracing system representing a sin-
gle bay of a five-bay, three-story office building which has
been designed with the "Equivalent Lateral Force Proce-
dure” defined in the Uniform Building Code (UBC 1988) is
considered. Because of the limited capacity of the loading
apparatus, the frame has been designed for UBC Seismic
Zone 3. The geometric configuration and member sizes of
the prototype frame are shown in Fig. 2. The design com-
plies with the AISC-LRFD Manual (AISC 1986) and the
recently proposed seismic provisions (AISC 1990). The
lateral resistance of the frame is provided by a single di-
agonal brace at each story. While this may not be a most
desirable load resistance mechanism, in view of the limited
energy-dissipation capability associated with the buckling
of braces, this bracing system, nevertheless, simplifies the
test procedure and specimen fabrication, and allows for a
better comparison of experimental and numerical results.
It will also impose severe tensile forces on the connections.

The tests have been carried out on a %-scale frame
specimen representing the bottom story of the prototype
frame, as shown in Fig. 3. Similitude rules have been
applied to the frame members as well as to the bracing
and beam-to-column connections. To allow using stan-
dard member sizes, the similitude rules have been slightly
violated. In spite of this, it has been shown by numeri-
cal simulations that a reasonable dynamic similitude can
be attained between the prototype frame and the scale
model (Vannan 1991). A typical bracing connection used
in the scale model is shown in Fig. 4. This connection
consisted of a %" (6 mm) gusset plate fastened to the
members with 3 x 27 x %” (76 x 63 x 4.8 mm) double
bolted clip angles characterized by a yield stress F,, equal
to 53 ksi (365 MPa). To attain the strength of the brac-
ings (AISC 1990), three bolts were used for each gusset
plate-to-member fastener (AISC 1986). The gusset plate
buckling strength was computed with a conservative pro-
cedure based on the Whitmore section (Gross 1989). This
type of connection is designated as 3x3 bracing connection
in the following. Furthermore, to provide additional data
for validating the analytical models, 2x2 bolted fasteners
have also been introduced in a few tests. As shown in Fig.
3, the beam at the top of the first story has been rigidly
bolted to the columns by means of Extended End-Plates
(EP) -;-” (12.7 mm) thick, to enhance the torsional resis-
tance of the columns. The braced frame has also been
investigated with simple beam-to-column connections by
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adopting bolted clip Web Angles (WA) of the same size
of the gusset plate-to-member fasteners. A-36 steel has
been used for all members. The actual yield stress Fy of
the diagonal brace is found to be about 48 ksi (331 MPa).

The bracing connection used has been analyzed with a
refined finite element model, in which the nonlinear be-
havior of bolted clip-angle fasteners is simulated with an
interface element (Bursi 1992a). The element is devel-
oped within the framework of hardening plasticity with
the constitutive laws based on the stiffness and strength
values obtained from physical tests (Bursi 1992a). This
analysis has been used to simulate the behavior of bolted
bracing connections (Bursi et al. 1992b) and to provide
data for calibrating the phenomenological model used for
frame analysis. As shown in Fig. 5, the bracing connection
model is based on an equivalent truss (Bursi and Gerstle
1992¢), which can capture both the rotational constraint
and axial flexibility introduced into beam-to-column joints
and diagonal bracings, respectively. A bilinear axial force-
axial deformation relation with a kinematic hardening rule
is used for each truss member to simulate the nonlinear be-
havior of bracing connections. The model, however, can-
not capture the buckling of the gusset plate. The ratio
;:% of the rotational connection flexibility F' to the beam

flexibility EL'I was computed for the WA (é’; = 5.7) and

the EP (—’f— = 0.039) beam-to-column connections. The

values obtained are well within the range for which a pin-
ended or a rigid connection can be assumed for the joint
model (Fig. 5) (Gerstle 1988).

To check the validity of the phenomenological model
in the context of frame analysis, the bracing connection
model is calibrated in the fashion described above and in-
corporated into the static and dynamic analyses of the
frame specimen using the computer program ANSR-III
(Oughourlian and Powell 1982). While only a single-
story has been tested by means of the pseudodynamic
method (Fig. 6) using a substructuring approach, the dy-
namic analyses are conducted with the entire three-story,
single-bay scale model. Elastic-plastic beam-column ele-
ments based on the plastic hinge concept (lumped plas-
ticity beam-column element without stiffness degrada-
tion) are used to model the beam and column members.
Four beam-column elements with distributed plasticity
and nondegrading stiffness (Chen and Powell 1982) are
used to discretize every bracing member in order to simu-
late the post-buckling hysteretic behavior. The depth of
a column is simulated by a rigid beam extending from the
center line to the flange of the column.

The masses are lumped at nodes 3, 7 and 9 of the frame
model which are numbered in the same fashion as shown
in Fig. 2. The masses at the first and second stories
are assumed to be 0.204 kip-sec?/in (35.7 kN-sec?/m) and
that at the third story is 0.08 kip-sec?/in (14 kN-sec?/m).



Fig. 1. Bolted beam web-to-column
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Rayleigh damping is selected and the damping ratio for
the fundamental mode is based on the actual damping
measured in pseudodynamic free-vibration tests.

3 TEST PROCEDURES

3.1 Quasi-static cyclic tests

To identify the lateral load vs. lateral displacement re-
sponse characteristics of the braced frame, it was sub-
jected to a series of quasi-static cyclic load reversals. The
specimens were loaded with a servo-controlled electrohy-
draulic actuator at the top of the first story. Tests were
conducted with both 2x2 and 3x3 bracing connections at
small deformation levels. Four tests were performed under
load control on the unbraced and braced frame in order to
characterize the elastic response of both the structure and
the connections. Other two tests were performed under
displacement control, gradually increasing fully reversed
lateral displacement cycles and imposing at each displace-
ment level three equal amplitude cycles. The amplitude
was progressively increased in steps of 0.1 inches in order
to reach the yielding of the bolted gusset plate-to-member
fasteners.

3.2 Pseudodynamic tests

A multilevel substructuring algorithm has been developed
and implemented in a finite element-based pseudodynamic
test program, in which part of a structure can be modeled
in a computer with beam-column and truss elements while
the remaining portion is tested experimentally. An uncon-
ditionally stable implicit direct time integration scheme
is used to evaluate the dynamic response. A modified
Newton-Raphson iterative approach based on the initial
structural stiffness is adopted in the solution process. The
initial stiffness can be estimated by means of an analyti-
cal model. The detailed test methodology and theory have
been covered by Vannan (1991).

In this study, only the lowest story of the braced frame,
in which damage is expected to be most severe, has been
tested, while the two upper stories have been modeled in
a computer. The schematic of the test setup is shown in
Fig. 6. The experimental and analytical substructures
have been partitioned at the mid-height of the second
story, where the inflection points are assumed to be lo-
cated. This assumption is not exactly true but has no sig-
nificant influence. The partition line is shown in Fig. 2,
where nodes 3, 5, and 6 are the interface nodes. It should
be noted that the diagonal brace at the second story has
been considered to be part of the analytical substructure
and is, therefore, not shown in Fig. 6. The mass has been
assumed to be distributed in the same fashion as in the
frame analyses using the ANSR-III program.

Two actuators have been used to control the horizontal
displacements at nodes 3, 5, and 6 (i.e. DOF 1, DOF 2,
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and DOF 3 shown in Fig. 6) of the experimental substruc-
ture. By means of a rigid link, the displacements at DOF
2 and DOF 3 (i.e., d¥ and df) have been slaved. Even
though all degrees of freedom at the nodal points have
been retained, those corresponding to zero mass have not
been controlled except for the interface degrees of free-
dom. This is identical to static condensation. The restor-
ing forces corresponding to DOF 1, 2 and 3 have been mea-
sured by load transducers in the actuators and the rigid
link. However, since the diagonal brace in the second story
has been considered as part of the analytical substructure,
its axial force has to be computed and added to the force
measured at DOF 1 to obtain the total restoring force.

For this test series, the NS component of the 1940 El
Centro ground motion record has been used. The peak
ground acceleration has been scaled progressively from
0.04 g (minor level) to 0.30 g (severe level). This series
provides two tests with elastic response.

Prior to these tests, pseudodynamic free-vibration tests
have been conducted to measure the inherent damping in
the structure in a presumably linearly elastic range.

4 COMPARISON OF EXPERIMENTAL AND NUME-
RICAL RESULTS

For conciseness, only the main results will be presented
in the following. The hysteresis loops of story shear vs.
story displacement obtained from the quasi-static cyclic
test with 3x3 bracing connections and extended end-plate
joints are shown in Fig. 7a. The inelastic hysteretic be-
havior observed is mainly due to the yielding of the gusset
plate-to-member fasteners thus indicating that a substan-
tial amount of energy can be dissipated in the bolted clip
angles. The result of a numerical simulation using the
phenomenological model for bracing connections is also
plotted in Fig. 7a. It can be observed that the hysteretic
behavior of the test frame is well captured. The analyt-
ical model overestimates the energy dissipation by about
11.3%. In order to explore the effects of bracing connec-
tions on the frame response, a rigid braced frame analy-
sis neglecting the bracing connection flexibilities has been
performed. The comparison of the analytical and exper-
imental results (Fig. 7b) shows that the rigid connection
analysis overestimates the stiffness and the strength of the
test frame both in the tensile brace regime (pull) and in
the compressive brace regime (push).

The displacement histories vs. the compressed times ob-
tained from the pseudodynamic tests with 0.15 g, 0.20 g
and 0.30 g peak ground accelerations and with 3x3 brac-
ing connections are shown in Figures 8 to 10 respectively.
In the same figures, the analysis results conducted with
the bracing connection model are illustrated as well. The
equivalent viscous damping measured from a prior pseu-
dodynamic free-vibration test, and then used by the nu-
merical simulations is 2.3%. As indicated in Fig. 8, the



experimental frame response which is characterized by the
yielding in the gusset plate-to-member fasteners correlates
satisfactorily with the numerical simulation.

The pseudodynamic test results with 0.2 gand 0.3 g
Deak ground acceleration (Figs. 9 and 10) resulted in se-
vere tensile yielding of the gusset plate-to-member fas-
teners and out-of-plane buckling of the diagonal brace.
Therefore, the displacement time histories show a signifi-
cant period elongation when compared to the test result in
Fig. 8. The overall responses in the simulations are sim-
ilar to the test results, but the analyses indicate smaller
displacements than those obtained in the tests. The ob-
served differences are largerly due to the analytical brace
model which tends to overestimates the material tangent
modulus and the energy dissipation.

The effective length coefficient K was computed for the
diagonal braces, based on the brace buckling strength P,
of 79.6 kips (354.1 kN) and 79.9 kips (355.4 kN) mea-
sured in two tests, and the average yield stress of 47.7 ksi
(328.9 MPa). Using the clear brace length (70.2 inches
(1783 mm)) and the AISC-LRFD (AISC 1986) buckling
strength formula, a K factor of 1 is obtained.

In summary, the frame has exhibited a relatively ductile
behavior. Both the bracing connections and the diagonal
brace are able to dissipate a substantial amount of energy.
Nevertheless, the buckling of the diagonal brace has led to
a substantial drop of lateral resistance. Lastly, the max-
imum story displacement in the three PSD tests (0.15 g,
0.20 g and 0.30 g peak ground accelerations) and the max-
imum computed displacements from rigid frame analyses
in which the bracing connection flexibility is excluded are
compared in Fig. 11. The analytical response appears to
be 33% smaller than the test response because of the ne-
glecting of bracing connection flexibility.

5 CONCLUSIONS

In this paper, the seismic response of a flexibly connected
steel braced frame is studied by means of pseudodynamic
testing and numerical simulation. The experimental study
has been based on a newly developed substructuring ap-
proach and the analyses have been conducted with a phe-
nomenological model that is capable of capturing the lin-
ear and nonlinear response of bracing connections. The
conclusions reached are as follows:

1. The frame designed in accordance with the proposed
AISC Seismic Provisions (AISC 1990) has exhibited a
good ductile behavior. The moderately bolted brac-
ing connections are capable to dissipate a substantial

amount of energy.
. The K factor for the out-of-plane buckling of the di-

agonal brace connected with bolted gusset plates has
been found to be close to unity, which corresponds to

a pinned-pinned end condition.
. Satisfactory correlations have been obtained between

the test results and numerical simulations using the
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phenomenological model for the bracing connections.

. The rigid frame analysis of the examined structure
gives safe results. But for sway-critical frames, the
effects of the bracing connection flexibility should be
considered, since moderately bolted bracing connec-
tions can contribute considerably to sway under seis-

mic loads.
. The results indicate that pseudodynamic testing is a

viable alternative to testing a complete structure.
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