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Abstract: Several studies have highlighted the potential of crushed brick aggregates in non-structural
concrete. This is because crushed brick aggregates offer substandard mechanical properties in
comparison to natural stone aggregates. Synthetic Fiber Reinforced Polymer (FRP) sheets have been
known to overcome this issue. However, enormous costs associated with synthetic FRPs may limit
their use in several low-budget applications. This study recognizes this issue and propose a cost-
effective solution in the form of low-cost glass fiber (LC-GFRP) sheets. Two types of brick aggregates
(i.e., solid-clay and hollow-clay brick aggregates) were used to fabricate concrete by replacing 50% of
natural aggregates. Experimental results of 32 non-circular specimens were reported in this study.
To overcome the substandard mechanical properties of recycled brick aggregate concrete (RBAC),
specimens were strengthened with 2, 4, and 6 layers of LC-GFRP sheets. Noticeable improvements in
ultimate compressive stress and corresponding strain were observed and were found to correlate
positively with the number of LC-GFRP sheets. It was found that 4 and 6 layers of LC-GFRP sheets
imparted significant axial ductility irrespective of the brick aggregate type and inherent concrete
strength. Several existing stress-strain models for confined concrete were considered to predict
ultimate confined compressive stress and corresponding strain. Accuracy of existing models was
assessed by mean of the ratio of analytical to experimental values and associated standard deviations.
For ultimate stress predictions, the lowest mean value of the ratio of analytical to experimental
ultimate compressive stress was 1.07 with a standard deviation of 0.10. However, none of the
considered models was able to provide good estimates of ultimate strains.

Keywords: low-cost confinement; LC-GFRP; ultimate compressive stress; ultimate compressive
stress-strain models; non-circular specimens

1. Introduction

In recent years, demolition of existing buildings has caused massive accumulation of
waste around the world. China alone produces 1.8 billion tons of waste from demolition
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of existing buildings [1]. Two problems are emphasized in this regard. On one hand,
proper disposal of such gigantic number of wastes is hideous, whereas scarcity of raw
aggregates has been developing [2]. A possible solution lies in the reuse of this generated
waste. This not only prevents the accumulation of massive wastes, but it also reduces the
readily increasing scarcity of raw aggregates. Further, the costs associated with proper
disposal of construction waste could also be reduced. Thus, the need for a sustainable,
cost-effective, and a green environment friendly solution is emphasized. Therefore, several
existing studies have highlighted the potential of recycled aggregate concrete (RAC) to
construct reinforced concrete structures [3–7].

As per The International Union of Laboratories and Experts in Construction Materials
Systems and Structures (RILEM), recycled aggregates are classified into three groups
generated from (1) demolished masonry structures (2) wastes of concrete structures and (3)
mixture of both natural and recycled aggregates [8]. Clay bricks are one of the most readily
available construction elements around the globe. Their low-cost and easy application
have eased their way into construction industry noticeably. Consequently, construction
and demolition waste (CDW) generated each year comprises a noticeable amount of clay
brick waste. It has been stated that approximately 1 billion tons of CDW is produced in
European Union each year with bricks as a key component [9]. Therefore, recycled clay
brick aggregates (CBA) are prevalently used in the production of RAC to reduce their
detrimental effects on environment [10]. The potential of RAC constructed with CBA
(RBAC) has been investigated in the construction of structural elements [11–16]. Several
advantages and disadvantages of RBAC have been highlighted compared with normal
coarse aggregate concrete (NAC). Main advantages of RBAC arise from its relatively light
weight due to their lower density as compared to that of NAC [16,17]. Further, RBAC offers
better resistance to fire that can be ascribed to the excellent intrinsic refractory characteristics
of clay bricks [15]. On the other hand, it has been reported that RBAC exhibits inferior
mechanical properties [18–20]. Further, RBAC exhibits lower resistance to carbonization
and chloride attacks [21] and high porosity [16,17,22]. These substandard characteristics of
RBAC have limited its use to non-structural applications [23].

To enhance these substandard mechanical properties of RBAC (i.e., their ultimate
compressive strength and the corresponding strain), a viable solution has been practiced
by wrapping RBAC with fiber reinforced polymer jackets. Gao et al. [24] strengthened
RBAC with glass and carbon fiber reinforced polymer (FRP) jackets. It was found that
the ultimate compressive strength decreased as the replacement ratio of brick aggregates
increased. However, the application of glass and carbon FRP wraps enhanced ultimate
strength and corresponding strain of RBAC. Several other studies have also highlighted
similar enhancements in the mechanical behavior of RBAC from external synthetic FRP
wraps [25–28]. Although synthetic FRP confinement has proved to impart significant gains
in ultimate compressive strength and corresponding strain, their high costs are a serious
concern from overall rehabilitation cost analysis [10,29,30]. Therefore, this study explores
strength and ductility enhancement of RBAC arising from external wraps of low-cost glass
FRP composites. Yoddumrong et al. [31] utilized low-cost glass fiber reinforced polymer
composite jackets (LC-GFRP) to strengthen RC columns. Commercially available LC-GFRP
jackets were used for this purpose that comprised bi-directional glass fiber sheets. Their
salient features included extremely low cost but adequate tensile strength. Rodsin et al. [32]
extended the use of LC-GFRP jackets to strengthen very low (i.e., 5 and 15 MPa) strength
concrete. It was concluded that LC-GFRP successfully enhanced ultimate strength and
ductility of concrete.

The aforesaid discussion emphasizes the need for the reuse of brick waste to reduce its
detrimental environmental impacts. Despite of several studies highlighting the potential
of recycled brick aggregates to replace normal coarse aggregates in concrete, substandard
mechanical properties of the resulting concrete must be dealt with caution. Though syn-
thetic FRPs have been known to overcome this issue, their massive costs may limit their
application. An alternative solution is recognized in the use of low-cost GFRP jackets.
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To authors knowledge, no experimental study is conducted till date to investigate the
performance of this type of jackets on recycled brick aggregate concrete.

This study intends to extend the application of LC-GFRP in the strengthening of RBAC.
Therefore, the following objectives are recognized (1) to strengthen RBAC to potentially
qualify in structural applications and (2) to achieve this objective using LC-GFRP. These
objectives were chosen to provide a sustainable and environment friendly solution for
the waste generated from demolition of existing brick masonry. Further, a cost-effective
solution was potentially found in the use LC-GFRP rather than employing expensive
synthetic FRP sheets.

2. Experimental Program
2.1. Test Matrix

This study comprised an experimental program on 32 concrete rectilinear concrete
specimens with and without external LC-GFRP strengthening. Each specimen measured
150× 150× 300 (width× depth× height in “mm”). In this study, all square specimens were
cast with a cross-section and height of 150 × 150 mm and 300 mm respectively, to achieve
height to cross-sectional width ratio of 2.0. The size effect is an important factor affecting
the confinement effectiveness of the column. In previous studies, the effectiveness of CFRP
wraps to enhance ultimate strength is found higher for short columns than slender columns.
However, the size effect was not considered in this study. Specimens were categorized
in two main groups depending upon the constituting brick aggregate types. Specimens
in each group were further subdivided in two subgroups depending upon the concrete
strength. Therefore, each subgroup comprised 8 specimens. Out of those 8 specimens,
two specimens were tested in as-built condition and served as reference for that subgroup.
Two specimens each were strengthened with 2, 4, and 6 layers of LC-GFRP. A three-part
nomenclature was adopted in this study. First part referred to the concrete strength i.e.,
LS and HS for low and high strength concrete, respectively. Second part referred to the
constituting brick aggregates i.e., CBA and CBB for crushed brick aggregates originating
from type A and B bricks, respectively. Last part denoted the presence/amount of external
LC-GFRP sheets. For control specimen, abbreviation of “CON” was used whereas 2L, 4L,
and 6L were used for 2, 4, and 6 layers of LC-GFRP sheets, respectively. Further details
are presented in Table 1. 50% of natural aggregates in both concretes were replaced with
recycled crushed brick aggregates.

Table 1. Test matrix.

Specimens Concrete
Strength Brick Type GFRP Layers Number of

Specimens

LS-CBA-CON LS Type A - 2
LS-CBA-2L LS Type A 2 2
LS-CBA-4L LS Type A 4 2
LS-CBA-6L LS Type A 6 2

HS-CBA-CON HS Type A - 2
HS-CBA-2L HS Type A 2 2
HS-CBA-4L HS Type A 4 2
HS-CBA-6L HS Type A 6 2

LS-CBB-CON LS Type B - 2
LS-CBB-2L LS Type B 2 2
LS-CBB-4L LS Type B 4 2
LS-CBB-6L LS Type B 6 2

HS-CBB-CON HS Type B - 2
HS-CBB-2L HS Type B 2 2
HS-CBB-4L HS Type B 4 2
HS-CBB-6L HS Type B 6 2
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2.2. Material Properties

Two types of concrete were used in this study to examine the effect of concrete strength
on the confinement efficiency of LC-GFRP sheets. Concrete was categorized as low and
high strength corresponding to the target ultimate compressive strength values of 15 and
35 MPa, respectively. Both types of concretes utilized type-I Portland cement. Maximum
size of natural and crushed brick aggregates was limited to 25 mm. Table 2 provides mix
ratios for the two concrete batches. Required amount of water was determined to target
slump value of 90 and 70 mm for low and high strength concrete, respectively.

Table 2. Mix ratios for two concrete types.

Mix Ingredients (kg/m3)
Low Strength Concrete

(15 MPa)
High Strength Concrete

(35 MPa)

Cement 242 444

Fine aggregates 726 605

Natural coarse aggregates 605 504

Clay brick aggregates 605 504

Fired-clay solid and hollow bricks were used to replace 50% of natural aggregates
in each concrete batch. Figure 1 shows the types of bricks used in this study. Mechanical
properties of bricks (Table 3) were determined in accordance with ASTM standards [33,34].
River sand was used as fine aggregate.
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Figure 1. Bricks used (a) clay solid and (b) clay hollow.

Table 3. Mechanical properties of bricks.

Type of Bricks Density of Bricks
(kg/m3)

Compressive Strength
of Bricks (MPa)

Water Absorption of
Bricks (%)

Type A 120 3.14 23.27

Type B 140 8.10 16.58

Low-cost GFRP sheets were fabricated from locally available bidirectional glass fibers
(see Figure 2a) and polyester resin. Standard tensile coupons of LC-GFRP were used to
determine their mechanical properties. Figure 2b shows typical failure of LC-GFRP sheets.
Further, these coupons were prepared from 1, 2, 3, 4, and 5 layers of LC-GFRP sheets
to investigate thickness effect on mechanical properties. For each thickness type, three
coupons were tested. This adopted procedure followed the recommendations of ASTM
D3013-13 [35]. Mechanical properties of LC-GFRP sheets and epoxy resin are summarized
in Table 4.
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Figure 2. (a) Bidirectional GFRP sheet and (b) typical tensile failure of LC-GFRP.

Table 4. Mechanical properties of strengthening system.

Composite Tensile Stress
(MPa)

Ultimate Strain
(%)

Elastic Modulus
(GPa)

Standard
Deviation

Epoxy 17.20 0.632 2.72 1.09

LC-GFRP 377.64 2.040 18.70 1.91

2.3. Preparation of Test Specimens

Concrete was cast using standard steel molds in laboratory environment. Molds were
removed after 1 day of the concrete casting. Following that, specimens were cured for a
period of 28 days in ambient conditions. It has been known that confinement effectiveness
of external sheets is reduced in rectilinear sections due to the stress concentrations near
corners [36,37]. Therefore, corners of rectilinear sections were rounded off to a corner radius
of 13 mm. On 28th day, external LC-GFRP system was applied as per the recommendations
of ACI code [38]. Concrete surface was thoroughly cleaned. In the first step, resin was
applied onto the concrete surface using a hand brush. Then, resin impregnated GFRP
sheets were carefully applied to the concrete surface. Proper care was taken to eliminate the
presence of any voids. A similar procedure was repeated for the application of additional
GFRP layers. Figure 3 presents the application of GFRP sheets on concrete specimens.
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2.4. Instrumentation & Test Setup

A detailed setup was planned to measure applied axial load and corresponding axial
deformation of concrete specimens. A Universal Testing Machine was used to apply mono-
tonically increasing axial load. Smoothening of the top and bottom surfaces of specimens
was performed to ensure uniform application of the load. Load concentration was assured
by placing steel plates below and above the bottom and top surfaces, respectively. Axial
deformation of each specimen was recorded using two Linear Variable Differential Trans-
ducers (LVDTs). The pre-calibrated LVDTs were vertically mounted on a steel plate and
pointed with the loading plate of UTM at the top of the concrete specimens as shown in
Figure 4.
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3. Experimental Results
3.1. Ultimate Failure Modes

Figure 5 presents ultimate failure modes of all specimens. These failure modes are
representative of the two specimens for each specimen type. Failure mode of the control
specimens accompanied excessive concrete crushing and splitting along the full height.
In general, a delay and extent of crushing was observed in LC-GFRP confined specimens.
For LC-GFRP confined specimens, failure was initiated by the rupture of GFRP sheets
along the height of specimens. It is to be mentioned that the failure of LC-GFRP did not
occur at corners except of those strengthened with 6 layers of LC-GFRP. It emphasizes
that a provision of 13 mm corner radius was sufficient to shift failure of LC-GFRP from
corners to the sides ensuring a more uniform distribution of confinement pressure across
the section. A similar result was also highlighted by Hussain et al. [39]. Further, all
strengthened specimens demonstrated severe damage and excessive dilation of their sides.
For specimens confined with 6 layers of LC-GFRP, highest axial loads and corresponding
strains were observed. As a result, they experienced highest lateral dilations due to
Poisson’s effect. As stated, rupture of LC-GFRP was observed near corners for some of the
specimens. It has been reported that the effectiveness of external confinement correlates
positively with the magnitude of corner radius [40]. Therefore, a larger than 13 mm corner
radius would have further improved the stress distributions as well as the confinement
effectiveness of external LC-GFRP sheets across the section. Nonetheless, application of
LC-GFRP in combination with a 13 mm corner radius significantly delayed the failure
of specimens. This delay was observed in all strengthened specimens irrespective of the
number of external LC-GFRP layers.



Sustainability 2022, 14, 6611 7 of 18

Sustainability 2022, 14, 6611 7 of 18 
 

general, a delay and extent of crushing was observed in LC-GFRP confined specimens. 
For LC-GFRP confined specimens, failure was initiated by the rupture of GFRP sheets 
along the height of specimens. It is to be mentioned that the failure of LC-GFRP did not 
occur at corners except of those strengthened with 6 layers of LC-GFRP. It emphasizes 
that a provision of 13 mm corner radius was sufficient to shift failure of LC-GFRP from 
corners to the sides ensuring a more uniform distribution of confinement pressure across 
the section. A similar result was also highlighted by Hussain et al. [39]. Further, all 
strengthened specimens demonstrated severe damage and excessive dilation of their 
sides. For specimens confined with 6 layers of LC-GFRP, highest axial loads and corre-
sponding strains were observed. As a result, they experienced highest lateral dilations due 
to Poisson’s effect. As stated, rupture of LC-GFRP was observed near corners for some of 
the specimens. It has been reported that the effectiveness of external confinement corre-
lates positively with the magnitude of corner radius [40]. Therefore, a larger than 13 mm 
corner radius would have further improved the stress distributions as well as the confine-
ment effectiveness of external LC-GFRP sheets across the section. Nonetheless, applica-
tion of LC-GFRP in combination with a 13 mm corner radius significantly delayed the 
failure of specimens. This delay was observed in all strengthened specimens irrespective 
of the number of external LC-GFRP layers. 

    
LS-CBA-CON LS-CBA-2L LS-CBA-4L LS-CBA-6L 

    
HS-CBA-CON HS-CBA-2L HS-CBA-4L HS-CBA-6L 

    
LS-CBB-CON LS-CBB-2L LS-CBB-4L LS-CBB-6L 

Sustainability 2022, 14, 6611 8 of 18 
 

    
HS-CBB-CON HS-CBB-2L HS-CBB-4L HS-CBB-6L 

Figure 5. Ultimate failure modes. 

3.2. Axial Load-Deflection Curves 
Figure 6 presents experimental axial load-deformation response of all specimens. In 

Figure 6a, it is evident that the control specimen LS-CBA-CON experienced lowest ulti-
mate stress and the corresponding strain. It could only sustain ultimate stress of 8.40 MPa 
whereas ultimate recorded strain was 0.008. Specimen strengthened with two layers of 
LC-GFRP (i.e., LS-CBA-2L) exhibited a 53 and 31% increase in ultimate stress and strain, 
respectively. In the case of four layers, a 131 and 214% increase in ultimate stress and 
strain, respectively was observed. Whereas a 237 and 360% increase in ultimate stress and 
strain was observed for the case of 6 layers i.e., in specimen LS-CBA-6L. Further, a ductile 
post-peak stress-strain response was observed for the case of 4- and 6-layer LC-GFRP con-
finement. Figure 6b presents stress-strain curves of subgroup HS-CBA. Control specimen 
HS-CBA-CON was able to withstand ultimate stress of 18.2 MPa at an ultimate strain of 
0.0079. Application of 2, 4, and 6 layers of LC-GFRP increased the ultimate stress by 15, 
49, and 88%, respectively. Same configuration of LC-GFRP improved ultimate strain by 
15, 207, and 301%, respectively. Analogous to subgroup LS-CBA, specimens confined with 
4 and 6 LC-GFRP layers exhibited a bilinear stress-strain response and ultimate stress was 
sustained for large strain values. Whereas a sudden drop in ultimate stress was observed 
for the case of 2-layer LC-GFRP confinement. 

Figure 6c shows axial stress-strain response of subgroup LS-CBB. Ultimate stress and 
strain sustained by the control specimen were 11.1 MPa and 0.0063, respectively. Appli-
cation of 2, 4, and 6 layers of LC-GFRP increased the ultimate stress by 92, 138, and 186%, 
respectively. Similar configurations of LC-GFRP increased the ultimate strain by 167, 359, 
and 553%, respectively. Again, 4 and 6 layers of LC-GFRP were able to impart sufficient 
axial ductility in contrast of the control and 2-layer LC-GFRP confined specimens. Finally, 
axial stress and strain response of the subgroup HS-CBB is shown in Figure 6d. Again, 
ultimate stress and strain exhibited a positive correlation with the number of external LC-
GFRP layers and 4 and 6 layers of LC-GFRP were found to impart significant axial ductil-
ity to the axial response of corresponding specimens. Table 5 summarizes detailed results 
of all four subgroups.  

  

Figure 5. Ultimate failure modes.

3.2. Axial Load-Deflection Curves

Figure 6 presents experimental axial load-deformation response of all specimens. In
Figure 6a, it is evident that the control specimen LS-CBA-CON experienced lowest ultimate
stress and the corresponding strain. It could only sustain ultimate stress of 8.40 MPa
whereas ultimate recorded strain was 0.008. Specimen strengthened with two layers of
LC-GFRP (i.e., LS-CBA-2L) exhibited a 53 and 31% increase in ultimate stress and strain,
respectively. In the case of four layers, a 131 and 214% increase in ultimate stress and
strain, respectively was observed. Whereas a 237 and 360% increase in ultimate stress
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and strain was observed for the case of 6 layers i.e., in specimen LS-CBA-6L. Further, a
ductile post-peak stress-strain response was observed for the case of 4- and 6-layer LC-
GFRP confinement. Figure 6b presents stress-strain curves of subgroup HS-CBA. Control
specimen HS-CBA-CON was able to withstand ultimate stress of 18.2 MPa at an ultimate
strain of 0.0079. Application of 2, 4, and 6 layers of LC-GFRP increased the ultimate stress by
15, 49, and 88%, respectively. Same configuration of LC-GFRP improved ultimate strain by
15, 207, and 301%, respectively. Analogous to subgroup LS-CBA, specimens confined with
4 and 6 LC-GFRP layers exhibited a bilinear stress-strain response and ultimate stress was
sustained for large strain values. Whereas a sudden drop in ultimate stress was observed
for the case of 2-layer LC-GFRP confinement.
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Figure 6. Ultimate stress versus strain response for subgroup (a) LS-CBA (b) HS-CBA (c) LS-CBB
and (d) HS-CBB.

Figure 6c shows axial stress-strain response of subgroup LS-CBB. Ultimate stress
and strain sustained by the control specimen were 11.1 MPa and 0.0063, respectively.
Application of 2, 4, and 6 layers of LC-GFRP increased the ultimate stress by 92, 138, and
186%, respectively. Similar configurations of LC-GFRP increased the ultimate strain by 167,
359, and 553%, respectively. Again, 4 and 6 layers of LC-GFRP were able to impart sufficient
axial ductility in contrast of the control and 2-layer LC-GFRP confined specimens. Finally,
axial stress and strain response of the subgroup HS-CBB is shown in Figure 6d. Again,
ultimate stress and strain exhibited a positive correlation with the number of external
LC-GFRP layers and 4 and 6 layers of LC-GFRP were found to impart significant axial
ductility to the axial response of corresponding specimens. Table 5 summarizes detailed
results of all four subgroups.
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Table 5. Summary of experimental results.

Specimens Ultimate Stress
(MPa)

Increase in
Ultimate Stress

(%)
Ultimate Strain

Increase in
Ultimate Strain

(%)

LS-CBA-CON 8.40 - 0.0080 -

LS-CBA-2L 12.9 53 0.0104 31

LS-CBA-4L 19.5 131 0.0251 214

LS-CBA-6L 28.3 237 0.0368 360

HS-CBA-CON 18.2 - 0.0079 -

HS-CBA-2L 20.9 15 0.0091 15

HS-CBA-4L 27.1 49 0.0242 207

HS-CBA-6L 34.2 88 0.0317 301

LS-CBB-CON 11.1 - 0.0063 -

LS-CBB-2L 21.3 92 0.0169 167

LS-CBB-4L 26.4 138 0.0291 359

LS-CBB-6L 31.8 186 0.0414 553

HS-CBB-CON 18.2 - 0.0070 -

HS-CBB-2L 23.6 30 0.0135 93

HS-CBB-4L 29.9 64 0.0248 254

HS-CBB-6L 34.8 91 0.0333 375
Note: “-” refers to the control specimens (where increase in either ultimate stress or strain is not applicable).

3.3. Effect of LS-GFRP Layers & Concrete Strength

The effect of concrete strength on the improvements imparted by LC-GFRP sheets in
the ultimate stress and corresponding strain is graphically shown in Figure 7. For clarity,
improvements in ultimate stress and the corresponding strain for low and high strength
concrete specimens are shown by red and blue markers, respectively. A common trend
can be observed in Figure 7a–d. For similar configurations of LC-GFRP confinement,
improvements imparted to ultimate stress and the corresponding strain of low strength
concrete specimens were consistently higher than those of high strength concrete specimens.
Apart from Figure 7b, this trend can be found prevalent. This suggests that the efficiency of
LC-GFRP in terms of axial stress and corresponding strain enhancement is dependent on
and inversely related to the inherent concrete strength. Effect of the number of LC-GFRP
layers on the improvement in ultimate stress and corresponding strain can also be studied
from Figure 7. A linear trend in the increase in ultimate stress and corresponding strain
was observed as the number of external LC-GFRP layers increased.
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3.4. Effect of Type of Bricks

This study replaced 50% of natural aggregates in both concrete types by crushed brick
aggregates. For group 1, brick aggregates were obtained from hollow-clay brick aggregates
whereas solid-clay bricks were crushed to obtain aggregates for group 2 specimens. Figure 8
presents comparison of increase in ultimate stress and corresponding strain for the two
types of bricks. For clarity, top figures are plotted for low strength concrete whereas bottom
figures are plotted for high strength concrete specimens. For low strength specimens, it is
evident that the improvement in both ultimate stress and corresponding strain was higher
for solid-clay brick aggregate specimens than those with hollow-clay brick aggregates. An
exception was observed for the case of 6-layer LC-GFRP confined specimen where the
increase in ultimate stress was observed higher for hollow-brick specimens. However, this
peculiar observation can be considered an outlier and therefore attributed to the unforeseen
measurement errors. Analogous to low strength concrete specimens, improvement in
ultimate stress and corresponding strain was consistently higher for solid-brick aggregate
specimen than that of the hollow-brick aggregate specimens. This suggests that for similar
concrete strength and external LC-GFRP configuration, specimens fabricated with hollow
brick aggregates as partial replacement of normal coarse aggregates may perform inferior
to those fabricated with solid-brick aggregates.
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4. Analytical Investigations
4.1. Compressive Strength Models

Different equations have been proposed till date to express axial strength enhancement
in terms of externally applied FRPs [41,42]. The confined peak strength can be expressed in
the following form:

fcc

f ′c
= 1 + k1

fl
f ′co

(1)

where fcc represents peak compressive strength due to LC-GFRP confinement, k1 represents
coefficient of external confinement. fl is the lateral passive confining pressure generated
from external GFRP sheets and it is expressed in the following form by considering the
equilibrium between the pressure from outward expansion and the resulting external
confining pressure as shown in Figure 9 and given in Equation (2).

fl =
2 ftt
D
× ρ (2)

where D represents the diagonal length of non-circular sections and ft is the tensile strength
of LC-GFRP. The diagonal length D can be calculated as [39].

D =
2bd

b + d
(3)
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where d and b are depth and width of section, respectively. ρ in Equation (2) can be
determined from Equation (4) as per ACI-440.2 R-02 [38].

ρ = 1− (b− 2Rc)
2 + (d− 2Rc)

2

3A
(4)

where Rc is corner radius and A is given in Equation (5).

A = bd− (4− π)R2
c (5)
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4.2. Ultimate Strain Models

One of the earliest studies on lateral confining of concrete was performed by Richart
et al. [43]. Ultimate strain in confined form can be related to externally applied pressure fl
from Equation (6).

εcc

εco
= 1 + k2

fl
f ′co

(6)

where εco is the axial ultimate strain of unconfined concrete. Richart et al. [43] proposed a
value of 5k1 for k2 in the case of steel confined concrete. Later, several studies indicated that
similar form of equation can be used for FRP confined concrete [41,44–46]. Table 6 presents
several ultimate stress and strain models for externally confined non-circular sections.

Table 6. Summary of existing ultimate stress-strain models.

ID Model Ultimate Stress Ultimate Strain

1 Shehata et al. [41] fcc
f ′co

= 1 + 0.85
(

fl
f ′co

)
εcc
εco

= 1 + 13.5
(

fl
f ′co

)
2 ACI 2002 [38] fcc

f ′co
= −1.254 + 2.254

√
1 + 7.94 fl

f ′co
− 2 fl

f ′co

εcc
εco

= 1.5 + 13
(

fl
f ′co

)(
ε f e
εco

)0.45

3 Touhari and Mitiche [47] fcc
f ′co

= 1 +
(

1− (( π
2 )−1)(b−2Rc)

2

b2

)
fl
f ′co

εcc
εco

= 2.3 + 7
(

1− (( π
2 )−1)(b−2Rc)

2

b2

)
fl
f ′co

4 Hussain et al. [39] fcc
f ′co

= 1 + 2.70ρ0.90
(

fl
f ′co

)
εcc
εco

= 2 + 10ρ1.10
(

fl
f ′co

)
5 Mirmiran et al. [48] fcc

f ′co
= 1 + 6.0

(
2Rc
D

)(
f 0.7
l
f ′co

)
-

7 Lam and Teng [49] fcc
f ′co

= 1 + 3.30
(

fl
f ′co

)
εcc
εco

= 1.75 + 12
(

fl
f ′co

)(
ε f e
εco

)0.45

4.3. Assessment of Existing Stress-Strain Models

Figure 10 presents the comparison of experimental and analytical confined ultimate
strengths of all subgroups. For subgroup LS-CBA, the model of Hussain et al. [39] provided
closest proximity to the 45◦ line. The models of Mirmiran et al. [48], Shehata et al. [41], and
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Touhari and Mitiche [47] underestimated the experimental values. Whereas the models
of ACI 2002 [38] and Lam & Teng [49] overestimated experimental results. For subgroup
HS-CBA, the models of ACI 2002 [38] and Lam & Teng [49] yielded higher values than
experimental results of confined peak strengths. Whereas the models of, Shehata et al. [41],
Touhari and Mitiche [47], and Mirmiran et al. [48] underestimated the experimental results.
For subgroup LS-CBB in Figure 10c, it is apparent that the models of ACI 2002 [38] and
Lam & Teng [49] seem to provide close approximates of experimental results whereas
the models of Mirmiran et al. [48], Shehata et al., Hussain et al. [39], and Touhari and
Mitiche [47] formed the lower bounds. For subgroup HS-CBB, apart from the model
of Hussain et al. [39], none of the considered models provided good agreement with
experimental results.

Sustainability 2022, 14, 6611 13 of 18 
 

3 Touhari and Mitiche [47] 
𝑓௖௖𝑓௖௢ᇱ = 1 + ൮1 − ൬ቀ𝜋2ቁ − 1൰ (𝑏 − 2𝑅௖)ଶ𝑏ଶ ൲ 𝑓௟𝑓௖௢ᇱ  

𝜖௖௖𝜖௖௢= 2.3
+ 7 ൮1 − ൬ቀ𝜋2ቁ − 1൰ (𝑏 − 2𝑅௖)ଶ𝑏ଶ ൲ 𝑓௟𝑓௖௢ᇱ  

4 Hussain et al. [39]  
𝑓௖௖𝑓௖௢ᇱ = 1 + 2.70𝜌଴.ଽ଴ ൬ 𝑓௟𝑓௖௢ᇱ ൰ 

𝜖௖௖𝜖௖௢ = 2 + 10𝜌ଵ.ଵ଴ ൬ 𝑓௟𝑓௖௢ᇱ ൰ 

5 Mirmiran et al. [48] 
𝑓௖௖𝑓௖௢ᇱ = 1 + 6.0 ൬2𝑅௖𝐷 ൰ ቆ𝑓௟଴.଻𝑓௖௢ᇱ ቇ - 

7 Lam and Teng [49] 
𝑓௖௖𝑓௖௢ᇱ = 1 + 3.30 ൬ 𝑓௟𝑓௖௢ᇱ ൰ 

𝜖௖௖𝜖௖௢ = 1.75 + 12 ൬ 𝑓௟𝑓௖௢ᇱ ൰ ൬𝜖௙௘𝜖௖௢൰଴.ସହ
 

4.3. Assessment of Existing Stress-Strain Models 
Figure 10 presents the comparison of experimental and analytical confined ultimate 

strengths of all subgroups. For subgroup LS-CBA, the model of Hussain et al. [39] pro-
vided closest proximity to the 45° line. The models of Mirmiran et al. [48], Shehata et al. 
[41], and Touhari and Mitiche [47] underestimated the experimental values. Whereas the 
models of ACI 2002 [38] and Lam & Teng [49] overestimated experimental results. For 
subgroup HS-CBA, the models of ACI 2002 [38] and Lam & Teng [49] yielded higher val-
ues than experimental results of confined peak strengths. Whereas the models of, Shehata 
et al. [41], Touhari and Mitiche [47], and Mirmiran et al. [48] underestimated the experi-
mental results. For subgroup LS-CBB in Figure 10c, it is apparent that the models of ACI 
2002 [38] and Lam & Teng [49] seem to provide close approximates of experimental results 
whereas the models of Mirmiran et al. [48], Shehata et al., Hussain et al. [39], and Touhari 
and Mitiche [47] formed the lower bounds. For subgroup HS-CBB, apart from the model 
of Hussain et al. [39], none of the considered models provided good agreement with ex-
perimental results. 

  

(a) (b) 

Sustainability 2022, 14, 6611 14 of 18 
 

  

(c) (d) 

Figure 10. Comparison of experimental and analytical confined 𝑓௖௖ for subgroup (a) LS-CBA (b) 
HS-CBA (c) LS-CBB and (d) HS-CBB. 

Figure 11 presents comparison of experimental and analytical peak compressive 
strains. It is evident from Figure 11a that all the models overestimated peak compressive 
strains of specimens in subgroup LS-CBA. The scatter was reduced for subgroup HS-CBA 
(Figure 11b) with the models of Hussain et al. [39] and Touhari and Mitiche [47] providing 
closest agreement with experimental values. For subgroups LS-CBB and HS-CBB, the 
models of Hussain et al. [39] and Touhari and Mitiche [47] again provided closest match 
with experimental values whereas all other models overestimated experimental values.  

  
(a) (b) 

  
(c) (d) 

Figure 11. Comparison of experimental and analytical confined ultimate compressive “𝜖௖௖” for sub-
group (a) LS-CBA (b) HS-CBA (c) LS-CBB and (d) HS-CBB. 

Figure 10. Comparison of experimental and analytical confined fcc for subgroup (a) LS-CBA (b) HS-
CBA (c) LS-CBB and (d) HS-CBB.

Figure 11 presents comparison of experimental and analytical peak compressive
strains. It is evident from Figure 11a that all the models overestimated peak compressive
strains of specimens in subgroup LS-CBA. The scatter was reduced for subgroup HS-CBA
(Figure 11b) with the models of Hussain et al. [39] and Touhari and Mitiche [47] providing
closest agreement with experimental values. For subgroups LS-CBB and HS-CBB, the
models of Hussain et al. [39] and Touhari and Mitiche [47] again provided closest match
with experimental values whereas all other models overestimated experimental values.
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In general, the model of Hussain et al. [39] was able to provide close approximates
of experimental peak confined compressive strengths. Table 7 provides summary of the
comparison of analytical and experimental ultimate stress-strain values. Accuracy of
existing models is assessed by the average of the ratio of analytical to experimental values
and associated standard deviations. For ultimate stress predictions, the closest to 1 mean
value of the average of analytical to experimental ultimate compressive stress was 0.87
that was provided by the model of Hussain et al. [39]. Same model also yielded lowest
standard deviation of analytical to experimental ultimate stress ratios. For ultimate strain
predictions, almost all models overestimated experimental ultimate compressive strain
values. This overestimation was found prevalent in subgroup LS-CBA. However, none of
the considered existing models in this study were able to provide good agreement with
experimental ultimate strain values. Therefore, further studies are suggested to enhance the
database in terms of axial stress-strain tests of LC-GFRP confined non-circular specimens.
With a large sample size, an accurate ultimate stress-strain model can be proposed.
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Table 7. Summary of the comparison between experimental and analytically predicted stress-strain
values.

ID/Model
fcc,e
(MPa)

εcc,e

Shihata et al.
[41] ACI 2002 [28] Touhari and

Mitiche [47]
Hussain et al.

[39]
Mirmiran et al.

[48]
Lam & Teng

[49]
fcc,a
fcc,e

εcc,a
εcc,e

fcc,e
fcc,a

εcc,a
εcc,e

fcc,e
fcc,a

εcc,a
εcc,e

fcc,e
fcc,a

εcc,a
εcc,e

fcc,e
fcc,a

εcc,a
εcc,e

fcc,e
fcc,a

εcc,a
εcc,e

LS-CBA-2L 12.9 0.83 4.14 1.53 6.10 0.78 2.83 0.98 2.81 0.81 - 1.35 5.92

LS-CBA-4L 19.5 0.67 3.11 1.31 4.58 0.60 1.62 0.87 1.69 0.61 - 1.35 4.34

LS-CBA-6L 28.3 0.54 3.07 1.02 4.52 0.47 1.40 0.75 1.51 0.46 - 1.25 4.25

HS-CBA-2L 20.9 0.98 2.63 1.55 3.89 0.95 2.55 1.08 2.40 0.97 - 1.30 3.91

HS-CBA-4L 27.1 0.84 1.65 1.54 2.44 0.79 1.17 0.98 1.15 0.80 - 1.34 2.37

HS-CBA-6L 34.2 0.73 1.76 1.42 2.61 0.68 1.05 0.90 1.07 0.67 - 1.32 2.49

LS-CBB-2L 21.3 0.63 1.61 1.11 2.58 0.60 1.25 0.72 1.21 0.62 - 0.94 2.52

LS-CBB-4L 26.4 0.60 1.65 1.16 2.67 0.55 0.95 0.74 0.98 0.55 - 1.10 2.54

LS-CBB-6L 31.8 0.57 1.66 1.11 2.70 0.54 0.83 0.75 0.88 0.49 - 1.20 2.55

HS-CBB-2L 23.6 0.87 1.57 1.37 2.41 0.83 1.52 0.95 1.43 0.86 - 1.15 2.42

HS-CBB-4L 29.9 0.76 1.43 1.39 2.20 0.73 1.01 0.89 0.99 0.72 - 1.21 2.14

HS-CBB-6L 34.8 0.72 1.49 1.40 2.30 0.70 0.89 0.88 0.90 0.65 - 1.30 2.20

Mean = 0.73 2.14 1.33 3.25 0.68 1.42 0.87 1.42 0.68 - 1.23 3.14

Standard Deviation = 0.13 0.88 0.18 1.23 0.14 0.65 0.11 0.61 0.15 - 0.12 1.18

5. Conclusions and Suggestions for Future Research

This study proposed a sustainable and cost-effective solution for the reuse of brick
construction waste for structural applications. A total of 32 rectilinear specimens were
tested in this in two groups depending upon the constituting brick aggregates types i.e.,
hollow-clay and solid-clay brick aggregates. Two concrete strengths were considered.
Further, to overcome the deficiencies arising from the inherent substandard mechanical
properties of brick aggregates in comparison to natural stone aggregates, a cost-effective
and environment friendly solution was proposed. Low-cost- GFRP sheets were wrapped
around specimens to strengthen their ultimate stress and corresponding strain. Following
important conclusions can be drawn.

1. LC-GFRP sheets were able to enhance peak axial stress and corresponding strain
of RBAC specimens. This improvement was found to correlate positively with the
number of external LC-GFRP layers. For the case of 4 and 6 LC-GFRP layers, a bilinear
stress-strain relation was observed exhibiting significant axial ductility.

2. The increase in ultimate stress and strain of RBAC specimens was dependent upon the
inherent unconfined concrete strength. For low strength specimens, increase in both
ultimate compressive stress and corresponding strain was higher than that observed
in high strength concrete specimens.

3. For solid clay brick aggregate concrete, increase in ultimate compressive stress and
corresponding strain was found higher than that in hollow-clay brick aggregate
concrete. Therefore, it can be established that for same specimen type i.e., concrete
strength, size, and mix ratio, specimens constructed with hollow brick aggregates
may require higher LC-GFRP amounts to reach similar strength levels as those of
solid-clay brick aggregate concrete.

4. Several existing confined axial stress-strain models were assessed to check their
accuracy for LC-GFRP confined specimens. It was found that the model of Hussain
et al. [39] provided closest approximations of experimental ultimate compressive
stresses. Whereas none of the existing models could predict experimental peak strains
with good accuracy.

5. The proposed LC-GFRP composites can be widely used to enhance the strength and
ductility of reinforced concrete columns, beams, beam-column joints and to replace
the existing high-cost carbon fiber reinforced polymer composites.
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6. Future studies must be carried to study the influence of steel reinforcement on the
strength of the LC-GFRP composites confined reinforced concrete columns and use of
brick aggregates on the adhesion of the reinforcing steel to the concrete.
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