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Abstract. In order to study the ductility and the lateral load carrying capacity of the masonry walls
strengthened with CFRPs (Carbon Fiber Reinforced Polymer sheets), three pieces of masonry walls
subjected to cyclic loads with low frequency and vertical load of constant amplitude have been tested.
Two different strengthening methods have been used. The strengthening efficiency is affected by the
strengthening method. A simplified calculation approach has been introduced based on the experimental
test results, and the theoretical results agree reasonably well with the experimental results. It is found that
the critical loads, the critical displacements, the ultimate loads, the ultimate displacements and the ductile
coefficients of the masonry walls strengthened with CFRPs improve remarkably (6%~57%). Therefore, the
masonry structures strengthened with CFRPs are of better ductility and of better lateral load carrying
capacity than the masonry structures without any strengthening measurements.

Keywords: CFRPs (Carbon Fiber Reinforced Polymer sheet); masonry walls; strengthening method;
lateral load carrying capacity.

1. Introduction

As shown in the literature (Thanasis 1998), the FRP (Fiber Reinforced Polymer) strengthening
technique has been widely used in engineering practice. Many researchers did some research works
in concrete structures strengthened with FRP and some theories have been proposed and put into
practice (Thanasis 1998, Amir and Hamid 1998). To date, the strengthening technique develops
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rapidly and it has been used very widely in the field of concrete structures. It can also be used in
the fields of masonry structures and steel structures (Thanasis 1998, Amir and Hamid 1998, Seible
and Hegemier 1990, Schwegler 1995, Seible 1995, Ehsani and Saadatm 1997, Triantafillou 1998,
Van Zijl and De Vries 2005, Ehsani 1995, Triantafillou 1998, Gilstrap and Dolan 1998, Hamilton et al.
1999, Albert et al. 2001, Kiss and Kollar 2002, Tumialan et al. 2003, Ghobarah and Galal 2004,
Hall et al. 2002).

In the early stage, researchers ever attempted to use different kinds of FRP, including CFRP
(Carbon Fiber Reinforced Polymer), GFRP (Glass Fiber Reinforced Polymer) and AFRP (Aramid
Fiber Reinforced Polymer) to strengthen concrete structures. CFRP was paid more attention than the
others because of its fine properties, such as good physical and mechanical properties, and for the
fact that it is less sensitive to environmental effects. Furthermore, CFRP has good toughness and
strong capacity to resist deformation. CFRP is always in the linear elastic stage before it reaches the
ultimate strain and it has no obvious yield point. It is also easy to be glued to various curving
surfaces and arbitrary irregular surfaces of structures. Designers can cut out CFRP when necessary
in order to obtain due design strength in a certain direction (Amir and Hamid 1998). Therefore, the
latest CFRP strengthening technique becomes a mainstream of the young strengthening methods in
recent years. CFRP is made by Carbon Fiber soaked with epoxy resin, and it is glued to tensile
sections of structures with glue materials made of transformed epoxy resin. When the resin
coagulates after a certain time, CFRP and the original structures become a new composite structure
to sustain external loads. The collaboration between CFRP and the original structures improves the
loading carrying capacity. Additionally, the CFRP strengthening technique can be applied to
strengthen columns, walls, beams and plates in order to resist the impact of the earthquakes. CFRP
also has light weight, high strength and strong resistance to corrosion.

Generally, there are several conventional methods in strengthening structures, such as the method
of increasing thickness with reinforced concrete, the method of increasing pre-volumes, the method
of wrapping structures with steel, the strengthening method with thin sheets or plates materials and
the method to reduce earthquakes acting on structures such as active damping system, etc.
Compared with these methods, the CFRP strengthening technique has many advantages such as not
increasing the weight and the dimensions of the initial structures, high strength, high efficiency,
wide application fields, fine durability, strong resistance to corrosion and simple configuration.
CFRP can also be used in multiple layers in order to satisfy the strengthening requirements
completely. As for a young technique, the CFRP strengthening technique is still in a primary stage
with limited analytical models or design guidelines. Compared to concrete the characterization
studies related to masonry structures strengthened with FRP are limited. The first successful
application of the CFRP-strengthening-technology to a five-storey model masonry structure was
operated by Seible and Hegemier (1990) who conducted a set of tests and many research works
about the mechanical performance of masonry structures strengthened with FRP. All the tests and
research works on the strengthening technique applied to masonry structures can be divided into
two groups. One group is the experimental studies of masonry walls strengthened with FRP for
resistance to in-plane action (shear, tension) and the other one is the experimental studies of
masonry walls strengthened with FRP for resistance to out-of-plane action (bending).

In the first group, Schwegler (1995) did some experiments to test the resistance to in-plane shear
of masonry walls strengthened with CFRP. In his study, the CFRPs were glued in diagonal direction
and anchored with mechanical measures. The test results indicate that the masonry walls
strengthened with CFRP lie in elastic stage when the applied loads are less than 70% of the ultimate
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loads. Besides, the crack-width of the test walls is relatively small. Seible (1995) did another
experiment to simulate response to the earthquake loads using a full size masonry wall strengthened
with CFRPs. The test proves that the CFRP—strengthening-technology can improve the strength,
reduce the shear deformation and improve the ductility of masonry structures with high efficiency.
Ehsani and Saadatm (1997) did some experiments of masonry walls strengthened with FRP under
static loads to test the resistance to shearing. During the test, factors such as the strength of FRP, the
directions to glue FRP, the anchoring length for FRP etc. were in consideration. The test results
indicate that the strength and the ductility of masonry walls strengthened with FRP improve greatly.
The directions to glue FRP will affect the rigidity of masonry walls but will not affect the ultimate
loads. Triantafilio (1998) studied masonry walls strengthened with FRP under short-term linear
loads in detail in order to test the mechanical performance of the masonry wall. According to the
results, the resistance to in-plane shear of the masonry walls strengthened with FRP is still very
strong although the vertical loads are very small. Van zijl and De Vries (2005) studied the in-plane
resistance to restrained shrinkage of masonry structures by externally applied CFRP reinforcement.
The masonry wall was strengthened only on one side and the other side without any strengthening
measures. The research results indicate that crack control can be stated as being successful with
CFRP reinforcement (i.e. crack widths on the reinforced side were three times of that on the
unreinforced side and remained within acceptable levels for a large differential temperature range).
In the second group, experimental studies (Ehsani 1995, Triantafillou 1998, Gilstrap and Dolan 1998,
Hamilton er al. 1999, Albert et al. 2001, Kiss and Kollar 2002, Tumialan et al. 2003, Ghobarah and
Galal 2004, Hall et al. 2002) of masonry walls strengthened with FRP for resistance to out-of-plane
bending indicate that FRP can increase the capacity of carrying bending movement significantly and
it can also improve the ductility of masonry structures remarkably. According to the research results
(Tumialan et al. 2003), along with the increasing use of FRP in engineering practice, the masonry
walls strengthened with FRP subjected to out-of-plane load exhibits three modes of failure: 1)
debonding of the FRP from the masonry substrate; 2) flexural failure: wall fails either by rupture of
the FRP or masonry crushing; 3) shear failure: either flexural-shear failure or sliding shear failure.
Of the three failure modes, the first one is mostly the controlling mode. Furthermore, some
measures are taken to avoid shear failure in design guidelines for masonry structures subjected to
out-of-plane loads. For example, the reinforcement index (w,= p,E,/f, (h/t,)) should not exceed
an upper limit in the masonry etc. Researchers in China have also done some experiments to test
the performance of masonry walls strengthened with FRP in recent years. Different kinds of FRP
including CFRP, GFRP etc. were used for strengthening masonry walls. The test results indicate that
both CFRP and GFRP can control cracking and can prevent unstable growth to large widths and
lengths and improve the capacity of masonry walls strengthened with FRP to resist earthquakes
effectively, especially when the low-strength mortar is used for masonry structures.

As stated before, the application of CFRPs to masonry structures is still in primary stage. There
are not mature and perfect theories as guidance at present. In other words, more research works are
still required in the field of masonry structures strengthened with CFRPs. In this paper the responses
of three pieces of masonry walls subjected to cyclic loads and vertical constant amplitude loads are
reported. These tests were performed in order to study the ductility and the lateral load carrying
capacity of the masonry walls strengthened with CFRPs. As known, masonry walls (A4//<1)
without any strengthening measures under vertical load of constant amplitude and variational lateral
loads tend to be of very low load carrying capacity and of bad ductility. They usually produce shear
cracks along diagonal directions of the walls. However, the vertical load can play a positive role to
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a certain extent to improve the lateral load carrying capacity of the walls. Therefore, effective
strengthening methods should be considered in order to get a high strengthening efficiency. In the
paper, two different strengthening methods have been employed. Theoretically, if CFRPs are glued
in the direction of tension stress in masonry walls, it will prevent the cracks from unstable
propagation. The point provides us with a strengthening method for cyclic diagonal tensile action
(seen in Fig. 3) where some CFRPs are arranged at an angle of 45° with the horizontal line, and
other CFRPs at an angle of 135° with the horizontal line. It should be stated that the concept was
applied by Schwegler (Schwegler 2000) in both directions for in-plane reinforcement to earthquake
action and the strengthening efficiency of the method in masonry structures was proved well. This
is one of the two strengthening methods which not only can prevent the cracks from widening but
also can increase a part of the vertical load acting on masonry walls due to its confinement action.
The other method (seen in Fig. 2) is that the CFRPs are glued vertically onto the masonry wall,
which can add more vertical confining load acting on the masonry walls compared with the
diagonal reinforcement method. Additionally, all the CFRPs are glued onto the masonry walls with
the structural adhesive which has very high strength to avoid the failure to initiate at the sections
between the masonry walls and the structural adhesive (debonding). Both strengthening methods
have been derived through careful consideration of experimental observation and theoretical
analysis. They are tested in the experiment and the test results in different methods are analyzed in
the paper. The load-controlling system is also introduced in the paper. In addition, a simplified
calculation approach for calculating the lateral load carrying capacity of masonry walls strengthened
with CFRP has been introduced based on the results of the test.

2. Experimental tests
2.1 Test specimens
In the experimental tests, mortar and clay brick with axial compressive strength 2.5 MPa (M2.5

Grade) and 10 MPa (MU10 Grade) respectively are used. The CFRPs used in the experiment are
made in German of the brand HAUFLER. The dimension of the brick is 240 mm X 115 mm x 53 mm.
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Fig. 1 Initial masonry wall not strengthened with CFRPs (S0)
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Fig. 2 Masonry wall strengthened with CFRPs in the =~ Fig. 3 Masonry wall strengthened with CFRPs in the
first method (S1) second method (S2)
Table 1 Properties of the CFRPs
Stvle Density Thickness Tensile strength  Elastic modulus Elongation
Y g/m> mm MPa MPa %
>2.1 x 10°
UD-CS200 200 0.111 >3000 (4347) (2.4 % 10%) >1.5

NOTE: The values in the brackets are the actual values of the properties of the CFRP used in the experi-
ments according to the test report.

The sizes of the masonry walls and different strengthening methods chosen for the tests are showed
in Figs. 1~3 (The measurements in Figs. 1~3 are all given in mm). In the first strengthening
method, the CFRPs are glued vertically onto the masonry wall as shown in Fig. 2. In the second
strengthening method, some CFRPs are arranged at 45° and 135° with the horizontal line
respectively. Therefore, the CFRPs are intersecting perpendicularly as shown in Fig. 3. In order to
conduct the experiments expediently, the masonry walls are fixed upon concrete beams with mortar
in advance as shown in Figs. 2 and 3. The grade of the concrete is C25. The properties of the
CFRPs are listed in Table 1.

2.2 Load controlling system

According to The Chinese specifications (JGJ101-96) of experimental methods for measuring the
capacity of anti-earthquake, the constant amplitude load in vertical direction is applied through two
jacks on the top of the wall to simulate gravity loads. The vertical load acted by each of the jack is
about 115 kN. Then the total vertical load is about 230 kN. The corresponding stress caused by the
vertical loads is denoted as op. So the stress is obtained by dividing the load by the cross-sectional
area (1500 mm x 240 mm) of the masonry wall and its value is approximate to be 0.64 MPa. This
value is about the same as that of the ground floor supporting walls in masonry residential buildings
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Fig. 4 The system used for applying forces to the masonry wall

with 5-6 stories in China. The lateral loads are applied step by step. The load-controlling method is
applied before the first crack appears inside the masonry and the displacement-controlling method is
applied after the stage in which the first crack appears inside the masonry. The pattern of the lateral
load is shown in Fig. 4(b), in which a positive value of the load means pushing the wall and a
negative value means pulling the wall. In the elastic stage, the load-controlling method is applied.
The first load step is set to be 20 kN and when the plastic deformation initiates in the masonry wall,
the load step is changed to be 10kN in every two cycle. After the first crack initiates in the
masonry, the displacement-controlling method is applied. The first displacement step can be 1A,
(A, represents the critical displacement which is defined as the lateral displacement of the masonry
wall when the first crack initiates) in every cycle until the lateral load reaches its critical value.
Thereafter, the displacement step is changed to be 1A, in every two cycle until the masonry wall
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fails. In the experimental tests, two hydraulic jacks are used for applying vertical loads to the
masonry walls. There are also two rollers between the two steel beams as seen in Fig. 4. The two
rollers are used to keep the vertical loads in constant amplitude and also to guarantee that the lateral
displacement of the masonry walls is not affected by the vertical loads. The lateral cyclic loads
acting on the top side face of the masonry walls are applied by the hydraulic controlling equipment.
In Fig. 4, it can be seen that some strain gauges are placed on CFRPs in order to measure the
strains of the CFRPs. By measuring and monitoring the strains, the variation and distribution of the
stress in the CFRPs can be analyzed, the critical positions of the masonry wall where cracks will
initiate can be determined, and the crack’s development and distribution can be monitored as well.
Since the strengthening function of CFRPs in improving the behavior of masonry walls comes true
by restraining the cracks development in the walls, the strain measurement can indicate the
effectiveness of the CFRPs, furthermore decide which is the best strengthening method and the
corresponding measures concerning different strengthening profile. Therefore, the optimum
strengthening measures can be suggested for application. The LOAD-CONTROLLING SYSTEM is
shown in Fig. 4.

2.3 Test results

In order to assess the strengthening efficiency, the experimental tests on the masonry wall without
any strengthening technique and the masonry walls strengthened by the previously introduced two
methods have been carried out. The curves of the hysteresis of the masonry walls in the tests are
shown in Figs. 8(a)~8(c). The detailed experimental results are described next.

2.3.1 Original masonry wall (S0) without being strengthened by CFRPs

At the beginning of the test, the load-controlling method is applied and the lateral loads increase
gradually. The lateral displacement of the masonry wall is relatively small for lateral load
P <60 kN. The deformation of the masonry wall is elastic and the load-displacement curve is
approximately in a straight line. As the lateral loads increase in excess of 60 kN, plastic
deformation initiates in the masonry wall. When the lateral load arrives to 80 kN, the first crack
appears in the left bottom corner of the masonry wall.

Trace of cracks

Fig. 5 The failure mode of the initial wall SO



682 Chang-Qin Wei, Xin-Gang Zhou and Lie-Ping Ye

After the first crack appears, the displacement-controlling method is used in the test. As the
displacement of the masonry wall increases gradually, additional cracks develop and expand in time.
When the lateral displacement of the masonry wall is about 5A,,, many small cracks form to be run-
through cracks. In this stage, the masonry wall is assumed to be in failure, and the maximum
observed crack width is approximately 5 mm. The failure mode is seen from Fig. 5.

2.3.2 Masonry wall strengthened with CFRPs in the first method (S1)

In the early stage, the load-controlling method is applied and the lateral load increases gradually.
The lateral displacement of the masonry wall is very small for lateral load less than 80 kN. The
masonry wall behaves elastically indicated by the straight line load-displacement curve. As the
lateral load increases in excess of 80 kN, plastic deformation initiates in the masonry wall. When
the lateral load arrives to be 100 kN (P =100kN), cracking initiates and develops and the
deformation of the masonry wall increases quickly. Then the first bending-crack appears between
the masonry wall and the supporting concrete beam.

After the first crack appears, the displacement-controlling method is used in the test. As the
displacement of the masonry wall increases, the deformation of the wall gradually turns into
shearing deformation. Cracks are formed in the masonry wall along the diagonal direction and then
the cracks develop and expand in time. When the lateral displacement of the masonry wall is about
9A.., many small cracks form to be run-through cracks. Finally, about 3~4 pieces of the CFRPs are
broken and the masonry wall is assumed to be in failure. The maximum observed crack width is
approximately 2 mm. The failure mode is seen from Fig. 6.

2.3.3 Masonry wall strengthened with CFRPs in the second method (S2)

In the initial stage, the load-controlling method is applied and the lateral load increases gradually.
As for S1, the lateral displacement of the masonry wall is very small for load less than 80 kN. In
this range the deformation of the masonry wall is linear elastic. From the readings of the strain
gauge, it has been found that CFRPs play important role before crack appear. As the lateral load
increases in excess of 80 kN, plastic deformation initiates in the wall. When the lateral load arrives
to 115 kN, the deformation of the masonry wall increases apparently and a ringing sound is heard.
The CFRP at the lower right cormner of the masonry wall is tilted firstly and then the CFRPs
anchored on the supporting concrete beam are broken. The first bending-crack appears in the lower
right corner of the masonry wall.

TR
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Profile of cracks

The broken position
of CFRPs
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Fig. 6 The failure mode of the initial wall S1

The broken position | —&4—
of CFRPs
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(a) Weak section

(b) Close view of the weak section
Fig. 7 The failure mode of the initial wall S2

After the first crack appears, the displacement-controlling method is used in the test. As the
displacement of the masonry wall increases gradually, cracks between the masonry wall and the
supporting beam develop and expand continuously from two sides to the center. The clay bricks in
the lower left and right corners of the masonry wall are crushed gradually leading to a weak field
about 75 mm from the bottom of the masonry wall (See Figs. 7(a)~7(b)). When the lateral
displacement of the masonry wall is about 5A,,., the whole masonry wall has a vibrating movement
by the mid-point at the bottom of the masonry wall. At this time, the masonry wall is defined to be
in failure mode.

It has been found in the test that some CFRPs have clearly transverse slack. The phenomenon
shows that the major tensile stress in the vertical direction of the CFRPs plays a certain role in
giving rise to the transverse slack.

Through careful observation of the destroyed sections of the masonry walls strengthened with
CFREP, it appears that most of the failure comes from the tearing bricks of the masonry walls or the
tearing concrete of the supporting beams (See Fig. 7). The interfaces between the CFRPs and the
masonry, the CFRPs and the concrete beam are still good. It indicates that the performance of the
structural glue is good.

All the phenomena of the masonry walls tested are listed in Table 2.
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Table 2 Test phenomenon
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Elastic state

Elastic-plastic state

Test Before cracks open From cracks opening to  From ultimate state to
object P ultimate state final failure
Load-controlling Load-controlling Displacement-controlling Displacement-controlling
80 kKN <P <105 kN
P=< 6(.) kN 60 kN <P < 8.0 kN The first crack appears in P,=105 kN
The lateral displacement  There are obvious . .
SO . . . the lower left corner of The biggest width of the
of the masonry wall is  plastic deformation h Il wh ks i
very small. in the masonry wall. the ma}io —)8(\;V1£1NW on cracks is 5 mm
100 KN < P <120 kN
P <80 kN 80 kKN <P <100 kN  The first bending-crack _
: . P,=120 kN
The lateral displacement There are obvious appears between the . .
S1 . . . The biggest width of the
of the masonry wall is plastic deformation masonry wall and the .
. . cracks is 2 mm
very small. in the masonry wall. shoring beam when
P, =100 kN
115 KN P <165 kN P =165 kKN
P <80 kN 80 kN <P <115 kN  The first bending-crack Th ‘o .
: ) ) . ere aren’t some obvi-
The lateral displacement =~ There are obvious  appears in the lower right
S2 ous cracks seen from the

corner of the masonry
wall when
P.,=115kN

NOTE: In the above table, P, represents the ultimate load; P, represents the critical load, which means the
critical lateral load when the first crack initiates in the masonry wall

plastic deformation
in the masonry wall.

of the masonry wall is

very small. surface of the masonry

wall.

3. Analysis of masonry wall strengthened with CFRP
3.1 Experimental analysis

The characteristics of the structure can be derived from the hysteresis curves and the envelope of
the hysteresis responses in Fig. 8 and Fig. 9. A more bulgy set of hysteresis curves, i.e. a large area
enclosed by the force-displacement graph, indicates a structure with good response. The hysteresis
curves (a), (b), (c) represent the performance of the original masonry wall without being
strengthened by CFRPs, the strengthened masonry wall in the first method and the strengthened
masonry wall respectively in the second method. In the three hysteresis curves, the hysteresis curves
(b) and (c) are more bulgy than the hysteresis curve (a), and the areas of the hysteresis loops in the
latter two hysteresis curves are larger than that in the hysteresis curve (a). The numerical data of the
1/4 areas of the envelope of the hysteresis responses curves are 785.5 kN-mm (Fig. 8(a)),
1241.8 kN'mm (Fig. 8(b)), 2187.0 kN-mm (Fig. 8(c)) respectively. This indicates that masonry walls
strengthened with CFRP are of better capacity of carrying lateral loads and better ductility than the
original masonry wall without being strengthened. The reasons can be found through careful
analysis. CFRP plays a similar role as the tensile members in a truss in the whole process of the
test. The tension in CFRP prevents cracks from developing and improves the mechanical
performance of the masonry. As a result, the cooperation between the CFRP and the masonry
produces a composite, which has a higher load carrying capacity than masonry itself. In the process
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-30
-100 -
(a) The hysteresis curve of the original masonry wall (b) The hysteresis curve of the strengthened masonry
without being strengthened by CFRPs (S0) wall in the first method (S1)
(c) The hysteresis curve of the strengthened masonry
wall in the second method (S2)
Fig. 8 Hysteresis curves
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Fig. 9 The envelope of the hysteresis response curves

of load application, the existence of the CFRP makes the hysteresis curves more bulgy and
increases the area of the hysteresis loop. In other words, CFRP improves the ductility and the
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Table 3 Test results for masonry walls with and without being strengthened by CFRPs

Critical Critical Ultimate Ultimate Ductile
Test load displacement load displacement coefficient
es
object ~ Test  Improve-  Test Improve- — Test  Improve-  Test Improve- Test Improve-
result ment result  ment result ment result ment syl Mment
(kN) (%) (mm) (%) (kN) (%) (mm) (%) (%)
SO 80 - 4.35 - 105 ---- 20 - 4.59 -
S1 100 25% 4.98 14% 120 14.3% 25 25% 5.02 9.4%
S2 115 44% 4.63 6% 165 57.1% 30 50% 6.48  41.2%

Note: The ductile coefficients are calculated by the ratio of the ultimate displacement to the critical displace-
ment

capacity of resisting the deformation of masonry structure. Furthermore, the fact that the dropping
section of the envelope of the hysteresis responses becomes smoother indicates that the resistance to
earthquakes of the whole masonry walls is improved by CFRP.

According to the experimental tests, both the masonry walls SO and S1 lose the capacity of
sustaining loads in the end due to the shearing failure. Furthermore, the wall S1 fails with many of
the CFRPs broken finally. In contrast, the bending failure leads to the final failure of the masonry
wall S2. Under the combined axial and bending effect (o= N/A + M/W), the CFRPs glued in the
lower left and right corners of the masonry wall is tilted and peeled off firstly, then, the CFRPs
anchored on the supporting concrete beam are broken, and finally, the clay bricks in the lower left
and right corners of the masonry wall are crushed gradually leading to a weak layer about 75 mm
in the bottom of the masonry wall. At this stage, the deformation of the masonry wall increases
visibly until the wall fails finally.

Based on the results tabulated in Table 3, the masonry walls strengthened with CFRPs have
improved shear capacity compared with the original masonry wall without any strengthening
measures. Besides, the ductility coefficient of the masonry walls strengthened with CFRPS is also
improved greatly.

3.2 Theoretical analysis

3.2.1 Original masonry wall (S0) without being strengthened with CFRPS

Masonry walls sustain the lateral shear loads caused by earthquakes and the vertical loads caused
by gravity loads simultaneously. The confining pressure oy improves shear resistance, as formulated
in Coulomb-friction fashion and used to compute masonry wall resistance to earthquakes by to
Chinese design code GB 50011-2001 as follows

foe = Goity= |1 +%’-fy (1)

In Eq. (1), fyr denotes the strength of the masonry of resisting the lateral shear strength caused by
earthquakes; {y is an coefficient measured by compressive stress; £, is the design value of the shear
strength of masonry without any strengthening measures; oy is the average compressive stress at the
cross sections of the masonry caused by gravity load.
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3.2.2 Masonry wall strengthened with CFRPS in the first method

In the first strengthening method, the tensile axial resistance in the vertical CFRPs causes vertical
compressive stress the masonry. Therefore, in order to calculate the resistance of masonry
strengthened with CFRPs in this method to lateral shear caused by earthquakes, the term ocrgp
should be included in Eq. (1) as follows

Oy + Ocrrp

Jve = Sy fr = Jl + S )
Sy
where
. _ Acprp - E€ _ Acprp - O forgp _ 2n - Acrrpy © & forrp
crRP bt bt bt

L 'ACFRPI ‘fCFRP

= by _ 2a - forrpA crre 3)

bt t s+bf

In Eq. (2), b, t are the width and the thickness of the masonry wall respectively; b, is the width of
the CFRPs; s is the closest side distance between two adjacent pieces of CFRPs; Acmzp is the cross
section area of CFRPs with only one piece; fcrzp is the tensile strength of CFRPs; « is a reduction
coefficient (0 < a<1).

3.2.3 Masonry wall strengthened with CFRPs in the second method

In the second strengthening method, one part of the tensile stress (ocrrpy) acting in CFRPs
causes vertical compressive stress in the masonry and the other part (o¢rrp)) directly resists the
lateral shear caused by earthquakes. Therefore, in order to calculate the resistance of masonry
strengthened with CFRPs in this method to the lateral shear caused by earthquakes, two terms,
ocrre(r) and ocrrpr), should be added to Eq. (1) as follows

O, + O,
Jve = Sy Jfv + Ocrre) = //1 + %ﬂ “fv+ Ocrre 4)
v

In Eq. (4), ocrrer) and ocrrpy are the vertical component and the lateral component of the
tensile stress sustained by CFRPs, the relationship between the two terms is defined as follows

Acprp - O+ forrp 2n - Acpgpy © & forrp
Ocrrpy = Ocrrpr) = OcrrpC0S45° = T = -

2A/b2 +h
S

A -a-
+ bf CFRP1 fCFRP

_ 207 + hza'fCFRP _ A cprp (5)
bt bt s+ b,

It should be noted that it is necessary to consider many factors in order to determine the value of
a, such as the mutual action between the CFRPs and the masonry, the effect of the anchorage
measures, the performance of the structural glue, the masonry resistance to the lateral shear caused
by earthquakes, and the techniques of construction, the transverse slack of the CFRPs, etc. In this
study, the value of « is taken according to the average strain of the CFRPs. In the first method,
when the lateral load reaches the limit, the strain measurement of CFRPs is &qpgp = 35006, The
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Table 4 Experimental and theoretical strengths of the masonry to overcome the lateral shear strength caused
by earthquakes

The relative error

. Experimental result Calculation result /
Test object 4 /(MPa) £0/(MPa) )= [ —/f;r|
Jve
SO 0.291 0.241 17%
S1 0.333 0.291 12%
S2 0.458 0.527 15%

Note: The experimental results are calculated by the ratio of the ultimate loads in Table 3 to the cross section
areas of the masonry walls (1500 mm x 240 mm), while the calculation results are calculated with the
equations proposed in the paper.

design elastic modulus and tensile strength are 2.1 x 10° MPa and 3000 MPa respectively, therefore,
the reduction coefficient ¢ can be calculated, and the value is 0.24. For the second method, the
strain measurement of CFRPs is &.zp = 30001& at the limit lateral load state, so the « is merely
0.21.

As seen from Table 4, the theoretical results of the masonry walls SO, S1, S2 are in good
accordance with the test results. According to the test results, the failure of the masonry walls SO
and S1 are in shear, compared with the bending failure of masonry S2. Therefore, the resistance of
masonry wall S2 is reduced. It may be concluded that the amount of CFRPs used in the test is too
large because when the masonry wall fails, the failure sections initiate at the masonry and not in the
CFRPs. In the wall plane, the rigidity is relatively large and generally there are not noticeable
cracks except for some parts of the masonry wall peeled off at the bottom. Besides, the strain value
of the CFRPs is less than the calculated result. Finally, the whole masonry wall under the mutual
action of the vertical load and the lateral loads makes rigid vibrating movement by the mid-point of
the masonry wall at the bottom and the wall fails suddenly. Due to the above stated reasons, in the
test, the masonry wall strengthened in the second method does not increase its capacity of carrying
lateral loads most efficiently. Therefore, more tests should be conducted in the future to improve the
strengthening efficiency of masonry strengthened with CFRPs in the second method.

Next, some Equations about the relationship of f;x (The strength of masonry strengthened with
CFRPs to overcome the lateral shear strength caused by earthquakes) and Acpppi/s + b, are
presented. They can give engineers and designers some valuable references for design purpose. As
for the best value of s + b/, it is necessary to do additional experiments. According to the results
in the test results, s+b,= 200 mm is assumed in the first strengthening method and
s+ b, = 400 mm is assumed in the second strengthening method (b,= 100 mm is the width of the
CFRPs). Although the lateral load carrying capacity and ductility of the masonry strengthened with
CFRPs are improved obviously, the strain value of the CFRPs is less than the expectation. In other
words, CFRPs do not exert all their potential. Many other factors are necessary to be considered in
order to determine the best value of s + b,.

4. Conclusions

In this study, a young strengthening technique, namely CFRP strengthening technique, has been
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used to strengthen masonry structures. In the tests, three pieces of masonry walls subjected to cyclic
loads with low frequency and vertical load of constant amplitude have been tested. A simplified
calculation approach has been introduced based on the experimental test results, and the theoretical
results agree reasonably well with the experimental results. According to the test results, CFRPs
play an important role in improving the critical load, the ultimate load, the ultimate displacement
and the ductility coefficient of the masonry. Therefore, masonry walls strengthened with CFRPs
have good ductility and good capacity of carrying lateral load. It is recommended that careful
measures should be taken to stick CFRPs at the bottom of masonry to improve the strengthening
efficiency. Finally, because of the limited number of masonry walls strengthened with CFRP in the
tests, there may be some other factors affecting the calculation equations of the results in the tests.
More experimental tests should be conducted in the future in order to allow derivation of more
accurate relationships between the various factors and thus to apply CFRP to masonry structures
more widely.
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