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Abstract: Many masonry structures are constructed with cement clay interlocking brick (CCIB) due to
its added benefits. Recent research has demonstrated the vulnerability of brick masonry walls against
seismic loading. Various strengthening materials and techniques are extensively used to improve the
structural behavior of brick walls. Carbon fiber-reinforced polymer (CFRP) composites are the most
popular strengthening material due to their advantages of easy application, lightweight qualities, and
superior tensile strength. The current research work aimed to explore the cost-effective solutions and
feasibility of CFRP composite-based strengthening techniques to improve the load-bearing capacity
of CCIB walls. Various configurations and combinations of strengthening materials were investigated
to customize the cost of repair and strengthening. The experimental results indicated that CFRP
composites in combination with cement-sand (CS) mortar are an efficient strengthening material to
enhance the strength and ultimate deflection of CCIB walls. The ultimate load-bearing capacity and
axial deformation of the strengthened CCIB wall (using two layers of CFRP strips and CS mortar
of 10 mm thickness) remained 171% and 190% larger than the unstrengthened CCIB wall. The
conclusions of this study are expected to enhance the seismic performance of masonry buildings in
developing countries. It should be noted that due to the reduced number of tested specimens, the
results to be assumed as general considerations need a wider experimental campaign and a large
numbers of tests for each strengthening typology.

Keywords: axial capacity; bricks; cement; clay; CFRP; masonry walls; mortar; strengthening

1. Introduction

Earthquakes pose serious threats to the safety of infrastructure and human life. Modern
urban development has caused rapid infrastructural growth, especially masonry structures,
which are commonly opted for across the world for construction [1-4]. This is due to its
load-bearing characteristics, durability, sound and heat insulation, easy construction, and
appealing architectural and aesthetic appearance, etc.
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Recent earthquakes have demonstrated that the behavior of the masonry structures is
questionable against lateral and diagonal loadings. Masonry structures are known to be
an earthquake-prone class of buildings due to their brittle nature. The seismic response of
existing masonry buildings has verified the extreme vulnerability of such types of struc-
tures. The masonry structures have suffered heavy damage in the recent earthquakes.
The destruction has resulted in a huge number of displaced and injured people and high
death tolls. The 6.3 magnitude earthquake in Christchurch caused extensive damage to
the brick masonry buildings in the city and the masonry structures demonstrated worst
performance compared to the reinforced construction [5,6]. Similarly, an earthquake fol-
lowed by a tsunami in 2004 severely hit Thailand and other regional countries, causing
massive destruction to infrastructure and taking precious human lives [7]. The Northern
Thailand earthquake of 2011 and the Mae Lao province earthquake in 2014 are recent exam-
ples of seismic events of moderate intensity that saw serious destruction to infrastructure
and buildings.

Most buildings in Thailand are constructed with brick masonry and are considered an
essential feature of most construction works due to the several benefits of construction and
ease in economic manufacturing [8,9]. Numerous researchers have investigated various
modification techniques to enhance the performance of brick masonry [10-13]. Interlocking
brick masonry is such an innovative example that has now been extensively adopted in
Thailand as a replacement for conventional brick masonry. Locally manufactured cement—
clay interlocking (CCI) bricks [14,15] are viewed as a feasible alternative to traditional
bricks since the placement of CCI bricks requires less cement-sand mortar. The behavior of
CCI bricks was investigated by many researchers and the improved performance of CCI
bricks under compressive loading has been reported [16,17]. Nevertheless, the behavior
of CCI bricks was not found effective under lateral, tensile, and diagonal compression
loadings [18,19].

Several researchers have conducted many experimental studies on device-strengthening
methods for concrete and brick masonry structures [20-22]. For instance, the effectiveness of
using steel rods, mortar jacketing, fiber-reinforced polymer ropes, and fiber-reinforced poly-
mer (CFRP) composites, etc. has been explored for the strengthening of structures [23-31].
Among these techniques, steel rods and mortar jacketing have many disadvantages such as
an increase in dimension and weight along with corrosion issues. On the other hand, FRP
ropes are low density and have high performance. However, their application to masonry
structures could be complex and ineffective [32-35]. Though the improved load-carrying
capacity of brick masonry could be realized by CFRP composites, the advantages of CFRP
composites are offset by their inflated cost when compared to other, cheaper, techniques for
masonry construction. For example, the total estimated strengthening cost of CFRP com-
posites alone could surpass the cost of mortar or concrete jacketing by 100-130% [36-39].
Therefore, it is desirable to explore inexpensive strengthening substitutes for enhancing the
overall capacity of CCI brick structures. Thus, this current study is focused on developing
efficient and cost-effective retrofitting and strengthening techniques by combining tradi-
tional and newly developed strengthening materials for the enhancement of strength and
ultimate deflection of the walls of CCI bricks.

In the present feasibility assessment, the viability of CFRP composite, combined with
cement-sand (CS) mortar, which is readily available, and cheaper than CFRP composites,
was explored. Furthermore, the bond behavior of CFRP composite with CS mortar and
CCI bricks was also investigated due to the lack of understanding of the failure mechanism.
First, CFRP composite was directly applied to the CCI bricks using epoxy resin. Next,
CS mortar was also finished on the surface of the CCI brick before the application of the
CFRP composite. In this way, this work bridges the literature gap by investigating the
behavior walls of CCI brick strengthened with the CFRP composite and the CS mortar
combination. The outcomes of this study could be extended to regions where bricks are
primarily opted for building construction like South Asia to offer efficient design of brick
masonry structures. This paper is articulated as follows. Details of experimental programs
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for the preparation and testing of specimens are provided in Section 2. The key findings
of the research are described in Section 3. The conclusions of this study are summarized
in Section 4. Finally, recommendations are proposed for prospective research in design
improvements of brick masonry construction.

2. Experimental Scheme

Six reinforced walls of CCI brick masonry were examined considering pure diagonal
compression conditions to examine the maximum load-bearing capacity and failure modes
of specimen walls. Among the six specimens, five were strengthened externally with a
combination of CFRP and CS mortar. For reference or as a control, one wall was tested
without any exterior strengthening (W-CON). To find out how the CFRP composites, the
number of layers, and the use of CS mortar affected the strength and ultimate deflection of
walls of CCI brick masonry, the CFRP composites were applied in two different configu-
rations (A and B). In strengthening configuration A, the CFRP composites were applied
to the CCI brick walls” whole surface (Figure 1a). On the other hand, the CFRP composite
strips were applied in strengthening configuration B (Figure 1b). These configurations
were also investigated in combination with 10 mm thick Type-I Portland cement (PC1)
sand mortar. The experimental scheme’s specifics are shown in Table 1. All wall specimens
were designated with names that could systematically illustrate different parameters of
research e.g., strengthening the material and its arrangements. For instance, the letter
W in W-PC1-10-CFRP-2L indicates the masonry wall, PC1-10-CFRP represents the CFRP
combined with 10 mm thick CS mortar, and 2L presents the number of layers of CFRP
composites, respectively.

(b)

Figure 1. Typical strengthening details: (a) Configuration A; (b) Configuration B.
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Table 1. Details of CFRP strengthening scheme.

CCIB Masonry Walls  Strengthening Material Configuration Layers of CFRP
W-CON - - -
W-CFRP-1L CFRP A 1
W-CFRP-2L CEFRP A 2
W-PC1-10-CFRP-1L CFRP + CS Mortar A 1
W-PC1-10-CFRP-2L CFRP + CS Mortar A 2
W-PC1-10-CFRP-2S5  CFRP Strips + CS Mortar B 2

2.1. Details of CCI Brick Masonry Walls

The wall specimen size was selected according to the conditions of lab facilities like
the capability of the reaction frame, load cell, and hydraulic jack. The specimen of CCI
brick masonry walls was 1000 x 1000 mm in size (Figure 2a) and the thickness of the wall
was kept at 125 mm. The prevailing brick masonry construction practices of Thailand were
adopted in the preparation of specimens and locally available CCI bricks were utilized to
construct masonry walls with a running bond pattern (Figure 2b). The CCI brick walls
were reinforced by inserting 6 mm diameter plain bars in the square holes of the bricks.
The steel bars were approximately spaced at 150 mm center to center. Additionally, the CS
grout was filled in the circular holes of the CCI brick walls [40].

500
1000

500

Figure 2. Typical details of the CCI brick masonry wall: (a) Wall details (units are in mm);
(b) CCI brick.

2.2. Properties of Materials

The mechanical properties of locally manufactured CCI bricks were obtained from
standard tests [41,42]. The CCI bricks” compressive and tensile strengths, density, and
water absorption are summarized in Table 2. River sand and Type I Portland cement, both
readily available in the area, were used to prepare the cement-sand (CS) mortar. The CS
mortar was tested for compressive strength with standard cubes of 50 x 50 mm. The CS
mortar had an average compression strength of 50 MPa. The round steel bars of 6 mm size
(RSB6) were tested with the standard testing method to determine their tensile strength.
The RSB6 had yield and ultimate tensile strength of 400 MPa and 550 MPa, respectively.
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Table 2. Properties of CCI bricks.

Material Property Test Result Units
Compressive strength 6.70 MPa
Tensile strength 0.22 MPa
Water absorption 13.0 %
Density 1850 Kg/m3

2.3. Preparation of CCI Brick Wall Specimens

The test specimens of walls of CCI brick were prepared by stacking CCI bricks in a
running bond pattern. The walls of CCI brick masonry were reinforced with RSB6. The CS
grout was filled in circular holes of CCI bricks and was cured at ambient temperature for
seven days.

Next, the unidirectional CFRP composites were applied using epoxy resin to the walls
of CCI brick masonry, as shown in Figure 3. The CFRP composites were applied using
the hand layup method. The CFRP composites were employed in two configurations, in
the form of strips and over the full surface, as shown in Figure 1. In addition, similar
configurations were also prepared in combination with the CS mortar.

(b) (©)

Figure 3. Application of epoxy resin and CFRP: (a) Epoxy resin applied to the wall; (b) Hand layup
method of CFRP application; (¢) Unidirectional CFRP.

For CFRP + CS mortar strengthened walls, Portland cement Type 1 (PC1) was used
to prepare the CS mortar. The CCI brick walls were plastered with CS mortar using the
conventional hand labor method. Special attention was exerted to attain the required
10 mm thickness of CS mortar. The CFRP composites were then attached to the CCI bricks
using Epoxy resin with the method described earlier in Figure 3. The typical details of the
CS mortar application are exhibited in Figure 4.

CCI Bricks

CS Mortar

Elevation

@)

Figure 4. CS Mortar Strengthening: (a) Details of CS Mortar Strengthening; (b) CS mortar strength-
ened wall.
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2.4. Loading Setup and Instrumentation Details

All CCI brick walls were tested using a reaction frame of 2000 kN capacity using
the load control method. A hydraulic jack with a capacity of 600 kN was used to apply
the diagonal compressive load. The load cell was first calibrated and then positioned
under the hydraulic jack’s loading piston and the intensity of the load was monitored. A
1000 x 200 x 20 mm size steel plate was used on the top surface of the wall specimen to
uniformly apply the load. Total vertical diagonal deformations (L1 and L2), midregion
vertical shortening (L3), and lateral dilatation or horizontal extension of the brick wall at
the midregion (L4) were assessed with four linear variable differential transducers (LVDTs).
The LVDTs were manufactured by Tokyo Measuring Instruments Laboratory Co., Ltd.,
Shinagawa-ku, Tokyo, Japan. The maximum deformation of these LVDTs was 50 mm.
The walls were directly placed on the floor. Prior to their placement, high-performance
white cement was used to maintain the level of CCI brick walls. Visual inspection and
photographic data were used to track the beginning and growth of cracks during the test.
Typical sketches of instrumentation details and loading setup are shown in Figures 5 and 6.

Reaction Frame Hydraulic Jack
Load Cell
B / - Steel Plate
G WY
I
2 L1
7
il 250
’ e
* 500
I 250
500

Figure 5. Sketch of loading setup (units are in mm).

Figure 6. Laboratory view of loading setup.
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3. Experimental Results

A total of six specimens of walls of CCI brick were prepared to test in diagonal
compression loading. Five specimens were externally strengthened using a combination
of CS mortar and CFRP composites. The experimental results of strengthened walls were
compared with the control wall. The axial load versus deformation, maximum load carrying
capacity, maximum deformation, and failure modes of walls of CCI brick are discussed in
the following sections.

3.1. Axial Load Versus Axial Deformation Response

The axial load versus the deformation response of the walls of CCI brick are shown
in Figures 7-9. The axial deformation was plotted by using the average results of LVDTs
L1 and L2. It was found that the stiffness, ultimate load-bearing capacity, and ultimate
deflection of the CCI brick masonry walls could be very effectively enhanced by exploiting
the combination of CS mortar and CFRP composites.

700
600 S S
/"/ \
500 7 :\ ————————
2 /.,"'——— \\ )
2 400 [ ;;—,ff % e ]
Fc ,'/’ “\‘ :\
8 300
— l'}"
200 f % —W-CON
100 ] B ----W-CFRP-1L B
— - W-CFRP-2L
O |
0.00 2.00 4.00 6.00 8.00 10.00

Axial Deformation (mm)

Figure 7. Axial Load versus axial deflection responses (control and CFRP walls).

700
600
500
Z
é 400
k=
8 300
— —W-CON
200 -0-W-PC1-10-CFRP-2S
100 -W-PC1-10-CFRP-1L
-O-W-PC1-10-CFRP-2L
0 !
0.00 2.00 4.00 6.00 8.00 10.00

Axial Deformation (mm)

Figure 8. Axial Load versus axial deflection responses (control and CFRP with CS mortar walls).
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S ——W-PC1-10-CFRP-1L

200 / \ ! -0~ W-PC1-10-CFRP-2L
----W-CERP-IL
100 | -

— - W-CFRP-2L

0.00 2.00 4.00 6.00 8.00 10.00
Axial Deformation (mm)

Figure 9. Axial Load versus axial deflection responses of all CCI brick masonry walls.

The control wall (W-CON) exhibited approximately linear axial load versus axial
deformation response until the ultimate load. The CCI bricks were crushed at the peak
load and the load carrying capacity suddenly decreased. On the other hand, the axial load
against axial deformation responses of the strengthened walls were comprised of three
parts. The first part of the response is described by a linear line similar to the response
of the control wall. The second portion of the curve is a transitional part, where both the
load and the deformation of the confined masonry were softened and exhibited a nonlinear
behavior accompanied by a large increase in deformation. In the third phase, the load
versus deformation responses of the wall again increased linearly until the sudden failure.
However, a much lower elastic modulus was exhibited compared to the initial first segment
of the curve of strengthened specimens.

3.2. Ultimate Load Bearing Capacity of Walls

The ultimate load-bearing capacity of CCI brick masonry walls was greatly influenced
by different strengthening methods such as CFRP and its combination with CS sand mortar.
The experimental results of ultimate load-carrying capacity are graphically compared
in Figure 10. It can be viewed from the figure that, the CFRP composites alone or in
combination with the CS mortar are very effective to improve the ultimate load-bearing
capacity of the walls of CCI brick masonry.

The ultimate load bearing capacity of the CFRP composite-strengthened walls (W-
CFRP-1L and W-CFRP-2L) was observed 90% and 145% larger than the control wall,
respectively. Moreover, the combined use of CS mortar with the CFRP composite further
enhanced the maximum load-bearing capacity of the walls of CCI brick. In comparison
to the control wall, the ultimate load-bearing capacities of W-PC1-10-CFRP-1L and W-
PC1-10-CFRP-2L were raised by 127% and 171%, respectively. Moreover, the performance
of strengthening configuration B (CFRP composite strips) was also investigated with the
purpose of reducing the cost of the strengthening material. The test results reveal that
the use of CFRP composites in strips is also useful to enhance the maximum load-bearing
capacity of the CCI brick walls. The maximum load-carrying capacity of the W-PC1-10-
CFRP-2S wall was increased by 102% as compared to the control wall.
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Figure 10. Comparison of ultimate load carrying capacities of CCI brick masonry walls.

3.3. Ultimate Deflection of CCI Brick Walls

The results of the experiment for ultimate axial deformation are graphically compared
in Figure 11. A maximum of 1.80 mm axial deformation was observed in the control wall (W-
CON). The maximum axial deformations of CFRP composites that strengthened the walls
(W-CFRP-1L and W-CFRP-2L) were observed to be 39% and 122% larger than the reference
wall, respectively. Further, the combined use of CS mortar and CFRP composite effectively
enhanced the ultimate axial deformation of the walls of CCI bricks. The maximum axial
deformations of the reinforced W-PC1-10-CFRP-1L and W-PC1-10-CFRP-2L walls, made of
CFRP composites with CS mortar, were 161% and 190% higher than those of the reference
wall, respectively. Further, in the case of the W-PC1-10-CFRP-2S wall (wall specimen
of configuration B), the ultimate axial deformation of the CCI brick masonry wall was
observed to be 122% larger than the reference wall. These results indicate that the use of
CFRP composites in strips could also be useful to enhance the ultimate axial deformation of
the walls of CCI brick masonry. The summary of experimental results is provided in Table 3
in terms of ultimate axial load, the percent increase in ultimate axial load, and ultimate
axial deflection.

Table 3. Experimental results.

. % Increase in Ultimate Axial
Nomenclature of Walls Ultimate Load (kN) Ultimate Load Deformation
W-CON 247 - 1.8
W-CFRP-1L 470 90 2.5
W-CFRP-2L 605 145 4.0
W-PC1-10-CFRP-1L 560 127 4.7
W-PC1-CFRP-2L 670 171 5.2

W-PC1-CFRP-2S 500 102 4.0
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Figure 11. Comparison of ultimate axial deformation of CCI brick walls.

3.4. Modes of Failure of CCI Brick Masonry Walls

The modes of failure of the walls of CCI brick at the ultimate stage are displayed in
Figures 12-15. As shown in Figure 12, the CCI brick splitting in the middle of the masonry
wall was the primary cause of the control or unstrengthened masonry wall ultimate failure.
At the base of the reference wall of CCI brick masonry, severe compression crushing of the
CClI bricks was recorded before the ultimate failure, while minor splitting and cracking
were also seen there. As illustrated in Figure 13, the final failure of CCI brick masonry
walls strengthened with CFRP composites (without CS mortar) was mostly caused by the
explosive splitting and crushing of the CCI bricks, together with a quick fall. As illustrated
in Figure 14, the eventual failure in the case of walls of CCI brick masonry strengthened
with a combination of CS mortar and CFRP composite was caused by the crushing of the
CClI bricks and a slight debonding of the CFRP composite from the CS mortar. The CCI
brick masonry wall (W-PC1-10-CFRP-2S) that had been reinforced with CFRP composite
strips and CS mortar ultimately failed due to severe crushing and splitting of the CCI bricks
in the area that was being loaded, as well as the complete debonding of the CFRP strips
from the surface of the CS mortar, as shown in Figure 15.

Figure 12. Cracking of control wall at load 247 kN.
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Figure 14. Debonding of CFRP composites from CS mortar at load 450 kN.
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(b)

Figure 15. Ultimate failure modes of W-PC1-10-CFRP-2S wall: (a) Before damage at 470 kN; (b) Dam-
age of CFRP composite strips wall at load 500 kN (c) Debonding of CFRP composite strips at load
500 kN.

Debonding of the CFRP composites from the wall and compression crushing and
splitting of the CCI bricks are two basic categories of the failure process of walls of CCI
brick masonry. A splitting and compression crushing failure mode would be inherited by
brick masonry. On the other hand, the application of CFRP and CS mortar would offer
confinement to the brick masonry and the ultimate failure would be a combination of
debonding of the CFRP composite and the crushing and splitting failure of the walls of
CCI brick masonry. The failure modes of the walls of CCI brick masonry are summarized
in Table 4.

Table 4. Ultimate failure modes of CCI brick masonry walls.

Nomenclature of Walls

W-CON
W-CFRP-1L
W-CFRP-2L

W-PC1-10-CFRP-1L
W-PC1-10-CFRP-2L

W-PC1-10-CFRP-2S

Strengthening Material Failure Modes
- Compression crushing and splitting of the CCI bricks
CFRP Explosive splitting and crushing of the CCI bricks along
CFRP with sudden fall
CFRP + CS Mortar Crushing of the CCI bricks and slight debonding of the
CFRP + CS Mortar CFRP composites
CERP Strips + CS Mortar Severe splitting and crushing of the CCI bricks and

complete debonding of the CFRP composite strips

4. Conclusions

In order to enhance the performance of walls of CCI brick masonry, this study presents
a detailed experimental program to test the efficacy of various strengthening procedures.
Six brick masonry wall specimens were prepared, and they were tested under diagonal
compression. Different strengthening methods such as CFRP composites and a combination
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of CS mortar with CFRP composites were employed to strengthen the walls of CCI brick
masonry. It was disclosed that the use of CFRP composites in combination with CS mortar
can effectively enhance the maximum load-bearing capacity, ultimate deflection, and
toughness of walls of CCI brick masonry. Furthermore, the overall cost of the strengthening
scheme could be decreased by introducing conventional materials into the strengthening
scheme. The following conclusions are deduced based on experimental results.

e  The ultimate load-bearing capacity and ultimate deflection of the CCI brick wall are
greatly enhanced when CFRP composites are utilized with a CS mortar combination.
The strengthening method of configuration A was shown to be more effective than the
strengthening method of configuration B; however, strengthening configuration B can
still provide practical ways to improve the structural performance of CCI brick walls;

e  The increase in maximum axial load-bearing capacity and axial deformation were
maximum in the W-PC1-CFRP-2L specimen. The axial capacity of this strengthen-
ing scheme was 171% and 26% larger than the W-CON and W-CFRP-2L wall speci-
mens, respectively;

e  The as-built or control CCI brick masonry walls exhibited very brittle failure and very
low ultimate load-bearing capacity and ultimate deflection. Whereas strengthened
walls of CCI brick masonry demonstrated a very ductile ultimate failure mode as
compared to the reference wall. The proposed CFRP composites and CS mortar
combination-based strengthening techniques were observed to be very promising to
improve the ultimate load-bearing capacity and ultimate deflection of walls of CCI
brick masonry;

e  For future study, appropriate constitutive models need to be established to explore
the failure mechanism employing an accurate finite element and analytical modeling
techniques. Furthermore, the influence of external reinforcement on the behavior of
CCI brick masonry walls needs to be investigated;

e Based on the results of the experiments, it can be inferred that the overall cost of the
strengthening program could be substantially decreased by utilizing conventional, low
cost, and locally available materials. The CFRP composites, combined with CS mortar,
provided an economical solution for the strengthening of CCI brick masonry walls.
Similarly, additional work is needed to evaluate the performance of the proposed
strengthening scheme with a combination of other viable and economical methods;

e It should be noted that due to the reduced number of tested specimens, the results
to be assumed as general considerations need a wider experimental campaign and a
large number of tests for each strengthening typology;

e  The proposed methods are efficient and applicable to old structures and buildings.
However, the proposed strengthening methods were only used for CCI bricks. For
wider applications, there is a need to further explore the efficiency of these methods
for solid bricks and concrete blocks.
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