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Abstract

In this paper, it is presented the experimental results of a cam-
paign on diagonal compression tests, as of ASTM E519-02, to
assess and compare the in-plane behavior of standard size of
1200 x 1200 * 250 mm, for three unreinforced and three rein-
forced wall panels by glass fiber reinforced polymer (GFRP)
embedded in an inorganic matrix.

From the diagonal compression test results, were determined
some of the main mechanical parameters such as: shear
strength, modulus of rigidity and ductility, before and after
application of the reinforcement.

The experimental results showed that the GFRP reinforced
panels exhibited a significant increase of 127% in shear resist-
ance, 1100% in ductility and 650% in modulus of rigidity when
compared to unreinforced panels.

It was concluded that this technique provided satisfactory
results and can be considered a suitable method for repair of
masonry structures.
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1 Introduction

Unreinforced masonry (URM) buildings are one of the most
used construction type in Europe, around the Mediterranean
basin and Balkan peninsula. These regions are characterized with
medium-to-high levels of seismic hazard. A vast number of URM
buildings in these regions are vulnerable against earthquakes
which are acknowledged to be one of the major cause of their
damage, often even for their collapse. In such event, the load bear-
ing walls are subjected to a combination of lateral seismic forces,
that are in the form of out-of-plane or in-plane loading depending
on the orientation of the building with seismic loading direction.

Masonry structures, under such type of loading condition,
manifest a brittle behavior, a relatively poor performance and
are susceptible to high degrees of structural damage. Since the
out-of-plane failure could be avoided by additional structural
elements, the overall seismic performance of URM buildings
depends on the capacity of in-plane walls to safely transfer
the lateral loads to foundations, providing the post-earthquake
stability necessary to avoid collapse of the entire structure [1].

Moreover, during their lifespan, many of those buildings
have suffered from the combined effects of inadequate con-
struction techniques, seismic and wind loads, foundation set-
tlements and deterioration of construction materials [2].

To increase low parameters of masonry such as tensile and
shear strength, as well as to improve the poor structural per-
formance of URM structures under seismic actions, various
strengthening techniques have been developed and applied
throughout history of construction. The earliest techniques, the
so-called traditional, consist of applying the reinforcement in
form of: (i) filling cracks and voids by grouting; ii) stitching of
large cracks and weak areas with metallic or brick elements; iii)
external or internal post-tensioning with steel ties; iv) shotcrete
jacketing; v) ferrocement and vi) center core etc. [3,4].

Some successful examples of ferrocement jacketing have
been observed in concrete structures [5-8] as well as in
masonry structures where ferrocement provided a considerable
increase in ductility, improvement of crack resistance [9,10],
and increased stiffness and load carrying capacity as well as
increase of in-plane resistance [11-15].
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Despite their success, in many cases, application of tra-
ditional strengthening techniques has been prevented due to
some limitations such as: time consuming, reduction of avail-
able space, occupancy disturbance, building operation distur-
bance and affecting the aesthetics of the existing wall.

These constrains may be overcome by using modern tech-
niques for retrofitting such as reinforced polymer jacketing or
reinforced mortar. They could improve the structural behav-
ior of masonry under monotonic, seismic or explosive loads
with a negligible added mass and stiffness without altering the
dynamic properties of the strengthened structure.

Textile reinforced mortar (TRM) is a good alternative
which combines the essential properties of both conventional
and modern materials by using textile grids externally embed-
ded in mortars. The composite action of TRM is achieved
through the mechanical interlock of the grid structure (made
of long fiber roving of carbon, glass or aramid arranged in
two orthogonal directions) and the mortar (made of cement or
lime-based instead of polymer resins) [16].

Another modern technique consists of fiber reinforced
polymer system made of two main materials: resin and fib-
ers. These Fiber Reinforced Polymer (FRP) composites are
made of carbon (CFRP), glass (GFRP) or aramid (AFRP) fib-
ers bonded together in an inorganic polymeric matrix (such as
putty fillers, saturants and adhesives like epoxy, polyester or
vinylester) that offer many advantages such as high strength
and stiffness in the direction of the fibers, immunity to cor-
rosion, low weight, availability in various forms as laminates,
fabrics and tendons of unlimited lengths, exceptional durabil-
ity in many environments, cost effectiveness.

Retrofitting of URM wall with FRP is a promising tech-
nique as it was observed that FRP improves the in-plane lat-
eral resistance by 1.1-3 times and the out-of-plane resistance
by more than 7 times. In order to improve out-of-plane fail-
ure, the research was mainly focused on monotonic and static
cyclic loading. These experiments showed that FRP increased
the URM flexural strength. The modes of failure of the tested
FRP-strengthened specimens are as follows [4, 17-20]:

a) sliding shear: complete separation at mortar joints in the

shear region with a fracture in fiber material;

b) flexural failure: caused by masonry compression failure

or the rupture of the fibers;

¢) combination shear-flexural failure: cracks started at the

maximum bending region and continue 45° as a shear
crack;

d) delamination;

e) combination of delamination and pullout of face shell;

f) interface shear failure in multiple wall leaf.

FRP composite strips were used by Gabor et al., to reinforce
masonry panels and test them in diagonal compression. There
were used 3 types of them; unidirectional glass fiber (RFV),
unidirectional carbon fiber (RFC) and bi-directional glass fiber

(RFW). It was observed that the failure strength was governed
by shear strength induced by the interaction of mortar with the
internal wallettes at the brick/mortar interface. It was observed
that the seismic behavior was improved as the deformations
corresponding to the maximum loads of the reinforced walls
were three times higher than the ones of URM walls [21].

Valluzzi et al., investigated the efficiency of strengthening
of brick masonry panels with by FRP laminates using different
reinforcement configurations. They conducted experiments
in order to study the shear behavior of masonry panels rein-
forced with FRP laminates by testing in diagonal compression
a series of nine unreinforced masonry (URM) panels and 24
strengthened panels were subjected to diagonal compression
tests. As it was seen from the results, double-side configura-
tions provided a less brittle failure and a noticeable ultimate
capacity increase [22].

Gattesco and Boem conducted diagonal compression tests
to compare the in-plane behavior of unreinforced masonry and
of masonry strengthen with a GFRP mortar coating using wal-
lettes of different masonry types and thickness as well as dif-
ferent mortar types for coatings [23].

Another modern technique used for strengthening is fiber
reinforced polymer systems made of fibers (carbon, glass or
aramid) bonded in an inorganic polymeric matrix (such as
putty fillers, saturants and epoxy polyester or vinylester like
adhesives).

In recent years, there have been carried out consider-
able research studies in determining the structural behavior
of masonry buildings subjected to seismic forces. It has lead
towards development of new codes for masonry construction
and design such as Eurocode 6- Design of masonry structures
[24]. Tomazevi¢ investigated the diagonal shear strength and
compared the results with the equations suggested by Eurocode
6 [25]. Other researchers have investigated brick-mortar bond
strength and the response of URM under in-plane direct shear
forces [26-30].

Most of the researches conducted so far, have been consid-
ering separately the behavior of URM walls under in-plane or
out-of-plane loading. Najafgholipour et al., suggested that the
wall aspect ratio has a high influence on the interaction level.
They noticed an interaction between in-plane shear and out-
of-plane bending capacities of the brick walls. This interaction
becomes stronger when one of the loading types is near the
wall’s ultimate capacity in any of the loading directions [31].

During the last decades, the feasibility of usage of GFRP
reinforcement techniques as a good method to improve shear
resistance of URM walls has been studied by many researchers
[32-40].

Badoux et al., investigated the dynamic in-plane behav-
ior of URM walls by using half-scale hollow clay masonry
walls subjected to a series of simulated seismic earthquake
motions before reinforcing with GFRP. The presence of GFRP
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prevented the development of cracks through the wall panel
until masonry crushing at the bottom corners occurred result-
ing in a “balanced” upgraded wall reinforcement [33].

Turco et al., analyzed retrofitted walls with glass and carbon
FRP and observed two types of modes of failure: debonding
of FRP reinforcement and shear failure of masonry at the sup-
port, when specimens were loaded diagonally. The strength
was increased up to 2.5 times in shear strengthening and
4.5-26 times in case of flexural strengthening. Even though it
has a lower modulus of elasticity, GFRP performed better than
CFRP [34].

Fam et al., used the combination of injection and GFRP
strengthening techniques in order to repair deteriorated walls.
It was observed that this combination recovered and even
improved the capacity of the walls [35].

Wang et al., carried out experiments on eight brick masonry
walls reinforced with GFRP, and observed that this method
increased the load carrying capacity of masonry subjected to
in-plane shear loading [36].

Kalali and Kabir, presented an experimental study focused
on the in-plane behavior of unreinforced brick (URB) walls
before and after retrofitting, using glass fiber reinforced pol-
ymers (GFRPs) aiming to investigate the efficiency of shear
reinforcing technique. The test specimens were built in such a
way to simulate the traditional masonry walls built in Iran [3].

Corradi et al., carried out in-situ tests on masonry panels
on the structures damaged during the Umbria-Marche earth-
quake of 1997-1998. The main aim was to suggest a technique
for seismic upgrade against in-plane mechanisms of collapse
using lime based mix injection over layers of CFRP and GFRP
meshes [37].

Corradi et al., carried out experimental tests on historic
masonry wall panels reinforced with GFRP jacketing inserted
into inorganic matrix. In-situ tests were done on panels from
two different sites in Italy; 2 double leaf rubble stone masonry
and one solid brick masonry. The panel shear strength was
determined before and after reinforcement by means of diag-
onal compression test and shear-compression tests. It was
observed that the panels reinforced with GFRP exhibited a
significant improvement in lateral load-carrying capacity up to
1060% when compared with control panels [38].

2 Materials and Methods

The experimental campaign in this study consists of
destructive tests on six masonry panels (unreinforced and rein-
forced with GFRP jacketing) to determine the main mechani-
cal properties of bricks, mortar and masonry assemblage. The
testing procedures are the ones defined in American Society
for Testing and Materials (ASTM) where are defined all the
steps to be followed. These standards have been used by many
researchers who have experimented with unreinforced clay
brick masonry all over the world [3, 13-15, 40—43, 48].

2.1 Construction of plain panels

The plain wall panels were built using two leaf, English bond
and new clay bricks with typical nominal dimensions of 243.4
mm X 1189 mm x 56.8 mm with 15 mm thick mortar joints
made of hydraulic cement mortar of type “N” with a volumet-
ric mix ratio of cement: lime: sand, 1:1:6 (Figure 1). The aver-
age compressive strength of the bricks, f,, was 24.03 MPa, and
the average compressive strength of mortar, j:.,was 5.68 MPa.

2.2 G-FRP jacketing reinforced panels

The strengthening technique used for W4-GFRP, W5-GFRP,
W6-GFRP involved the attachment of a single-layered GFRP
mesh (with the same dimensions as the panel) on both sides
of the plain wall embedded on an inorganic matrix of mortar
coating of 25 mm thickness (Figure 2 and Figure 3). The tech-
nical specifications of GFRP mesh are presented in Table 1.

The mesh is fixed using anchors (threaded bolts of diameter
8 mm and length 70 mm with washers, mounted on previously
drilled holes, having 10 mm wall plugs on the bricks every
30 cm). The spacing of the connections was slightly changed
depending on the brick arrangements, ensuring that the con-
nection was done on the brick and not on the mortar joint. The
process of mounting the mesh on the faces of the wall was
done carefully and a 5-10 mm allowance between mesh and
the bricks for plaster mortar. The inorganic matrix was a coat-
ing layer of hydraulic cement mortar of cement: sand volumet-
ric ratio of 1:1 and water/cement ratio of 0.4.

Fig. 1 Construction process of plain walls
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Table 1 Technical specification for GFRP mesh (SikaWrap® Hex 106G)

Primary Fiber Direction 0°/90° (bi-directional)
Weight 325 g/m?
Weight Ratio (Warp: Weft) 1:1

Cured Laminate Properties (0° & 90°) Design Values

Tensile Strength 244 MPa
Modulus of Elasticity 16215 N/mm?
Elongation at Break 1.43%
Thickness 0.33 mm
Strength per cm width 2.53 kN
Fiber Properties

Tensile Strength 2,276 MPa
Tensile Modulus 72,390 MPa
Elongation 4%
Density 2.54 g/cc
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Fig. 3 Plastering process with GFRP (schematic view)

2.3 Specimen characteristics

All the wall panels were built in laboratory by experienced
masons and were left to cure for 28 days prior to either test-
ing or reinforcing. After that time, a layer of white lime paint
was applied to provide a better medium for analyzing the crack
formation. The naming of the specimens was done in the fol-
lowing manner: “W” is designated for the standard sized wall
panel of 1200 x 1200 x 250 mm, and GFRP represents the
plastering method of the specimens (glass fiber reinforced pol-
ymer jacketing).

The panels were also tested in their own place. The testing

system was designed in such a way that no disturbance would

be caused to the walls. The testing continued until the wall pan-

els failed; when after the main diagonal crack was seen sudden

drop of the ultimate load (it reached to zero up to a few tones).

2.4 Test procedure

ASTM E 519-07 [45] is a test method used to determine
the diagonal tensile or shear strength of 1.2 by 1.2 m masonry

assemblages by loading them in compression along one diago-

nal, thus causing a diagonal tension failure with the specimen

splitting apart parallel to the direction of load.

The movable test set-up consists of two loading shoes placed

on two diagonally opposite corners of the panel connected by

four high strength steel rods positioned along the compressed

diagonal (Figure 4).
The calculation procedure is as follows:

_0.707P
A

n

S

where:

(M

S —shear stress (MPa); P —load exerted along the compres-

sion diagonal (N); 4, — net area of the specimen (mm?);

2 - loading shoe:
3 - steel frame:
4 — dial gauge.

| | | |

1 — rydraulic jack:

Fig. 4 Diagonal compression test set-up

_w+h
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2

t-n

where:

2

w — width of specimen (mm); & — height of specimen (mm);

t — total thickness of specimen (mm); n — percent of the gross
area of the unit that is solid, expressed as a decimal.

_AV+AH
g

Y (3)

where:
y — shear strain (mm/mm); AV- vertical shortening (mm);

AH — horizontal extension; g — vertical gage length;
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“4)

where:

G - modulus of rigidity, MPa.

The shear modulus of the panel was calculated using the secant
modulus of 0.05z, and 0.70z, _ of the stress-strain response
curve. The stiffness of a wall specimen can be quantified by the
Modulus of Elasticity, £, which is related to shear modulus by the
following Equation 5, where v = 0.25 adopted by [46]:

E=2G-(1+Vv) (5)

Ductility of the tested wall panels, a drift ratio was defined as:
Au
= 6
V= (6)
where Au, is the diagonal displacement corresponding to
the ultimate strength and H is the height of the wall panel.

3 Results and Discussion

The plain wall panels had a similar failure mode; a sudden drop
in resistance after cracking along the compressed diagonal, pre-
dominantly through the mortar joints in a diagonal step pattern.
Nevertheless, in some cases, sliding along the mortar bed joints,
following by diagonally extended cracks was observed (Figure Sa,
b). The overall failure mode can be categorized as tension fail-
ure followed by shear-sliding along the compressed diagonal in a
step-like pattern mainly observed in W3. For the remaining other
two panels (W1 and W2), shear sliding started at the third course
from top of the panel, continued horizontally along the bed joint
at an approximate length of 500 mm, and then propagated in a
diagonal step-like pattern exclusively through the mortar joints.

(b) ©

Fig. 5 Failure mode of plain walls

In GFRP reinforced wall panels, a clear linear splitting
crack in the plastering layer along the compressed diagonal
was observed in all three specimens just before reaching the
ultimate load (Figure 6). The cracked area is expanded gradu-
ally with other cracks parallel to the main diagonal until failure
of the reinforcing mesh was reached. The mesh yielded in all
these cases indicating that this technique was properly applied.

The shear stress-strain response is presented in Figure 7.
For all the wall panels, the experimental curve was approxi-
mately linear prior to crack initiation, followed by a nonlinear
portion of the curve up to the maximum strength. This similar
behavior was also observed in other studies [38, 47—-49].

Fig. 6 Failure mode of GFRP strengthened wall panels

The curves are plotted to a scale of a maximum strain, &,
0.005 which corresponds to a drift of 0.5% (which is the allow-
able drift limit for design of masonry structures, considered to
be an optimum value where the comparisons of all the experi-
ments may be presented. The plain wall panels are very brittle,
and the stress-strain response is very short. As it can be seen
from Figure 7, the GFRP reinforced panels, W4-GFRP and
W5-GFRP exhibited considerably higher shear stresses and
strains, whereas W6-GFRP, had an increase but at a lower rate.

Fig. 7 Summary of stress/strain graphs for the tested specimens

Stress-strain curve starts with a steep slope indicating the
linear stage of masonry, whereas the second stage indicates
the plastic phase and it is almost horizontal that usually started
after the cracks became visible to naked eye. In this stage, the
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degraded stiffness can be observed.

For the plain panels, the average shear strength was 0.423
MPa, with a maximum value of 0.470 MPa occurring at W2 and a
minimum value of 0.352 MPa occurring at W3. The average drift
was calculated to be 0.058%, with a maximum value of 0.083%
occurring at W3 and a minimum of 0.024% occurring at W2.

GFRP reinforced panels achieved higher values of shear
strengths and ultimate drifts. These panels exhibited a more
ductile behaviour when compared to plain panels. The average
shear strength was 0.538 MPa, with a maximum value of 0.675
MPa occurring at W4-GFRP and a minimum value of 0.446
MPa occurring at W6-GFRP. The average drift was calculated
to be 0.637%, with a maximum value of 0.975% occurring at
W5-GFRP and a minimum of 0.253% occurring at W6-GFRP.
A summary of mechanical parameters of the tested specimens
is presented in Table 2.
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Table 2 Summary of mechanical parameters for the tested specimens
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P, _-isthe ultimate diagonal load; P, (R) P, (U) — the ratio of ultimate
diagonal load of the reinforced panel over the average ultimate load of the
(R)/ v (U) the ratio of

the shear strength of the reinforced panel over the average shear strength of

plain panel; v - the maximum shear strength; v

max max max

the plain panel; y, — ultimate drift; y, (R)/ p, (U)-the ratio of ultimate drift
of the reinforced panel over the average ultimate drift of the plain panel; G-
modulus of rigidity (shear modulus); G(R)/G(U)- the ratio of the modulus of
rigidity of the reinforced panel over the modulus of rigidity of the plain panel;
E — modulus of elasticity.

The reinforced panels exhibited an average of 1.27 times
higher shear strength, were almost 11 times more ductile and
had a 6.45 times higher shear modulus when compared to the
plain ones. The effect of shear resistance is not very consider-
able due to the overall high shear strength of the panels due to
the compressive strength of the “N” type mortar. From another
study of the author, it was observed that the effectiveness of
the external shear strengthening techniques in masonry was
higher when the mortar compressive strength was low [49].

The GFRP mesh plays an important role in restraining and
confining the masonry units. The overall reinforcing system pre-
vents the abrupt decrease of resistance and significantly reduces
the brittle behavior of the panel by avoiding the sudden collapse.

4 Conclusions

In this paper are reported the experimental results of diago-
nal compression tests on three unreinforced and three G-FRP
reinforced panels of nominal dimensions 1200 x 1200 x 250
mm to determine the effectiveness of the in-plane strength-
ening technique of GFRP mesh jacketing embedded in an

inorganic matrix made of cement-base mortar applied on both
sides of solid brick masonry panels.

The reinforced panels exhibited an average increase of
127% of shear resistance, 1100% increase in ductility and
645% increase in shear modulus.

It was concluded that this technique provided satisfactory
results and can be considered a suitable method for repair of
masonry structures.
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