Seismic Response of Unreinforced
Masonry Buildings

by Daniel Abrams

Abstract and Background

Currently. there are two documents that pro-
vide guidance to the engineering profession on
how to make a seismic evaluation of an
unreinforced masonry building svstem. InAppen-
dix Chapter C of the Federal Emergency Manage-

ment Agency (FEMA) 178 report
(1992) an evaluation procedure is de-
scribed which is based on earlier Na-
tional Science Foundation sponsored
research with the ABK project. A
similar evaluation procedure is given
in Appendix Chapter 1 of the UCBC
(1991) which is based on working
stresses rather than strengths as is
done with the FEMA 178 procedures.
Each procedure is aimed at a single
specific type of building configura-
tion: low-rise buildings with
unreinforced clay-unit masonry walls
and flexible floors and roofs. A new
document is presently being devel-
oped by FEMA and the Building Seis-

mic Safety Council (BSSC) through contract to the
Applied Technology Council (ATC) that will at-
tempt to incorporate the UCBC and FEMA 178
methodologies for rehabilitated building systems
containing unreinforced masonry with new ele-

Collahoration

John Mander
Sherwood Prawel
University at Buffale
Daniel Abrams
Stephen Schneider
University of lllinois at
Urbana-Champaign
Peter Gergely

Richard White

Comell University

ments of other construction materials such as
steel, concrete or timber. Furthermore, the new
guidelines will make a first attempt at a perfor-
mance based design which will demand a more
complete knowledge of the overall force-deflec-

tion characteristics of structural com-
ponents.

To provide the necessary theoreti-
cal information for the new guide-
lines. the NCEER Building Project is
taking a close look at the basic re-
sponse mechanisms for unreinforced
masonry bearing wall buildings with
flexible diaphragms. In addition, re-
search on masonry infill-frame sys-
rems will furnish information needed
for the development of provisions for
modeling stiffness and strengths of
infill panels.

This paper presents an overview
of structural engineering research
supported by NCEER on seismic re-

sponse and behavior of unreinforced masonry
buildings. Included are research projects related
to improving engineering methods for seismic
evaluation and rehabilitation of masonry bearing
wall and infill-frame building systems.
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Objectives and Approach

The objective of the NCEER masonry build-
ing project is to improve the understanding of
how masonry hearing wall and infill-frame
systems respond 1o earthquake shaking. 1he
goal of the research is to improve present
methods for seismic evaluation and rehahili-
tation of both hearing wall and infill-frame
systems. A number of research projects have
heen completed or are anderway to provide
the data necessary to change present engi-
neering precedures for estimating the seis-
mic resistance of these twe types of systems.

Seismic hehavior of unreinferced masonry
(URM) building systems is researched using
methods that are common with other types of
huilding structures. Basic research methods
include [a) experimental investigations in
laboratories, (b] development of computa-
tional models, and (c] sensitivity stuifies of
huilding response. The experimental studies
are hased on static tests of large-scale test
specimens or dynamic tests of reduced-scale
structures on earthquake simulators. Com-
putational medels are developeil using the ex-
perimental data as heachmark information.
Onee calibrated, the models are used to ex-
trapolate what is seen in the lahoratory to a
large class of buildings and seismic motions
so that parametric studies of earthgquake re-
sponse can he made.

This research task is part of NCEER's Build-
ing Project. Task numbers are: 92-3107, 92-
3108, 92-3109, 92-3110, 92-3111, 93-3110,
93-3111, 93-3112, and 93-3113.
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Introduction

Much of the nation’s building stock consists
of structures that are constructed with masonry.
Many of these buildings are exposed to potential
seismic hazards, and vulnerable to even moder-
ate intensity earthquakes. Masonry bearing wall
buildings predate the turn of the century and were
not designed to resist earthquake forces. Their per-
formance in recent earthquakes has been poor.
Masonry infill panels in steel or concrete frame
buildings represent a newer form of construction,
vet these components were not generally engi-
neered as structural elements although they do
stiffen a frame system appreciably, and resist stress
during seismic events. Little or no guidance is
given to structural engineers in existing design
documents regarding how to consider infill pan-
els as acting with their surrounding frames.

Accomplishments

Research accomplishments for NCEER ma-
sonry projects are grouped in three basic areas:

B enhancing seismic strength of unreinforced
masonry clay brick walls:

B evaluating seismic response of unreinforced
masonry bearing wall systems; and

B understanding seismic behavior of unreinforced
masonry infill panels.

Resuits from NCEER projects in each of these
three categories are summarized in this section.

Enhancing Seismic Strength of
URM Clay Brick Walls

The effectiveness of a ferrocement coating
procedure has been proven through a series of
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experiments on unreinforced clay-unit masonry
walls. The rehabilitation method consists of parg-
ing a one-half inch thick laver of cement plaster
over one or both surfaces of a brick wall. Two
layers of wire mesh (No. 19 gage with 1/2 inch
mesh) are embedded in the coating. Steel bolts
(1/4 inch diameter spaced at 12 inches) are used
to prevent delaminations of the coating from a
masonry wall.

Test walls were subjected to static and dy-
namic lateral forces that were applied normal and
transverse to their plane. The rehabilitation pro-
cedure was found to be an effective measure for
improving the seismic resistance of URM brick
masonry for both in-plane and out-of-plane bend-
ing. As noted in figure 1, the initial stiffness was
much larger for coated walls than for uncoated
walls (generally by a factor of two or more). Wall
strength was also increased considerably with the
coating (generally by a factor of three or more).
Energy dissipation capacity for a coated wall was
as much as three times that for an unstrengthened
in-plane wall, and six times that for an
unstrengthened out-of-plane wall. The variation
of damping factor with seismic intensity remained

more stable for the coated walls during the later
test phases. For in-plane action. the failure mode
changed from flexural combined with sliding or
rocking motion to simply flexural with the coat-
ing technique. More information on the rehabili-
tation method and the research results can be
found in Reinhorn et.al. (1985) and Prawel et.al.
(1986, 1988. May 1990, June 1990, 1991 and
1994).

Based on results of the NCEER study. the re-
habilitation method was tested for unreinforced
clay-unit masonry infill panels by another re-
searcher (Angel. et.al., 1994). The method was
found to increase the transverse strength of non-
perforated infill panels by at least a factor of three
times.

Evaluating Seismic Response of URM
Bearing Wall Systems

At the University of Illinois at Urbana-
Champaign. a series of unreinforced clay-unit
masonry building systems have been constructed
at a reduced scale for the sole purpose of testing
to failure with simulated seismic motions (figure
2). The test structures are two stories tall and
consist of two perforated brick walls that resist
base motions in parallel.and are tied together with
flexible diaphragms. In addition. end walls are

M Figure 2
Reduced-Scale URM Bearing Wall Structure on Shaking Table
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provided to examine resistance to transverse in-
ertial forces and flange effects for in-plane walls.
The primary experimental parameter between
the two test structures is the configuration of door
and window openings in the walls which results
in piers that are governed by shear, flexure or
rocking mechanisms.

structures were similar to those observed with
actual instrumented buildings during the Loma
Prieta earthquake. It was found that in-plane
masonry shear walls can amplify ground motions
by a factor of two and flexible roof diaphragms
can amplify ground motions by a factor of four.
The overall relation between base accelera-
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stress. Studies of instru-
mented unreinforced
mascnry buildings dur-
ing the Loma Prieta
earthquake (Tena-Colunga and Abrams, Decem-
ber, 1992a and b) suggested that properly con-
structed and rehabilitated masonry buildings
could withstand moderate seismic shaking, and
that analysis methods could estimate their dy-
namic response. In addition, the research is be-
ing coordinated with a companion project at the
University of Pavia in Italy where a full-scale ver-
sion of one of the Illinois shaking table test struc-
tures is being subjected to static reversals of lat-
eral force (Calvi et.al., 1994). Flexible diaphragm
effects, deflected shapes and lateral force distri-
butions observed from the shaking table tests
were studied before deciding how to load the full
scale structure in Pavia,

Measured dynamic response of the two Illi-
nois shaking table test structures have resulted
in the following conclusions. Supporting infor-
mation can be found inAbrams and Costley (1994)
and Costley, Abrams and Calvi (1994).

Amplification ratios for the shaking table

Beflection
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Measured Refation between Seismic Force and Building

rocking capacities of
each pier suggesting that
a simple calculation
method could be used to
assess story shear
strength.

Lateral forces attracted to the masonry shear
walls were a direct result of the vibrating dia-
phragms. In addition, inertial forces from the ma-
sonry elements were applied to the walls, but at
a higher frequency than the diaphragm frequency.
Thus, the two wall forces were generally out of
phase, and as a result, the test structures were
able to resist much higher earthquake motions
than predicted using conventional equivalent
lateral force or spectral response methods that
are common for use with stiffer diaphragm sys-
tems. Moreover, the applicability of the current
“push over” method of analysis appears to be
questionable for such flexible diaphragm systems
that vibrate at two separate frequencies.

The commonly assumed triangular force dis-
tribution is not applicable to flexible diaphragm
systems. Because the mass and flexibility of the
roof and floor diaphragms were nearly equal, and
the stiffness of the shear walls was large relative



to the diaphragm stiffness, maximum amplitudes
of lateral force at the first and second levels were
nearly the same, and many times in synchroniza-
tion with each other. This suggested that lateral
forces should be distributed in accordance with
the relative mass amounts without concern for
height.

Lateral seismic forces resisted by a single wall
are dependent on the strength of adjacent walls.
Because the diaphragm forces were shared equally
by the two parallel walls, the lateral force attracted
to the stronger wall was limited to the strength
of the weaker wall.

Further research is being done to correlate
measured response with estimates based on nu-
merical models.

Understanding Seismic Behavior of URM
Infill Panels

Masonry panels constructed of clay bricks,
concrete blocks, or a composite of both, are of-
ten placed within structural frames of reinforced
concrete or steel. Their purpose is to isolate a
room from sound, temperature or weather rather
than serve as a stiffening clement for a frame.
Despite this, infill panels do sense stress and strain
when a frame system is subjected to Jateral forces.
Their relatively high in-plane stiffness can attract
significant lateral story shears to the frame-infill
system which may exceed their panel strength.
Upon cracking, the large infill shear forces may
be transferred to the frame elements which in
most cases will be designed for much lower lat-
eral forces. Furthermore, partial restraint of a col-
umn member by a lower portion of an infill panel
may create a shorter span for the member to bend
along. In such cases, the full flexural capacity of
the column member cannot be developed before
it fails in diagonal tension. In any case, seismic
evaluations of frame systems must consider the
effects of the masonry infill panels in stiffening
the system as well as reducing the overall defor-
mation capacity. Three parallel laboratory re-

search projects on infills are or have been sup-
ported under the NCEER Building Project. Re-
sults from each study will be incorporated in the
development of the “FEMA/BSSC/ATC Guidelines
for Seismic Rehabilitation of Existing Buildings.”

University at Buffalo

The first is a project at the University at Buf-
falo where a series of brick infilled steel frames
were tested to examine basic force interactions
between a frame and an infill panel as well as ret-
rofit methods for strengthening the infill panel
(Mander et. al., 1993 and 1994). A series of test
specimens (figure 4) were subjected to static re-
versals of lateral force applied parallel to the plane
of the infill panels.The first specimen was tested,
then repaired using a ferrocement overlay and
then retested. A second undamaged specimen
was rehabilitated using the same procedure be-
fore testing. The third specimen was tested much
like the first specimen with the exception that
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Test Specimen with Steel Frame and Brick Infill Panel
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the overlay was enhanced with diagonal reinforce-
ment. Test results showed that the infill panels
behaved 1n a ductile manner because of the con-
finement offered by the surrounding steel frame.
Tt was found that ductility could be enhanced with
the use of a ferrocement overlay, particularly 1f it
is used with diagonal reinforcement. However,
bricks were loosened relative to the frame with
cyclic loading and were feared to fall out when
subjected 1o transverse loadings. For this reason,
two test specimens were placed on a shaking table
and subjected to acceleritions normal 1o the infill
plane. Contray to the concern. the tests showed
that out-of-ptane strength of the infill panels could
be quite high because of arching action. Speci-
mens were difficult to fail even with accelerations
exceeding 10g's.

Steel strains were measured along the frame
members, and were used to infer curvatures and
bending moment distributions (figure 5) Using
a finite diffcrence method, contact stresses be-
tween the frame members and an infill panel were
determined from the bending moments Using
this unique information on contact stresses,
equivalent strut and tie mechanisms were formu-
lated to represent the in-plane stiffness of an infill
panel

1

Cornell University

The second infill research project is an ongo-
ing study at Cornell University that examines in-
plane behavior of infills in lightly reinforced con-
crete frames and semi-rigidly connected frames
(Chrysostomou et. al , 1992; Gergely et. al, 1993,
February 1994 and June 1994; and Mosalam et.
al., 1993). The experimental phase of the project
is largely centered about verification of analysis
methods that can be used to evaluate a frame-
infill system. Two analytical formulations are be-
ing examined for in-planc panel behavior: (a) a
simple multi-strut analogy and (b) nonlinear
macro finite element models. With the first
model, in-plane behavior of the frame-infill sys-
tem is represented with three compression struts
(tigure 6). One strut 1s on the diagonal of a panel
while the other two struts are off center to model
panel stiffness after corner crushing occurs With
the second model, an infill panel is represented
as a contimuum with finite elements. The DIANA

-

M Figure &
Three Strut Analogy for In-Plane Infill Bebhavior

program 15 used to model cracking and
plastification as well as geometrical
discontinuitics such as interface conditions be-
tween the panel and surrounding frame.

At Corncll. laboratory experiments are run
on concrete masonry infills with steel frames Test
specimens are constructed at one-<quarter scale,
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consist of single story, one and two-bays, and are
:ubjected to static reversals of lateral force. A
typical force-deflection curve is shown in figure
7 that demonstrates the pinched behavior of the
hysteresis relation. Considerable separation oc-
curred between the frame and the infill panel
away from the panel corners contirming the no-

tion that the frame was braced by equivalent com-
pression struts.

Furure work will investigate infills with rein-
forced concrete frames and include infill panels
with openings.

University of llinois at Urbana-Champaign

The third infill research project is in its first
stage at Illinois. A series of test specimens are
being subjected to static force reversals to exam-
ine basic modeling parameters needed to evalu-
ate the seismic behavior of steel frame buildings
with open brick infills or cladding. The experi-
mental study will generate data needed by struc-
tural engineers to model stiffness increases for
steel frame members and joints that are attribut-
able to unreinforced brick masonry infills and
cladding. Three sets of test specimens are planned
that will reveal: (a) the increase in flexural stiff-
ness for a cladded steel member, (b) the strut ac-
tion provided by a partial masonry infill across a
story height, and (c) the increase in beam-to-col-
umn connection stiffness. The test setup shown
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in figure 8 will be used to determine how a par-
tial brick infill panel can flex with a steel column.
Another test setup will be used to study the mo-
ment-rotation relations for cladded steel connec-
tions.

Structural engineering research in the area of
earthquake resistance of unreinforced masonry
construction is challenging because most URM
existing buildings were not engineered at the time
of their construction. The NCEER Building Project
is attempting to fill the gap berween present en-
gineering procedures and what is known about
the behavior of masonry elements subjected to
reversed and repeated loadings, and complete
three-dimensional systems comprised of them.
Information gleaned from laboratory and compu-
taricnal studies will be of great worth for emerg-
ing codes and guidelines for seismic evaluation
and rehabilitation of these existing systems.

Personnel and Institutions

NCEER masonry research is a collaborative
effort between investigators at the State Univer-
sity of NewYork at Buffalo, Cornell University and
the University of Illinois at Urbana-Champaign.

Methods of rehabilitating unreinforced ma-
sonry (URM) walls using ferrocement cement
plaster coatings were studied at the University at
Buffalo by Professor Sherwood Prawel. Static and
dynamic tests were run on sample wall panels
that had been strengthened to various degrees
using the method.

Research on bearing wall structures is being
done at Illineis under the direction of the author.
Two-story URM bearing wall systems constructed
at approximately 3/8ths scale are subjected to
simulated earthquake motions on a shaking table.
The purpose of the project is to study nonlinear
dynamic response of URM clay brick walls linked
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by flexible floor or roof diaphragms so that meth-
ods of seismic evaluation can be improved.

Three NCEER projects are examining behav-
ior of URM infill panels in structural frames. At
the University at Buffalo, Professor John Mander
has tested a series of brick infill panels encased
in steel frames to examine basic resistance mecha-
nisms as well as repair methods.The behavior of
concrete block infill panels confined by reinforced
concrete and steel frames is being studied at
Cornell by Professors Peter Gergely and Richard
White. Reduced-scale specimens are being sub-
jected to static loads in an effort to develop a new
strut analogy which can be used by engineers to
assess the in-plane lateral stiffness of an infill
panel. At liinois, research is being done to study
the interaction of open brick masonry infills with
steel frames. Professor Stephen Schneider is run-
ning a series of experiments to quantify the stiff-
ening action that an infill with openings can have
on steel frame members and connections.
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