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INTRODUCTION

O ngoing work on the seismic performance and design of
steel panel dampers for steel moment frames is high-
lighted. Dr. Keh-Chyuan Tsai, professor in the Department
of Civil Engineering at National Taiwan University, leads
the team from National Taiwan University and the National
Center for Research on Earthquake Engineering (NCREE)
in Taipei. In 2018, Dr. Tsai received an AISC Special
Achievement Award in recognition of “extensive work with
U.S. researchers to conduct large-scale system level testing
of structural steel seismic force resisting systems, leading
to system level verification of many of the AISC 341 provi-
sions” (AISC, 2018).

At NCREE, one recent collaboration with the University
of Washington included cyclic tests of a three-story chevron
special concentrically braced frame (SCBF). Current seismic
design provisions require large beam sizes to resist the unbal-
anced forces from the chevron braces after brace buckling.
The research has explored options for alternative ductile
mechanisms and reduced beam sizes. The three-story tests
followed a series of one-story frame tests, demonstrating
that beam yielding following brace buckling “improved
the deformability of the SCBF without compromising the
capacity of the system,” and highlighting limitations with
respect to weak beams (NCREE, 2018). The three-story
tests were used to validate finite element models and to
further inform proposed design requirements for the AISC
Seismic Provisions.

Steel research at NCREE has also included studies on steel
beam-to-box-column moment connections and electro-slag-
welded (ESW) joints in those connections. Cyclic tests on
full-scale, welded beam-to-box-column connections showed
inadequate strength and ductility as a result of diaphragm
plates that had not been properly welded to the columns
(Tsai et al., 2015). Tsai et al. (2015) developed recommenda-
tions for improved design, fabrication and inspection pro-
cedures. Meanwhile, research into premature fracture of

Judy Liu, Ph.D., Research Editor of the AISC Engineering Journal, Professor,
Oregon State University, School of Civil & Construction Engineering, Corvallis,
OR. Email: judy.Liu@oregonstate.edu

ESW diaphragm-to-column joints in beam-to-box-column
connections has revealed sensitivity to eccentricity in load-
ing between the beam flange and the diaphragm. Further,
a micromechanical-based stress-modified critical stress
(SMCS) model has been developed and shown to be capa-
ble of predicting the crack initiation of the diaphragm-to-
column ESW joint (Li et al., 2018).

The steel panel damper research described here comple-
ments a variety of studies around the world focused on pro-
viding supplemental energy dissipation for improved seismic
performance. From Argentina, the multiple friction damper
(MFD) is composed of friction elements that can be stacked
around an existing column to dissipate energy with horizon-
tal movement of the column (Martinez and Curadelli, 2017).
In China, the curved surfaces of the arc-surfaced frictional
damper (AFD) in a diagonal brace, for example, result in
damping forces that vary with displacement (Wang et al.,
2017). Korean researchers have combined a steel slit damper
and rotational friction dampers for seismic retrofit of a rein-
forced concrete (RC) moment frame with core walls (Lee et
al., 2017) and have also explored a set of steel slit dampers
assembled into a box shape and used in knee braces for ret-
rofit of an RC moment frame (Lee and Kim, 2017). The steel
panel dampers utilize a different mechanism but share the
common goal of reducing deformation and force demands
on the system.

RESEARCH OBJECTIVES

Motivated in part by the 1995 Great Hanshin-Awaji earth-
quake, researchers have sought methods to improve the per-
formance of seismic-force-resisting systems such as steel
moment-resisting frames (MRFs). Among the methods
explored were low-yield-stress steel shear panel dampers,
shown by Liu et al. (2007), Otani et al. (2001), and Tanaka
and Sasaki (2000) to provide good energy dissipation capac-
ity. Contemporary work by Tsai et al. (2001) demonstrated
through substructure pseudodynamic tests and analysis that
low-yield steel shear panel dampers as additional Vierend-
eel frame “columns” improved performance by exhibiting
“excellent energy dissipation characteristics thereby reduc-
ing the inelastic deformational demand imposed on the
beam-to-column connections in the conventional MRFs.”
Tsai et al. (2018) have developed the steel panel damper
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(SPD) incorporated into a SPD-MRF as shown in Figure 1.
The SPD features three segments: a middle inelastic core
(IC) with buckling-restraining stiffeners and two elastic
joint (EJ) segments top and bottom. The three segments are
fabricated from two different I-sections, with the two EJ
segments using the same, stronger section. All segments are
rigidly connected to each other and to the boundary beams
and remain elastic in a service level earthquake (SLE). The
inelastic core (IC) is expected to see inelastic shear deforma-
tions in a design basis earthquake (DBE) or maximum con-
sidered earthquake (MCE) and to dissipate energy through
significant inelastic shear deformations in a severe earth-
quake. Shear buckling at large deformations is prevented by
the stiffeners.

Much of the SPD-related research to date has focused
on the behavior, design and detailing of the inelastic core
(IC), or shear panel (e.g., Chen et al., 2006). Information on
the seismic performance of SPD-MRFs is lacking, as are
comprehensive guidelines for seismic design of the three-
segment SPDs and the SPD-MRF. The overarching goal of
the research has been to fill the knowledge gaps, and Tsai
et al. (2018) have accomplished this through testing of two
full-scale SPD specimens and numerical simulations using
Abaqus and PISA3D. Specifically, for SPD-MRF design and
evaluation, research objectives are to provide procedures for
design of the IC segment; to develop capacity design meth-
ods (CDM) for the EJ segments, boundary beams, and the
SPD-to-beam panel zones; and to develop numerical mod-
els, including a three-segment SPD model and an equivalent
one-element model.

SEISMIC DESIGN WITH
STEEL PANEL DAMPERS

The performance objectives for the SPD and SPD-MRF
include the requirement that all elements remain elastic in an
SLE, that the inelastic shear deformations are concentrated
in the inelastic core (IC) for a DBE or MCE, and that the
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SPD is able to dissipate energy through significant inelastic
shear deformations in the MCE. SPD design and detailing
requirements, including details of the buckling-restraining
stiffeners in the IC, have been developed. Capacity design
methods (CDM) for the elastic joints (EJ) and the boundary
beams have also been developed.

Seismic Design of SPDs

The design of the SPD centers on the energy-dissipating IC,
which has a thinner or weaker web than the EJ segments.
The flanges of the SPD are considered to be continuous over
the three segments. The strength of the SPD is governed by
shear yielding of the IC, assuming axial load effects to be
insignificant. The SPD stiffness can be adjusted by chang-
ing the relative heights of the two identical EJ and of the IC,
as well as by stiffening the EJ.

Capacity design of the EJ is achieved by considering the
shear and moment expected from full shear yielding of the
IC. Shear demands on the EJ are calculated with the shear
yield strength using the expected yield stress, R,F, and a
strain-hardening factor for the web of the IC. For calcula-
tion of the corresponding maximum EJ moment demands,
an inflection point is assumed at mid-height of the SPD.
Though the proposed approach does not consider shear-
moment interaction, Tsai et al. (2018) also propose an alter-
native, more conservative approach with calculations of von
Mises stresses.

The web and end stiffeners of the IC (Figure 1) delay the
onset of shear buckling to maximize energy dissipation in
the case of severe earthquakes. Design and detailing of the
stiffeners follow the requirements developed by Chen et
al. (2006). The end stiffeners are full depth, are welded to
the SPD flanges, and form the boundaries between the IC
and the EJ. The IC and EJ webs are welded to either side of
an end stiffener. Vertical and horizontal web, or buckling-
restraining, stiffeners can be welded to opposite sides of
the web. These web stiffeners are also welded to the end
stiffeners or SPD flanges, as applicable. Spacing of the IC
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Fig. 1. Schematics of SPD and SPD-MRF.
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web stiffeners is chosen to satisfy the recommended limits
on slenderness of the web between stiffeners (Chen et al.,
2006). All stiffeners are sized to delay out-of-plane buck-
ling using a rigidity requirement developed by Chen et al.
(2006). The end and horizontal web stiffeners are also sized
for axial force demands from shear buckling and the devel-
opment of tension field action in the IC web so as to “resist
the pull-in forces” on the IC flanges (Tsai et al., 2018).

For calculations of SPD lateral stiffness in cases with no
rotation at the boundary beams, Tsai et al. (2018) provide an
equation that includes the shear and bending stiffnesses of
the IC and EJ segments. The equation can be used for the
SPD post-yield stiffness by modifying the shear modulus for
the IC by a strain hardening ratio as adopted for a bilinear
material stress-strain relationship.

Seismic Design of Steel MRFs with SPDs

Seismic design of SPD-MREF requires capacity design of the
boundary beams and of the SPD-to-beam panel zones. As
for ductile design of conventional MRF, inelastic behavior in
the beams should be restricted to the ends, at the beam-to-
column connections. Recommendations for capacity design
of the boundary beams are based on seismic provisions to
prevent shear or flexural yielding in the beam outside the
link in eccentrically braced frames (AISC, 2016). Similarly,
the SPD-to-beam panel zones are capacity designed to avoid
shear yielding for the expected demands. Additional recom-
mendations for seismic design of SPD-MRF can be found in
Tsai et al. (2018).

TEST PROGRAM

Validation of some of the proposed seismic design proce-
dures was achieved through cyclic testing of two, full-scale
SPD specimens. Different stiffener details were explored,
and the ductile behavior of the SPD was confirmed.
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Test Specimens

The two full-scale, 8.53-ft-tall SPD specimens, SPD-2LOT
and SPD-2LIT, were identical other than an additional
horizontal stiffener for specimen SPD-2LIT [Figure 2(a)].
Each specimen had a 3.94-ft-tall IC and 2.30-ft-tall EJs.
The I-sections had overall depth and width of 23.6 in. and
9.84 in., respectively, and 1.18-in.-thick flanges of SN490B
(approximately 47-ksi yield stress) steel. The EJ webs were
0.866-in.-thick SN490B steel. The IC webs were 0.315-in.-
thick SN400B (approximately 34-ksi yield stress) steel.
Properties adopted for the SN400B IC webs included an
expected yield stress ratio, Ry, of 1.3 and a strain-harden-
ing factor, ®, of 1.5. SN490B stiffeners included a pair of
0.472-in. x 3.94-in. vertical stiffeners on one side and one
0.984-in. x 3.94-in. horizontal stiffener on the other side of
the web for specimen SPD-2LIT. As shown in Figure 2(a),
15.7-in. tall T-shaped stiffeners were added to stiffen the top
and bottom end plates used to secure the test specimen to the
testing system. Additional details of the test specimens can
be found in Tsai et al. (2018).

Test Setup and Loading

NCREE’s multiaxial testing system (MATS) was used to
apply lateral displacements without rotation or net vertical
force, as shown in Figure 2(b). Load cells in the servohy-
draulic actuators provided forces for determination of shear
and bending in the SPD specimens. Displacement trans-
ducers [noted as LVDT in Figure 2(b)], tilt meters, and dial
gauges were used to determine lateral translations and rota-
tions at top and bottom of the IC and of the SPD. The dis-
placement history followed the cycles of increasing lateral
drift as required for cyclic tests for qualification of beam-to-
column connections (AISC, 2016).

Cross Beam

LVDT spmpm—
Temposonic ——
Tiltmeter
Dial gauge
Actuators ‘ H
N S
Platen
(b)

Fig. 2. (a) Details of SPD specimens and (b) test setup.
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Experimental Results

The test results validated proposed SPD design procedures.
The EJ in both specimens remained elastic throughout the
tests. The IC stiffeners effectively delayed shear buckling
in the web, and both specimens dissipated energy without
apparent strength or stiffness degradation beyond 4% inter-
story drift (Figure 3). Note that the shear deformations were
on the order of 0.11 rad before failure. Specimen SPD-2LOT
failed in the first cycle of 5% interstory drift, as can be
seen in Figure 3(b), with a fracture that had initiated near
a stiffener-to-web weld. Specimen SPD-2LIT failed in the
second cycle at 5% interstory drift as shown in Figure 3(a).
The slightly larger deformation capacity of SPD-2LIT (a 3%
increase in the cumulative plastic deformation capacity) was
attributed to the addition of the transverse stiffener. Over-
all, the shear-deformation response was similar, as shown
in Figure 3(c).

NUMERICAL MODELS

Two types of computational models—a shell element model
(Abaqus) and a frame element model (PISA3D)—were
explored for their effectiveness in predicting the cyclic
behavior of the SPD test specimens (Tsai et al., 2018). The
Abaqus model, shown in Figures 4(a) and 4(b), was able to
represent the cyclic behavior, including strength degradation,
quite well, even without simulation of the IC web fractures.

il Moo B L L
(b)

The PISA3D model included five beam-column elements,
with one representing the IC, two representing EJ without
the T-shaped stiffeners, and two representing the portions of
the EJ with the T-shaped stiffeners, as shown in Figure 4(c).
The beam-column elements were capable of forming shear
and/or bending plastic hinges at each end. The IC segment
used a two-surface plasticity material model, combining
isotropic and kinematic hardening. No fracture or strength
degradation was simulated. The PISA3D model was able to
reasonably represent the force-deformation response of both
specimens up to 4% interstory drift, as shown in Figure 4(d).
Additional details of the numerical models can be found in
Tsai et al. (2018).

NONLINEAR RESPONSE ANALYSES
OF SPD-MRF MODELS

The proposed seismic design procedures were further vali-
dated through nonlinear response analyses of a prototype
SPD-MRF building. Abaqus and PISA3D models were
subjected to cyclic push-pull deformations and simulated
ground motions. Some results from the PISA3D models will
be presented here.

Prototype Building and SPD-MRF Models

The prototype office building was designed for a location in
Chiayi City, Taiwan, with a design peak ground acceleration
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Fig. 3. (a) Specimen SPD-2LIT at end of test; (b) specimen SPD-2LOT at first cycle of 0.05-rad drift; (c) shear vs. inelastic core rotation.
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of 0.33g. The six-story building is approximately 177 ft x
108 ft in plan and 68 ft tall, with longitudinal MRF frames
and transverse SPD-MRF frames at the perimeter as shown
in Figure 5(a). The transverse frames each contain two bays
with SPD located at mid-span of 39.4 ft beams as shown in
Figure 5(b).

The SPD-MRF were designed with SN400B steel for
the IC and SN490B steel for the SPD flanges, EJ webs,
and all beams and columns. The 8.53-ft-tall SPDs ranged
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from approximately 2 ft to 3 ft in depth. IC thicknesses and
heights ranged from 0.157 in. to 0.315 in. and 35.4 in. to
70.9 in., respectively. Capacity design procedures were fol-
lowed to prevent shear or flexural yielding in the bound-
ary beams. Capacity design of SPD-to-beam panel zones
resulted in doubler plates at all stories. Additional prototype
SPD-MREF design details can be found in Tsai et al. (2018).
The PISA3D model utilized frame elements for all mem-
bers and centerline dimensions. The prototype building
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Fig. 4. (a) Abaqus model for specimen SPD-2LIT; (b) deformed shape of Abaqus model;
(c) PISA3D model; (d) experimental and PISA3D shear vs. interstory drift for SPD-2LOT.
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SPD-to-beam connections did not require T-shaped stiffen-
ers (used to anchor the test specimens to the test set-up), so
the SPD models had three elements instead of five. Panel
zones were modeled with zero-length joint elements. Rigid
offsets were used at beam-column joints. The two-surface
plasticity material model was used for the IC elements, and
a bilinear kinematic hardening material model was used for
all other elements. Additional modeling details, including
comparisons with an Abaqus model and cyclic push-pull
results, can be found in Tsai et al. (2018).

Seismic Performance of Prototype Building

Nonlinear dynamic time-history analyses were conducted
for 240 ground accelerations, evenly distributed across three
hazard levels. The ground motions were scaled to spectral
accelerations corresponding to the fundamental period of
the prototype building in the transverse, SPD-MRF direc-
tion. The first 80 ground motions were scaled to the maxi-
mum considered earthquake (MCE), the next 80 motions to
the design basis earthquake (DBE), and the last 80 to the
service level earthquake (SLE).

The primary parameters of interest were the IC rotations,
the system overstrength, the maximum roof drift, and the
cumulative plastic deformations in the SPD. For IC defor-
mations, the mean, maximum IC rotation was 0.041 rad for
the MCE, and the maximum IC rotation never exceeded the
0.11 rad of deformation capacity measured in the SPD tests.
Mean plus one standard deviation gave 0.055-rad IC rotation
for the MCE. Mean, cumulative plastic deformations (CPD)
were also significantly lower than the measured CPD capac-
ities of the SPD. The mean system overstrength was 2.66
for the MCE, 2.46 for the DBE, and 1.34 for the SLE. Mean
plus one standard deviation results for maximum roof drift
were 1.43%, 1.20% and 0.51% for the MCE, DBE and SLE,
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respectively, as shown in Figure 6. The design drift limit
was satisfied for all DBE ground motions. Analysis results
are described in more detail in Tsai et al. (2018).

Additional Design Considerations

The SPD study included more investigation into the
T-shaped stiffeners, an equivalent one-element model, and
proportioning for stiffness. Analysis of Abaqus models con-
firmed that the capacity design methods proposed for the
EJ are valid for SPD without T-shaped stiffeners. To facili-
tate use of a simple one-element model that is equivalent
to the three-element model, equations were developed for
equivalent cross-sectional properties, effective yield stress,
and effective post-yield stiffness. A parametric study was
also conducted to investigate effects of the IC height ratio
and cross-sectional properties on the elastic and post-yield
stiffness of the SPD. Methods focused on increasing SPD
stiffness without altering the strength of the SPD. Results
showed that decreasing the height of the IC and increasing
the EJ web thickness were both effective in increasing SPD
stiffness.

SUMMARY AND FUTURE WORK

Research has expanded the knowledge base on steel panel
dampers beyond behavior, design and detailing of the inelas-
tic core (IC). The work by Tsai et al. (2018) has provided
new information on the seismic performance of SPD-MRF,
as well as comprehensive guidelines for seismic design
of the three-segment SPDs and SPD-MRF. This has been
accomplished through testing of two full-scale SPD speci-
mens, design of a six-story prototype SPD-MRF building,
and numerical simulations using Abaqus and PISA3D. Seis-
mic design procedures include design of the IC segment and
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Fig. 5. (a) Floor framing plan; (b) transverse frame elevation.
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capacity design methods (CDM) for the elastic joint (EJ)
segments, boundary beams, and the SPD-to-beam panel
zones. Additional contributions include a three-segment
SPD model, an equivalent one-element model, and guide-
lines for adjusting properties to achieve higher stiffness
without affecting the strength of the SPD.

The decoupled SPD stiffness and strength offers some
unique opportunities for design optimization of SPD-MRF.
Research is under way on optimization of the stiffness of the
SPD and the supporting beams. The studies include inves-
tigation into SPD locations with the frame and different
options for SPD-MRF configurations.
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