Experimental evaluation
of hollow-core wall orientation
in steel moment frame
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B This paper describes the experimental program
designed to evaluate the seismic performance of
hollow-core wall units in steel moment frames.

B Two half-scale specimens were constructed with
hollow-core wall panels placed either vertically or
horizontally in a steel moment frame to investigate
the effect of panel orientation on the seismic perfor-
mance of the wall system.

B The results of the lateral load testing indicated that
the vertical placement of hollow-core wall units con-
trolled nonstructural damage, improved the seismic
behavior of the steel moment frame, and resisted
higher lateral loads than the horizontally placed
hollow-core wall units.
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ollow-core panels used as precast concrete wall

units are a common building component, especial-

ly in steel structures. These precast concrete walls
offer several advantages compared with traditional concrete
or masonry walls, such as improved economy, better out-of-
plane behavior, labor savings, and easy and fast finishing.
In addition, hollow-core units used as exterior walls below
the finished ground level in steel buildings, where they resist
soil pressure, are beneficial and cost effective.

Although life safety design criteria permit some damage
under seismic loading, nonstructural component damage

is one of the main causes of death in an earthquake.? Thus,
reducing the damage caused by infilled frames is important.
Furthermore, it is desirable to use nonstructural walls that
can improve seismic behavior of structures instead of tradi-
tional infilled frames.?

The most common nonstructural walls are unreinforced
masonry infills provided in steel frame panels.! Unreinforced
masonry infills are constructed after the steel frame is in
place. However, hollow-core wall panels are placed at the
same time as the steel frame columns, after which the upper
beam is connected to complete the frame.

There is significant uncertainty regarding the behavior, fail-
ure modes, and energy-dissipation capacities of hollow-core
infill panels in steel frames under earthquake loading. At
present, there are no specific provisions for hollow-core
panel orientation in steel moment frames, and the orientation



that enables the most effective performance and least damage
is unknown. A lack of adequate testing contributes to this
uncertainty. The behavior of hollow-core wall panels under
seismic loading is especially important when considering the
impact of nonstructural damage.

The design specifications that are available for hollow-core
units mainly discuss their use as slabs.*” Many studies have
been carried out to evaluate the structural behavior of these
slabs 313

Previous studies demonstrated that if the connection details
are modified, single hollow-core walls are capable of resisting
substantial lateral loads despite their lack of transverse shear
reinforcement.> However, a study on a single wall panel alone
is insufficient to assess the overall structure performance
under earthquake loads.

The seismic design of precast concrete walls with additional
details, such as shear connectors and spiral reinforcement, are
presented by Perez et al.,'® and the seismic performance of
precast concrete walls with armoring details based on rocking
behavior are discussed by Holden et al."”

The authors’ research shows that there is no other experi-
mental study that examines the multipanel hollow-core walls
under lateral loading without any modification to their details,
such as connectors and energy dissipators. In addition, there
is little information about the seismic behavior of these infill
panels in steel moment frames.

Hamid and Mander’s study' indicates that a multipanel wall
system consisting of seismic and nonseismic wall panels,
which are designed to rock on their foundations can be used
in high seismic regions. The panels used in the study included
fused bars, rubber seating pads, silicone sealant, rubber block
spacers, and other details.

Hollow-core units are precast concrete panels with two layers
of high-strength, bonded pretensioning strands constructed
with high-strength, low-slump concrete. This paper exam-
ines the behavior of hollow-core units used as nonstructural
partition walls to determine whether they enhance the seismic
performance of steel frames.

The goal of this study was to evaluate the effect of the orien-
tation of the hollow-core units and layers of strands on the
performance of the system. The most desirable orientation
would enhance the overall behavior of the steel moment frame
and improve its performance under seismic loading conditions
with minimal damage.

This paper presents experimental results that evaluate the
seismic behavior of precast concrete hollow-core walls so that
they can be modified, redesigned, and finally implemented in
moderate to high seismic regions as structural walls in steel
structures.

Experimental program
Specimens

The vertical panels used in this study were 880, 150, and
1260 mm (34.6, 6.0, and 49.6 in.) in length, thickness, and
height, respectively, while the horizontal panels were 1760,
150, and 630 mm (69.3, 6.0, and 24.8 in.) in length, thickness,
and height, respectively (Fig. A.1; for appendix figures, go

to www.pci.org/2019May-Appx). The panels were placed in

a vertical or horizontal orientation in two identical half-scale
steel moment frames with rigid reduced-beam-section connec-
tions. In specimen HP-RC (horizontal panels in rigid connec-
tion frame), two hollow-core panels were placed horizontally,
whereas specimen VP-RC (vertical panels in rigid connection
frame) had two hollow-core panels placed vertically.

Box section steel columns and built-up steel plate beams
were constructed by a steel fabricator and then assembled
into a frame with the hollow-core panels. Longitudinal fillet
welds joined four steel plates to form the steel box columns
(Fig. A.1).

It should be noted that, according to the American Institute of
Steel Construction’s Prequalified Connections for Special and
Intermediate Steel Moment Frames for Seismic Applications
(AISC 358-10)," in built-up box columns, flange and web
plates of box columns shall be joined by complete-joint-pen-
etration groove welds within a zone extending from 300 mm
(12 in.) above the upper beam flange to 300 mm below

the lower beam flange. But for this study, fillet welds were
specifically chosen for the beam-column joints to analyze the
behavior of the beam-column connection. Figure A.1 shows
the details and dimensions of both specimens’ components.

Materials

The properties of the structural steel and the concrete
compressive strength were determined using ASTM E8/
E8M' and ASTM C39/C39M? standard tests, respectively.
ASTM A416/A416M?* testing was performed on the strands.
Details of the material properties are summarized in Table 1.

Table 1. Material properties

Fy =273 MPa f’_=58 MPa Seven-wire steel strand
1860 MPa Grade LR
F = MP =0.4
,=3%6MPa w/c=0 ASTM A416
Weight = .
E =231.139 GPa Diameter = 9.5 mm
2403 kg/m3

Note: £ = modulus of elasticity of steel; /. = concrete compressive
strength; £, = ultimate tensile strength of steel; Fy = yield strength of
steel; LR = low relaxation; w/c = water-cement ratio. Tmm = 0.0394 in.;
1MPa = 0.145 ksi; 1 GPa = 145 ksi; 1 kg/m?® = 1.6875 Ib/yd?*.
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Test setup and instrumentation

Figure 1 shows the schematic arrangement of the experimen-
tal setup with an in-plane actuator attached to the reaction
frame. Each column was fixed to the reaction frame by

eight anchored bolts. Lateral load was applied by a 1000 kN
(225 kip) actuator, and the force was measured by an in-series
load cell. Each specimen was loaded laterally with forces
applied through the loading beam, which was a stiffened

220 mm (8.7 in.) deep European wide-flange beam (IPB 220).
A quasi-static cyclic reversed lateral force was applied at

the center of the loading beam, which was located 1945 mm
(76.6 in.) above the reaction frame.

Figure 2 shows the test setup. A constant low axial load was
applied to the specimens by circular solid steel rods. The axial
compression load in each column was 80 kN (18 kip). In addi-
tion, four 160 mm (6.3 in.) deep channel bars were attached to
the beams and columns to prevent out-of-plane movement of
the panels.

The experiments were conducted in drift control. The drift
ratio was calculated by dividing the difference between the
displacement of the top and bottom of the steel moment frame
by the column height. During the test, lateral displacements
were recorded using linear variable displacement transducers
(LVDTs). Figure A.2 shows the position of the LVDTs. Im-
age processing techniques were used to determine the overall
deformation of the frames and the grid points on the panels.

The loading procedure was limited by the range of amplitude
of the hydraulic actuator, which was 120 mm (4.7 in.) in the

positive direction (pulling) and 120 mm in the negative direc-
tion (pushing). Therefore, the applied displacements were the

same for corresponding cycle numbers for both specimens,
but the applied load was variable. In other words, both loading
tests were stopped at the maximum possible displacement of
the hydraulic actuator, which corresponded to an ultimate drift
ratio of 8.3%.

Loading history

The nominal loading history suggested by the Federal
Emergency Management Agency’s (FEMA’s) Interim Testing
Protocols for Determining the Seismic Performance Charac-
teristics of Structural and Nonstructural Components™ was
used to test the two specimens described in this paper. Each
complete load cycle consisted of one half cycle in the positive
direction and one half cycle in the negative direction (Fig. 1).
Figure 3 shows the loading history of the test program.

Figure 2. Photograph of experimental setup.

Figure 1. Schematic arrangement of experimental setup for specimen with vertical panels in rigid connection frame. Note: IPB

220 = 220 mm (8.7 in.) deep European wide flange beam.
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Figure 3. Loading history for experimental program.

Note: Tmm = 0.0394 in.

Test results and discussion
Behavior of specimens

Figure 4 shows that two distinct responses to lateral load
were observed. In HP-RC, the horizontal panels slid against
each other; while in VP-RC, the two wall units rocked lateral-
ly within the steel moment frame.

In the last testing cycle, the maximum movement of the two
horizontal panels against each other was determined to be
65 mm (2.6 in.) using image processing techniques. In VP-

Lateral load = S
SIS

Detail 1

Detail 1

Specimen with horizontal panels in rigid connection frame

Figure 4. Hollow-core wall specimen responses to lateral load.

RC, the maximum movement of the panels was 15 and 95 mm
(0.6 and 3.7 in.) in the horizontal and vertical directions,
respectively. Figure 4 shows the shape of the gaps between
the panels and columns. Due to these gaps, the pinching in
hysteresis behavior of VP-RC was predictable. The indepen-
dent rocking behavior and the formation of compression struts
on each vertical panel led to a significant increase in the total
stiffness of the system, which increased the load threshold of
the vertical panels compared with the horizontal panels.

Hysteresis curves

Figure 5 shows continuous plots of applied lateral load
compared with the drift ratio for specimens HP-RC and
VP-RC. The difference in the applied lateral load at the same
drift ratios for the frame with vertical hollow-core panels and
the frame with horizontal hollow-core panels can be seen by
comparing the two plots.

At the ultimate drift ratio (8.3%), specimen VP-RC with ver-
tically oriented hollow-core walls resisted approximately 15%

higher loads than specimen HP-RC.

Table 2 shows the overall response of the specimens, includ-
ing peak loads corresponding to the ultimate drift ratio.

Modes of failure

In Fig. 5, letters shown in each graph correspond to the failure

Lateral load =i

Detail 2

Specimen with vertical panels in rigid connection frame
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Table 2. Peak loads and measured drift ratios
for specimens HP-RC and VP-RC

Specimen Peak load, kN Drift ratio, %
538 7.7
HP-RC
-623 -8.3
658 8.3
VP-RC
-735 -5.9

Note: HP-RC = horizontal panels in rigid connection frame; VP-RC =
vertical panels in rigid connection frame. 1 kN = 0.225 kip.

modes. The sequence of letters follows the order in which
each failure occurred during the test. The test results show
that at the ultimate drift ratio, the hollow-core panels in VP-
RC had more damage than the panels in HP-RC, while the
steel frame of VP-RC had less damage than the steel frame

800
(a) @ Fracture of weld along beam-column connection

(b]

© Column base failure
600
(c)

It

® Flange-weld fracture

© Corner crushing of concrete panels

400 | (@

® Concrete crushing between two panels

00
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o
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() ® Comer crushing of conerete panels
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o

-400

Drift ratio, %

Specimen VP-RC

Figure 5. Experimental hysteresis curves for specimens.
Note: HP-RC = horizontal panels in rigid connection frame;

VP-RC = vertical panels in rigid connection frame.
1 kN = 0.225 kip.
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of HP-RC. VP-RC resisted higher loads at the ultimate drift
ratio and had a greater chance of additional load resistance
compared with HP-RC, but the range of the hydraulic actuator
limited the ultimate drift ratio, and the testing had to be
stopped before the ultimate load resistance was reached.

Figures 6 and 7 show the observed failure modes for each
specimen. Each failure mode is referred to using the same

notation shown in the hysteresis curves of Fig. 5.

One desirable goal is to postpone and reduce the damage

Figure 6. Observed failure modes and damage for specimen
with horizontal panels in rigid connection frame. Note: (a) =
fracture of weld along beam-column connection; (b) = column
base connection failure; (c) = flange-weld fracture; (d) =
corner crushing of concrete panels; (e) = concrete crushing
between two panels.

Figure 7. Observed failure modes and damage for specimen
with vertical panels in rigid connection frame. Note: (a) =
fracture of weld along beam-column connection; (b) = column
base connection failure; (d) = corner crushing of concrete
panels; (e) = concrete crushing between two panels.




to the structural members simultaneously by transferring

the damage from the steel frames (structural elements) to

the hollow-core panels (nonstructural elements). Thus, all
damage and failure modes of the specimens were classified

as either steel frame component failure modes or hollow-core
panel failure modes. The main failure modes for steel frame
components were fracture of the weld along the beam-column
connection, column base connection failure, and fractures in
the end of the beam-flange welded joint or the toe of the weld
access hole. Failure modes for hollow-core panels were corner
crushing of concrete panels and concrete crushing between
two panels. Table 3 provides a brief overview of all failure
modes with their corresponding drift ratios and loading.

One of the main failure modes in HP-RC was failure of the
beam-column joint that has emerged in flange-weld fracture. This
is an undesirable failure mode that occurred due to local transi-

Table 3. Summary of failure modes

Element Failure mode

Fracture of weld along beam-column connection

Steel frame Column base connection failure
Flange-weld fracture

Hollow-core Corner crushing of concrete panels

wall panel

Concrete crushing between two panels

tion of lateral load to the joint, and it did not occur in VP-RC.

Failures in the beam-column joint observed in this experi-
mental research emphasize the necessity for the provisions
regarding built-up box columns presented in AISC 358-10."®

Idealized backbone curves

The backbone curve of hollow-core panels and steel moment
frames provides information that is fundamental for their
structural assessment. According to FEMA’s Improvement

of Nonlinear Static Seismic Analysis Procedures,” this curve
corresponds to the envelope of the hysteresis loops obtained
experimentally in walls subjected to in-plane cyclic loading.

In this research, idealized backbone curves were derived from
ASCE/SEI 41-13.* Because the experimental tests did not enter
the degradation phase, the idealized curves are bilinear. Figure 8

Specimen HP-RC Specimen VP-RC

Load, kN Drift ratio, % Load, kN Drift ratio, %

-425 -2.8 -686 -4.2

447 4.2 633 5.7
-523 -4.1 n/a n/a
=552 =59 -568 -3.0
-592 =519 658 8.2

Note: HP-RC = horizontal panels in rigid connection frame; n/a = not applicable; VP-RC = vertical panels in rigid connection frame. 1 kN = 0.225 kip.

800
- === HP-RC

Lateral laod, kN

600

400

200

-200

-400

-600

-800

VP-RC

Drift ratio, %

Figure 8. Idealized backbone curves. Note: HP-RC = horizontal panels in rigid connection frame; VP-RC = vertical panels in rigid

connection frame. T kN = 0.225 Kip.
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Table 4. Key parameters of each specimen for idealized backbone curves

Specimen
14.9 396 538
HP-RC
-15.7 -442 -623
11.8 440 658
VP-RC
-16.3 -545 -735

26.6 120 1.8 8.3
-28.1 -120 =19 -8.3
B2 120 2.6 8.3
-33.4 -85.8 20 =53

Note: HP-RC = horizontal panels in rigid connection frame; K, = effective lateral stiffness of the specimen; V, = applied load at ultimate strength;

VP-RC = vertical panels in rigid connection frame; v, = applied load at yielding; &, = drift ratio at ultimate strength; 6y = drift ratio at yielding;

A, = lateral displacement at ultimate strength; A4,= lateral displacement at yielding. 1 mm = 0.0394 in.; 1 kN = 0.225 kip; 1 kN/mm = 5.71 kip/in.

shows the bilinear idealization of the backbone response curves
of the specimens.

Table 4 presents the key parameters used to derive the ideal-
ized backbone curves. The effective lateral stiffness K, load
V, lateral displacement A, and drift ratio 6 are shown for both
positive and negative load. The subscript y refers to yield-
ing point, and d refers to ultimate strength. Figure 8 shows
that the strength of the specimens initially increases through
hardening behavior, but ultimately strength and stiffness both
degrade through softening behavior.

Stiffness-degrading behavior

The differences in construction methods between the steel
moment frames with vertical hollow-core panels compared
with the frames with horizontal hollow-core panels resulted in
variations in seismic behavior.

The upper panel of specimen HP-RC was placed on the lower
panel without any gap between panels, so they could easily
slide against each other. A gap formed between the horizontal
panels as the cyclic loading gradually increased.

Specimen VP-RC was constructed with a 15 mm (0.6 in.) gap
between the vertical panel and columns, which caused the
stiffness degradation at initial drift ratios for specimen VP-RC
to be greater than for HP-RC. Figure 9 shows that both speci-
mens had similar stiffness values (13 kN/mm [74 kip/in.]) at a
drift ratio of 2%. As the testing continued and loads increased,
the initial gaps for specimen VP-RC gradually closed, which
led VP-RC to ultimately have a stiffness that was up to 20%
greater than the stiffness of HP-RC.

Comparing the stiffness degradation curves indicates that
specimen VP-RC had larger reductions in stiffness than HP-
RC had during reversed cyclic loading until 2% drift ratio. In
other words, the vertical panels did not contribute to the lat-

20
- - - - HP-RC

18 N =

Y
AY

16 . VP-RC

14

12

10

Stiffness, kN/mm
)

6
4
2
0
0 1 2 3 4 5 6 7 8 9
Drift ratio, %

Figure 9. Stiffness-degrading curves. Note: HP-RC = horizontal panels in rigid connection frame; VP-RC = vertical panels in rigid

connection frame. 1 kN/mm = 5.71 kip/in.
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eral-load-resisting system until the 2% drift ratio was reached
and it was only the steel frame that dissipated energy; as a
result, plastic hinges formed at the base of the columns.

One of the major effects of placing the panels vertically is a
larger stiffness with a drift ratio between 2% and 8% com-
pared with horizontally placed panels. The larger stiffness
is due to the rocking behavior of the vertical panels in the
steel moment frame. VP-RC behaves as a braced frame with
the vertical panels forming compression struts, whereas the
horizontal panel placement shows a sliding behavior and
has a smaller stiffness value at higher drift ratios. Stiffness
degradation in both frames was the result of concrete crush-
ing, separation of column components, loss of bond, and
other factors, and the only difference was the orientation of
panels.

Furthermore, VP-RC was better able to maintain sufficient
strength at large deformations, which is known as ductility,
compared with HP-RC. Ductile behavior prevents collapse in
the event of excessive lateral loads that may convert all joints
into plastic hinges.

In summary, the sliding behavior of specimen HP-RC showed
more degradation of stiffness with the increase of drift ratio
than VP-RC with its rocking behavior.

Energy dissipation

An important parameter in evaluating seismic performance

of structural walls is their ability to dissipate energy when
the structure is subjected to cyclic loads. Hollow-core units

140

are assumed to be nonstructural walls in this paper; however,
they must be able to dissipate energy reliably to improve the
seismic behavior of the steel moment frame.

A convenient way to quantify energy-dissipation capacity is

to determine the area under the load-displacement hysteresis
loops. Using this method, both frames showed similar ener-
gy-dissipation capacity at lower drift ratios up to 2.5%. The
pinching in hysteresis behavior of VP-RC at drift ratios of 2.5%
to 4.5% caused by the gaps between panels and columns results
in slightly lower energy dissipation compared with HP-RC.

At higher drift ratios, specimen VP-RC achieved approxi-
mately 10% higher energy-dissipation capacities compared
with specimen HP-RC (Fig. 10). The differences in ener-
gy-dissipation behavior between specimens VP-RC and HP-
RC are the result of rocking behavior, compression struts, and
gradual closing of the gaps in VP-RC.

The energy dissipation for each specimen is similar for each
individual cycle; however, a comparison between the two
systems with similar strength, tested under the same cyclic
loading protocol, indicated that specimen VP-RC, with its
higher energy absorption, should exhibit superior perfor-
mance, especially at higher drift ratios.

Equivalent viscous damping

Another way to quantify energy-dissipation capacity is in
terms of damping. For specimens subjected to cyclic loading,
the equivalent viscous damping ratio 5@{] can be obtained from
Eq. (1).®

EHP-RC
120

Qvp-rC
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0o
o

Dissipated energy, kN-m
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Figure 10. Energy dissipation compared with drift ratio. Note: HP-RC = horizontal panels in rigid connection frame; VP-RC = verti-

cal panels in rigid connection frame. 1 kN-m = 8.85 kip-in.
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E
— L 1
b= ank (M
where
E,  =energy dissipated at cycle i
E, = elastic strain energy stored in an equivalent linear

elastic system when the maximum displacement is
reached at cycle i

Figure 11 shows the equivalent viscous damping ratio for
each specimen as a function of drift ratio. At a drift ratio of
less than 0.5%, the damping ratio for specimen VP-RC was
about four times the damping ratio for specimen HP-RC. The
higher damping ratio for VP-RC was caused by the open gaps
between panels and columns at this point in the testing, thus it
is expected that the overall stiffness of the system was provid-
ed only by the steel frame members.

At a drift ratio of 1.24%, the damping ratio was the same
for both specimens, and finally at the ultimate drift ratio,
the damping ratio for specimen HP-RC was 0.27, while the
damping ratio for specimen VP-RC was 0.23. At moderate
and higher drift ratios, the viscous damping ratio for HP-RC
increased with increased loading.

The equivalent viscous damping ratio for VP-RC increased
as the drift ratio increased up to a drift ratio of 0.5%, af-

ter which the damping ratio decreased until a drift ratio of
1% was reached (Fig. 11). This trend was due to the gaps
between the panels and columns that was explained previ-
ously. The distribution of plastic hinges in the steel frame
and other damage to the system caused the dissipating energy

30

to gradually increase starting from a drift ratio of 1%. As a
result, the equivalent viscous damping ratio increased as drift
ratio increased.

When comparing corresponding loops of the two hysteresis
curves (Fig. 5) with similar energy dissipations but significant
differences in peak loads, the equivalent viscous damping
ratio is not a suitable parameter to assess the energy-dissipa-
tion capacity of specimens. This is due to the ratio calculation
method described in Eq. (1).

Conclusion

This experimental study focused on the orientation of hol-
low-core wall panels in steel moment frames. The behavioral
characteristics of the specimens were quantified with an
emphasis on hysteretic energy dissipation, stiffness-degrading
parameters, and failure modes.

The following conclusions are based on the test results pre-
sented in this paper:

e The VP-RC specimen had more panel damage than HP-
RC had. The panel damage was defined as nonstructural
damage.

*  The stiffness of a steel moment frame can be significantly
increased—while maintaining the same ductility level—
when vertical hollow-core panels are used.

e HP-RC had more-significant steel frame damage than
VP-RC. The steel moment frame damage was described
as structural damage.

- - - - HP-RC

25

VP-RC

20

15

10

Equivalent viscous damping ratio, %

0 1 2 3 4

5 6 7 8 9

Drift ratio, %

Figure 11. Equivalent viscous damping ratio. Note: HP-RC = horizontal panels in rigid connection frame; VP-RC = vertical panels

in rigid connection frame.
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wall units had better overall performance than the steel P-751. Washington, DC: Federal Emergency Manage-

moment frame with hollow-core wall units placed hori- ment Agency.
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Notation
E = modulus of elasticity of steel
E, = elastic strain energy stored in an equivalent linear elas-
tic system when the maximum displacement is reached
atcycle i
E, =energy dissipated at cycle i
ﬂ = concrete compressive strength
= ultimate tensile strength of steel
F = yield strength of steel
i =cycle number
K, =initial stiffness of the specimen
V= applied load
V, = applied load at ultimate strength
vV, = applied load at yielding
0 = drift ratio
0, = drift ratio at ultimate strength
0, = drift ratio at yielding
A =lateral displacement
A, = lateral displacement at ultimate strength
Ay = lateral displacement at yielding
§eq = equivalent viscous damping ratio
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Abstract

Hollow-core precast concrete panels are widely used as
nonstructural wall units in steel structures. This exper-
imental research evaluated the lateral seismic perfor-
mance of hollow-core panels placed in a steel moment
frame. This paper discusses the effects of the orien-
tation of the hollow-core panels that were reinforced
with two layers of high-strength, bonded pretensioning
strands for lateral resistance. A half-scale steel moment
frame with two hollow-core panels placed horizontally
was tested with cyclic lateral loading and a constant
axial load. An identical frame with two panels placed
vertically was tested in the same manner. The test
results indicated that vertical placement of hollow-core
wall units was more effective in resisting lateral load-
ing and a higher load-bearing capacity was achieved,
as well as better flexibility and ductility compared with
panels placed horizontally. The damage sustained by
the system with the vertical panels was considered to
be nonstructural damage, which is more desirable than
structural steel frame damage. The vertical placement
of hollow-core wall units controlled nonstructural
damage, improved the seismic behavior of the steel
moment frame at high seismic forces and resisted
higher lateral loads. The movement of the hollow-core
panels in the steel moment frame was observed with
the vertical panels rocking within the frame and the
horizontal panels sliding against each other.
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Hollow-core, multipanel hollow-core wall, nonstructur-
al damage, quasi-static cyclic loading, rocking mecha-
nism, seismic behavior.
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