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Abstract:

Fiber reinforced polymer (FRP) composite materiale developed options for strengthening of
masonry buildings. The application of FRP compasits externally bonded reinforcement in
repairing and strengthening the masonry walls hesoimming more attractive than the traditional
methods which are based on steel elements.

FRP materials are being used in structural engimgén different shapes, such as bars and tendwns f
concrete or masonry elements; fabric and lamirfatestrengthening of the walls, beams, columns or
other parts of structures.

Crack propagation and failure mode of civil struetidue to different types of loading are very
important parameters that must be evaluated tordete the behavior of these structures.

In this research, an experimental study has berdunted to evaluate crack propagation and failure
mode of FRP strengthened masonry walls. Wall pamelde of clay brick and strengthened using
different type of FRP composites have been invastiyand failure mode of them is analyzed.
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1. Introduction:

Most of the existing unreinforced masonry (URM) wdlave a low resistance against lateral loading
and are vulnerable to earthquake and wind effegéstd their low flexural capacity and relatively
brittle mode of failure (Bocca, 2008). Thus, effeettechniques are needed to strengthen these walls
and structures against the above loading conditions

Many techniques are available to strengthen amdfiett)RM walls. The traditional techniques, such
as the use of steel reinforcements and post tangiopresent complications in their application tiue
the excessive time required for application, treFuption of operation and the difficulties in hangdl

of materials. In addition, the weight of materialsch as steel and concrete, significantly incretse
mass of structural elements, resulting in the mseeof inertial forces produced due to seismicdoad
and earthquakes.

An alternative method for strengthening and rettiofy the masonry structures is the use of fiber
reinforced polymer (FRP) composites, adhered ttitace of the wall to resist lateral loads. The u
of FRP composites has emerged as a promisingitetodfition and has grown very rapidly in recent
years. FRP materials show high strength to weigdtto,r high resistance to chemical and
environmental corrosion, high fatigue resistance ean be formed to complex shapes (Seible et al.,
1997). They are quick to apply and the cost of éhemterials has dropped significantly in recent
years.
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As the use of FRP composites is a new approactréngthening and resistant design, there is little
available test data and theoretical models to bd as a basis for the design of wall upgradestHeor
definition of a state-of-the-art technique, theseai need of a collection of various significantecas
studies.

The aim of this study is to determine the flexurahavior of FRP strengthened masonry walls with
different types and configurations of FRP compasite

In this research, an experimental study has beaduoted to evaluate crack propagation and failure
mode of FRP strengthened masonry walls. Wall pamelde of clay brick and strengthened using
different type of FRP composites have been invastijand failure mode of them is analyzed.

2. General setup for experimental study of masonry walls

2.1. Preparation of the masonry walls

The walls are with dimensions 1800mmx1800mm (heigimigth) supported at all four sides and
loaded with UDL via airbag. The ultimate load wasepted to be the load at which the wall collapse
in case of brittle failure or the load causing essbee deformations in case of ductile behavior.thiwr
work the excessive deformation is accepted to het(h is height of the wall) for health and safety
reasons.

The dimensions of tested walls in this researclsaraller than the dimensions of real walls. Howgver
the proposed work is about comparison of the otglafie behavior of different types and

configurations of FRP strengthened masonry waitid,far similar dimensions of the walls, the out-of-
plane behavior of them is evaluated.

Five specimen walls were constructed with clay Ksriand mortar. Samples were constructed as a
single layer brick masonry walls (1/2 brick thickseequal to 102mm thickness, Photo1l).

Photo 1. General view of ¥ brick thickness walld aitbag

The bricks were layered with a sand; cement; ligid:1) mortar, which represents the type M4

according to UK National Annex to EC6. The cemesgdiwas Portland cement and the lime used
was Hydraulic lime. Sand, cement and lime were thiogether with proper amount of water (to have

a plastic consistency and uniform mortar) in tH®fatory using a mixer. The thickness of bed joints
between bricks rows was kept about 10mm.
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All sample walls had dimensions of 1800mmx1800mFhe selection of the dimensions for samples
was based on assumption of large scale modellwgedo full-scale load bearing walls. The span of
the reaction frame was about 1530mm, thus 135mtheofength and height of the walls in each edge
was in contact with the frame. General recommeandatfor construction of the walls, indicated in the
EC6 were applied.

2.2. Applying FRP compositesto thewalls
The FRP composites were attached to the masonris vedler 28 days from completion of
construction of each wall, as to conform with BS 5D 14125:1998.

Three different FRP composites were used to stinengthe URM walls and they are as follows:
« Glass Fiber Reinforced Polymer composites (GF&Ryrapping,

» Carbon Fiber Reinforced Polymer composites (CFR&Raminates,

* Basalt Fiber Reinforced Polymer composites (BF&Ppars,

2.3. Configurations of FRP applicationsin thisresearch
Different configurations of strengthening for magowalls, used in this research, are as follows:

+ Strengthening with one layer of GFRP wrappinghatensile side of masonry wall,

+ Strengthening with two parallel vertical CFRP laates on the tensile side of masonry wall.

+ Strengthening with two parallel vertical CFRP laates and two parallel horizontal CFRP strips on
the tensile side of the masonry wall (cross stieggng),

+ Strengthening with two parallel vertical CFRPdrand seven parallel horizontal BFRP bars in the
mortar joints on the tensile side of masonry wall.

The names and the relative configuration of stieegjing of the walls are listed in Table 1.

Table 1. Names of the walls

No. | Thickness of the Type and configuration of strengthening Name of the
wall wall (symbol)
1 | % brick thickness Control wall, without strengthening, Wall 1
(102mm)
2 | ¥ brick thickness Strengthened with one layer of GFRP in the whole Wall 2
(202mm) surface,
3 | % brick thickness Strengthened with 2 parallel laminates of CFRP in Wall 3
(102mm) vertical direction,
% brick thickness Strengthened with 2 parallel laminates of CFRP in Wall 4
4 | (102mm) vertical direction and 2 parallel CFRP laminates in
horizontal direction (cross),
% brick thicknesg Strengthened with 2 parallel laminates of CFRP in Wall 5
5 | (102mm) vertical direction and 7 parallel BFRP bars|in
horizontal direction,

An airbag (photo 1) covering the whole surface led tvall was placed between the wall and the
reaction support and strapped to the strong reafi@mne (Photo 1). In each test, the airbag wedfil
with air using a foot pump to apply uniform outyfne pressure to the wall. During the whole
process of loading, the pressure was recorded asthigital pressure gauge. The pressure was applied
in increments of 0.5 kN/m2. Two readings of presswere recorded for each increment, one at the
beginning and the other after 5 minutes.
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3. Experimental test resultsfor test over the masonry walls

The experimental study on the masonry walls produesults for the out-of-plane behavior of

strengthened masonry walls under uniform pressuterins of maximum strength, initiation of cracks

and propagation of cracks. Initiation and propagatof cracks in masonry is monitored during
loading.

3.1. Resultsfor control wall (URM, wall 1)

No cracking was observed in the wall up to the sures of 10kN/m2. When the pressure exceeded
10kN/m2, some small vertical cracks appeared in rthddle of the wall. At pressure equal to
10.3kN/mz2, the wall suddenly failed with many cra@ppearing in the middle of the wall (Photo 2),
propagating towards the corners of the wall, shgwire flexural failure.

The mode of failure for wall 1 was brittle and thiemate load was about 10.3 kN/m2,

Photo 2. Damag of the control wall (wall 1)

3.2. Resultsfor GFRP wrapping strengthened masonry wall (wall 2)

During loading, when the pressure was about 19.AmRNsome noise was heard from the GFRP
composites, which means that the delamination@f3RRP composites have started. At a pressure of
22.5 kN/m? delamination propagated from the middieard the edges of the wall. Significant area of
the GFRP wrapping was delaminated from the waltiéobnear to the ultimate load, which was
considered as warning sign for approaching theraggin of the wall.

The ultimate load was 31.5 kN/m2 and at this pnessthe deflection of the wall was increasing
without any further increase in the pressure.

The mode of failure was observed to be ductile mady small cracks appeared in the wall. Photo 3
shows delamination between the wall and GFRP coitgsosvhich appeared at the ultimate load.
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Areas with
small cracks.
delamination

Photo 3. Damage of the wall 2

3.3. Resultsfor CFRP-Vertical strengthened masonry wall (wall 3)

At a pressure of 23.5kN/m?, a small vertical crapkeared in the middle of the wall and it developed
toward the corners of the wall with increase in thad (Figure 1). When the pressure was about
25.5kN/mz2, cracks were visible easily. Finally,aapressure of 32.5kN/mz2, the wall suddenly failed
(Photo 4).
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Figure 1. A scheme of the cracks before the coliap&ll 3

Photo 4. Damage of the Wall 3
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3.4. Resultsfor CFRP-Cross strengthened masonry wall (wall 4)

A general scheme of cracks before collapse of tak i& presented in Figure 2. When pressure was
about 6kN/m?, first cracks appeared in the toptrighrner of the wall (area 3). At a pressure of
24kN/m2, a very small and vertical crack appearedhie middle of area 2. Small vertical cracks
developed in the middle of areas 5 and 6 when tkespre was 27kN/m2. At a pressure equal to
32kN/m2 a very small vertical crack appeared inrtfiddle of area 8 and diagonal cracks appeared in
areas 1 and 3 at a pressure of 38kN/m2. Diagomaksrin areas 7 and 9 appeared at a pressure of
38.5kN/m2.

Small crack at 38 Very small crack Small k at 38
EN/m? at 24 kN/m? / kclé?;z :

1
\ \_:K—/ 3 ;é— Crack at 6 kN/m?

Small crack at 27 =

kN/m? - - 6 | Small crack at 27
4 | ‘t» KN/m?

~ 7 8 9
Small crack at — ‘ v Small crack at
38.5 KN/m? ’—7( | e s v

Very small crack
at 32 kN/m?

Figure 2. A scheme of the cracks before collapsdl,4v

At a pressure equal to 39.5 kN/mz, the wall fadeddenly in a brittle mode. Photo 5 shows the @ack
of the wall after destruction.

Photo 5. Dmage of the wall 4
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3.5. Results for the wall strengthened by BFRP (horizontal bars) and CFRP vertical laminates
(wall 5)

The cracks observed before the collapse of the avalpresented in Figure 3. First crack appeared in
the middle of the wall when the pressure was aB6klN/mz2. At a pressure of 38kN/m2, some small
and diagonal cracks appeared in the middle of 2raad between BFRP bars 2-3 and 4-5 from top
edge of the wall. At a pressure of 42kN/m?2 diagamrakcks developed from the middle of the wall
toward the corners and finally when the pressucecased to 45.5kN/mz2, the wall failed in a brittle
mode of destruction (Photo 6).
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Figure 3. A scheme of the cracks before collapsealif5

3%
Photo 6. Damage of the wall 5

4. Analysisof theresultsfor masonry walls

The ultimate loads and modes of failure for alllezake presented in Table 2.
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Table 2. Ultimate load and type of collapse forls/al
Wall number Ultimate load Type of failure
(KN/m?)

Wall 1 10.3 Brittle

Wall 2 315 Ductile

Wall 3 325 Brittle

Wall 4 39.5 Brittle

Wall 5 45.5 Brittle

All FRP composites significantly increased the tdieat strength of the walls. Failure modes for all
tested walls were due to bending with some locaashbracks in some walls.

The results pointed out that wall 2 (GFRP wraprgjteened masonry wall) presented ductile bending
behaviour, while the other types and configuratiohstrengthening provided a brittle mode of faglur
BFRP horizontal bars and CFRP vertical laminatgettter performed better than other configuration
of strengthening, in term of increasing the ultiemé&iad (wall 5). This is due to attachment of the
BFRP bars to the wall in relatively small distan@20mm) and in the horizontal direction.

5. Conclusions

The main results of this study are summarized ksne:
» All types of used FRP strengthening are increaatrigast 3 times the out-of-plane capacity of
Y brick thick URM walls.

e Highest ductility in terms of maximum deflectionwdtimate load is observed for wall 2 with
GFRP wrapping. This wall recovered significant judrits initial shape after unloading.

» Strengthening of masonry walls using horizontal BAsars and vertical CFRP laminates is
most effective method between the investigated austhin aspect of increasing the ultimate
load.
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