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Out-of-Plane Strengthening of Unreinforced Masonry Walls
with Openings

A. Ghobarah1 and K. El Mandooh Galal2

Abstract: Collapse of unreinforced masonry~URM! walls is the cause of many casualties during extreme loading events. The ob
of this current research was to investigate effective and practical approaches for strengthening URM block walls with opening
extreme out-of-plane loads. Five full-scale masonry block walls were constructed. The walls had different opening configuratio
a single center window, one window off center, two windows, a wide window and a door. The walls were tested when sub
uniformly distributed lateral load up to failure. The walls were then strengthened using carbon fiber-reinforced polymer laminate
then retested. The walls were set up in a vertical test frame and were subjected to cyclic out-of-plane distributed pressure usin
Failure of the unstrengthened URM block wall was along the mortar joints. In the strengthened walls, failure occurred in the mo
as well as in concrete blocks near the carbon strips. The lateral load carrying capacity of the strengthened walls was fo
significantly higher than that of the unstrengthened walls and had much more ductile performance.

DOI: 10.1061/~ASCE!1090-0268~2004!8:4~298!

CE Database subject headings: Masonry; Walls; Retrofitting; Cyclic loads; Composite materials; Experimentation.
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Introduction

Unreinforced masonry~URM! block walls are utilized in build
ings as wall bearing structural elements or nonstructural i
Masonry walls are relied upon to resist high out-of-plane forc
case of moment resisting frames, URM infill provides additio
in-plane stiffness. Although some building codes discourag
use of unreinforced masonry walls in zones of high seism
many URM buildings exist and they are still being built in ma
parts of the world.

A serious life-safety hazard for URM construction during
treme loading events such as earthquakes, strong winds, o
loads is potential out-of-plane failure. Out-of-plane failure o
bearing wall will cause the loss of both the lateral load and
tical load carrying capacities of the wall. The type of failure
infill walls is significant because it influences the mode and
quence of failure of the reinforced concrete moment resi
frame.

In lightly reinforced and unreinforced masonry walls, such
concrete masonry units and brick, fiber-reinforced polymer~FRP!
material systems have demonstrated several benefits by a
shear and flexural resistance to the in-plane and out-of-
strength and by improving the ductility of the walls. Experime
research has been conducted on the out-of-plane performa
masonry walls and panels. However, the testing is often limite

1Professor, Dept. of Civil Engineering, McMaster Univ., Hamil
ON, Canada L8S 4L7.

2Postdoctoral Fellow, Dept. of Civil Engineering, McMaster Un
Hamilton ON, Canada L8S 4L7.

Note. Discussion open until January 1, 2005. Separate discu
must be submitted for individual papers. To extend the closing da
one month, a written request must be filed with the ASCE Mana
Editor. The manuscript for this paper was submitted for review and
sible publication on February 21, 2003; approved on June 5, 2003
paper is part of theJournal of Composites for Construction, Vol. 8, No.

4, August 1, 2004. ©ASCE, ISSN 1090-0268/2004/4-298–305/$18.00.
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scaled models and small panels. A limited number of tests
been carried out on large-scale walls.

Ehsani et al.~1997! investigated the in-plane shear behavio
unreinforced masonry walls strengthened with fiber-reinfo
polymer overlays to exterior surfaces. The specimens were
under static load. They found that both the strength and duc
of tested specimens were significantly enhanced with
strengthening technique. They also concluded that the orien
of the angle of fibers with respect to the plane of loading h
major effect on the stiffness of the retrofitted system but did
affect the ultimate strength significantly.

Triantafillou ~1998! presented a numerical analysis proced
for the short-term strength of masonry walls strengthened
externally bonded FRP laminates under monotonic out-of-p
bending, in-plane bending, and in-plane shear. An experim
program on 12 small wall specimens was performed to val
the analysis and it showed that strengthening of masonry
with externally bonded FRP laminates appears to be effecti
was noted that, when out-of-plane bending response is dom
the increase in bending capacity due to strengthening is su
tial.

Hamoush et al.~2001! investigated the effectiveness of us
fiber-reinforced composite overlays to strengthen existing un
forced masonry walls to resist out-of-plane static loads. Fif
small wall panels 1.2 m31.8 m30.2 m were tested. Two config
rations of external reinforcement were evaluated. The first
forcement configuration consisted of two layers of fib
reinforced plastic webbing and the second consisted of ve
and horizontal bands of unidirectional fiber composites. It
concluded that, in general, the flexural strength of masonry
could be increased if shear failure at the support is controlle

Recently, Brown and Maji~2002! conducted an experimen
program that demonstrated a significant increase in load ca
capacity of URM walls retrofitted with various combinations
glass fiber-reinforced polymer~GFRP! and GFRP/shotcrete.
3.6-m high room was constructed of hollow concrete mas

units. The dimensions of the room were 3.4 m35.5 m. The walls
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were reinforced with E-glass fabric on the exterior and in
cases reinforced with 50 mm of 27.6 MPa shotcrete on the
rior. The room was subject to an internal blast from a 9 N TNT
equivalent charge that generates pressure as high as 496 M
0.08 s duration. The GFRP fabric performed effectively in m
gating the hazards of a blast. The walls tested had no open

The tests of URM walls described were conducted on sm
scale models or solid walls. Most walls, however, have e
window or door openings which are expected to influence
load carrying capacity and mode of failure of the wall. The
jective of the experimental research described was to inves
the out-of-plane performance enhancement of URM walls

Fig. 1. Elevatio

Table 1. Description of Walls Tested

Wall Opening Size~m! Location

Number and locatio
of CFRP strips

Vertical Horizontal

1 Small window 1.231.2 Center 4a 2b

2 Small window 1.231.2 Off center 4 2b

3 Small windows Two 1.231.2 Symmetric 4a 2b

4 Wide window 3.631.2 Center 2a 2c,d

5 Door 1.232.0 Center 4a 1e

Note: CFRP5carbon fiber-reinforced polymer.
aAnchored CFRP vertical strips~at the top and the bottom!.
bOne CFRP horizontal strip at the top and one at the bottom o
opening.
cOne CFRP horizontal strip at the top and one at the bottom o
opening extending along the whole width of the wall.
dHorizontal strips extend along the whole width of the wall.
eOne CFRP horizontal strip at the top of the opening.
JOURNAL OF COMP
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openings using CFRP laminate strips. The study of full-s
walls with openings is a practical representation of most exi
URM construction.

Test Program

The current study was part of a research program at McM
University to investigate the out-of-plane behavior of full-sc
masonry walls. In a previous research program, eight URM w
were constructed and tested under out-of-plane pressure us
airbag~Chen 2002!. One of the walls was solid, while the oth
seven had openings of different size and different location
addition, tests were conducted on small-scale auxiliary s
mens, including masonry assemblages, concrete blocks and
tar, in order to determine material characteristics and spec
properties. Details of the behavior of the eight URM walls
discussed by Chen~2002!. In this study, the effect of strengthe
ing five of the eight URM tested walls with openings using CF
laminate strips is presented.

The walls’ outer dimensions are 6 m32.8 m30.19 m. Ma-
sonry blocks with dimensions 390 mm3190 mm3190 mm of
running bond were used for construction of the walls. The w
were placed in the test frame with hinged boundary condi
along the four edges of the wall. Table 1 contains a summa
the walls tested and a description of the openings. The unstre
ened walls were subjected to increasing uniformly distributed
eral pressure up to failure. Cracks initiated along the mortar j
and then propagated until a failure mechanism was formed
failure load was identified as the maximum lateral capacity o
wall after which the load starts to drop.

The five walls tested in the current program were not rep
before strengthening using CFRP laminate strips. Fig. 1 sho

trengthened walls
n of s
OSITES FOR CONSTRUCTION © ASCE / JULY/AUGUST 2004 / 299
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view of the elevation of the five strengthened walls. The C
strips were applied to the tension side only. The strengthe
scheme was kept consistent for the five walls. The CFRP s
were applied in the vertical~perpendicular to bed joints! and the
horizontal~parallel to bed joints! directions of the wall. Two ve
tical CFRP strips were applied at each side of the openings
vertical strips were installed 1.2 m~three blocks! apart. The CFR
strips were located 50 mm from the edge of a block~or opening!
in order to support the block at its web not the flanges of the
shell. Horizontal strips framed the top and bottom of the ope
with an anchorage distance of 150 mm. The vertical strips
applied on top of the horizontal strips. The horizontal strip
walls 3 and 4 were continuous between the windows and rea
the outer edge for the wide window case~wall 4!. Anchors were
used at the ends of the vertical CFRP strips in four of the te
walls, whereas wall 2 had unanchored strips.

The design criteria for the strengthening scheme wer
change the load distribution and the overall behavior of the U
wall from one way in the vertical direction spanning 2.8 m to
way in the horizontal direction spanning 1.2 m between the
tical CFRP strips. This arrangement will allow the formation
new vertical cracks at the joints and lead to higher load carr
capacity.

The walls were subjected to cyclic out-of-plane pressure u
an airbag from the back side of the wall. The cycles inclu
loading and unloading of the lateral pressure. The increase
pressure was in increments of 1 kPa. After each incremen
load was kept constant to check for new cracks, signs of de
nation between the CFRP strips and the blocks, or block fa
After the cyclic lateral pressure reached 10 kPa, monotonic
sure was applied on the wall until failure. Cyclic loading fr
zero to the maximum was applied in the tests rather than re
loading due to equipment limitations. However, for the cas
carbon strips applied to both sides of the wall, cyclic loading
provide a conservative estimate of one-half the symmetric re
loading response cycle.

Materials

Mortar

During the construction process, double-sized batches of m
were frequently mixed to meet standard test requirements~Chen
2002!. In order to ensure consistency of the mortar, the batch
used by the mason within 30 min of mixing was discarded.

Table 2. Properties of TufLam-CS Carbon Fiber Strips Provided
Supplier~Tested at McMaster Univ.!

Property Supplier information and~tests!

Tensile strength~MPa! 2,896~2,850!
Tensile modulus~GPa! 151.7~168.0!
Ultimate strain 1.8%~1.7%!

Table 3. Properties of Bonder Gel Adhesive Provided by Suppli

Property
Strength
~MPa!

Bond strength per ASTM C-882-99~1999! 17.9

Tensile strength per ASTM D638-02~2002! 41.4

Compressive yield per ASTM D695-02a~2002! 75.8
300 / JOURNAL OF COMPOSITES FOR CONSTRUCTION © ASCE / JULY/A
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mortar used throughout the test program was classified as t
mortar in accordance with ASTM Standard C270-96a~1997!.

The average initial flow recorded for the mortar was 123
with a coefficient of variation of 2%. The mean compres
strength of the mortar cubes was 12.1 MPa with a coefficie
variation of 17.1%. The mean air content of the mortar was fo
to be 7.2% with a coefficient of variation of 8.9% according
ASTM Standard C91-96~1997!.

Blocks

Four series of auxiliary specimens were tested to deter
strength, Poisson ratio, and elastic modulus of the masonr
semblages. The compressive prism strength, Poisson ratio
elastic modulus in the vertical direction were determined, acc
ing to method B in ASTM Standard C447-92b~1997!, to be 27.9
MPa, 0.213, and 25,888 MPa with coefficients of variation of
1.5, and 1.5%, respectively. Also, the mean flexural te
strengths normal and parallel to the bed joints were determin
be 0.315 and 0.988 MPa, respectively.

Fig. 2. Carbon fiber-reinforced polymer strips before removing
duct tape

Fig. 3. Anchoring of carbon fiber-reinforced polymer~CFRP! strips
to face shell of block
UGUST 2004
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Carbon Fiber-Reinforced Polymer Laminate Strips and
Bonding Adhesive

Fifty-mm wide CFRP laminate strips~TufLam-CS! were used t
strengthen the walls. The nominal thickness of a strip is 1.2
and the nominal fiber volume fraction is 60%. The CFRP s
were tested according to ASTM D3039-00~2000! procedures
Table 2 shows the properties of the carbon laminates as pro
by the supplier and as tested at McMaster University. The p
erties of Bonder Gel adhesive used to bond the strips to the
surface as provided by supplier are summarized in Table 3.

Strengthening Procedure

A three-step procedure was followed when installing CFRP s
on the walls tested.

Surface Preparation

The blocks were marked where the CFRP strips were t
placed. Whenever the marked location of a strip crosses a b

Fig. 4. Carbon strip anchored at bottom of wall

Fig. 5. Typical wall instrumentation
JOURNAL OF COMP
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head joint, the joint grove is filled with Bonder Gel until it
aligned with the block surface. After hardening, the filled gro
are ground with sand paper, flush with the block surface.
tape was applied along the outer sides of CFRP strip locatio
the masonry. Duct tape pieces were removed at zones where
intersected. The CFRP strip location is cleaned using a
brush. For the CFRP strips, the face in contact with the mas
wall is thoroughly cleaned using cleaning solvent~alcohol!, while
the outer face was covered with a 50-mm wide duct tape.

Carbon Fiber-Reinforced Polymer Strip Application
The two parts of the Bonder Gel are mixed together. Abo

2-mm layer of adhesive is applied to both the CFRP strip co
surface and the CFRP location on the blocks between the
installed duct tapes. The excess bonding gel is squeezed o
applying pressure using a wide steel roller. The excess bo
gel runs off and onto the duct tape. The purpose of the duct
is to retain clean masonry and strip surfaces.

Finishing

Two to three hours after completing application of the CF
strips, the side duct tape is removed with excess gel. After 1
the duct tape on the surface of the CFRP strips can be rem
This will leave the strengthened wall with an aesthetically g
looking clean surface. Fig. 2 shows the carbon strips at the
at which they intersect before removing all the duct tape from
side of the strip.

In the case of anchored vertical strips, a 12-mm diam ho
drilled and a 6-mm threaded toggle bolt with spring loaded w
is used to clamp the CFRP strip to the outer face shell o
blocks at the top and bottom edges of the strip. The anchor h
filled with bonding gel before tightening the bolt. A schemati

Fig. 6. Lateral pressure-displacement relationship for wall 1

Fig. 7. Lateral pressure-displacement relationship for wall 2
OSITES FOR CONSTRUCTION © ASCE / JULY/AUGUST 2004 / 301
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the anchoring system is shown in Fig. 3. Fig. 4 shows a ty
anchor installed at the bottom end of the CFRP strip.

Instrumentation and Data Acquisition

Each wall tested was instrumented with up to 16 linear var
differential transformers~LVDTs! to measure out-of-plane defle
tion, and by 13 10-mm strain gauges on the CFRP strips to
sure strain. Deflections were measured at the CFRP strip loc
between strips, and at the top and bottom of the wall ope
CFRP strains were measured at three locations along the
length in order to provide a strain distribution profile. The air
pressure was measured using two pressure gauge transduce
at the air inlet and the other at the outlet. Data were reco
every 5 s using a computer controlled data acquisition sys
Fig. 5 shows typical instrumentation of the wall. The walls w
tested 2 weeks after application of the CFRP strips.

Test Results

Results of wall tests are discussed in terms of out-of-plane
deflection response, energy dissipation capacity, secant stif
displacement and fiber strain distribution profiles, and failure
terns.

Load-Deflection Response

Figs. 6–10 show the variation in out-of-plane displacement
the cyclic lateral pressure relationship for the five strength
walls. The maximum displacement response of the wall plotte
Figs. 6–10 is located at the position indicated by a closed c
on the wall shown in each inset. During the unloading cycle
walls unload with reduced stiffness, resulting in permanent pl

Fig. 8. Lateral pressure-displacement relationship for wall 3

Fig. 9. Lateral pressure-displacement relationship for wall 4
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,

deformation at the end of the cycle in the range of 20–30% o
maximum displacement reached. Upon reloading, the wall
tained 95% of their previously attained load at the same lev
displacement. After that, the displacement increased with a
crease in load. This type of response of strengthened walls
duced significant energy dissipation compared to the nond
behavior of URM.

In comparing Figs. 6 and 7, it can be seen that changin
location of a center opening more to the edge of the wall
eccentricity of 20% of the wall width causes a small chang
wall displacement ductility and load capacity. The measure
creases in the maximum load and displacement capacity of w
in comparison to wall 1 were 11 and 17.5%, respectively.

Fig. 11 shows a comparison between the variation of la
pressure with the displacement envelope for the strengthene
unstrengthened walls. It should be noted that the strength
walls possess high ductility and high load carrying capacity c
pared to the unstrengthened walls. The lateral load capacity
strengthened walls increased up to fivefold, while the latera
placement capacity increased up to 10 times that of the
strengthened URM walls. The maximum lateral deformatio
the walls ranged from 1.25 to 1.8% of the wall height, and
total lateral force capacity of the wall reached seven time
weight. The lowest lateral load capacity of the strengthened
was that of wall 4. This particular wall had the largest wind
opening with an area of solid wall to total wall area ratio
a50.74. The ratioa is a measure of the size of the open
relative to the total area of the wall.

Fig. 12 shows the ratio of the lateral load carrying capaci
the strengthened to the unstrengthened wall with center ope
plotted against the solid wall area ratio. The circles represen
test data. A second-order polynomial best fit is plotted in the s
graph. The equation of the curve is

L5260.4a21108.8a245.0 (1)

Fig. 10. Lateral pressure-displacement relationship for wall

Fig. 11. Comparison of lateral pressure-displacement relation
of the five walls
UGUST 2004
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with coefficient of determinationR250.99, whereL represent
the ratio of lateral load carrying capacity of the strengthe
unstrengthened wall with a center opening anda represents th
ratio of the solid area to the total area of the wall.

Fig. 12 indicates that increasing the area of the opening, w
corresponds to decreasing the solid wall area ratio, decreas
enhancement in wall lateral load carrying capacity due
strengthening. The formula in Eq.~1! is applicable toa ratios
between 0.74 and 0.91, which is the range verified by the cu
tests. The relationship derived is based on a limited numb
wall tests. When more tests results are available, Eq.~1! can be
refined.

Energy Dissipation Capacity

The cumulative energy dissipation of the five strengthened
at different levels lateral pressure is shown in Fig. 13. In com
ing the energy dissipation capacity of walls 1 and 2, it can
concluded that shifting the center opening of a strengthened
towards the wall edge increases its energy dissipation capac
approximately 22%. From the behavior of the other four w
with center openings, as expected it is observed that incre
the wall opening area decreases their energy dissipating ca
ity. A wall with a wide window opening with ratio of solid area
total area of 0.74 has 20% less energy dissipation capacity
pared to a wall with a small window opening with ratio of so
area to total areaa50.91.

Wall Stiffness

Variation of the secant stiffness of the five strengthened w
with the lateral pressure is plotted in Fig. 14. Fig. 14 shows
increasing the lateral pressure decreases the secant stiffness
strengthened walls. The final secant stiffness at failure of the

Fig. 12. Effect of center opening size on increase of lateral
carrying capacity due to wall strengthening using carbon strips

Fig. 13. Cumulative dissipation of energy
JOURNAL OF COMP
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e

strengthened walls is approximately equal. This can be attrib
to the fact that, near failure, the overall wall stiffness is mo
that contributed by the strengthening system’s stiffness.

Wall Displacement and Fiber Strain Distribution

The displacement distribution along the height and the strain
tribution along the CFRP strips at different load levels are sh
in Figs. 15–19. From Figs. 15–19 it can be concluded tha
displacement tends to increase at the center of the wall ne
sides of the opening. The displacement decreases toward
outer edges where the wall is simply supported. In genera
strain recorded in the CFRP strips was low. However, near fa
maximum fiber strain of 0.0063 mm/mm was recorded. Altho
the strain was generally low, the CFRP strips prevented the
ken blocks from collapsing and scattering. Anchored CFRP s
showed better performance compared to unanchored one
high stiffness of the CFRP strips kept the out-of-plane defo
tion of the wall reasonably small, with minimum negative imp
on the stability of the wall.

Failure Patterns

Failure of the unstrengthened URM wall was along the m
joints. Fig. 20 shows the failure patterns of the five strength
walls. Prior to failure, some cracks in the masonry bricks a
the sides of the CFRP strips were observed. These cracks
gate and widen with the increase in lateral pressure. For th
strengthened walls, failure occurred in the mortar joints as we
in the concrete blocks near the carbon strips.

Different types of failure mechanisms for strengthened w
are shown in Fig. 21. In general, failure of the strengthened
was due to a combination of these mechanisms. Fig. 21~a! shows
cracking of the masonry blocks around the CFRP strips tha

Fig. 14. Variation of wall secant stiffness with lateral pressur

Fig. 15. Distribution of ~a! displacement along height~left side! and
~b! strain along carbon fiber-reinforced polymer strips~right side! for
wall 1
OSITES FOR CONSTRUCTION © ASCE / JULY/AUGUST 2004 / 303
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Fig. 16. Distribution of ~a! displacement along height for wall 2 a
~b! strain along carbon fiber-reinforced polymer strips for wall 2
Fig. 17. Distribution of ~a! displacement along height~left side! and
~b! strain along carbon fiber-reinforced polymer strips~right side! for
wall 3
y
Fig. 18. Distribution of ~a! displacement along height~left side! and
~b! strain along carbon fiber-reinforced polymer strips~right side! for
wall 4
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Fig. 19. Distribution of ~a! displacement along height~left side! and
~b! strain along CFRP strips~right side! for wall 5
Fig. 20. Failure patterns of the five walls
Fig. 21. Different failure mechanisms:~a! cracking of masonr
blocks; ~b! debonding of carbon fiber-reinforced polymer strip;~c!
strip rupture at anchor; and~d! block failure at anchor
UGUST 2004

4, 8(4): 298-305 



agate
e-
e of

FRP
ngi-
mall,
ared
and

igate
with

of the
ed.
er of
d in
f en-
ent

than
that
iring

ative
oves

was
RP

rela-
r-
oken
use

lane
eral
size

ctility
un-

sed on
efine

pos-
rials
d En-
l
uake
e

onry,

a-

sive
ia.

of
rds on

s of

rop-

s of
ites,

-
e-

ad-

-
r.,

, K.
ced

ing

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

C
on

co
rd

ia
 U

ni
ve

rs
ity

 L
ib

ra
ri

es
 o

n 
07

/1
1/

19
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.
tersect at the window’s bottom corners~walls 2 and 3!. This crack
initiated at lateral pressure of 8.0 kPa and continued to prop
and widen until the wall failed. Fig. 21~b! shows debonding b
tween masonry blocks and CFRP strips, which led to failur
unanchored strips like that in the case of wall 2. Figs. 21~c and d!
show two failure mechanisms for anchored strips, namely, C
strip rupture and block failure at the anchor. Although the lo
tudinal strain along the CFRP strip near the anchor was s
relative out-of-plane movement of the masonry blocks she
the strip in the weak direction, which led to loss of anchorage
strip rupture as shown in Fig. 21~c! for the case of wall 3.

Conclusions

An experimental program was conducted in order to invest
performance enhancement when strengthening URM walls
openings using CFRP laminate strips. Based on the results
experimental program, the following conclusions were reach
1. The strengthened walls sustained lateral load of the ord

five times that of the unstrengthened URM wall, behave
a ductile manner and dissipated a significant amount o
ergy due to cracking along the mortar joints and movem
between masonry blocks.

2. The CFRP strip strengthening system is much simpler
using steel reinforcement and can be applied to walls
have been already damaged without the need of repa
cracked mortar joints before applying CFRP.

3. Framing of openings with CFRP strips reduces the neg
effects of openings on the lateral load capacity and impr
the performance of the walls.

4. Proper anchoring of the ends of the CFRP laminates
found to be important in preventing debonding of the CF
strips from the concrete blocks which is aggravated by
tive shifting of the blocks following failure of the joint mo
tar. Moreover, anchored CFRP strips restrained the br
blocks from collapse at failure of the wall which may ca
injury and hazard to life.

5. The presence of openings in walls reduces the out-of-p
load carrying capacity. A relationship between the lat
load carrying capacity and the ratio that represents the
of the opening was developed.

6. The proposed strengthening systems increased the du
of the walls by approximately 10-fold compared to the
strengthened walls.
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The results presented and the conclusions derived are ba
a limited number of large-scale wall tests. More tests can r
the results, but the qualitative conclusions remain valid.
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