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Unreinforced masonry (URM) wall is one of the oldest types of walls used around the world.
During earthquakes, URM walls present a real danger to life safety due to their behavior
characterized by a brittle failure caused by their feeble shear resistance to in-plane loads,
which make their strengthening necessary. Numerous studies had been used fiber
reinforced polymer (FRP) as strengthening systems to upgrade the seismic behavior of
masonry walls. In this study, the effectiveness of using carbon fiber reinforced polymer
(CFRP) to increase the energy dissipation and the load carrying capacity of URM walls
subjected to in-plane loading is experimentally investigated. Tests were carried on five
walls subjected to diagonal compression loadings, one wall was considered as a reference
and the other were retrofitted by different configurations of unidirectional CFRP wraps.
Despite the advantages associated with the use of such systems, it remains expensive to use,
therefore in this study, different ratio and configurations of CFRP wraps were used to
reinforce masonry walls to enhance their resistance with less costs. The parameters under
investigation are the dimensions, the number and the orientation of CFRP layers. It was
concluded that the CFRP enhance the shear resistance and the deformability of URM walls.
Results show The CFRP wraps had a significant influence on the URM wall behavior.
Important amelioration of deformations and ultimate shear strength were observed when
the specimen reaches its peak load, it was determined that the use of CFRP wrap even in
smaller ratios increased ductility, the load-bearing capacity and the in-plane shear strength
capacity of the masonry walls. The compressive strength of the strengthened walls had
experimentally observed to be 147.31% to 319.35% higher than URM wall. The CFRP
wraps presents an important solution for the improvement of the in-plane behavior of
masonry walls.

1. Introduction

nonlinear response of these elements. Their failure due to either
wind or earthquake is susceptible to be brittle and unexpected.

After moderate or severe earthquakes, several damages
occurred in structures and the most important ones were located
in URM walls, which have shown less resistance to in-plane
loadings. The fact that masonry walls were not covered in the
design stage and in analyzes had led to important damages.
Moreover, the seismic codes do not take into consideration the
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The evaluation of the buildings in Basel revealed that 45 to 80%
of the existing URM buildings would experience damage grade 4
or 5, which correspond to very heavy damage and destruction
[1], [2]. The fact that URM Walls are vulnerable to earthquakes
makes their strengthening necessary. Recently different
techniques had been developed to improve the seismic
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performance of existing or new URM structures, like the
reinforcement by using fiber-reinforced polymer (FRP), which
has an important displacement, elastic deformations, and effective
in nonlinear domain. In addition, FRP is a cheap material, assure
structure safety, can provide a high level of strength, and easy to
deploy because most of them are characterized by a small weight
and easy to apply to structures.

In literature, diverse strengthening systems were used by
researchers the common ones are glass FRP, aramid FRP and
carbon FRP, which were experimentally investigated to test their
efficiency to upgrade the resistance of the walls by applying
seismic loading either on the out plane or on in-plane directions.

Even if the FRPs have many advantages, but it has many
limitations such as it cannot be applied to humid surfaces, no
vapor permeability due to the presence of resin, however, they
replace resin by a cementations matrix as an alternative of external
retrofitting technique [3]-[5]. In addition, it could influence the
architecture, and presents additional charges [6].

Experimental results of clay brick walls externally strengthened
with glass FRP and aramid FRP laminates subjected to out-of-
plane loads showed a significant increase in the flexural capacity
[7]. Several researches have shown that the strength of masonry
panels externally strengthened with FRP and subjected to
diagonal compression loadings enhanced up to 15 and 70% [8].

The in-plane shear of URM walls retrofitted with composite

materials were inspected within experimental or numerical studies.

Results demonstrated that the use of retrofitting systems increases
significantly the in-plane shear capacity of URM walls [9]-[11].
Even if the retrofit systems have an important effect on the
ultimate strength of the wall; however, the FRP did not reach its
ultimate strength at failure [12]-[17]. Stratford et al. [18]
Investigated masonry walls reinforced by GFRP sheets, no
remarkable amelioration in ductility was remarked, however the
shear capacity increased by 65%. Reinforcement with FRP can
be partial by using strips or total by applying the reinforcement to
the entire surface of the walls [19].

Different configurations of reinforcement with CFRP plates
using the NSM technique (horizontal reinforcement on one side,
horizontal reinforcement on two sides and horizontal-vertical
reinforcement on two sides of the wall) were used by [20] to repair
the damaged masonry walls. Results show that the walls with the
horizontal and the vertical reinforcement had the highest energy
dissipation, resistance and deformation capacity. For Gharib et al.

[21], the ductility and strength of the wall increased when using
the vertical reinforcement bars. In addition, in the case of
reinforcement by two horizontal layers, the resistance did not
increase when it compared to walls reinforced with a single layer.
Increasing the number of shear reinforcement layers is more
effective when the fibers have angles of 0-90 °.

2. Objectives of Research

The main objective of this paper is to determine adequate
retrofitting systems with the highest efficiency, which may
enhance the stability of structures with less amount of FRP, to
minimize costs with less intervention to maintain the same aspect
of the original architecture of different type of structures. In this
study, diverse configurations of strengthening system applied to
four URM walls were tested under compression loading. Analyses
of the experimental results are performed and a comparison
between the five specimens was carried out to analyze the effect
of CFRP wrap ratios on the energy dissipation, strength, stiffness
and other mechanical characteristics of URM walls.

3. Experimental Program

An experimental program was pursued to investigate the in-
plane behavior of the standardized specimens following ASTM
E-519 [22], which provides a standard test method for testing
masonry walls under diagonal compression loads to determine
diagonal tension strength. The test consists of testing panels of
1200*1200mm fixed at the ends of their diagonal by two steel
shoes, the diagonal compression forces were applied via the steel
shoe located at the top corner.

All the masonry walls had the same dimension, and they were
strengthened by different configurations of unidirectional CFRP
wrap. The variables considered in this study were the ratio,
number of layers and their dispositions. The principal aim of these
tests is to investigate the influence of the orientation and the ratios
of the reinforcement on the behavior of masonry walls.

3.1. Materials Characterization

The specimens were constructed by using clay bricks with
dimension of 240*115*63mm, two types of mortar were applied
one for linking bricks and the other was used on the wall faces.
The unidirectional CFRP wrap used to reinforce URM walls via
the interface of resin. The mechanical characteristics of
aforementioned materials are illustrated in the table 1, table 2 and
table 3.

Table 1: Characteristics of fibers according to ISO 10618 [23]

Type of Fibers density Thickness of Tensile strength Tensile modulus of Elongation at
material CFRP wrap (N/mm?) elasticity (N/mm?) rupture
CFRP 1.82 g/em’ 0.129 mm >4000 230000 1.7%

Table 2: Characteristics of fibers according to EN 2561 [24]

Type of material Tensile strength (N/mm?)

Modulus of Elasticity in Tension (KN/mm?)

Nominal thickness (mm)

Average  characteristics

Laminate

Average

Characteristics 0.129

3500

3200 225

220
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Table 3: Details about different materials

Material types Dimensions Type of test Standard used Compressive
(mm) strength (N/mm?)
Mortar ( Apply onbed and ~ 40*40%160 Flexuraland " EN 1015-11 [25] 4.47
head of joints) compression strengt
50*50*50 Compression strength ~ ASTM C109/C109M [26] 3.31
Mortar (Apply on wall 40*40*160 Flexural and EN 1015-11[25] 27.84
surface) Compression strength
50*50*50 Compression strength ~ ASTM C109/C109M [26] 13.85
Clay bricks 240*115*63  Compression strength ASTM C-67-05 [27] 11.28
Masonry prism (3 bricks) AN .

of brick linked by mortar) 240%200*63 Compressive test ASTM C1314 [28] 10.83
Masonry prism (2 units of 240%130%63 Bond strength of ASTM €952 [29] 17.43

brick linked by mortar)

mortar-masonry

3.2. Specimens Preparations

The preparation of the specimens passed through several stages;
initially walls with dimension of 1200*1200*115mm were
constructed by using clay brick units with dimension of
240*115*63 mm connected by 10mm mortar joints. The URM
walls were cured for 28 days. The process of the application of
CFRP wrap started with cleaning the both sides of the specimens
from dust with a high pressure of air, and each face was wet.

The next step consists of applying a thin layer of primer
followed by a layer of mortar, which were also cured for 28 days.
Then to fix CFRP wrap two layers of epoxy-resin are applied one
is used directly on the wall faces and the other is used after
positioning different configurations of CFRP wrap. All the
specimens were retrofitted on both faces. After seven days, the
walls were tested under diagonal compression loading.

The abbreviations used for the specimens are URM-WR,
W- 1D-CFRP, W- 3D-CFRP, W-2DX- CFRP and W- 2DX-2V-
CFRP. The details about the configuration types used in this
experiment are listed in table 4.

Table 4: Description of different configurations

Retrofit details applied per side

Ratio

Designation Configuration Width (mm)
(%)

URM-W-R - - B
W-1D-CFRP 41 One diagonal 350
W-3D-CFRP 53  Threeparallel 300y ¢ 5200)

diagonals
W-2DX-CFRP 74 Diagonal (X) 2(350)

Two verticals & 2(350) & 2(200)

W-2DX-2V-CFRP 90 diagonal (X)

3.3. Test Instrumentation

Five samples of masonry walls subjected to in-plane loadings
are tested to failure, one is considered as a reference and the others
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are reinforced by different configurations of CFRP wrap. The
compressive loads were applied using hydraulic jacks and
transmitted via steel shoe located on the top corner of the
standardized tested walls. The shortening and lengthening were
measured and recorded by two horizontal and vertical linear
variable displacement transducers (LVDTs), which were installed
on both faces of each wall. All the specimens were tested under
similar rate loading until they reach the initial peak loading, but
after that different incremental loading were applied.

4. Experimental Results

Different specimens under diagonal compression loading were
tested to failure following ASTM E 519-02 [22]. Deformations of
each case were presented by shear stress-strain curves. The test
results indicated that each retrofitting system had special behavior
related to many factors such as the position and the orientation of
CFRP wrap that influence on the ability of the specimen to resist
to diagonal compression loading. In all cases, retrofitting system
enhanced the shear strength, the energy dissipation and the
deformations of masonry panels before failure.

4.1 Test Observation

The tested specimens show different behaviors, which depend
on the configuration used to retrofit URM walls. While increasing
the in-plane loading, the masonry walls cracked and the shear
stress-strain curves show a serial variation in load carrying
capacity characterized by several increases and decreases in the
peak load, due to the retrofitting systems, which absorb the
deformations and enhance the shear strength of masonry
substrates.

Under diagonal compression loadings, cracks propagated
diagonally in the URM wall, from the top corner, parallel to
loading direction, and across the wall width. While increasing
compressive stress, the diagonal tension and the shear stress
increased too, then diagonal shear cracks in bed and head joints
followed by few cracks in the bricks were observed. However,
when the specimen reached its maximum load bearing capacity of
9,3KN, a brittle failure is produced by a shear sliding along the
mortar joints occurred a detachment of a significant part of wall
figure 1.
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(a) sidel (b) sideII
Figure 1: Failure mode of unreinforced masonry wall

The failure of the second specimen (W-1D-CFRP) started
gradually by continuous diagonal shear cracking that propagates
along the brick surface and across the mortar, accompanied by
delamination in several points on the diagonal CFRP wrap and
finished by the detachment of a considerable part of the wall and
the shear slippage of a layer of masonry substrate at one edge. The
stability of the wall reduced even after stopping the test, the
specimen collapse and presented a potential danger figure 2.

(a) Shear cracking (Side I)

(b) Shear cracking (Side II)
Figure 2: Failure mode of W-1D-CFRP

However, the use of CFRP wrap enhanced the strength and the
stiffness of the wall. The peak load reached, in this case, is 23KN,
which presents an increase by a factor of 2.5 when it compared to
URM. When the third case (W- 3D-CFRP) reached the ultimate

WWww.astesj.com

load bearing capacity, which is equal to 37.8 KN, cracks initiated
simultaneously from opposite directions parallel to the vertical
compression loading, although due to the interface between
masonry wall and CFRP wrap, the shear force transmitted to the
diagonal CFRP wrap, which was cracked too. The behavior, in
this case, is similar to equivalent diagonal strut, which was
performed by the appearance of cracks between the two opposite
loading shoes corners. An increase in shear strength, deformation,
energy dissipation and carrying capacity of masonry wall were
observed. Besides, the failure of the specimen is occurred in a
high compression load started by successive cracks in masonry
followed by delamination in the strengthening system.
Consequently, a sudden descent in strength provided figure 3.

H ,

(a) Delamination and shear cracking (Side I)
{ vy t

Rl

e N o g

(b) Delamination and shear cracking (Side II)
Figure 3: Failure mode of W- 3D-CFRP

For the fourth specimen (W-2DX-CFRP), no cracks observed
during the test, indeed they were produced directly after wall
reached its maximum load bearing capacity 27.4KN,
accompanied by the delamination of CFRP wrap located at
several points on the vertical diagonal direction. The failure of the
surfaces of some bricks in the bottom and in the top corners of
walls was observed figure 4.

The last specimen (W-2DX-2V-CFRP) reached the highest
compression strength, and the maximum load bearing capacity of
39KN without failure. Indeed delamination of CFRP wrap
occurred in the center of the wall and propagated along the
diagonals in two directions, although no damages were remarked
in the vertical layers. In addition, diagonal cracks developed along
the diagonal loading direction. The specimen had similar behavior
on its both sides figure 5.
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(b) Delamination and shear cracking (Side II)

Figure 4: Failure mode of W- 2DX-CFRP

(a) Delamination and shear cracking (Side I)

(b) Delamination and shear cracking (Side II)
Figure 5: Failure mode of W- CFRP-W 1
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4.2. Shear Stress-Strain Curves

According to ASTM E519-02 [22], the shear stress and
strain for the tested specimens are calculated by the following
formulas:

0.707P
An

Ss=

Where, S is the shear stress, MPa; P is the applied load, N; 4,, is
the crossed area of the specimen, mm? which calculated by the
following formulas:

W+h

A=(—)*tn

Where W and h correspond to the width and the height of the
specimen in mm; t presents the total thickness of specimen, mm;
and n is the percent of the gross area of the unit that is solid,
expressed as a decimal.

The shear strain is calculated as follows:

_ AVHAH
g

Where AV is the vertical strengthening, mm; and AH is the
horizontal strengthening, mm; and g is the vertical gage length,
mm.

The modulus of rigidity G or modulus of elasticity in shear is
calculated by:

S
G= 3= Mpa.
Y

A general overview of the experimental results, including
displacements, the ultimate load and their corresponding strain
and stress values were presented in the table 5

The figure 6 and figure 7 present the shear stress-strain curves of
the tested walls characterized by a serial increase and decrease due
to the successive cracks propagated in masonry and transmitted to
CFRP wrap.

0,16 e —

0,14—_ URM Wall |
Side 1
———— Side 2

o

=

=]
1

£0,104 e

008- .

Shear Stress [N /mm? )

=]

-

o
2.8

0,02- ‘\H 1

0,00 FH— .,

0,00 0, 01 0, 02 0,04 0,05
Shear Strain (m mf mm)

Figure 6: Shear Stress-Strain curves of the reference URM wall
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0,16 : T 0,16 T T T
0,14 (a) W-1D-CFRP | 0,14 (c) W-2DX-CFRP |
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0,02 1 E 0,02 |
0,00 P . . — ] 0,00 . : .
0,00 0,02 0,04 0,06 0,08 0,00 0,01 0,02 0,03 0,04
Shear Strain (mm/mm) Shear Strain (mm/mm)
0120 T T T T T T 0120 M T T T T T T T T T
0,18 (b) W-3D-CFRP ] 0,18 (d) W-2DX-2V-CFRP ]
Side 1 Side 1
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0,00 0,02 0,04 0,06 0,08 0,10 0,00 0,02 004 0,06 0,08 0,10 0,12 0,14 0,16
Shear Strain (mm/mm) Shear Strain (mm/mm)
Figure 7: Shear Stress-Strain curves of the retrofitted walls
Table 5: Results of diagonal compression
. . o Shear stress Shear strain  Modulus of Rigidity
Configuration type  Side N° Load (KN) AV (mm) AH(mm) (N/mm?) (mm/mm) (MPa)
Initial cracks
1 0.62 0.65 0.0026 15.38
URM 2 7.9 1.24 0.52 0.04 0.0035 11.43
1 0.273 0.51 0.0016 70.39
- 1D-CFRP
W ¢ 2 213 0.467 0.887 0.11 0.0027 40.70
1 1.59 7.19 0.0176 10.58
W-3D-CFRP 2 363 1.219 5.751 0.186 0.0139 13.32
1 1.141 0.571 0.0034 38.9
W-2DX-CFRP :
2 26 0.884 3.359 0.133 0.0085 15.69
1 375 2.05 0.493 0.19 0.0051 37.80
W-2DX-2V-CFRP 2 ' 2.263 0.989 ' 0.0065 29.56
Failure points
1 0.62 0.65 0.0026 18.46
URM 2 93 1.24 0.52 0.05 0.0035 13.71
1 0.273 0.51 0.0016 75.25
W- 1D-CFRP
2 23 0.467 0.887 0.12 0.0027 43.51
1 1.592 7.188 0.0176 11.03
- 3D-CFRP :
W-3 2 378 1.219 5.751 0.194 0.0139 13.89
1 1.141 0.571 0.0034 41
W-2DX-CFRP :
2 274 0.884 3.359 0.1404 0.0085 16.54
1 2.05 0.493 0.0051 39.30
W-2DX-2V-CFRP- = 39 2263 09089 1998 0.0065 30.72
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5. Discussion

The seismic performance of URM walls relays on the capacity
of CFRP wrap to maintain the stability and avoid failure.
Retrofitted walls exhibited a high resistance to shear failure,
characterized by the appearance of cracks either in the steel shoes
corners or in the loading direction.

The use of the reinforcement system improved the integrity,
the strength and the peak loading capacity of URM walls from
9.3KN to 39KN. All the specimens had a linear behavior in the
beginning until they reached the maximum force, then serial
cracks and delamination occurred at several points providing an
important decrease in stiffness until the shear strength reached its
maximum.

In all cases, the CFRP wrap reduced walls damages and
enhanced safety. Indeed, each configuration influenced in a
different way the behavior of URM wall. The failure of W-1D-
CFRP is characterized by a brittle behavior and a shear failure
caused by serial cracks followed by the detachment of a large part
of the specimen.

The W-2DX-2V-CFRP configuration had the highest shear
strength even after the specimen failure the wall remains stable,
nevertheless, it presents an expensive solution in comparison to
W-3D-CFRP, which had a significant shear strength and require
a less ratio of CFRP wrap.

The use of CFRP wrap is recommended to minimize wall
damages and increase the shear resistance of URM structures. The
combination of vertical and horizontal configuration provides the
highest shear resistance. Consequently, CFRP wrap presents an
effective solution to upgrade the integrity and the seismic
response of URM.

6. Conclusions

Five standardized walls were built using clay brick units, one
was considered as reference and others were retrofitted by
different configurations of CFRP wraps. The diagonal tensile
strength of the specimens was evaluated through diagonal
compression tests. This experimental research led to the following
results:

e The reference wall showed a fragile behavior with a less
shear strength values.

e The failure of the retrofitted panels started in all cases by
progressive cracks in masonry, which behaved as one
element due to the presence of CFRP wrap, their reactions to
in-plane loading depends on the retrofitting configuration,
which was observed such as a de-bonding, rupture, and
delamination of CFRP wrap in diverse point of masonry wall.

e Due to the epoxy used in the interfaces, a partial delamination
was observed in some cases and all the specimens had high
strength, even after they reach their maximum strength, the
tested specimen remains stable without collapsing.

e  The retrofitting system restrains the URM wall from shear
failure and shear sliding; it enhanced their strength up to
319%.

WWwWw.astesj.com

e  All the used configurations, improved considerably the load
bearing capacity of the specimens from 2.5 to 4.2 times.

e Despite the small ratio of reinforcement used in some cases
like the specimen W-3D-CFRP; it achieves a high load
bearing capacity of 37.8 KN when it’s compared to the
specimens W-DX-CFRP and W-2DX-2V-CFRP, with CFRP
wrap ratios of 74% and 90%, which reached the following
load bearing capacities of 27.4KN and 39KN.

e The configurationW-2DX-2V-CFRP attained the highest
shear strength to in-plane loading. However, results show that
the best cost improvement ratio is in configuration W-3D-
CFRP, which has increased the strength of the wall by 306%
by deploying only a ratio of 53% of CFRP wrap.

e An interesting relation is remarked between the disposition
of CFRP wrap, the shear strength and the stiffness of the
walls.

e The FRPs retrofitting systems are effective in increasing the
in-plane strength and the deformability of URM walls.

e The compressive strength of the strengthened walls had
experimentally observed to be 147.31% to 319.35% higher
than URM wall.
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