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Abstract: Intrinsically, lightweight aggregate concrete (LWAC) suffers from the low compressive
strength and deformation capacity. This restricts the use of LWAC mainly to non-structural appli-
cations. Several studies have highlighted the potential of synthetic fiber-reinforced polymer (FRP)
jackets for improving the substandard properties of the LWAC. However, the high costs associated
with FRP jackets are generally a concern. This study identifies hemp fiber-reinforced rope polymer
(FRRP) wraps as a potential alternative to the synthetic FRP jackets. The salient features of hemp
FRRP include its low cost and easy availability. Therefore, the main question that needs to be an-
swered is: can hemp FRRP strengthen LWAC as a low-cost alternative to synthetic FRP jackets?
To quantitatively explain the effects of lightweight aggregates on concrete compressive strength,
24 concrete cylinders were tested in three groups. Group 1, 2, and 3 cylinders comprised 0, 50, and
100% of lightweight aggregates as natural aggregate replacements. The peak stress of the concrete was
reduced by 34% and 49% in the presence of 50% and 100% lightweight aggregates, respectively. It was
concluded that a single layer of hemp FRRP on Group 2 cylinders (i.e., 50% aggregate replacement)
was sufficient to enhance the peak stress to the same level as that of the control cylinder in Group 1
(i.e., fabricated using natural aggregates only). At the same time, it took two layers of external FRRP
on Group 3 cylinders to achieve the same strength. A positive correlation between the peak stress of
the LWAC and the number of hemp FRRP layers was observed. Nonetheless, Group 1 and 3 cylinders
formed the upper and lower bounds in terms of peak stress for the same level of confinement. Further
to the interest, three layers of hemp FRRP shifted brittle compressive stress–strain response to a
bi-linear response for all amounts of lightweight aggregates. Several existing analytical peak stress
models were assessed in predicting the experimental results. From the results, it was inferred that
none of these models predicted the compressive strength of all three groups of cylinders consistently.

Keywords: hemp fiber rope; fiber-reinforced polymer composites; lightweight aggregate concrete;
axial compression; strength models
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1. Introduction

Lightweight aggregate concrete (LWAC) can be characterized as high-performance
concrete comprising aggregates with high porosity and low bulk density. It furnishes a
unique distribution of the content of air voids both within the aggregates and inside the
concrete matrix. Moreover, the interfacial bond between aggregates and the matrix is
governed by the amount of aggregate particle saturation [1]. Among its various advan-
tages, it includes a high strength-to-weight ratio, enhanced fire resistance, and reduced
magnitudes of dead loads [2]. A significant concern regarding LWAC arises from their
low-grade deformation capacity and brittle behavior [3].

Over the years, applications of the LWAC for structural purposes can be found which
can be attributed to its excellent properties [4–7]. However, with 30–35% lower weight, the
strength properties of LWAC are relatively low compared to natural aggregate concrete
(NAC) [8]. Moreover, issues related to its high creep and shrinkage, brittleness, and low
elastic modulus properties have restricted its applications to well below its potential [9].
There is no question that the lightweight nature of the comprising aggregates reduces
LWAC’s density. However, this is often accomplished at the expense of reduced ductility
and compressive strength [10]. Therefore, LWAC often finds its use in non-structural
components, and its potential in the fabrication of columns, beams, and other load-bearing
elements limited.

Coarse aggregates comprising LWAC are susceptible to fracture, thus causing different
and earlier failure than those found in NAC. This can be reverted if sufficient lateral
confinement pressure is applied to improve the synergistic influence between lightweight
aggregates and cement matrix [11]. Khaloo et al. [12] investigated the effect of external
confinement in the form of single hoops or interlocking double spiral hoops on the axial
performance of lightweight concrete columns. It was demonstrated that the steepness of
the post-peak axial stress vs. strain response became mild, thus exhibiting higher ductility
than that of the control column. Recently, fiber-reinforced polymers (FRPs) have been
utilized in structural strengthening works for numerous benefits, including their noticeable
strength-to-weight ratio, corrosion endurance, low self-weight, durability, and good design
ability [13]. Recognizing these benefits, a host of research has been conducted to explore
the axial compressive behavior of FRP-confined concrete from monotonic stress–stress
behavior [3,14–16] to cyclic behavior [17–19]. Despite possessing many brilliant features,
the high costs of synthetic FRPs and resins are an evident and inevitable concern [20].
Moreover, synthetic chemicals are employed in the fabrication of the conventional FRPs.
Direct exposure to uncured resins, hardeners, or FRP dust may cause skin problems
including irritation and allergic contact dermatitis to the users [21–24].

The remedy lies in the replacement of these synthetic fibers with the natural fibers [25].
Recently, Hussain et al. [26] introduced a novel technique using inexpensive and sustainable
fiber rope-reinforced polymer (FRRP) composites for enhancing the peak compressive
strength, the ultimate strain, and compressive ductility of the plain concrete. Hemp, cotton,
and polyester ropes were used to wrap cylindrical concrete specimens in different layers
to assess the FRRP confinement magnitude. Among the considered FRRP composites, it
was inferred that hemp FRRP imparted maximum peak compressive strength gain to the
plain concrete specimens. From these results, it may be expected that the confinement
mechanism of hemp FRRP will impart similar improvements in the case of LWAC. Recently,
Suparp et al. [27] improved the peak compressive stress and the ductility of the lightweight
aggregate concrete with square sections using hemp fiber rope confinement. A significant
improvement in both the peak compressive stress and the ultimate strain was observed,
indicating the efficacy of the hemp fiber rope in mitigating substandard compressive
characteristics of the lightweight aggregate concrete. Hussain et al. [28] strengthened
shear critical RC beams using hemp FRRP wraps. The strengthening of shear critical
beams using hemp FRRP wraps was found to be an effective solution to mitigate the
shear failures. Beams strengthened with hemp FRRP demonstrated up to 63% higher load
carrying capacity as compared to the reference beam. Joyklad et al. [29] strengthened axial
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compression deficient recycled aggregate concrete (RAC) cylinders using one, two, and
three wraps of hemp FRRP. A significant improvement in the peak compressive strength
and axial ductility of hemp FRRP-strengthened LWAC cylinders was observed, where a
bi-linear axial stress–strain response was observed for three-layer strengthened LWAC
cylinders. Hussain et al. [30] examined the effectiveness of hemp rope confinement on
square plain concrete specimens with corner radius as a major parameter. The gain in
compressive strength was found to be proportional to the size of the corner radius.

To date, no study has been conducted on the strengthening of circular LWAC sections
using hemp FRRP wraps. Based on the performance of hemp FRRP in strengthening
applications, its use in strengthening LWAC with circular sections would be an effective
solution. Further, hemp fibers have a massive market worldwide and its easy availability
around the globe makes it a suitable alternative to the synthetic FRP jackets. It was reported
that the gross area of hemp cultivation in Europe was increased by 70% from 2013–2018
and the number of its hectares jumped by 614% in the year 2018 as compared to the year
1998 [31]. Therefore, this study intends to find the potential benefits of hemp FRRP in
improving the axial stress–strain constitutive parameters of LWAC circular columns, such
as peak compressive strength, its corresponding strain, elastic modulus, and post-peak
degradation response. Further, the number of external hemp FRRP wraps is identified as a
potential factor in addressing the compressive stress vs. strain behavior of the hemp FRRP
confined concrete. This study will be helpful to enrich the database of hemp FRRP confined
LWAC circular columns and adds to the possible use of LWAC as commercial concrete.

2. Experimental Program
2.1. Test Matrix

Experiments were performed on 24 cylinders, each measuring 150 mm × 300 mm
(diameter to height). The size effect is an important factor affecting the confinement
effectiveness of the concrete columns. In the previous studies, the effectiveness of FRP
wraps to enhance ultimate strength was found to be higher for short columns than slender
columns [26,27]. However, the size effect was not considered in this study and a constant
height was considered for all specimens. There were two main parameters of interest
in this study, i.e., the quantity of lightweight aggregates and the amount of external
confinement in the form of hemp FRRP layers. Their interaction was considered in this
study by systematically arranging them into three groups, as shown in Table 1. Specimens
in Group 1 were constructed using NAC only, comprising one control specimen and three
specimens strengthened using different hemp layers. For instance, specimens 2, 3, and 4
were strengthened using one, two and three layers of hemp FRRP, respectively. Further, two
specimens were constructed corresponding to each specimen type. Thus, eight specimens
were experimented on in the first group. Groups 2 and 3 comprised a similar test matrix
to that of Group 1 with the only difference being the presence of the LWAC. Specimens in
Groups 2 and 3 were constructed by substituting 50% and 100% of natural aggregates for
lightweight aggregates, respectively. A three-part nomenclature was adopted to represent
specimens identifying their group and sub-group. The first letter “C” was common for all
specimens representing “cylinder” followed by a number, i.e., 0, 50, or 100. This number
represented the percentage (%) quantity of lightweight aggregates that were used in the
construction of that specimen. Finally, the third letter, i.e., 1H, 2H, or 3H, represented the
number of external hemp FRRP layers. For instance, the name C-50-2H corresponds to the
cylinder that contained 50% natural and 50% of lightweight aggregates in its concrete mix
and was strengthened using two layers of hemp FRRP.
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Table 1. Test matrix.

Group Specimen Quantity of Lightweight Aggregates (%) Number of Layers of Hemp FRP Number of Specimens

1

C-0-CON 0 0 2
C-0-1H 0 1 2
C-0-2H 0 2 2
C-0-3H 0 3 2

2

C-50-CON 50 0 2
C-50-1H 50 1 2
C-50-2H 50 2 2
C-50-3H 50 3 2

3

C-100-CON 100 0 2
C-100-1H 100 1 2
C-100-2H 100 2 2
C-100-3H 100 3 2

2.2. Material Properties

Portland cement of Type-I was used in the concrete mix of all specimens. Locally avail-
able fine aggregates from river sand were used. The maximum size of coarse aggregates
was limited to 25 mm. Lightweight aggregates were provided by INSEE Thailand, and their
nominal size ranged from 12–18 mm. Table 2 provides the quantity of each material for the
concrete mix of each group. Figure 1 presents lightweight aggregates used in this study.

Table 2. Concrete mix proportions.

Quantity (kg/m3) Group-1 Group-2 Group-3

Cement 600 600 600

Fine aggregates 600 600 600

Natural coarse aggregates 900 450 0.0

Lightweight aggregates 0.0 450 900

Water 300 300 300

Slump (cm) 8 8 8
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2.3. Construction of Test Specimens

Cylinders were constructed in the laboratory conditions. Steel molds were used to cast
cylinders. Each mold was filled in three equal layers. Molds were placed on a vibration
table during concrete pouring. The vibration was imparted to molds after each concrete
layer pouring. Molds were removed after one day of casting, whereas curing was continued
for 28 days in the laboratory environment. Wrapping of cylinders using hemp ropes was
initiated at one end. The last part of the hemp rope was attached to the concrete to avoid
unnecessary movement. After that, the polyester resin was employed to the surface using a
hand brush. Hemp ropes (Figure 2) were subsequently bonded to the concrete surface. The
polyester resin was again brushed onto the wrapped hemp ropes to form a composite. For
specimens strengthened with more than one hemp FRRP layer, a similar procedure was
implemented to bond additional layers to the underlying layers. Special care was practiced
to avoid any gap between adjacent hemp ropes within a single wrap.
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2.4. Load Setup and Instrumentation

Each cylinder was exposed to monotonic compressive load using a universal testing
machine (UTM). Before placing cylinders in the UTM, their top and bottom surfaces were
cleaned, and rough patches were smoothened, ensuring the uniform application of the
compressive loads. Then, a circular steel plate was fixed to the top surface, which improved
the concentration of the load. Linear variable differential transducers (LVDTs) were used
for the continuous monitoring of axial displacements. LVDTs were pre-calibrated before
the test. LVDTs were mounted on the bottom steel plate, whereas the tip was attached to
the loading plate of UTM, as indicated in Figure 3.

Figure 4 presents the typical test configuration implemented to measure the tensile
stress vs. strain characteristics of the hemp fiber ropes. A monotonic tensile load was
applied to hemp FRRP by a universal testing machine (UTM) with a 200 Ton capacity. Load
was applied through a controlled loading setup at a speed of 4 kN/s. Two steel plates
were attached to the top and bottom surface of each specimen before the test was started to
ensure and guarantee the uniform application of the load. The magnitude of the load was
measured using a load cell, as illustrated in Figure 3. The fracture tensile capacity of the
hemp FRRP was approximated at 750 N at an average extension of 2.21 mm.
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3. Experimental Results
3.1. Ultimate Failure Modes

Group 1: Figure 5 shows the ultimate failure modes observed for concrete cylinders of
Group 1. Group 1 cylinders did not incorporate lightweight aggregates. Control cylinder
C-0-CON failed in a typical manner, suddenly forming cones and exhibiting splitting along
its height. Splitting alongside failure cones indicated that the plates of the test apparatus
did not provide friction to restrict the lateral expansion near cylinder ends. Cylinder
C-0-1H was confined with a single layer of hemp FRRP. Under the large circumferential
expansion of the cylinder, hoop stresses of high magnitudes were generated in hemp FRRP.
Ultimately, hemp FRRP failed under these hoop stresses when their magnitudes surpassed
the inherited tensile capacity of hemp FRRP. The resulting failure was brittle and explosive
that propagated almost along the full height of the cylinder. Cylinders confined with
two and three layers of hemp FRRP also demonstrated splitting of the hemp FRRP along
their heights.
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Group 2: Typical failures of Group 2 cylinders are presented in Figure 6. Unlike
Group 1 cylinders, Group 2 specimens were constructed by substituting 50% of the natural
aggregates with lightweight aggregates. The consequences are reflected in their failure
mechanisms, as shown in Figure 6. Foremost, control cylinder C-50-CON failed by crushing
and splitting like its counterpart cylinder in Group 1. However, its failure cone was
significantly shifted towards its top end, as highlighted in Figure 6. This may be ascribed
to the modest density of lightweight aggregates as compared to that of natural aggregates.
It was expected that during the vibration of wet concrete after its placement in molds,
lightweight aggregates were separated from natural aggregates and floated above them.
This resulted in a failure cone with the apex shifted towards the top surface. For the cylinder
strengthened with a single hemp FRRP layer, i.e., C-50-1H, failure accompanied the tensile
rupture of hemp FRRP within the top half. For cylinders strengthened with two and three
layers, tensile fracture of hemp FRRP spread vertically, as shown in Figure 6.
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Group 3: Group 3 cylinders were constructed with lightweight aggregates (i.e.,
100% replacement of the natural aggregates). Crushing of concrete was detected in the
vertical direction of the control cylinder C-100-CON. The cylinder confined with a single
hemp FRRP layer demonstrated tensile rupture of the external confinement near the load-
ing surface. It is to be mentioned that no additional measure was taken to constrain hemp
FRRP at both ends of the cylinders. For heavier confinements, i.e., two and three hemp
FRRP layers, tensile rupture of hemp FRRP at large lateral deformations determined the
ultimate failure. Failure types of Group 3 cylinders are displayed in Figure 7.
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3.2. Ultimate Load and Strain

One of the key features of external wraps is to enhance concrete inherited compressive
strength and the corresponding strain. Cylinders strengthened with hemp FRRP exhibited
both these enhancements. Table 3 summarizes the peak stress and the ultimate strain of
the cylinders. As stated in earlier sections, two cylinders were cast for each cylinder type.
Hence, the results reported in this section are averages of the two representative cylinders
for each category.

Table 3. Summary of peak compressive stress and corresponding strain.

Group Specimen Peak Stress (MPa) Increase in Peak Stress (%) Ultimate Strain Ultimate Strain (%)

1

C-0-CON 24.90 - 0.0045 -
C-0-1H 38.48 55 0.0056 24
C-0-2H 49.24 98 0.0067 49
C-0-3H 65.34 162 0.0251 458

2

C-50-CON 16.41 - 0.0051 -
C-50-1H 25.18 53 0.0059 16
C-50-2H 26.83 63 0.0066 29
C-50-3H 39.33 140 0.0288 465

3

C-100-CON 12.73 - 0.0042 -
C-100-1H 19.24 51 0.0046 10
C-100-2H 23.20 82 0.0050 19
C-100-3H 29.58 131 0.0236 463

As presented in Table 3, the effect of lightweight aggregates on concrete compressive
strength cannot be neglected. The presence of lightweight aggregates by replacing 50% and
100% of natural aggregates reduced the compressive strengths by 34% and 49%, respectively
(corresponding to the compressive strengths of 16.41 and 12.73 Mpa for C-50-CON and C-
100-CON, respectively, as opposed to the compressive strength of 24.90 Mpa for C-0-CON).

For cylinders in Group 1, the compressive strength increased by 55%, 98%, and 162%
for one, two, and three wraps of hemp FRRP, respectively. Although a substantial rise in
the peak stress was noted for single and double layers of the hemp FRRP, results suggested
that an increase in equivalent magnitude was not detected for the corresponding strain
values. This is reflected by a mere increase of 24% and 49% enhancement in the ultimate
strain corresponding to single and double hemp FRRP layers. Nonetheless, a substantial
enhancement in the ultimate strain was noted for the three-layer wrap, i.e., a 458% increase
in the ultimate strain of cylinder C-0-3H over that of cylinder C-0-CON.

For cylinders in Group 2, peak stress for one, two, and three hemp FRRP layers in-
creased by 53%, 63%, and 140%, respectively, over that of their corresponding control
cylinder, i.e., C-50-CON. At the same time, corresponding strain values increased by 16%,
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29%, and 465%, respectively. This improvement in the peak stress and the ultimate strain
as a result of hemp confinement was found to be consistent with their counterpart values
of Group 1 cylinders. Cylinders of Group 3 also exhibited a similar trend in their improve-
ments of the compressive strength and ultimate strains as a result of hemp confinement.

An interesting observation is plotted in Figure 8. Cylinders of Group 1 (i.e., consisting
only of natural aggregates) created the upper bound in terms of compressive strength
for all confinement configurations. On the contrary, cylinders of Group 3 formed the
lowest bound. It is interesting to observe that lightweight aggregates deduced a sufficient
amount of compressive strength, and this deduction increased as the amount of lightweight
aggregates is increased. Though a considerable enhancement in the peak stress was
accomplished for Group 2 and 3 cylinders, this increase could never fill the gap that was
created by the presence of lightweight aggregates, even in the case of three-layer hemp
FRRP wrap. It is mentioned that a similar amount of improvement in peak stress to those
in Groups 1 and 3 was not observed when specimens in Group 2 were confined by two
layers of hemp FRRP. This is ascribed to the personal error caused during the wrapping
and impregnation of hemp FRRP layers.
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3.3. Stress–Strain Curves

Figure 9 contains the compressive stress versus the corresponding strain response
of Group 1 cylinders. The control cylinder formed the lowest bound in terms of the
peak strength. Its characteristic stress vs. strain response included a linear increasing
branch succeeded by a sudden fall. The brittle behavior was associated with the control
cylinder. Confining cylinders with hemp fibers increased the peak stress and strain and
improved the post-peak response. A gradual transition from brittle in the control cylinder
to a bi-linear stress–strain response was noted as FRRP layers increased. Since a ductile
post-peak response endeavored, a three-layer hemp FRRP confinement helped achieve
this objective. This type of bi-linear behavior has been observed for the case of sufficient
CFRP confinement [32]. Confining the cylinders with one and two hemp FRRP layers
partially improved the post-peak response, but post-peak strength always reduced as
the compressive strain increased. It must be mentioned that a previous study on hemp
confinement resulted in a bi-linear response even with single and double hemp FRRP
layers [26]. Careful observation of this discrimination would suggest that the type of resin



Buildings 2022, 12, 1357 10 of 21

used must have imparted this difference to the post-peak behavior of one- and two-layer
hemp FRRP response. The polyester resin was used in this study as compared to the epoxy
resin that was used in earlier work [26].
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Stress–strain curves for Group 2 cylinders are presented in Figure 10. Analogous to
the control cylinder in Group 1 and Group 2 control cylinder also demonstrated a linear
increasing branch succeeded by a sudden fall in the axial strength. Group 2 cylinders were
constructed by substituting 50% of the natural aggregates with lightweight aggregates.
Consequently, their stress–strain behavior exhibited a slightly different response than those
of Group 1 cylinders. Though, a similar level of improvement in peak strength and post-
peak behavior was demonstrated as the number of hemp FRRP layers increased. A slight
drop in the strength was observed next to the peak stress region in the case of two and three
FRRP layers. However, cylinders were able to regain their initial peak compressive strength
levels. This slight drop in the strength after the peak can be ascribed to the constitutive
stress–strain response of polyester resin-coated hemp FRRP that involved a stiff initial
branch followed by a slight reduction in stiffness, thus exhibiting a bi-linear response. This
transition from the early steep branch to the later softer branch may have resulted in load
redistribution, causing a slight drop in peak compressive strength. A previous study [26]
on epoxy resin hemp FRRP indicated a linear tensile stress–strain behavior of hemp FRRP.
Consequently, such a drop in post-peak compressive strength was not observed.

Finally, the compressive stress–strain response of Group 3 cylinders is presented in
Figure 11. To recall, Group 3 cylinders were constructed by substituting 100% of natural ag-
gregates with the lightweight aggregates. The consequence is reflected in their lowest peak
strengths among all groups. Furthermore, to compare with Group 2 cylinders, a similar
response was observed. An increased number of hemp FRRP layers enhanced the peak
strength and improved the post-peak behavior. Analogous to Group 2 cylinders confined
with two and three hemp FRRP layers, a slight drop in peak strength was observed, which
was quickly regained due to adequate confinement. It can be seen that a single layer of
hemp FRRP confinement was insufficient to regain the loss in peak strength.
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Figure 10. Compressive stress versus strain response of Group 2 cylinders.
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Figure 11. Compressive stress versus strain response of Group 3 cylinders.

3.4. Effect of Type of Concrete or Strength of Concrete on Hemp FRP Confinement

Figure 12 presents a comparison between the levels of improvements in peak compres-
sive strengths among cylinders in different groups and confined with the same number
of hemp FRRP layers. It is evident that a similar level of improvement in the peak stress
was noted as FRRP layers increased irrespective of the amount of lightweight aggregates.
Further to the interest, the shape of the stress—strain response was similar. All cylinders
confined with a single FRRP layer (see Figure 12a) exhibited a linear ascending branch
up until peak strength, followed by a sudden drop in axial capacity. This suggests that a
single layer of hemp FRRP may be inadequate to impart a ductile post-peak response. For
cylinders confined with two layers of hemp FRRP and containing lightweight aggregates,
a slight drop next to peak compressive strength was observed. However, this drop was
closed by the two layers of hemp FRRP. This phenomenon was not observed in the case of
the cylinder constructed with natural aggregates. A probable reason may suggest that the
peak compressive strength of natural aggregate-containing cylinders was highest among all
other group cylinders. A two-layer hemp FRRP confinement was found to be insufficient
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to recover the peak stress after the preliminary post-peak drop. Cylinders confined with
three layers of hemp FRRP exhibited a bi-linear stress–strain response (see Figure 12d)
irrespective of the presence and amount of lightweight aggregates in the concrete mix.
Nonetheless, both the presence and amount of lightweight aggregates reduced the peak
strength that could not be recovered irrespective of FRRP layers.
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Figure 12. Effect of initial concrete strength on the level of improvement, (a) one layer, (b) two layers,
(c) three layers and (d) overall comparison.

Figure 13 presents a simplified schematic diagram of the types of stress–strain re-
sponse obtained for single (SSR-01), double (SSR-02), and three-layer (SSR-03) confined
cylinders. SSR-01 response is characterized by a linear steep increasing branch succeeded
by a sudden drop in the strength. It is noted that points one and three refer to the peak
strength and failure strength, respectively. Thus, response types SSR-01 and SSR-03 are
characterized by these two points only. For cylinders confined by two hemp FRRP layers,
an additional point appears to depict the reduction in the peak stress next to the initial
peak, and can be described for the reasons mentioned in earlier sections. It is mentioned
that previous studies on hemp FRRP confinement did not result in SSR-02 response, for
instance Hussain et al. [30]. In the study by Hussain et al. [30], epoxy resin was utilized to
bind hemp ropes to the concrete surface, whereas a polyester resin was used in this study.
The stress–strain response in the case of low hemp FRRP confinement also resulted in a
bi-linear curve in the study of Hussain et al. [30] that can be attributed to the difference in
the mechanical properties of epoxy and polyester resins.
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4. Analytical Investigation

The peak stress of the concrete confined with either natural or synthetic FRPs f
′
cc is of-

ten linked to the compressive strength of unconfined concrete f
′
co and external confinement

pressure fl as:
f
′
cc

f ′co
= 1 + k1

fl

f ′co
(1)

This form of the relation to estimate f
′
cc was formulated by Richart et al. [33]. To apply

this form of the equation to FRP confinement fl is computed from the tensile capacity of
FRPs in axial direction and the thickness of FRPs. Thus, fl takes the following form.

fl =
2 frpt

D
(2)

where frp is the tensile strength and t is the thickness of FRP wrapped on a cylinder of
size D. To account for multiple FRP layers, Equation (2) is simply multiplied by the number
of layers. Some of the peak stress models are listed in Table 4. The application of these
models to predict the peak stress of the LWAC strengthened with natural fibers is not
yet clear.

Table 4. Existing analytical models.

Model Expression Model Expression

Ghernouti and Rabehi [34] f ′cc
f ′co

= 1 + 2.038 fl

f ′co

Karbhari and Gao [35] f ′cc
f ′co

= 1 + 2.1
(

fl

f ′co

)0.87

Benzaid et al. [36] f ′cc
f ′co

= 1 + 2.20 fl

f ′co

Samaan et al. [37] f ′cc
f ′co

= 1 + 6.0 f 0.70
l
f ′co

Al-Salloum [38] f ′cc
f ′co

= 1 + 2.312 fl

f ′co

Miyauchi et al. [39] f ′cc
f ′co

= 1 + 3.50 fl

f ′co

Bisby et al. [40] f ′cc
f ′co

= 1 + 2.425 fl

f ′co

Saafi et al. [41] f ′cc
f ′co

= 1 + 2.20
(

fl

f ′co

)0.84

Wu et al. [42] f ′cc
f ′co

= 1 + 3.20 fl

f ′co

Ilki and Kumbasar [43] f ′cc
f ′co

= 1 + 2.227 fl

f ′co

Teng et al. [44] f ′cc
f ′co

= 1 + 3.50 fl

f ′co

Spoelstra and Monti [45] f ′cc
f ′co

= 0.2 + 3
(

fl

f ′co

)0.50

Richart et al. [33] f ′cc
f ′co

= 1 + 4.10 fl

f ′co

Mirmiran [46] f ′cc
f ′co

= 1 + 4.269 f 0.587
l
f ′co
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Table 4. Cont.

Model Expression Model Expression

Ahmad and Shah [47] f ′cc
f ′co

= 1 + 4.2556 fl

f ′co

Pimanmas et al. [48] f ′cc
f ′co

= 1 + 3.0 fl

f ′co

Hussain et al. [49] f ′cc
f ′co

= 1 + 6.40 fl

f ′co

Yan [50] f ′cc
f ′co

= 1 + 1.86 fl

f ′co

Figure 14a presents a comparison among the analytical and experimental peak stresses
of Group 1 cylinders confined with hemp FRRP. All models underestimated the peak
stresses except the model of Hussain et al. [49]. The scatter of the analytical predictions in-
tensified as the FRRP confinement improved. For cylinders fabricated with 50% lightweight
aggregates, their analytical predictions are shown in Figure 14b. The mean of the predic-
tions of analytical models was close to the experimental values. Finally, most of the models
overestimated the experimental strengths when the lightweight aggregate amount was
increased to 100% (see Figure 14c).
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The performance of the considered models against the test database of this study is
assessed using the average absolute error (AAR%) and average ratio (AR). The AAR gives
an estimation of the mean of the absolute estimate of the difference between the predicted
and experimentally observed value, whereas AR gives an average value describing the
degree of overestimation or underestimation corresponding to the model’s prediction. AAR
and AR are determined from Equations (3) and (4), respectively [51].

AAR =
∑N

i=1

∣∣∣ Theoretical−Experimental
Theoretical

∣∣∣
N

(3)

AR =
∑N

i=1
Theoretical

Experimental

N
(4)

where N stands for the number of total data points. Table 5 presents the summary of AAR
and AR values calculated against each considered analytical model. AR values for models
are plotted in Figure 15. Figure 15 provides the upper and lower thresholds corresponding
to a 5% variation from the experimental results. To clarify, areas above and below those
thresholds are filled with different colors. As seen in Figure 15a, no model was able to
predict reasonable estimates of experimental results corresponding to Group 1 cylinders.
Figure 15b provides AR values corresponding to the experimental results of Group 2 cylin-
ders. In this category, the models of Bisby et al. [40], Karbhari and Gao [35], Saafi et al. [41],
Ilki and Kumbasar [43], and Spoelstra and Monti [45] were able to provide estimates within
the adopted thresholds. Finally, reasonable AR estimates for Group 3 cylinders included
the models of Ghernouti and Rabehi [34], Benzaid et al. [36], Al-Salloum [38], Ilki and
Kumbasar [43], and Mirmiran et al. [46]. It can be noted that none of the peak stress models
demonstrated consistency in predicting accurate compressive strengths of the cylinders
in all three groups. Therefore, a further need to enhance the experimental record of hemp
FRRP confined lightweight aggregate concrete is first identified. With such an adequate
database, the availability of a reasonable analytical model can be ensured.

Table 5. Assessment of existing ultimate strain models.

Model
0% Light-Weight Aggregates 50% Light-Weight Aggregates 100% Light-Weight Aggregates

AAE (%) AR AAE (%) AR AAE (%) AR

Ghernouti and
Rabehi [34] 29 0.71 11 0.90 4 0.97

Benzaid et al. [36] 27 0.72 10 0.93 4 1.01

Al-Salloum [38] 26 0.74 10 0.95 5 1.03

Bisby et al. [40] 25 0.75 9 0.97 6 1.05

Wu et al. [42] 30 0.83 11 1.10 22 1.22

Teng et al. [44] 14 0.86 15 1.15 29 1.28

Richart et al. [33] 8 0.92 25 1.25 41 1.41

Ahmad and Shah [47] 7 0.93 27 1.27 45 1.44

Hussain et al. [49] 15 1.14 64 1.64 90 1.90

Karbhari and Gao [35] 23 0.77 9 0.97 4 1.04

Samaan et al. [37] 13 0.87 17 1.17 31 1.31

Miyauchi et al. [39] 14 0.86 15 1.15 29 1.29

Saafi et al. [41] 21 0.79 9 1.00 8 1.08

Ilki and Kumbasar [43] 27 0.73 10 0.93 4 1.02

Spoelstra and Monti [45] 24 0.76 10 1.01 10 1.10
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Table 5. Cont.

Model
0% Light-Weight Aggregates 50% Light-Weight Aggregates 100% Light-Weight Aggregates

AAE (%) AR AAE (%) AR AAE (%) AR

Mirmiran [46] 27 0.72 10 0.92 6 1.00

Pimanmas et al. [48] 19 0.81 9 1.06 18 1.18

Yan [50] 31 0.69 13 0.87 6 0.93
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5. Discussion

Strengthening of lightweight aggregate concrete (LWAC) is usually accomplished by
wrapping the synthetic FRP jackets around LWAC. The cost of synthetic FRPs is about
180 USD/m2 [52]. On the contrary, the price of hemp FRRP is about 7 USD/kg, whereas
approximately 67 m of hemp rope is available per kilogram. A substantial reduction in
the price of hemp FRRP as compared to the synthetic FRP is evident. Dabbagh et al. [2]
strengthened cylinders of size 150 mm × 300 mm using one, two, three, and four layers of
the CFRP jackets. A single CFRP layer increased the peak strength of LWAC by 42.1%. The
surface area of the cylinders was same as those tested in the present study and estimated at
141,300 mm2. This required CFRP of about 0.14 m2 or an equivalent cost of about 25 USD.
A single layer of hemp FRRP increased the peak strength by 55% in this study. The nominal
diameter of hemp FRRP was 2.2 mm. To cover the height of 300 mm, roughly 64 m of hemp
FRRP was required corresponding to a cost of about 7 USD, which is 257% lower than
the cost of the CFRP jacket. It is pertinent to mention that the application of hemp FRRP
to the full-scale members can be performed using rope wrapping machines to speed up
the process.

As discussed in the Section 1, no experimental work is yet conducted to assess the
effectiveness of hemp fiber ropes in the strengthening of LWAC. Further to Section 3.4,
the compressive strength of the control specimens degraded as the replacement ratio of
the natural aggregates is increased. The compressive strength of Specimen C-0-CON was
24.90 MPa. When the replacement ratio was 50%, two layers of hemp fiber ropes increased
the compressive strength to 26.83 MPa. This suggests that the substandard compressive
strength of LWAC was enhanced up to the level of the natural aggregate concrete by two
hemp rope layers when the replacement ratio was 50%. Whereas, it took three hemp
rope layers to enhance the compressive strength of LWAC beyond the level of the natural
aggregate concrete when the replacement ratio was 100%. In view of this, it is suggested
to use at least three layers of hemp ropes to match the compressive strength of natural
aggregate concrete with similar concrete mix proportions. For the ultimate strain, a single
layer of hemp rope was enough to increase the ultimate strain beyond 0.0045 that was the
threshold set by Specimen C-0-CON, i.e., control specimen of the natural aggregate concrete.
The ultimate strain of three-layer confinement in three groups was similar. However, the
experimental results suggest that a higher hemp rope confinement than a three-layer would
be required to increase the compressive strength to the level the natural aggregate concrete.
This is evident from Table 3 as Specimen C-0-3H sustained a compressive strength of
65.34 MPa, whereas the compressive strengths of Specimens C-50-3H and C-100-3H were
39.33 Mpa and 29.58 Mpa, respectively.

6. Conclusions

This study recognizes the deficient intrinsic properties of lightweight aggregate con-
crete (LWAC) and proposes a sustainable solution using natural hemp fiber-reinforced
rope polymers (FRRPs). Compressive stress–strain response of 24-cylinder specimens is
presented. To characterize the presence of lightweight aggregates quantitively, cylinders
were tested in three different groups. Cylinders in Groups 1, 2, and 3 cylinders were
fabricated by replacing 0%, 50%, and 100% of the natural aggregates with the lightweight
aggregates, respectively. The following important results can be deduced:

1. The ultimate failure mode of control cylinders (i.e., without hemp FRRP confinement)
was typical, comprising crushing and splitting. However, the failure cone of the
control cylinder in Group 2 was found to have its apex shifted towards the top. It
was recognized that partial replacement of natural aggregates might have created
aggregate density segregation during compaction. The issue of segregation must be
accounted for and good care must be taken during the mixing and pouring of the
concrete with partial replacement of natural aggregates as it may further deteriorate
the mechanical properties of LWAC and undermine the efficacy of hemp FRRP wraps.
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2. The peak stress was reduced by 34% and 49% in the presence of 50% and 100% of
lightweight aggregates, respectively. The peak stress of cylinders in all three groups
was found to have a positive trend with FRRP layers. The peak stress of lightweight
aggregate concrete could not achieve the same strength as those of Group 1 cylinders
in the presence of hemp FRRP confinement.

3. It was found that cylinders in Groups 2 and 3 demonstrated peak stresses of 25.18 and
23.20 MPa for one and two layers of hemp FRRP confinement. The peak stress of the
Group 1 control cylinder was 24.90 MPa. It is interesting to observe that one layer of
hemp FRRP on Group 2 cylinders (i.e., 50% aggregate replacement) was sufficient to
enhance the peak stress to the same level as that of the control cylinder in Group 1 (i.e.,
fabricated using natural aggregates only). In contrast, it took two layers of the external
FRRP on Group 3 cylinders to achieve the same strength. Therefore, it is recommended
to use at least three hemp FRRP layers to obtain the optimal results irrespective of
the quantity of lightweight aggregates until further data become available. Further,
a three-layer confinement resulted in a bi-linear stress–strain response irrespective of
the number of hemp FRRP wraps. Based on the previous studies [32,53], a bi-linear
response can be associated with sufficient confinement.

4. Several existing models were evaluated to calculate the peak stress of hemp FRRP
confined LWAC concrete. Few of those models were able to predict satisfactory
estimates of the experimental results. However, their consistency in predicting the
peak stress of all three groups was highly questionable. Therefore, further studies are
required to increase the database of natural FRRP confined LWAC. With a reasonable
sample size, an adequate analytical model can then be proposed in the future research.

5. For a similar increase in the peak compressive stress, the cost of hemp FRRP was
about 257% lower than the cost of the CFRP sheet. The conclusion was drawn by
comparing an existing study on the strengthening of LWAC with similar cylinder
dimensions using CFRP sheets.

Author Contributions: Conceptualization, S.S. and P.J.; Data curation, N.A. and C.K.G.; Formal
analysis, K.C. and M.A.J.; Investigation, N.A.; Methodology, E.Y. and Q.H.; Resources, A.W.A.Z.;
Visualization, K.C., A.W.A.Z., E.Y. and M.A.J.; Writing—original draft, S.S. and P.J.; Writing—review
& editing, S.S., C.K.G., Q.H., P.J. and M.A.J. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by the Faculty of Engineering, Srinakharinwirot University,
Thailand (Research Grant ID 192/2564).

Institutional Review Board Statement: Not applicable.

Acknowledgments: The authors of this research work are very grateful to the Faculty of Engineering,
Srinakharinwirot University, Thailand, for providing research grant (Research Grant ID 192/2564)
to carry out the research work. Thanks are also extended to the Siam City Cement Public Company
Limited, Thailand for providing materials for this research. Thanks are also extended to the Research
and Innovation Development Unit for Infrastructure and Rail Transportation Structural System
(RIDIR), Srinakharinwirot University, Nakhonnayok, Thailand for supporting this research. The
authors also like to extend their gratitude to the Asian Institute of Technology (AIT) for supporting
test facilities.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

AAR Average absolute error
AR Average ratio
FRP Fiber-reinforced polymer
FRRP Fiber reinforced rope polymer
LVDT Linear variable differential transducer
LWAC Lightweight aggregate concrete
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NAC Natural aggregate concrete
RAC Recycled aggregate concrete
UTM Universal testing machine
D Diameter of cylinder
f
′
cc Peak compressive stress of confined concrete

f
′
co Unconfined concrete compressive strength

fl Lateral confinement pressure
f f rp Tensile strength of hemp FRRP sheet
k1 Constant of regression for peak compressive stress
n f Number of FRRP sheets
t Thickness of FRRP sheet
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