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MODELING OUT-OF-PLANE BEHAVIOR OF URM WALLS RETROFITTED

WITH FIBER COMPOSITES

By J. I. Velazquez-Dimas1 and M. R. Ehsani,2 Fellow, ASCE

ABSTRACT: Although masonry is one of the oldest construction materials, its behavior has not been investi-
gated as extensively as other construction materials. Out-of-plane failures are common in unreinforced masonry
(URM) buildings constructed in seismic regions. Seven half-scale brick masonry walls were constructed, exter-
nally strengthened with vertical glass-fabric composite strips, and subjected to static cyclic out-of-plane loading.
The flexural behavior of the tested specimens is characterized by three main stages corresponding to the first
visible bed-joint crack, the first delamination, and the ultimate load. The main parameters being investigated in
this study are the amount of composite, the height-to-thickness ratio h/t, the tensile strain in composites, and
the mode of failure. Based on the trends observed in the experimental phase, it was concluded that the behavior
of the walls is best predicted with a linear elastic approach. It was also concluded that the ultimate strength
method overestimates the flexural capacity and the ultimate deflection of the wall. Preliminary design recom-
mendations are also proposed for tensile strain in the composite, maximum deflection, and maximum reinforce-
ment ratio.
INTRODUCTION

Masonry is one of the oldest construction materials. For
thousands of years masonry was the predominant building ma-
terial until modern materials such as concrete, steel, and wood
appeared in the nineteenth century (Abrams 1996). The me-
chanical properties of masonry are much more complicated
than those of other construction materials. For many years,
lack of research and understanding of the behavior of masonry
led to reluctance by the engineering community in widespread
use of this material. However, a large number of research proj-
ects conducted on masonry in the last 20 years have demon-
strated the feasibility of this material for many applications.
As a result, masonry seems to be returning as a reliable con-
struction alternative. Most of the recent research has focused
on improving the seismic safety of new buildings being con-
structed with masonry.

Unreinforced masonry (URM) buildings constitute a signif-
icant part of the existing building inventory worldwide. URM
buildings are vulnerable to lateral loads such as those caused
by earthquakes or high speed winds. In the event of an earth-
quake, these lateral forces are transferred to the foundation
through load-bearing walls. These structural elements may be
subjected to in-plane or out-of-plane loads. Failure in URM
buildings due to out-of-plane loads is considered the main
cause of personal injury and loss of life during earthquakes.

Recognizing the shortcomings of URM buildings, there has
been a surge of interest in recent years to develop techniques
for improving seismic behavior of these structures. A number
of techniques have been proposed, and a complete overview
of these approaches has been documented by Lizundia et al.
(1997). Among the new techniques for seismic retrofit of URM
buildings is the patented process of thin sheets of fiber com-
posites to the wall surface [M. R. Ehsani and H. Saadatma-
nesh, ‘‘Method of strengthening masonry and concrete walls
with composite strap and high strength random fibers,’’ U.S.
Patent No. 5,640,825 (1997)]. Recent field applications have
demonstrated the feasibility of this procedure (Ehsani and
Saadatmanesh 1996, 1997).
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SCOPE OF WORK

This paper describes different methodologies for modeling
the behavior of URM masonry walls retrofitted with glass-fiber
composites and subjected to cyclic out-of-plane loading. The
proposed method is based on experimental data generated
through seven tested URM walls. The data analyzed included
several design parameters such as the amount of reinforcement
and height-to-thickness ratio h/t as well as the observed be-
havior in terms of modes of failure, maximum measured lon-
gitudinal strains in composite strips, compressive strain in
brickwork, and out-of-plane deflection. The behavior of the
walls is represented through three main stages associated with
the loss of flexural stiffness of the walls, which are the for-
mation of the first visible bed-joint crack, the first delamina-
tion, and the mode of failure.

Based on the trends given by the experimental data, a meth-
odology for estimating the ultimate flexure capacity of the
walls is proposed. In addition, equations for calculating the
deflections at first visible bed-joint crack and at formation of
the first delamination are presented that take into account the
height-to-thickness ratio of the walls. The proposed method is
valid for walls that are simply supported at the top and bottom
and are free along the other two sides. These boundary con-
ditions are representative of midsections of walls away from
corners. In light of the limitations of the experimental pro-
gram, additional studies are needed before the findings can be
generalized. Such studies could investigate the effects of dif-
ferent types of fibers (e.g., carbon and aramid), different
boundary conditions, number of wythes of brick in the wall,
and brick surface conditions.

PREVIOUS STUDIES

A number of analytical procedures have been proposed for
evaluation of the behavior of masonry walls subjected to out-
of-plane loading. Some of the proposed methodologies are
based on classical mechanics of materials, elastic plate theory,
and finite-element method. Some of these methods have been
reformulated in order to estimate the ultimate flexural capacity
of URM panels. These modifications consider the yield line
theory and the fracture line theory. Most of these methods are
applicable to infill panels with different boundary conditions.

Sinha (1978) proposed a simplified method based on frac-
ture lines that could be applied to any brittle material having
strength and stiffness orthotropy. His proposed method corre-
lated very well with the experimental results. In that study,
many panels with different boundary conditions were ana-
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lyzed, and a theoretical formulation for the collapse load was
proposed for each panel considering the support conditions
and the aspect ratio.

Dawe et al. (1988), conducted an extensive parametric study
on hollow concrete block infill panels subjected to out-of-
plane loading. The main parameters considered were panel
thickness, infill strength, boundary conditions, frame rigidity,
and geometric aspect ratios. Based on the results of this study,
empirical relations suitable for design were proposed. Arching
action and yield line analysis were also incorporated into the
proposed method. It was concluded that the ultimate load in-
creases parabolically when panel thickness is increased and
decreases when the length and height of the panel are in-
creased.

Sveinsson et al. (1987) developed an analytical model for
steel-reinforced block masonry walls subjected to out-of-plane
seismic motions. In the model, three linear stages were pro-
posed representing the following ranges of loading: before
cracking, between cracking and yielding, and postyield. Three
elements were incorporated in the model for cyclic behavior
for the investigated walls: two face shells, a steel-reinforcing
bar across the joint, and an elastic masonry block between the
joints. Face shell elements were assumed to have no tension
capacity and to behave elastically in compression. The steel
bar was modeled by a bilinear stress-strain curve. To validate
the proposed analytical model, three full-scale reinforced con-
crete block masonry walls were constructed. The specimens
were tested under simulated seismic input motions applied by
two servocontrolled hydraulic jacks located at the top and bot-
tom. Comparing the results, Sveinsson et al. concluded that
the analytical model predicted the overall response of the
tested walls very well.

Abrams et al. (1993), conducted an experimental and ana-
lytical study to evaluate the flexural capacity of infill panels
previously tested under in-plane loading. These results were
compared with predictions given by analytical models devel-
oped by several researchers. The best predictions were given
by models taking into account either fracture line theory or
yield line theory. They found that the panel strength is in-
versely proportional to the square of the height-to-thickness
ratio. It was also concluded that significant arching action de-
velops for panels with h/t < 20. For slender panels, the capac-
ity is controlled by flexure.

As noted above, very little information is available in the
literature for walls that are simply supported at the top and
bottom. In particular, no studies were found on predicting the
behavior of URM panels retrofitted with composite overlays.

FIBER COMPOSITE MATERIALS

Composite materials consist of strong fibers such as carbon,
glass, and aramid bound together by a matrix. The matrix can
be vinylester, polyester, or epoxy resin. Composite materials
have been used for more than 40 years in the aerospace in-
dustry and other industries. The mechanical properties of com-
posite materials depend on the fiber-to-matrix ratio. In com-
posite materials, the fibers provide strength and stiffness to
satisfy design requirements, and the matrix provides load
transfer among fibers, dimensional stability, and fiber support
and protection. Composite materials have many advantages
over conventional materials such as steel. Among them are
high specific strength, high specific stiffness, noncorrosive-
ness, high fatigue resistance, thermal stability, low cost, and
ease of installation. By selecting the appropriate fiber, matrix,
and geometry, composite materials can be tailored to satisfy a
specific application. They also present some disadvantages
such as low in-plane transverse (i.e., shear) strength, low in-
terlaminar strength, linear elastic behavior up to failure, and
JOURN
FIG. 1. Stress versus Strain for Unidirectional Glass Com-
posite

potential sensitivity to moisture and UV radiation (Jones et al.
1975, Madenci 1997).

The advantages of composite materials make them an ideal
material for construction applications. To manufacture com-
posite products, many procedures can be used such as filament
winding, pultrusion, compression molding, and hand layup.
Many composite products for civil engineering projects are
available in the form of structural shapes; reinforcing bars and
tendons for concrete structures; fabrics for retrofitting beams,
columns, walls, etc. In the last 10 years, many research and
field applications on composite materials have been reported
(Nanni 1993; Taerwe 1995; El-Badry 1996; Saadatmanesh and
Ehsani 1996, 1998).

The fibers have very high tensile strength, typically exceed-
ing that of metals. For construction applications, usually more
than 40% of the total volume of the composite products is the
resin matrix whose contribution to the strength or stiffness of
the composite is minimal. For the retrofit of masonry walls
reported here, a unidirectional glass fabric weighing 610 g/m2

(18 ounces/square yard) and a two-component epoxy matrix
was used. The hand layup technique used to apply the fabric
to the wall resulted in a resin-rich composite. Fig. 1 shows a
typical stress versus strain curve for the composite used in this
study. The stresses are calculated based on gross cross section
according to ASTM D 3039.

DISCUSSION OF EXPERIMENTAL RESULTS

The experimental data analyzed in this paper were obtained
from seven half-scale URM walls constructed with solid clay
bricks and a low strength mortar. The specimens were divided
into two sets: the short walls [710 mm (28 in.) high] and the
slender walls [1,420 mm (56 in.) high] with a height-to-thick-
ness ratio of 14 and 28, respectively. All specimens were 1,220
mm (48 in.) wide. Each wall was designated with a letter fol-
lowed by one or two numbers. The letter ‘‘S’’ refers to single
wythe and the letter ‘‘D’’ to double wythe. The designation
for ‘‘S’’ series specimens is followed by two numbers that
refer to the percentage of the composite reinforcement on the
south and the north faces of the wall with respect to the bal-
anced condition, respectively. A number indicating the rein-
forcement ratio for the north face follows the letter ‘‘D.’’ The
balanced reinforcement ratio was calculated similar to that for
reinforced concrete members, assuming that masonry fails in
compression at a strain of 0.003 at the same time that the
composite fails in tension at a strain of 0.02.

All materials (sand, brick units, mortar, and composites) and
brickwork assemblages were characterized according to the
appropriate ASTM standards. Thus, the compressive capacity
AL OF COMPOSITES FOR CONSTRUCTION / NOVEMBER 2000 / 173



FIG. 2. Test Setup

of brick units was 45 MPa (6.52 ksi) and the mortar com-
pressive strength was 5,190 kPa (754 psi) at 28 days, and
7,200 kPa (1,044 psi) at testing time. The half-scale brick units
were assembled together with a 6 mm (0.25 in.) wide mortar
bed-joint constructed of sand passing mesh No. 18. From
prisms constructed with five bricks, the compression capacity
of brickwork was determined as 20.0 MPa (2.90 ksi) at 28
days and 26.7 MPa (3.87 ksi) at testing time. The modulus of
rupture was obtained from brick beam tests as 1,482 kPa (215
psi) at 28 days and 1,613 kPa (234 psi) at testing time. Finally,
the unidirectional glass fiber used for retrofitting the specimens
was tested in pure tension, and its tensile strength was 369 N/
mm (2,106 lb/in.) width of fabric.

All specimens were subjected to the same standard history
pattern of static cyclic out-of-plane loading applied with an
air-bag system that was moved from one face of the wall to
the other. The load was applied to the wall faces in two stages:
(1) A load-controlled stage, which consisted of two pairs of
cycles to observe the uncracked behavior; and (2) a displace-
ment-controlled stage, where the maximum displacement in
each pair of cycles remained constant. The stiffness degrada-
tion was monitored using two loading cycles for the same
displacement level. No axial load was applied to the specimens
174 / JOURNAL OF COMPOSITES FOR CONSTRUCTION / NOVEMBER 2
to exclude the beneficial effects of overburden stress. The
specimens were simply supported at the top and bottom and
remained free along the vertical edges. A roller condition was
also provided at the top (i.e., vertical displacements and ro-
tations were allowed). With these boundary conditions, it was
intended to reproduce a portion of the wall free of corner and
joint interference.

Fig. 2 shows a general overview of the test setup. Experi-
mental results and material properties of all specimens are dis-
cussed elsewhere (Velazquez-Dimas 1998; Ehsani et al. 1999).
The main parameters investigated in this study are summarized
in Table 1. In addition, the load versus deflection envelopes
for all load histories are shown in Fig. 3. From these graphs,
it can be seen that the flexural capacity and ductility of URM
walls retrofitted with glass-fabric composites are significantly
enhanced. For example, some of the tested specimens de-
flected to drift levels of 5%, supported more than 30 times
their aerial weight and resisted a large number of loading cy-
cles.

The midheight deflection corresponding to the formation of
the first delamination for the specimens are as follows: S20,
7 mm; S25, 5 mm; S30, 6 mm; S40, 10 mm; S75, 8 mm; S50,
21 mm; D100, 20 mm; S100, 25 mm; S200, 33 mm; and S300,
25 mm.

Because delamination controlled the mode of failure of the
majority of the tested specimens, longitudinal tensile strain in
composite strips, deflections at midheight, and the reinforce-
ment ratio are considered to be the most representative param-
eters for the purposes of this study. For each specimen, the
peak tensile strains in the composite strip at midheight of the
wall and the average of the three strips at the same location
were analyzed. Although each specimen was subjected to a
large number of loading cycles, the above strain values were
only examined for loads corresponding to the first visible bed-
joint crack, the first delamination of the composite strip, and
the ultimate failure. According to the observed behavior, these
three stages are sufficient to characterize the overall behavior
of the tested walls. These results are shown in Figs. 4 and 5.
Due to the sudden failure of Specimen S300/300, no data were
collected for the tensile strain in the composite at failure.

The experimental data summarized in Fig. 4 and 5 were
used to select strain values that would correspond to the dif-
ferent stages of the behavior of the walls. The following values
were selected based on judgment, but they are fairly close to
the average values reported in those figures. These strain limits
are conservative values for predicting the behavior of the
retrofitted walls. A longitudinal strain of 0.004 is assumed to
occur in composite strips when the first visible bed-joint crack
appears. For the first delamination, a longitudinal tensile strain
TABLE 1. Measured Parameters for Tested Specimens

Specimen
(1)

h/t
(2)

Face
(3)

r/rb

(4)

Pmax

[kPa (psf )]
(5)

dmax

[mm (in.)]
(6)

Drift
(%)
(7)

Pmax/wt
(8)

W
[mm (in.)]

(9)

Fracture
ductility
index
(10)

Mode of
failure
(11)

εmax(t )
(%)
(12)

S75/25 14 North 0.75 31.0 (648) 15.5 (0.6) 2.5 33 102 (4.0) 4.0 D 1.2
14 South 0.25 12.4 (259) 16.0 (0.63) 2.25 13 34 (1.32) 4.3 D 1.0

S20/40 14 North 0.2 10.3 (216) 12.5 (0.5) 1.8 11 26 (1.06) 5.0 D 1.2
14 South 0.4 18.6 (389) 5.2 (0.6) 2.1 20 52 (2.12) 3.75 D 1.0

S30/30 14 North 0.3 15.5 (331) 1.25 (0.35) 1.25 16 81 (3.18)a 3.5 PD 0.7
14 South 0.3 16.6 (346) 1.42 (0.4) 1.42 17 81 (3.18)a 2.7 T 1.0

S100/100 28 North 1.0 11.7 (245) 4.0 (2.3) 4.0 13 135 (5.3) 4.6 T, D 1.0
28 South 1.0 11.7 (245) 4.0 (2.3) 4.0 13 135 (5.3) 4.6 D 0.9

S300/300 28 North 3.0 16.7 (350) 2.0 (1.0) 2.0 17.5 406 (16.0) 1.8 NF 0.5
28 South 3.0 22.7 (475) 2.3 (1.3) 2.3 24 406 (16.0) 2.6 S 0.3

S200/50 28 North 2.0 20.7 (432) 5.0 (2.75) 5.0 23 269 (10.6) 5.0 D, C 1.1
28 South 0.5 6.2 (130) 3.4 (1.84) 3.4 7 66 (2.6) 4.6 T 1.3

D100 28 North 1.0 9.8 (205) 2.77 (3.0) 2.77 5 279 (11.0) 5.0 D 0.8
aWall was retrofitted with 18-ounce Cross/ply E-Glass fabric.
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FIG. 3. Load versus Deflection Envelopes: (a) Short Walls; (b)
Slender Walls

in the composite strips of 0.0055 is considered. Finally, a ten-
sile strain of 0.01 is assumed for the ultimate failure of the
walls. It is noted that based on coupon tests of the composite
laminates under pure tension, the failure strain should reach
approximately 0.02 (Fig. 1). However, the specimens that
failed in tension (mode of failure ‘‘T’’ in Table 1) reached a
maximum tensile strain in the composite ranging from 1.0 to
1.3%. This difference is attributed to several factors including
the cyclic tension/compression nature of the loading, and the
uneven surface of the brick walls. The above values could be
used for analytical prediction of the corresponding loading
condition. It is important to keep in mind that these values are
for URM walls retrofitted with glass-fiber composites only,
and therefore more experimental work is needed in order to
suggest similar strain values for other fibers such as carbon
and aramid.

Midspan deflections for the walls at different stages of load-
ing are summarized in Fig. 6. The calculated points shown in
this figure will be discussed later. Experimental data for the
short walls indicate that no particular trend exists between the
deflection and reinforcement ratio. However, for the slender
JOURNA
FIG. 4. Strain versus Reinforcement Ratio for Short Walls: (a)
Maximum Strain; (b) Average Maximum Strain

walls, there is an increase in deflection as the reinforcement
ratio is increased up to two times the balanced condition. The
only exception is Specimen S300/300, which failed prema-
turely due to in-plane shear at the support. Thus this specimen
did not experience the degree of delamination that was ob-
served in the remaining specimens.

Fig. 7 shows a dimensionless representation of the load ver-
sus the amount of reinforcement in the walls. The applied pres-
sures have been normalized with respect to the weight of the
wall. The abscissa depicts the width of the composite strips
normalized with respect to the wall thickness. For all stages
of loading (i.e., cracking, delamination, and ultimate), there is
a nearly linear increase in load with respect to the amount of
reinforcement. This is particularly true if the behavior of Spec-
imen S300 (W/t = 8.3), which failed by in-plane shear in the
wall, is excluded.

PREDICTION OF OBSERVED BEHAVIOR

The observed experimental results were compared with the
predicted values following the ultimate strength method and
the linear elastic approach.

Ultimate Strength Approach

A common method for predicting the flexural capacity of
structural elements is the use of the ultimate strength condi-
tions. These calculations require the limit-state conditions for
the brick and composite laminate. An ultimate compressive
strain of 0.003 was assumed for the masonry. Based on coupon
tests, an ultimate tensile strain of 0.02 was selected for the
composite materials. To predict the load versus deflection re-
L OF COMPOSITES FOR CONSTRUCTION / NOVEMBER 2000 / 175



FIG. 5. Strain versus Reinforcement Ratio for Slender Walls:
(a) Maximum Strain; (b) Average Maximum Strain

sponse of the specimens, a computer program developed for
RC beams was modified and then used in this study (Marine
1994).

Results for short and slender specimens are presented in Fig.
8. It is clear that the results calculated based on the ultimate
strength approach overestimate the measured experimental val-
ues especially for the ultimate load and the maximum deflec-
tion. A similar trend was observed for all specimens. The over-
estimation of the ultimate strength method is attributed to
several factors. First, the analysis assumes full composite ac-
tion between the composite strips and the masonry. However
as delamination begins, this assumption is no longer valid.
This delamination prevented two modes of failures to take
place: (1) Compression failure in the slender walls with high
reinforcement ratios; and (2) tensile failure in the short walls
with small reinforcement ratios. The second factor contributing
to the mismatch of the results is the softening of the brickwork
as a result of cyclic loading. Based on these results, the use
of the ultimate strength approach is not recommended for es-
timating the flexural capacity of URM walls retrofitted with
composite materials.

Linear Elastic Approach

Considering the observed behavior of the tested specimens,
where the mode of failure was controlled by delamination, it
was decided to estimate the flexural capacity using a linear
elastic approach. The use of such an approach can be justified
because none of the tested specimens failed by compression
crushing of the brick. Weak interface between the composite
strips and the surface of the brickwork, caused by the large
number of loading cycles, resulted in excessive delamination
176 / JOURNAL OF COMPOSITES FOR CONSTRUCTION / NOVEMBER 2
FIG. 6. Midspan Deflection versus Reinforcement Ratio: (a)
Short Walls; (b) Slender Walls

FIG. 7. Normalized Pressure versus Width of Composite
Strip: (a) Short Walls; (b) Slender Walls
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FIG. 8. Theoretical and Experimental Load versus Midspan
Deflection: (a) Specimen S75; (b) Specimen S100

that eliminated the possibility of compression failure of brick.
Therefore, both materials (i.e., the composite strips and the
brickwork) can be assumed to behave linearly elastic for the
entire loading history.

The theoretical load corresponding to the three stages of
loading for each specimen (i.e., the first visible bed-joint crack,
the first delamination, and the ultimate condition) was calcu-
lated assuming linear elastic behavior. The analysis for the first
visible bed-joint crack was carried out assuming a tensile
strain in the composite strip of 0.004. To calculate the load
corresponding to the formation of the first delamination, a ten-
sile strain of 0.0055 was considered. In addition, a tensile
strain of 1% was assumed to obtain the ultimate load; this
conservative value is justified since tensile failure was reached
at this strain level (Table 1). Furthermore, the tensile strength
of brickwork was neglected, and the analysis was carried out
on transformed sections. Using the above tensile strains in the
composite strips, the compressive strains and stresses in the
brick were calculated by a trial-and-error procedure such that
equilibrium of forces would be satisfied.

The Uniform Building Code (UBC) [International Confer-
ence of Building Officials (ICBO) 1991] limits the service load
deflection of steel reinforced masonry walls to 0.7% of the
wall height (i.e., UBC Eq. 11-10)

d # 0.007h (1)s

For the tested specimens, this limit has been calculated and
the results are shown as dashed lines in Fig. 6. It is clear that
the above serviceability limit state is very close to the deflec-
tions that correspond to the observation of the first bed-joint
JOURN
cracks. In all cases, the specimens had significant reserve ca-
pacity in terms of load and deflection beyond this limit. It can
therefore be concluded that the same limit can be considered
for URM walls that have been retrofitted with externally
bonded composite strips.

The UBC also recommends Eqs. 11-11 and 11-12 for cal-
culating the midheight deflections of walls as given below

25Mh
d = (for M # M ) (2)s cr48E Im g

2 25M h 5(M 2 M )hcr vcr cr
d = 1 (for M < M # M ) (3)s cr n48E I 48E Im g m cr

Analysis of the data revealed that the use of the above equa-
tions would underestimate the measured deflections of the test
specimens. It is believed that the complex behavior of masonry
walls due to the nonhomogeneous and orthotropic nature of
the brick masonry and the presence of the composite strips
cannot be adequately accounted for by the above equations.
The data also indicated that, although the above equations un-
derestimated the deflections for short and slender walls, the
discrepancy between the equations and the test results was
nearly twice as high for specimens with h/t = 14. It is recog-
nized that, because the thickness of the specimens was the
same, this behavior could be attributed to the variation in h/t
or h. However, it was decided to modify the equations assum-
ing that this discrepancy was due to h/t rather than h. Addi-
tional data are needed to examine the validity of this assump-
tion.

Therefore, a modification of the above equations in the
forms presented below is suggested to account for the ob-
served behavior of the walls. To calculate the midspan deflec-
tions for service moments smaller than that for cracking (i.e.,
M # Mcr), (2) can be modified as follows:

26Mh
d = (4)

h
E Im gS Dt

To calculate the deflection when the first visible bed-joint
crack occurs (i.e., when Mcr < M < Mvcr), (3) is modified as
follows:

2 26M h 2(M 2 M )hcr vcr cr
d = 1 (5)vcr

h h
E I E Im g m crS D S Dt t

where

f Ir g
M = (6)cr

tS D2

To calculate the deflection when the service moment is
smaller than that for the first delamination but larger than for
the first visible bed-joint crack (i.e., Mvcr < M < MD), the fol-
lowing equation is recommended:

22.5(M 2 M )hD vcr
d = d 1 (7)D vcr

h
E Im crS Dt

The flexural moments Mvcr and MD correspond to tensile
strain of the composite equal to 0.004 and 0.0055, respectively,
and can be calculated using the conventional approach used
for reinforced concrete beams whereby a depth to the neutral
axis satisfying equilibrium is determined. For all test speci-
mens, the load was calculated for the three stages of loading.
The corresponding deflections were also calculated according
AL OF COMPOSITES FOR CONSTRUCTION / NOVEMBER 2000 / 177



FIG. 9. Calculated (Elastic Analysis) and Experimental Load
versus Midspan Deflection: (a) Short Walls; (b) Slender Walls

to the above procedures; however, the deflections were cal-
culated for the cracking and delamination points only. No de-
flections were calculated for the ultimate condition due to the
complex failure mechanisms observed on all walls. These cal-
culated loads and deflections are shown in Fig. 9. In these
calculations, the measured modulus of elasticity of the brick-
work, which was 4,530 MPa (657 ksi), was used. This value
is considerably lower than the recommended value of Em =

(ICBO 1991); the latter would result in a modulus of750f9m
14,890 MPa (2,160 ksi) for the tested specimens.

As stated earlier, because the ultimate deflections were not
calculated, the ultimate point for each of the calculated graphs
in Fig. 9 could not be shown. However, the loads for these
ultimate points were calculated, and they were in very good
agreement with the measured results. The calculated ultimate
loads and the corresponding experimental value for all speci-
mens are listed in Table 2. The results indicate that the linear
178 / JOURNAL OF COMPOSITES FOR CONSTRUCTION / NOVEMBER
TABLE 2. Experimental and Calculated Ultimate Load for
Tested Specimens

Specimen
(1)

h/t
(2)

r/rb

(3)

P [kPa (psf )]

Experimental
(4)

Calculated
(5)

Error
(%)
(6)

S20/40 14 0.2 10.3 (216) 9.24 (193) 112.0
14 0.4 18.6 (389) 18.34 (383) 11.6

S75/25 14 0.75 11.7 (648) 34.33 (717) 29.6
S100/100 28 1.0 11.7 (245) 11.3 (236) 13.8
S200/50 28 2.0 20.7 (432) 22.31 (466) 27.3

28 0.5 6.2 (130) 5.7 (119) 19.2
S300/300 28 3.0 22.7 (475) 33.37 (697) 232.0

elastic approach gives a better prediction of the flexural ca-
pacity of URM walls retrofitted with composite materials.
With the exception of Specimen S300, the average difference
between the measured and calculated failure loads was <10%.

DISCUSSION AND PROPOSED ANALYTICAL
METHOD

Two methodologies were used to model the behavior of
URM walls retrofitted with glass-fiber composite strips. The
procedure based on the ultimate strength condition overesti-
mates the flexural capacity of the specimens. Because the ma-
terials that comprise the wall (i.e., brickwork and composite
strips) behave in a brittle manner, an upper-bound solution is
not recommended. Instead, an easier and more conservative
analytical method is recommended for modeling the behavior
of URM clay brick masonry walls retrofitted with composites.
With this alternative, it is intended to incorporate a more re-
alistic behavior of the walls by assuming that they behave
linearly elastic up to failure. This is supported by the observed
behavior of all specimens, where most of them failed due to
excessive delamination after a large number of loading cycles.

To calculate the flexural capacity of retrofitted URM brick
masonry walls using an elastic analysis, the following as-
sumptions were made:

• Plane sections remain plane.
• Tensile strength in brickwork is neglected.
• Linear stress and strain distribution across the wall section

is assumed (Fig. 10).
• Full composite action between composite strip and the

brick surface is assumed (i.e., strain compatibility is sat-
isfied).

• All compressive forces are resisted by brickwork; the
compressive capacity of composite strips is ignored.

• Composite strips take all tensile force in the cross section.
• The mode of failure can be either tensile rupture of com-

posite strips or excessive delamination. No compressive
failure of masonry is expected.

• The maximum expected tensile strain in composite strips
is 1%.

• Modulus of elasticity of brickwork is calculated as Em =
(ICBO 1991).750f9m
FIG. 10. Strains, Stresses, and Internal Forces in Brick Masonry Beam
2000



As stated earlier, the calculation of deflections are very sen-
sitive to the modulus of elasticity of the masonry, and therefore
the actual measured modulus was used. However, the effect
of modulus of elasticity of the brickwork on the flexural ca-
pacity is minimal. Therefore, for these calculations, Em =

was assumed. Taking summation of moments of the750f9m
internal stress resultants in Fig. 10, the moment can be cal-
culated as follows:

M = T Z = f Wt Z (8)f f f

where ff = Ef εf ; and Z = t 2 kt/3. Substituting for Z in (8),
one obtains

k
M = T Z = f Wt t 1 2 (9)f f f S D3

Due to the small thickness of the composite laminate, its
influence on the moment arms in the above expression has
been ignored. For an assumed value of strain in the composite
strip, the internal tensile and compressive force resultants can
be set equal to one another to obtain the depth of the neutral
axis. From this condition, the factor k can be obtained

2f Wtf f
k = (10)

f b tm m

The moment capacity of the wall can be calculated by com-
bining (9) and (10).

PRELIMINARY DESIGN RECOMMENDATIONS

The writers recognize that this is the first reported investi-
gation on a study of the behavior of URM retrofitted with fiber
composites. Considering the scope of this study, it is evident
that additional investigations are required before a set of com-
prehensive design guidelines can be established. However,
based on the observed behavior of the specimens and the anal-
ysis of the results, the following preliminary design recom-
mendations are provided.

Reinforcement Ratio

For the specimens with h/t = 14, the maximum reinforce-
ment ratio tested was 0.75rb. The failure of this specimen was
rather explosive due to the high pressure applied to the wall
at failure. On the other hand, the specimen with a reinforce-
ment ratio of 0.4rb exhibited a more ductile failure and de-
formed to the same ultimate deflection. Therefore, it is rec-
ommended that, for walls having an aspect ratio of 14, the
reinforcement ratio be limited to 0.4rb.

For walls with an aspect ratio of 28, the highest tested re-
inforcement ratio was 3rb. This specimen failed by in-plane
shear failure of the brickwork and showed a very stiff behav-
ior. Based on the observed behavior of this specimen, it is not
recommended that one utilize such high reinforcement ratios.
In contrast, the specimen with a reinforcement ratio of 2rb

carried nearly the same load, deflected more than twice as
much as Specimen S300, and resisted twice as many loading
cycles. It is therefore recommended that, for walls with an
aspect ratio of 28, the maximum reinforcement ratio be limited
to 2rb.

For the case of minimum reinforcement, the designer must
keep in mind that, in general, narrow strips of composites are
subjected to higher shear transfer stresses that could result in
early delamination. It is recommended that one check these
stresses and select the appropriate type of composite strip with
adequate contact area to delay or eliminate this mode of fail-
ure.
JOURN
Calculation of Load and Deflection

The flexural capacity of the walls can be calculated using
the linear elastic approach discussed earlier. The load corre-
sponding to the three stages of the behavior can be determined
with a fair degree of accuracy. The results of the study suggest
that the average longitudinal tensile strain in the composite
strips be limited to 0.004 for the first visible bed-joint crack,
0.0055 for the first delamination of the composite strip, and
0.01 for the ultimate failure. The calculation of these three
loads, as shown in Fig. 9 and Table 2, can provide the designer
with an overall estimation of the factors of safety relative to
the applied service loads.

According to the experimental data, the deflection of the
retrofitted walls can be calculated with the modified expres-
sions presented in (4)–(6). These equations predict the crack-
ing and delamination of the wall fairly accurately. However,
the equations cannot be applied to predict the ultimate deflec-
tion of the wall because the maximum deflection is influenced
by many factors, such as excessive delamination, cracking and
softening of brickwork, and fracture of the composite strips
among others.

For service conditions, it is recommended that one limit the
maximum deflection to 0.007h and the tensile strain in the
composite strip to 0.004. The deflection limit represents <30%
of the measured ultimate values, and it is always less than the
deflection corresponding to the delamination of composite
strips. The maximum span drift suggested for the service con-
dition in URM beams is l/600 (American 1995). Therefore,
the proposed retrofit scheme allows an increase in the deflec-
tions of more than four times to 0.007h.

As discussed previously, the strain limit of 0.004 corre-
sponds to the load causing the first visible bed-joint crack. Test
results indicate that this load is approximately 40% of the
maximum pressure supported by the walls. Therefore, a suf-
ficient factor of safety in load-carrying capacity is provided by
this guideline. Similar limits on strain have been proposed for
RC walls retrofitted with fiber composites (ICBO 1997).

Fracture Ductility Index

One of the shortcomings of fiber composites is their inabil-
ity to deform in an inelastic manner. This problem has been
observed by many researchers in the case of concrete beams
reinforced with composite tendons or reinforcing bars. The
problem is of particular interest in this application as it is de-
sired to have a ductile failure of the retrofitted walls.

Due to the lack of a yield point in composites, the use of
the traditional definition of ductility is not warranted. How-
ever, in many applications, including the retrofitted walls dis-
cussed here, the presence of the composite strips does allow
the walls to undergo significant deformation prior to failure.
There is also energy dissipation through cracking and soften-
ing of the masonry and delamination of the composite strips.
Instead of the traditional yield point as a reference, it is pro-
posed that one consider the load corresponding to the first
visible bed-joint crack.

A fracture ductility index (FD) is proposed. The index is
defined as the ratio of the deflection at pressures beyond that
causing the first visible bed-joint crack to that corresponding
to the first visible bed-joint crack. The fracture ductility index
is defined mathematically as

d
FD = (11)

dvcr

Because the deflection corresponding to the cracking capacity
is very small and difficult to detect, it was decided to use the
deflection at the first visible bed-joint crack. Other researchers
have also used the concept of the first visible crack to char-
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acterize the cracking capacity of block masonry walls sub-
jected to out-of-plane load (Abboud et al. 1996).

A fracture ductility index as high as 5 was obtained in the
test specimens (Table 1). Even Specimen S300 that failed pre-
maturely by in-plane shear stresses exhibited a ductility index
of 2. In steel RC or masonry members, ductility increases as
the reinforcement ratio is reduced. This is because the lower
reinforcement ratio results in larger steel strain and curvature
at failure. However, due to the elastic behavior of composite
strips, a similar trend cannot be obtained in URM walls ret-
rofitted with composite materials. This is evident from the test
results shown in Table 1, where regardless of the aspect ratio
and the amount of reinforcement, the maximum recorded frac-
ture ductility index was similar for all walls and it was limited
to 5. Therefore, the data do not justify a reduction in the re-
inforcement ratio in an attempt to achieve a higher ductility
index.

CONCLUSIONS

The experimental results obtained from URM brick masonry
walls retrofitted with glass-fiber composite strips are compared
with respect to those obtained from analytical solutions. The
analytical results were obtained using the beam theory through
the ultimate strength and linear elastic approaches. Clearly,
there are a number of issues that require further investigation.
However, within the scope of this study, the following con-
clusions can be made:

• A linear elastic solution is recommended for evaluation
of the flexural capacity of URM masonry walls retrofitted
with composite materials. This procedure results in a
lower calculated strength compared to the measured val-
ues for the recommended range of reinforcement ratios.

• The deflection of walls for various stages of loading can
be calculated using the modified expressions in (4)–(6).
It is recommended that this deflection be limited to
0.007h.

• The average tensile strain in the composite strip for the
three stages of loading is 0.004 for the first visible bed-
joint crack, 0.0055 for the first delamination, and 0.01 for
the ultimate condition. It is recommended that the maxi-
mum service load be limited to that corresponding to a
strain of 0.004

• The maximum reinforcement ratio as a multiple of the
balanced reinforcement ratio is 0.4 and 2 for walls with
aspect ratios of 14 and 28, respectively.

• The majority of the specimens exhibited a fracture duc-
tility index of 3.75–5.0 regardless of the amount of re-
inforcement present.
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APPENDIX II. NOTATION

The following symbols are used in this paper:

bm = width of brick-beam section;
C = compression mode of failure;

Cm = compressive force of brick-beam section;
D = delamination mode of failure;
Ef = modulus of elasticity of composite strip;

Em = modulus of elasticity of brickwork;
FD = fracture ductility index;

ff = stress in composite strip;
fm = stress in masonry;
fr = modulus of rupture;
h = wall height;

Icr = cracked moment of inertia;
Ig = gross moment of inertia;
kt = neutral axis position;
M = flexural moment;

Mcr = flexural cracking moment;
MD = flexural moment at first delamination;

Mvcr = flexural moment at first visible bed-joint crack;
P = applied pressure;

Pcr = load corresponding to first visible bed-joint crack;
PD = load corresponding to first delamination;
000



Pmax = maximum supported pressure (psf);
Pult = load at failure;

S = shear mode of failure;
T = tension mode of failure;
Tf = tensile force in composite strip;
t = wall thickness;
tf = thickness of composite strip;

W = width of composite strips;
wt = wall weight (psf/wythe);
Z = lever arm between resultant forces;
JO
d = deflection at any load;
dD = deflection at first delamination;

dvcr = deflection at first visible bed-joint crack;
εcr = strain corresponding to first visible bed-joint crack;
εD = strain corresponding to first delamination;
ε f = strain in composite strip;

εm = strain in masonry;
εult = strain corresponding to ultimate load;

r = reinforcement ratio; and
rb = balanced reinforcement ratio.
URNAL OF COMPOSITES FOR CONSTRUCTION / NOVEMBER 2000 / 181


