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Strength and behavior of unreinforced masonry elements

D.PAbrams
University of Illinois at Urbana-Champaign, Ill., USA

ABSTRACT: Results of a series of experiments on lateral strength and behavior of unreinforced masonry elements reveal
that masonry walls or piers need not be considered brittle. Measured behavior of the walls showed that unreinforced
masonry can possess considerable capacity for inelastic deformations, and need not be limited in strength by forces
which induce initial flexural or diagonal tensile cracks. Behavior under reversed and repeated cyclic forces was not in-
fluenced appreciably by previous damage, and could be represented for each half cycle with analogous behavior under
monotonically increasing forces. A study of the mechanics in cracked masonry walls is presented which serves as the

basis for a suggested evaluation procedure.

1 INTRODUCTION

Evaluation of lateral strength in unreinforced masonry
buildings is many times clouded because of uncertainties
associated with estimating shear or flexural strength of in-
dividual walls or piers. Furthermore, an incomplete de-
piction of inelastic behavior for such elements aggravates
the situation since the nature of story shear redistribution
to various elements in a building structural system is not
well understood.

For lack of better information, unreinforced elements
are usually assumed to be brittle. Lateral strength is lim-
ited by allowable stresses, and no inelastic action is con-
sidered. This assumption infers that, upon initial crack-
ing, all lateral force resisted by a particular masonry
element is transferred to adjacent elements which in turn
reach their limit when overloaded. Much like buttons on
a shirt, when the first one tears the rest follow quite sud-
denly. This assumption is very severe because the lateral
strength of a system is limited to the strength of its weak-
est element. If masonry elements are actually not brittle,
then the lateral strength of a system may be thought of as
the combined strengths of all of its masonry elements.

Most seismic codes prescribe an equivalent staticlater-
al base shear for unreinforced masonry buildings on the
basis that the structure has no capacity for inelastic defor-
mation. For example, R factors are commonly taken as 1
or 2 for various codes of practice. This limitation, along
with the ignorance of any story shear redistribution, mini-
mizes the seismic capacity for a structure to something far
less than it actually may be.

The ultimate limit state for an unreinforced masonry
wall or pier is commonly associated with first cracking
whether it be a result of flexural tension or diagonal ten-
sion. No redistribution of stress within the element is as-
sumed after initial cracking. When an evaluation criteria
is based on this limit state, lateral strength may be unrea-

sonably restricted. This is particularly so for older con-
struction with lime mortars where flexural tensile strength
is assumed close 1o zero.

This paper demonstrates through the use of exper-
imental and analytical analyses that unreinforced mason-
ry elements do not necessarily fail immediately soon after
cracks develop, and as a result, they can behave with con-
siderable deformation capacity. The series of experiments
described in this paper demonstrate the ability of unrein-
forced walls to resist up to three times their initial crack-
ing strengths. In addition to this residual strength, the se-
ries of unreinforced walls were seen to possess a gradual
softening until the ultimate limit state was reached rather
than cracking abruptly. A simple analytical solution is
presented to estimate post-cracking ultimate strength of
masonry flexural elements, and an evaluation procedure
based on it is given.

2 BEHAVIOR UNDER MONOTONIC LOADS

A series of unreinforced brick walls were tested at the
University of Illinois at Urbana~Champaign. The test
walls were extracted from a building constructed in 1917,
and were transported across the street to the Newmark
Laboratory for testing. Each wall consisted of four wythes
of unreinforced brick which were interlaced with header
courses. Despite the age of the masonry, it was apparent
that the mortar was quite strong and that cement must
have been used in the mix. Experimental procedures and
results are presented in Abrams and Epperson (1989) and
Epperson and Abrams (1989, 1990).

Lateral forces were applied within the plane of each
wall while a constant vertical compressive stress was
maintained. The tests were run by controlling the lateral
force applied at the top of each test wall. A summary plot
for the five wall specimens is shown in Fig. 1 where aver-
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Figure 1. Measured behavior of test walls.

age shear stress (total lateral force divided by gross wall
area) is plotted versus the lateral displacement at the top
of each wall. The aspect ratio of all specimens was simi-
lar. Vertical compressive stress was varied for each speci-
men within a range of 0.52 to 0.99 MPa (76 to 143 psi).
Though the walls were unreinforced, they had a long
life after cracking. Flexural cracks were observed at the

many repeated and reversed cycles. Therefore, it is of in-
terest to know the relation-between lateral strength and
behavior under monotonically increasing loads to that for
loads which cycle.

Two test walls were built using reclaimed Chicago com-
mon brick with Type N mortar, and subjected to cyclic lat-
eral forces. Though an attempt was made to mimic mate-
rials used in the 1917 walls, it was impossible to replicate
load-deflection behavior precisely because environmen-
tal aging effects could not be simulated. The old walls
were subjected to seventy years of freeze-thaw cycles. As
a result, delamination of the mortar bed joints occurred
which lowered the flexural tensile strength normal to the
joints. The new walls were tested a few months after con-
struction, and were subjected to nearly no temperature or
humidity variations. Therefore, only general correlations
in behavior can be made for old and new specimens.

The length-to-height aspect ratios of the two walls was
varied as well as the vertical compressive stress, so that
two basically different behavioral modes could be ob-
served. The first test wall had an aspect ratio of 2.0 and
was subjected to a vertical stress equal to 0.52 MPa (75
psi). The second wall had an aspect ratio of 1.5, and was
subjected to a stress equal to 0.34 MPa (50 psi).

The two test walls were subjected to a simple series of
lateral forces from a twin pair of hydraulic actuators. One
actuator was operated in displacement control while the

Figure 2. Typical crack pattern under monotonic loads.

heel region of each wall at a lateral load that was nominal-
ly 40% of the ultimate load. As the resultant of vertical
compressive stress tended to shift towards the wall toe af-
ter cracking, the lateral stiffness gradually diminished.
The ultimate limit state was precipitated by sliding along
bed joints in the vicinity of the central portion. This was
followed immediately by diagonal compressive splitting
at the toe. Lateral deflections at ultimate were nominally
15 times that at initial flexural cracking. Ultimate lateral
drifts were nominally 0.4% for all test walls.

3 BEHAVIOR UNDER CYCLIC LOADS

Basic resistance mechanisms are most easily understood
and developed for structural elements that are subjected
to lateral forces that increase monotonically until failure
occurs. During an earthquake, however, buildings sway
back and forth and lateral shears and deformations follow
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Figure 3. Observed crack pattern for Wall 1.

approximately 62% of the ultimate load, a stair-step diag-
onal crack (marked with the letter a in Fig. 3) was ob-
served. A second diagonal crack (b) was observed just as
the test wall was reaching its ultimate load.

Reversing the lateral force for the first specimen re-
sulted in an identical crack pattern as for the earlier half
cycle. It appeared as though the previous loading and
damage had little to do with the subsequent behavior.
When previously opened cracks in the mortar joints



closed, behavior emulated that for an uncracked joint.
Thus, it appears as though behavior under monotonically
increasing forces, or deflections, may be representative of
that for the cyclic loading case.

The lateral force-deflection hysteresis loop for the first
test wall is shown in Fig. 4. The measured relation reveals
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Figure 4. Measured behavior of Wall 1.

symmetry with respect to reversed loading cycles corrobo-
rating the finding that cyclic behavior may be uncoupled
into monotonically increasing load components. The
striking feature, however, is the fact that the wall could re-
sist considerable lateral force while deflecting to extreme-
ly large deflections. Lateral drifts as large as seven times
the drift at peak loads were observed. The test wall could
have shown a larger deformation capacity that this if the
stroke limit of the loading actuators had not be exceeded.

Though stair-stepped diagonal cracks opened the mor-
tar head joints considerably (as much as 25mm or one
inch), the bed joints remained closed as shown in Fig. 5.
The large post-cracking strength had to be attributable
to friction acting along the bed joints. Thus, the vertical
compressive stress made a significant difference on the
apparent ductility of the element.
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Figure 5. Shear transfer across stair-stepped crack.

3.2 Hysteretic flexural behavior

The second test wall being less stocky than the first, and
subjected to a lighter vertical compressive stress, cracked
initially in flexure. A horizontal crack along the bed joint
immediately above the bottom course was observed along
approximately two-thirds of the base (crack a in Fig. 6).

Figure 6. Observed crack pattern for Wall 2.

When the lateral force was reversed, the flexural crack oc-
curred on the opposite side of the wall, and was then con-
tinuous along the entire length of wall.

Lateral force-deflection behavior for Wall 2 is shown
in Fig. 7. Peak lateral strength was limited by crushing of
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Figure 7. Measured behavior of Wall 2.

masonry at the wall toe. Vertical splitting cracks, and
spalling of bricks was observed at the toe much like that
for a prism of masonry subjected to concentric vertical
compression.

Like the previous test wall, behavior for loading in one
direction did not appear to be influenced by previous
damage in the other loading direction. The flexural crack
simply closed as the force was reversed. No reductions
in stiffness were observed when the force was reversed
suggesting that the open crack had closed during unload-
ing as a result of the vertical compressive stress. Ultimate
lateral strengths in each direction of loading were quite
similar as might be expected. Previous flexural cracking
did not influence the compressive strength at the toe.
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Only until the very last half cycle of loading did a diago-
nal shear crack occur (crack b in Fig. 6.) It is interesting
to note that this diagonal crack did not occur at the peak
loads of the earlier cycles, but after the same maximum
lateral force had been reached several times (noted with
point bin Fig. 7). The shear crack was a result of the later-
al deflection rather than the lateral force. It is surmised
that with increased lateral deflections, the flexural crack
grew in length, and shear stress continued to be redistrib-
uted to the ever shrinking compression zone near the toe
of the wall. Thus, the concentration of shear stress in-
creased though the lateral force did not until diagonal
cracking occurred. )

Because the total vertical force was held constant dur-
ing the test duration, the total restraining frictional force
along the base of the wall remained the same though the
resultant vertical force had to shift across the wall to near
the toe. This implies that flexural cracking did not tend
to reduce the overall shear strength which is the reason
why the diagonal tension strength could be reached well
after flexural cracks were first observed. )

The second test wall also revealed a surprising capacity
for inelastic deformation. Like the first test wall, the sec-
ond continued to resist lateral force well after flexural and
shear cracks were dominant. It was again obvious that
a frictional mechanism had developed along the com-
pressed bed joints (Fig. 5) because 25mm wide (1 inch)
separations in head joints were observed.

In summary, in-plane behavior of the two test walls
suggested that unreinforced masonry elements may resist
sizeable lateral forces while deforming well beyond the
linear range of response. This was found true for walls
controlled by both flexure or shear. If used in a building
system, the test walls would have a high potential for dissi-
pating energy, as well as shedding lateral force to other
elements while resisting lateral forces in the range of their
ultimate strength.

4 STATICS OF CRACKED MASONRY WALLS

Both series of test walls showed that substantial increases
inlateral strength could exist past initial cracking whether
it be for older walls tested with forces that increased
monotonically to failure, or for newer walls subjected to
repeated and reversed cyclic lateral forces. The reason for
this can be explained in terms of simple statical equilibri-
um concepts.

An unreinforced wall can resist moment after cracking
in flexure through the force couple that is generated as the
centroid of the vertical force resultant shifts toward the
compression toe. Lateral strength can be derived on the
basis of statical equilibrium of external forces as shown
in Fig. 8. Summing moments of forces about the centroid
of the vertical force resultant at the base gives the equilib-
rium equation of Eq 1.

Assuming linear material behavior in compression, the
length of the compressed zone at the base, d, can be deter-
mined to be three times the distance from the extreme
compression fiber to the location of the resultant force.
The compressive edge stress can then be determined as
twice the average stress over this triangularly stressed
zone as given by Eq. 2 where the term Hh/P has been
substituted for the eccentricity, e, according to Eq. L
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Figure 8. Free body diagram of wall cracked at base.
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The limiting stress, fmay, is based on the assumption that
compressive stress will be linear with strains. Any nonlin-
earities in compressive behavior would shift the resultant
vertical force towards the wall toe, and thus increase the
moment capacity. Thus the formulation is slightly conser-
vative in this regard.

5 SUGGESTED EVALUATION PROCEDURE
5.1 Limiting flexural stress

A safe limit on lateral strength can be estimated by equat-
ing the compressive edge stress, fmax, (Eq. 2) to some al-
lowable value, F,. Since the edge stress is a composite of
both axial and flexural stresses, and the fact that the stress
gradient is rather small for most in-plane walls, the lower
allowable axial stress value is suggested over the higher al-
lowable flexural stress value, Fy,. Values for F, prescribed
by the appropriate building code may be used.

Substituting F, for fi;,2x and H, for H in Eq. 2, and solv-
ing for the allowable lateral force capacity gives:

P [3bL
Hs = 3bhF, <_2_F‘"*'2P ) Bl

Further expansion and normalization by the area, 4, (b
times L) results in Eq. 4 for the average shear stress, f,q
(H, over the gross area, bL) that is limited by toe compres-
sion.
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where f, is the nom 1al vertical stress = 31;:

It is interesting to note that the aspect ratio, L over h, can
be uncoupled from the other parametersin Eq. 4, and that
the average shear stress is then linearly related to the ver-
tical compressive stress for a given ratio of f, / F,. The
relation between fy, and f, is shown in Fig. 9 for various
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Figure 9. Ave. shear stress vs. ave. compressive stress.

ratios of f, / F,. The aspect ratio is taken as 1.0. Limiting
shear stresses for walls of other aspect ratios can be deter-
mined simply by multiplying ordinate values by the wall
aspect ratio.

The bottom line in Fig. 9 for the ratio f; to F, equal to
0.5 represents the case where axial and flexural stresses
are equal, or the case of no net tensile stress. Any combi-
nation of shear stress, f,4, and compressive stress, f, that
results in a point below this line indicates a case where the
vertical compressive stress is sufficiently high relative to
the shear stress that the wall base will be stressed in com-
pression along its entire length. Thus, this line represents
a lower limit for Eq. 4. It can also be construed to repre-
sent the allowable lateral force that is limited by Ameri-
can codes of practice on the basis of a limiting flexural
tension stress (in this case for a F; value equal to zero).

Depending on the ratio of f; to Fg, the lateral force ca-
pacity of a wall can be as high as three times that limited
by current codes on the basis of a limiting flexural tensile
stress. This is a clear demonstration that flexural cracking
should not represent an ultimate limit state for lateral ca-
pacity of unreinforced masonry walls. Since the formula-
tion is based on the concept of statical equilibrium, there
should be little question of its applicability.

5.2 Limiting shear stress

If post—cracking behavior is to be relied on for flexure as
described in the previous section, then some allowance

must be made to account for the reduction in shear
strength with flexural cracking.

It is assumed that shear strength will reduce directly
with the length of uncracked wall. This assumption is
based on the consideration that zero shear stress can be
transferred across an open flexural crack. Only the un-
cracked portion of the wall is considered effective in re-
sisting shear. Because flexural cracks will be the longest
at the base, reductions in shear strength are evaluated at
this location. Thus, the portion of wall that is considered
effective in resisting shear consists of a rectangular area
a distance d long by A high as shown in Fig. 10. Though
this assumption may not be realistic, it is conservative
and permits an engineer to rely on accepted code values
for allowable shear stress.
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Figure 10. Assumed effective shear zone.

To simplify the problem, and to be consistent with pre-
vious assumptions, the length of uncracked wall at base,
d, is determined for the special condition when F; is equal

tozero. For horizontal shear forces, H, that are small
; PL - 5]
if H< ¢h then d = L

. PL 3L 3Hh

lfHZEh-’ then d—T - -—P— [6]

enough so that cracking will not occur at the base, d is sim-
ply equal to the full lengthi of wall, L, (Eq.5). For forces
that are large enough to crack a wall, the distance d is a
fraction of the overall length according to Eq. 6. This
equation is derived simply by multiplying the distance be-
tween the compression toe and the centroid of the vertical
force resultant by three. The distribution of compressive
stress at the wall base is again assumed to be triangular.

The fraction of the wall length that is uncracked can be
expressed by dividing each side of Eq. 6 by L, and substi-
tuting f, / f; for H/ P.

=3 _s[R)[E (7]
2 L/\%

e

Wall shear stress that is limited by toe compression, f,q,
was found to be related to the ratio of f; to F, in Eq. 4.
If it is assurmed that flexure will govern over shear, then
foaisequaltof, and the ratio of f, / f; from Eq. 4 may be
substituted in Eq. 7 as is done in Eq. 8.
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Reduction of Eq. 8 gives the following simple expression
for the fraction of uncracked wall;

%= 2(%&) for f, < 0.5F, 9

2

The relation is limited to only those cases when f; is less
than one-half of F,. For values of vertical compressive
stress equal to this limit, the wall would be compressed
along its entire length (d = L). The limiting ratio of f; to
F, equal to 0.5 is shown with the broken line in Fig. 9.

Since it is common to express shear strength in terms
of the product of some allowable shear stress, F,, and the
gross web area, any reductions in the effective shear area
attributable to flexural cracking will be stated in terms of
an equivalent reduction in the allowable shear stressrath-
er than a reduction in the available shear area. Thus, al-
lowable shear stress, F,, is expressed as a fraction of the
allowable shear stress for a fully uncracked wall, F,,,. It
is assumed that the allowable stress reduces in the same
proportion as the wall cracks. Thus, a very simple esti-
mate of allowable shear stress that accounts for effects of
flexural cracking can be obtained from Eq. 11.

B =_% = z(—fa—) for f, < 0.5F, [10]

Code values of allowable shear stress, Fy,, can thus be re-
duced by multiplying by a factor equal to twice the ratio
of f; to F, to account for the extent of flexural cracking.

5.3 Proposed evaluation procedure

Using Eq. 4, the ultimate lateral flexural capacity of a
cracked wall can be easily estimated in terms of the verti-
cal compressive stress, f,, and the allowable compressive
stress, Fy. Capacity based on a code allowable value of
shear stress, Fyo, and the extent of flexural cracking can
then be checked using Eq. 10.

As a verification of this procedure, lateral capacity of
the series of laboratory test walls was estimated, and com-
pared with actual strengths (see Abrams, 1992 for a com-
plete description). Instead of using allowable compres-
sive stresses in Eq. 4, tested prism compressive strengths
were input so that a direct correlation with measured ulti-
mate strengths could be made. Likewise, measured re-
sults of nondestructive in-place shear tests were used in
Eq. 10 in lieu of allowable shear stresses. Predicted

strengths ranged from 89% to 104% of measured test val--

ues suggesting that the procedure was indeed valid.
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6 CONCLUSIONS

Results of two series of laboratory experiments illustrated
that unreinforced masonry elements may behave differ-
ently than that which is commonly assumed. Test walls
constructed over seventy years ago and subjected to
monotonically increasing lateral forces, as well as test
walls which were newly constructed and subjected to re-
versed cyclic loads, revealed that unreinforced masonry
elements may:

1. besignificantly stronger than their strengths at initial

cracking.

2. have substantial deformation capacity past initial
cracking.

3. be characterized in terms of their behavior under
monotonically increasing forces/deformations even
though they are subjected to cyclic loads.

An evaluation procedure has been suggested for esti-
mating safe limits of in~plane lateral strength of cracked,
unreinforced masonry walls. A simple formula has been
derived for estimating permissible shear stress based on
toe compressive stress. Another expression has been giv-
en to determine reductions in shear strength attributable
to flexural cracking. The proposed method was shown to
provide excellent correlations with measured lateral
strengths.
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