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Abstract This research investigates the behavior of
circular concretes externally confined by recycled
polypropylene fiber ropes-reinforced polymer composite.
This study mainly aims to explore the axial stress-strain
relationships  of  recycled  polypropylene  fiber
ropes-reinforced polymer composite-confined circular
concrete. A total of 15 circular concrete specimens with a
dimension of 150 x 300 mm were cast, strengthened with
one to four layers of recycled polypropylene fiber ropes
FRP composites, and tested under compression. The
strength and the deformability of recycled polypropylene
fiber ropes FRP-confined specimens were observed to be

increased along with the addition of FRP layers up to 70%.

The axial stress-strain relationship behavior shows a
trilinear curve response with the ductile behavior of the
axial stress-strain response. The recycled polypropylene
fiber ropes FRP has been found to be able to alternate the
conventional FRP materials to confine circular concrete.
The accuracy of stress at ultimate limit and strain at
ultimate limit models developed for recycled
polypropylene fiber ropes-reinforced polymer
composite-confined circular concrete was assessed using
the test results of this study, showing the need for the
development of improved predictive models for recycled
polypropylene fiber ropes FRP composite-confined
circular concrete column, newly developed unified models
were found to be accurate in predicting the stress at

ultimate limit and strain at the ultimate limit of recycled
polypropylene fiber ropes FRP composite-confined
circular concrete.

Keywords Confined Circular Concrete, Disaster Risk
Reduction, Recycled Polypropylene Fiber Ropes FRP,
Stress-Strain Behavior

1. Introduction

The development of civilization and the increase in the
number of inhabitants had an impact on the increasing
demand to strengthen the concrete structure [1]. Recently,
a wide range of materials has been developed to improve
concrete retrofitting, especially for column and beam
components [2-4]. The use of steel jackets as external
confinement has been carried out and developed recently
[5]. The use of steel jackets as confinement causes various
problems when installing concrete structural components
related to the weight of the steel jacket and the welding
process that requires components to be installed precisely.

Fortunately, the development of conventional FRP
strengthening technology such as carbon, glass, aramid,
and basalt have been commercially practical to increase
concrete's stress strain, ductility, and durability. In addition,
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polymer based-FRP such as PEN and PET-based FRP has
also been used to overcome structural damage and
strengthen reinforced concrete components [6,7]. By and
large, FRP is impregnated with suitable resins and attached
externally to structural parts. In addition to the impregnated
FRP method, investigations regarding sprayed FRP as
concrete confinement have also been developed. In this
technique, the resin is sprayed onto the surface of the fibers
that have been randomly dispersed on the concrete [8].
This investigation reported that using this method has
increased the confined concrete load capacity.

Chalioris et al. [9,10] directed an investigation on the use
of CFRP rope for the reinforced concrete beam'’s shear and
flexural strengthening. Based on the test results, CFRP
rope-confined concrete beam plays an effective role in
withstanding the load and ultimate failure of the beam.
Comprehensive research has also been investigated to
propose the appropriate analytical models to accurately
estimate the stress at ultimate limit and strain at ultimate
limit of circular concrete confined by FRP.

Dai et al. [11] investigated the response of circular
concrete confined by PET and PEN FRP under the
compression test. Through their investigation, the existing
models developed by Jiang and Teng [12] were able to
estimate the stress at ultimate limit of circular concrete
confined by PET and PEN FRP. However, there is a
mismatch where the strain at ultimate limit produces higher
results than the result of experiment. So, Dai et al.
developed a new model to estimate accurate strain values
of PET and PEN FRP-confined circular concrete.

Several studies have been conducted over the last twenty
years to develop precise stress-strain at ultimate limit
models. Presently, the current models can generally
estimate the stress-strain at ultimate limit of synthetic,
polymer, and natural FRP-confined circular concrete.

In 1928, Richart et al. [13] defined the models to
determine the externally confined circular concrete’s stress
at ultimate limit and strain at ultimate limit are shown in
Equations (1) and (2) where k;, and k, are coefficients of

confinement for stress and strain respectively.

f' f

cc:k k 1 1
flco " 1[f|c0] ()
g_uzk+k2(le'] @

Equations (1) and (2) indicates that stress at ultimate
limit (f',) and strain at ultimate limit (¢,) of confined

concrete are related to the pressure of lateral confining
(f,), the initial stress (f';) ,and the initial strain () of

unconfined concrete. While the pressure of lateral
confining (f,) correlates with the tensile stress of FRP

(fee) . FRP thickness (t), and the confined concrete

diameter (d) as shown in Equation (3).
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In 1981, Fardis and Khalili [14] developed the formulas
to estimate the stress at ultimate limit and strain at ultimate
limit of circular concrete confined by glass composites as
shown in Equations (4) and (5).
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In 1997, Karbhari and Gao [15] proposed the equations
for both stress at ultimate limit and strain at ultimate limit
of circular concrete confined by composite jacketing
material are shown in Equations (6) and (7).
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In 1997, Miyauchi et al. [16] also created the equations
to estimate stress at ultimate limit and strain at ultimate
limit of circular concrete confined by carbon FRP as shown
in Equations (8) and (9).
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In 2002, 1lki and Kumbasar [17] created the formulas to
estimate stress at ultimate limit and strain at ultimate limit
of carbon sheet composites-confined circular concrete as
shown in Equations (10) and (11) below.
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In 2018, Djafar-Henni and Kassoul [18] suggested the
equations to estimate the stress at ultimate limit and strain
at ultimate limit of circular concrete confined by aramid
FRP as shown in Equations (12) and (13). Where, k,_ is

the coefficient of confinement and ¢,,, is the rupture

strain of FRP.
1.25 0.37
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Currently, investigations are still needed regarding
methods and techniques that are available and can be
applied to alter the performance of the concrete structure.
Especially in Indonesia, currently recycling polypropylene
waste into polypropylene fiber rope has been widely
developed. Honestyo et al. [19] succeeded in developing
polypropylene waste based FRP material with an
impressive tensile strength value. Therefore, the use of
polypropylene fiber rope can be used as one of the
strengthening options for concrete structural components.

So far, there is no investigations have been developed
regarding the axial compressive behavior of recycled
polypropylene fiber ropes FRP-confined circular concrete.
Therefore, the primary objective of this investigation is to
identify the impact of recycled polypropylene fiber ropes

FRP-confined circular concrete on the behavior of strength,

strain, and deformability of confined circular concrete.

2. Materials and Methods

A total amount of 15 circular concretes was produced
and 12 of them were confined using one, two, three and
four layers of recycled polypropylene fiber ropes FRP
composite materials. The recycled polypropylene fiber
ropes are shown in Figure 1.
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1 f’#k

Figure 1.

"‘. ~

Recycled polypropylene fiber ropes

The circular concrete dimensions are 150 mm in
diameter and 300 mm in height with the program of the
test (specimen code, number of layers, and number of
specimens) recapped in Table 1. Specimen codes are
based on the confinement material type and the number of
the layers used. For example, for PP-2-1, PP represents
polypropylene, the number 2 indicates two layers of FRP
used and the number 1 indicates the specimen code of the
respective amount of FRP layers used.

Table 1. Experimental test recap
Specimen code Number of layers Num_ber of
specimens
Control - 3
PP-1 1 3
PP-2 2 3
PP-3 3 3
PP-4 4 3

2.1. Properties of Materials

In this section, this study’s materials properties will be
explained, mainly including the initial strength of the
circular concrete used, the mechanical properties of the
epoxy resin used, and the tensile strength of recycled
polypropylene fiber rope composites and non-composites.

2.1.1. Concrete Properties

A single material mixing process was carried out before
the concrete casting process. The specifics of the concrete
mix design are shown in Table 2. Portland cement and 19
mm crushed aggregates were used to produce the
low-strength concrete with a strength of 19.65 MPa.

Table 2. Recap of mixed design

Materials Amount (kg/m°)
Fine aggregate 710
Coarse 1195
Cement 258
Water 210

2.1.2. Epoxy Resin Properties

The suitable two-part composition of resin and
hardener for a large rupture strain of polypropylene fiber
was applied to bond the recycled polypropylene fiber
ropes as concrete confinement material. The resin and
hardener mix ratio used was 2:1. The matrix can be
impregnated into the polypropylene fiber ropes by using a
manual hand brush. Table 3 shows the properties of
matrix used in the study.

Table 3. The properties of epoxy resin
Characteristic Rate
Tensile strength (MPa) 62
Elongation (%) 10.67
Viscosity (cP) 1250
Curing time (Hours) 6-12

2.1.3. Recycled Polypropylene Fiber Ropes

Typically recycled polypropylene ropes which were
recycled from the Indonesian industry are shown
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previously in Fig.l. The tensile characteristics and
properties of dry polypropylene ropes and polypropylene
ropes FRP were investigated using a universal testing
machine (UTM) with the constant displacement level of
2.0 mm/minute. Testing setup of ASTM A931-08 tensile
test was conducted as shown in Figure 2.

Five specimens for each polypropylene fiber rope and
polypropylene ropes FRP with a supposed diameter of 2.8
mm were examined to obtain the average tensile behavior
as shown in Figure 3.

Tensile
| rupture of
| specimens

Upper grip

PP fiber ropes

Lower grip (fixed)

@ R

Figure 2. Polypropylene fiber ropes tensile test: (a) setup, (b) rupture

Based on the testing result, the value of each ultimate
tensile stress and strain of polypropylene rope FRP were
98.8 MPa and 16% respectively. The epoxy resin is
crucial to improve the response of the tensile stress-strain
relationship of polypropylene FRP.
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Figure 3. Tensile stress-strain behavior of polypropylene fiber ropes
FRP

2.2. FRP composites Application and Loading Setup

2.2.1. FRP Composites Application

Concretes with the age of 28 days were ready to be
applied to the polypropylene ropes FRP as shown in Figure
4. Polypropylene ropes were wrapped around the circular
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specimen section by manually winding the rope as shown
in Figure 4(a). At the beginning and the end of the rope
application, super glue to fix the rope with a concrete
surface was used. During the application, it was necessary
to ensure that there were no gaps or spaces between the
ropes. Next, the epoxy resin was applied to the surface of
the fiber ropes until they reach their saturation as shown in
Figure 4(b). Polypropylene fiber ropes FRP-wrapped
concrete specimens were cured in the room ambiance for
12 hours. The same procedure was repeated for two, three,
and four layers of recycled polypropylene ropes FRP as
shown in Figure 4(c).

(c)

Figure 4. Polypropylene fiber ropes FRP application: (a) application of
ropes, (b) epoxy resin application, and (c) type of specimens

2.2.2. Loading Setup

The loading setup consists of Linear Variable
Displacement Transducers (LVDTSs) applied 180 degrees
separately on the sides of the confined circular concrete
specimens to record the axial deformations and load cells
to record axial loading during the loading process as shown
in Figure 5. A monotonic axial compression loading was
increased monotonically at 4 kN/s to each specimen by
Universal Testing Machine (UTM).

)

Load cell
Specimen

.
LVDT | |
—
y Steel plate
J ) .

Wood cushion

Strong floor
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: /// // ,/ A /} //
// Yy / Y / Y
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Figure 5. Axial compression testing setup
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3. Results and Discussion

3.1. Axial Stress-Strain Relationship Behavior

3.1.1. Experimental Test Result

The axial compression test results of the circular
confined by polypropylene fiber ropes FRP, the ratio of
strengthening (f',/f',), ratio of strain (¢,/¢,), and lateral

confining pressure () are shown in Table 4. The circular
concrete confined by polypropylene fiber ropes FRP shows
a trilinear stress-strain response as shown in Figure 6.
3.1.2. Stress-Strain Relationship Behavior

Stress-strain relationship behavior of polypropylene
fiber ropes FRP-confined circular concrete is shown in
Figure 7. The first part of the trilinear response curve is the
ascending phase with a stiffness value very close to the

control specimen. A higher peak stress value (fpeak) is

obtained compared to the control specimen (f';). The

strain that occurs at peak stress is defined as & .

Turning to the next part, the response curve has the
descending phase because the confinement ability
decreases after experiencing a significant strain. In this
phase, the concrete loses stress quite significantly until it

reaches stress at maximum stress drop ( farop ) The strain at

the time of maximum stress drop is defined as &, .

The last part is where the curve undergoes a linear
ascending phase until it reaches stress at ultimate limit

(f';) and strain at ultimate limit (s,) . When reaching this

ultimate stress and strain, confined concrete will
experience a tensile rupture. Therefore, this stress-strain
response indicates that polypropylene ropes FRP
confinement is active to resist the applied compressive
load.

Table 4. Experimental test results

Code f', (MPa) | f'_ (MPa) fr £y g, 8e, f, (MPa)
Control 19.65 19.65 1.00 0.003 0.003 1.00 -
PP-1-1 19.65 17.92 091 0.003 0.059 19.67 3.69
PP-1-2 19.65 18,57 0.94 0.003 0.061 20.33 3.69
PP-1-3 19.65 17.67 0.90 0.003 0.066 22.00 3.69
PP-2-1 19.65 23.79 1.21 0.003 0.092 30.67 7.38
PP-2-2 19.65 23.63 1.20 0.003 0.088 29.33 7.38
PP-2-3 19.65 24.08 1.22 0.003 0.098 32.67 7.38
PP-3-1 19.65 30.38 1.54 0.003 0.115 38.33 11.07
PP-3-2 19.65 30.43 1.55 0.003 0.113 37.67 11.07
PP-3-3 19.65 30.21 1.54 0.003 0.116 38.67 11.07
PP-4-1 19.65 34.49 1.76 0.003 0.141 47.00 14.75
PP-4-2 19.65 35.11 1.79 0.003 0.138 46.00 1475
PP-4-3 19.65 33.59 171 0.003 0.140 46.66 14.75
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Figure 6. Stress-strain relationship test result
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Figure 7. Stress-strain relationship behavior

3.1.3. Typical Stress-Strain Relationship Responses

Typical stress-strain response of circular concrete confined by polypropylene fiber roepes FRP can be categorized into
three types: Type 1, Type 2, and Type 3, according to the FRP layers number as shown in Figure 8.
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Figure 8. Typical stress-strain relationship responses

Response of Type 1 indicates inadequate one layer of
FRP confinement. Both stresses at the maximum drop

(fyp) and stress at ultimate limit (f\.) are lesser
compared to the stress of control specimens (f',). While
the response of Type 2 (two layers of FRP) indicates that
stress at the maximum drop (fdmp)and stress at ultimate
limit (f',)is higher compared to the stress of control
specimens(f',) but stress at ultimate limiy (f';) is less

than the peak stress (fpeak). The response of Type 3 (three
and four layers of FRP) is similar to Type 2, but the stress
at ultimate limit (f',) is higher compared to the peak

stress (fq ).

3.2. Rupture Mode

The rupture mode phase of recycled polypropylene fiber
ropes FRP-confined circular concrete is demonstrated in
Figure 9. Figure 9(a) indicates the first part of the trilinear
response of stress-strain behavior which is to undergo an

ascending phase until it reaches peak strength (fpeak) as

shown in Figure 9(b). The confined concrete specimens
undergo a descending phase until it reaches maximum

strength drop (fdmp) as shown in Figure 9(c). The last is
the third phase where confined concretes undergo an

ascending phase again until it reaches ultimate strength
(f 'Cc) and rupture mode as shown in Figure 9(d).

(a) (b) © (d)

Figure 9. A phase of rupture mode: (a) unloading, (b) ascending phase,
(c) descending phase, (d) ultimate stress

Accordance to the huge ultimate strain of recycled
polypropylene fiber ropes FRP materials, the lateral
swelling and huge axial deformation was noticed and
observed at the ultimate stress of confined concrete. As the
result, crushing and bursting of polypropylene fiber ropes
of FRP-confined concrete occurred.

3.3. Effect of Polypropylene Fiber Ropes FRP Layer

Based on test results, stress-strain relationship behavior,
and rupture mode of circular concrete confined by
polypropylene fiber ropes FRP, the addition of the FRP
layers number provides an increase in the stress at ultimate

limit (f';)and strain at ultimate limit (¢,) of confined
concretes. As shown in Fig. 6, the addition of the FRP
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layers number also uplifts the value of maximum stress
drop (fdmp) and provides the ductile stress-strain behavior

of confined circular concretes.

4. Ultimate Stress-Strain Models

4.1. Assessment of Existing Models

The experimental ratio of strengthening ( /i) and
strain (¢/s,) of polypropylene fiber ropes FRP-confined

concrete are plotted against existing ultimate stress-strain
models as shown in Figures 10 and 11 to evaluate the
accuracy of the current models to estimate the ultimate
stress and strain of polypropylene fiber ropes
FRP-confined circular concrete.

Figure 10 clearly shows that all current models cannot
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polypropylene fiber ropes FRP-confined circular concrete.
The models developed by Djafar-Henni & Kassoul [18],
Karbhari & Gao [15], and Ilki & Kumbasar [17] provide
the closest prediction value of the ultimate stress, but the
value is not accurate at all. As for the models proposed by
Fardis and Khalili [14] and Miyauchi [16] have the least
accuracy for forecasting the ultimate stress value.
Therefore, it is necessary to recommend a new model to
predict the ultimate stress value of polypropylene rope
FRP-confined circular concretes.

Figure 11 clearly shows that all existing models are not
capable to estimate the strain at ultimate limit of circular
concrete confined by polypropylene fiber rope FRP
because the polypropylene rope FRPs have actual high
ultimate strain compared to the synthetic and natural FRPs.
Therefore, it is necessary to propose a new model to
estimate the strain at ultimate limit of polypropylene rope

accurately estimate the stress at ultimate limit of FRP-confined circular concretes.
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Figure 10. Existing models versus experimental strength ratio
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Figure 11. Existing models versus experimental strain ratio

4.2. Proposed Ultimate Stress-Strain Models

Ratio of confinement (f,/f',) versus the ratio of stress (f' /f';) and ratio of confinement (f/f',) versus ratio of strain
(¢,/¢,,) were plotted for polypropylene fiber ropes FRP-confined circular concretes as shown in Figures 12 and 13.
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Figure 12. Ratio of stress-confinement
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Based on Figures 12 and 13, the models of stress at ultimate limit and strain at ultimate limit of circular concrete
confined by polypropylene rope FRP are proposed. Accordance to a linear formula as originally established by Richart et
al. [13] as shown in Equations (14) and (15).

: = = 0,65 +1.52[le'] (14)
% _1282+ 45.3{%‘} (15)

The experimental results ratio is plotted against the newly proposed models of stress ratio and strain ratio as shown in
Figures 14 and 15, respectively. A good correlation of proposed models of ultimate stress-strain against experimental
results is obtained.

w

Strength ratio new model

0 1 2 3 4 5
Strength ratio experimental

Figure 14. Newly proposed model of ultimate strength
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Figure 15. Newly proposed model of ultimate strain

The performance of proposed models is also
investigated in conditions of R?, error of mean absolute
(MAE), and ratio of average (AR). The investigation is
reviewed in Table 5.

Table 5. Performance of proposed models

Proposed R? MAE AR
models
Ultimate stress 0.989 0.027 0.993
Ultimate strain 0.986 0.080 0.998

Based on Table 5, the proposed models of stress at the
ultimate limit and strain at the ultimate limit are well
performed. The limitation of this study is that the proposed
models developed are limited only to polypropylene ropes

FRP with lateral confining pressure (f,) values of more

than 3.67 MPa. In addition, the proposed model applies
only to the circular concrete specimens, it cannot be used
for rectangular concrete specimens.

5. Conclusions

The usage of FRP polypropylene rope as a substitute for
concrete confinement material is able to provide a good
lateral cracking effect. This is evidenced by an increase in
the compressive strength value by 70% using four layers of
FRP. Accordance to the investigation, the stress-strain
relationship behavior shows a trend of ductile trilinear with
the increased layers number. Based on the experimental
compression testing result, the newly proposed model to
precisely estimate the value of stress and strain at the

ultimate limit of polypropylene rope FRP-confined circular
concrete was developed respectively of

fro/f' =0.65+152(f /")

and

&,/€, =12.82+45.3(f,/f',).
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