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Abstract

In literature, studies on recycled aggregate concrete (RAC) with recycled aggregates (RAS)
originated from clay brick waste are rare, which is mainly attributed to the much lower
compressive strength of the RAC with recycled clay brick aggregates (RAC-RCBA) when
comparing with its normal aggregate concrete (NAC) counterpart. Nowadays it is well known
that fiber reinforced polymer (FRP) composites as lateral confining materials can improve the
strength and ductility of NAC significantly. In this study, FRP confining materials were used
to improve the compressive strength and ductility of the RAC-RCBA. Compared with
conventional synthetic glass or carbon FRP composites, polyester FRP (PFRP) and Polyvinyl
chloride (PVC) are much cheaper and show much larger tensile deformation capacity.
Therefore, this study investigated the axial compressive behavior of PFRP and PVC hybrid
tube encased RAC-RCBA (i.e., shortened as PFRP-PVC-RAC-RCBA) structure. This PFRP-
PVC-RAC-RCBA system consisted of an RAC-RCBA core, encased by a PVC tube directly
and the PVC tube was further confined with a PFRP tube (i.e. PFRP tube-PVVC-RAC-RCBA
specimen) or PFRP strips (i.e. PFRP strip-PVC-RAC-RCBA) at the outermost layer. Uniaxial
compression tests were performed on 33 PFRP-PVC-RAC-RCBA and 39 unconfined RAC-
RCBA specimens to evaluate and compare the axial compressive behavior of PVC tube
encased RAC-RCBA, PFRP tube encased RAC-RCBA, PFRP tube-PVC-RAC-RCBA and
PFRP strip-PVC-RAC-RCBA columns. The tested variables included the number of PFRP
layers (3-, 6- and 9-layer), the type of PFRP confinement (in the configuration of tube or
strips) and the spacing of the PFRP strips (25 and 50 mm). The tested results demonstrated
that the PFRP-PVC hybrid confining system enhanced the compressive strength and axial and
lateral deformations of the RAC-RCBA pronouncedly, e.g. the increase in strength ranged
from 4.5% to 39.6%. The enhancement in strength and deformations was increased with a
thicker PFRP tube or strip. Both the PFRP tube-PVC-RAC-RCBA and PFRP strip-PVC-
RAC-RCBA showed the similar axial compressive stress-stain behaviors. In addition, the
comparison of PFRP tube-PVC-RAC-RCBA with the glass/carbon FRP tube-RAC-RCBA
indicated that the GFRP and CFRP tube confinement resulted in much larger enhancement in
ultimate compressive strength of RAC-RCBA due to the much larger tensile modulus and
strength of these G/CFRP composites. However, PFRP-PVC tube confinement led to much
larger axial deformation of the RAC-RCBA compared with the G/CFRP tube confinement
due to the much larger tensile strain of the PFRP and PVC material. Furthermore, design-
oriented compressive stress-strain models were developed for PFRP-PVC-RAC-RCBA
specimens.

Keywords: Recycled aggregate concrete (RAC); Recycled clay brick aggregates (RCBA);
Polyester fiber reinforced polymer (PFRP); PVC; Dual confinement; Compressive behavior
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Nomenclature

RAC Recycled aggregate concrete d Diameter of cylindrical core concrete

RCBA Recycled clay brick aggregate feo Peak stress of unconfined RAC-
RCBA

RAs Recycled aggregates Eqo Axial strain of unconfined RAC-
RCBA at peak stress

NAC Natural aggregate concrete fot Peak stress of confined specimens

NAs Natural aggregates &, Lateral strain of confined specimens at
peak stress

FRP Fiber reinforced polymer g Axial strain of confined specimens at
peak stress

PFRP Polyester FRP fi Lateral confining pressure of FRP

GFRP Glass FRP feu Ultimate stress of the confined
specimens

CFRP Carbon FRP £y, Ultimate axial strain of the confined
specimens at ultimate stress

AFRP Aramid FRP M Ductility indices

BFRP Basalt FRP Ve Dilation rate

PVC Poly Vinyl chloride fi Lateral confining pressure of the
composite confinement on concrete
core

RC Reinforced concrete fis Effective lateral confining pressure
provided by PFRP

AVG Average value fip Lateral confining pressure provided
by PVC

cov Coefficients of variation Epve Elastic modulus of the PVC tube

SD Standard deviation Epve Tensile strain in the hoop direction of
the PVC tube

D: Diameter of core RAC tove Thickness of the PVC tube

D Diameter of PVC tube n Number of PFRP strips

H Height of concrete cylinders Ke Effective confining coefficient of the
PFRP strip

Erp Elastic modulus of PFRP tube Ae Effective confining area of the core
concrete

Efrp Tensile strain in the hoop direction of A Gross area of specimens including the

PFRP tube core concrete and external hybrid tube

trp Thickness of PFRP tube m Number of zone without confinement
among PFRP strip

trp Equivalent PFRP thickness for PFRP s Spacing distance of the PFRP strip

strip-PVC-RAC-RCBA cylinders

Dirp Width of PFRP strip A Related eigenvalue of ultimate stress
and the elastic modulus of confined
materials and core concrete

fi Lateral confining pressure Ec Elastic modulus of the RAC-RCBA

frp Tensile strength of FRP E Effective lateral confining stiffness of
the hybrid PFRP-PVC tube

trp Thickness of FRP

1 Introduction

The process of urbanization generated a large amount of construction and demolition waste
(CDW) which caused environmental pollution issues and difficulties to dispose those waste.
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An abundant utilization of recycled aggregate concrete (RAC) could not only solve the
disposal issue of CDW but also reduce the consumption of natural resources [1-2]. RAC is an
environmentally friendly concrete in which part or all the natural aggregates (NAs) are
replaced by recycled aggregates (RAs) [2]. RAs are mostly sorted from crushed CDW. In
literature, most research of RAC focused on the use of RAs originating from old concrete
blocks. Indeed, except for the old concrete waste, clay brick waste also accounted for a large
portion of the CDW, i.e. up to 30-40% [3-4]. So, if recycled clay brick aggregates (RCBA)
originated from clay brick wastes can be used to produce RAC as structural concrete, this will
be a significant step for the development of sustainable concrete industry. However, RCBA
typically exhibited weaknesses when being used to produce RAC, i.e., high porosity and
variation in quality [5-9]. For example, because of the high porosity of RCBA, the crushing
index and water absorption of RAs can be significantly larger than those of NAs, i.e. the
crushing index and water absorption of RCBA might be 60% and 700% larger than those of
NAs, respectively. This can cause poor mechanical properties of the resulting RAC such as
the reduction in load carrying capacity and stiffness and increase in creep and shrinkage of the
RAC [5-7]. In addition, the complexity of RCBAs source results in the dispersion and
uncertainty of the mechanical properties of RAC in the aspects of flow ability, strength and
durability [8]. Thus, the mechanical properties of RAC-RCBA should be improved to expand
the range of their application considering the social and environmental benefits to use RCBA

[9].

It has been widely accepted that confined concrete is an effective way to improve mechanical
properties of concrete [10-14]. Fiber reinforced polymer (FRP) composites such as glass FRP
(GFRP), carbon FRP (CFRP), and other FRP composites, i.e., basalt FRP (BFRP) [71] and
steel fibers [72], as one of the most effective confining materials for concrete, have been
widely used to improve the strength and ductility of natural aggregate concrete (NAC).
Concrete filled FRP tube (CFFT) is a hybrid structure that the pre-fabricated FRP tubes serve
as permanent formworks of fresh NAC and offer lateral confining pressure to enhance the
strength and ductility of the NAC core [13-19]. In literature, some recent studies have
investigated the behavior of RAC filled FRP tube [20-24]. For example, Gao et al. [21]
compared the compressive behavior of CFRP tube and GFRP tube encased RAC cylinders.
Ozbakkaloglu et al. [22] concluded that the RAC filled FRP tube with circular cross-sections
showed higher compressive strength when compared with the specimens with square cross-
sections. Chen et al. [23] stated that the replacement ratio of RAs had a limited effect on the
CFRP confinement effectiveness for RAC. Choudhury et al. [24] concluded that the initial
stiffness of plain RAC-RCBA columns increased significantly with GFRP jacket confinement.
Ardavan et al. [25] even found that CFRP strengthening increased the load capacity of the
RAC beams and can be designed more load-affordable than the NAC beams.

However, synthetic GFRP and CFRP are expensive in their initial material price, non-
degradable and non-recyclable. Against this background, recent researchers have used new
confining materials to gain environmental and economic benefits. Polyester fiber, as one
textile fiber, has advantages of large production, low price, degradability and appropriate
mechanical properties [26-31]. Therefore, polyester FRP (PFRP) has been used to confine
concrete columns. For example, Dai et al. [32] investigated the axial compressive behavior of
PFRP tube encased NAC and was compared with aramid FRP (AFRP) tube confined NAC.
This study showed that the PFRP confinement might not enhance the strength of the concrete
as much as that of the AFRP but PFRP improved the ultimate strain of the NAC more
pronouncedly and exhibited superior in cost performance. Ispir [33] stated that the PFRP
confinement improved the strength and ultimate axial strain of confined NAC and had high
deformation capacity which could be a good alternative in repairing or strengthening for
seismic-resistant RC structures. Saleem et al. [34-35] concluded that PFRP encased NAC
columns exhibited highly ductile behavior owing to the large rupture strain of the PFRP.
Pimanmas et al. [36] demonstrated that the stress-strain behavior of PFRP tube encased NAC
presented apparent softening stage and the compressive strength increased with more PFRP
3
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thickness. Huang et al. [37] investigated the effect of PFRP confinement ratios and concrete
strength on compressive behavior of PFRP encased NAC. Huang et al. [38] also investigated
the effects of slenderness and size of on the PFRP tube confined concrete cylinders.

Poly Vinyl chloride (PVC) materials were also extensively utilized in the construction
industry as concrete moulds or pipes due to the high production, low price and stable service
performance [39-41]. The apparent merits of PVC materials include: (1) excellent corrosion
resistant, durability and mechanical stability, (2) smooth surface and good consistency with
other materials, e.g., concrete, water and acids, (3) large ultimate strain (i.e., ductile), (4) high
electrical insulation, (5) low diffusion for humidity, (6) low creep deformation, and (7) easy
for machining, cutting, gluing for fabrication versatility. Research [42] showed that PVVC tube
did not lose strength significantly under the thermocycling tests. Nowack et al. [43] conducted
tests on PVC tubes that were buried under soil for 60 years. They found that the PVC tubes
did not deteriorate and was expected to serve for a further 50 years. Ranney et al. [44] found
that PVC tubes could adequately resist the influence of chloridion, salts, freeze thawing and
other chemical effects and maintain their long-term durability. Kurt [45] proposed PVC tube
encased NAC for structural application and concluded that the PVC confined NAC performed
like spiral steel confined concrete to afford effective ductility enhancement. Toutanji et al.
[46-48] conducted experiments on mechanical properties and durability of GFRP-PVC tube
encased NAC and found that the hybrid confinement enhanced the load carrying capacity and
ductility of concrete and provided excellent durability even under high corrosive conditions.
Wang et al. [49] stated that the thermal conductivity of PVC was only 0.45-0.6% of steel
which would afford more stable condition without apparent change of temperature for
concrete curing. Gupta et al. [50] investigated the PVC tube encased NAC under sea water for
six months. The tested results indicated that no degradation in the strength and ductility of the
confined NAC was observed and the PVC tube served as a safe jacket to protect the core
concrete. Gathimba et al. [51] demonstrated that the confinement effectiveness of PVC
confined NAC is dependent on the strength of concrete where the confinement ratio reduced
with a higher strength of the concrete. Jiang et al. [52] explored the influence of slenderness
ratio on CFRP-PVC tube encased NAC under uniaxial compression.

Based on the discussions above, it can be concluded that the cost-effective PFRP-PVC hybrid
tube confinement has the potential to improve the mechanical properties of RAC-RCBA.
Thus, in this study, PFRP-PVC tube encased RAC-RCBA (termed as PFRP-PVC-RAC-
RCBA), for the first time, was proposed to improve the mechanical properties of RAC-RCBA.
This PFRP-PVC-RAC-RCBA system was consisted of a PFRP (at the outer layer of the tube)
and PVC (at the inner layer of the tube) hybrid tube and an RAC-RCBA infill as illustrated in
Fig.1 (a). In this system, the inner PVC tube not only serves as the permanent formwork for
the fresh RAC-RCBA but also serves as the permanent formwork for fabricating the outer
PFRP tube using the typical hand lay-up process [59]. It should be pointed out here that for
the typical hand lay-up process to make FRP tube, a mould (such as made of PVC or
aluminum tube) is needed and then the resin-impregnated fiber fabrics are wrapped onto the
mould. When the FRP tube is fully consolidated, it will be demoulded from the PVC or the
aluminum tube. In the case of PFRP-PVC hybrid tube situation, the demoulding process of
PFRP tube from the initial mould (e.g. a PVVC tube) is not needed and in turn the construction
time can be further reduced. Specifically, the objectives of this study included:
1) To obtain the optimal design mix ratio for RAC-RCBA cylinder by testing different
replacement ratios of the RCBAs and different water-cement ratios;
2) To investigate the material properties of the PFRP and PVC composites with different
thicknesses by flat coupon tensile tests;
3) To investigate the axial compressive behavior of PFRP-PVC-RAC-RCBA cylinders
considering different column parameter effects: the number of PFRP layers (3, 6 and 9-
layer), type of the PFRP confinement (i.e. in the configuration of PFRP tubes (see Figl(b))



162 and strips (see Fig 1(b)) and the spacing distance of the PFRP strips (25 mm and 55 mm);
163 and

164 4) To develop stress-strain modes for PFRP-PVC-RAC-RCBA in axial compression by the
165 regression analysis and iterative computations of the tested results.
166

ore RAC

Core RAC

PVC tube

PVC tube
PFRP tube

PFRP tube

a) PFRP tube-PVC-RAC-RCBA cylinder b) PFRP strip-PVC-RAC-RCBA cylinder
Fig 1 PFRP-PVC-RAC-RCBA schematic diagram
167

168 2 Experimental works

169 2.1 Material properties of RAC-RCBA

170 2.1.1RAs

171  The RAs used in the experiments are shown in Fig.2, which were a mixture of RAs from
172 RCBAs and from recycled old concrete waste. The portion of the RCBAs accounted for 55%
173 of the RAs by mass. The properties of the RAs are listed in Table 1. The crushing index of the
174  RAs was 17.3% which meets the demands of crushing indexes of RAs specified in the
175  Chinese National Standard GB/T 25177-2010 [53]. The crushing index of the natural
176  aggregates was 10.7%.

177
178 Table 1 Physical property of RAs
Partial size Density Porosity Water absorption Moisture content Crushing index
(mm) (kg/m?) (%) (%) (%) (%)
5~10 1140 10 14.8 6.5 17.3

Fig.2 RAs used

179  2.1.2 Compression tests of RAC-RCBA
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To evaluate the effects of replacement ratios of RAs and water-cement ratios on the
compressive strength of RAC-RCBA, two groups of experimental works were conducted:
Group A and Group B. The Group A consisted of three categories of RAC-RCBA cubes
(150x150x150 mm?) corresponding to three different replacement ratios of RCBA (i.e., 50%,
70% and 100%). For each category of the specimens, six RAC-RCBA cubic specimens were
constructed for the axial compression test. The details of the mix proportions of Group A are
listed in Table 2. The Group B consisted of three categories of RAC-RCBA cubes
(150x150x150 mm?®) corresponding to three different water-cement ratios (i.e., 0.46, 0.50
and 0.56). For each category, six RAC-RCBA cubic specimens were also constructed for the
axial compressive test. The details of the mix proportions of Group B are listed in Table 3. In
Tables 2 and 3, r indicates the replacement ratio of the RAs for the natural aggregates and
w/c indicates the water-cement ratio. In this study, vibratory mixing technology was applied
to produce the RAC-RCBA by using a DT60 double-horizontal shafts mixer. The RAC-
RCBA with vibratory mixing technology showed better in fluidity, load carrying capacity and
durability [56-57]. The vibratory mixing technology combined the vibratory function into the
traditional concrete stir to accelerate the stirring velocity, promoted the uniform distribution
of the aggregates and accelerated the hydration process of the cement to enhance the bond
between cement and aggregates. The crafts of vibratory mixing technology referred to a
secondary stirring: the whole cement, aggregates and half of the water were poured into the
mixer and rotated adequately for about 8-10s in the first step of stirring, then the left half of
the water was poured in and mixed for 30s for the second step of stirring. The fully mixed
RAC-RCBA was poured into the moulds and compacted by vibrator. After pouring, all
specimens were covered by soaking wet cloth and watered three times per day for 28 days.

Table 2 RAC-RCBA mix proportion of group A

No /e Water Cement Fine aggregate Coarse aggregate RCBA r
- ® (kg/m?) (kg/m?) (kg/m?) (kg/m?) (kg/m?)
1 040 2375 600.9 520.2 0 10414 100%
2 040 2375 600.9 520.2 3124 729.0 70%
3 040 2375 600.9 520.2 520.7 520.7 50%
Table 3 RAC-RCBA mix proportion of group B
No / Water Cement Fine aggregate Coarse aggregate RCBA r
LY (kgm?) (kg/m?) (kg/m?) (kg/m?) (kg/m?)
1 046 292.3 635.4 571.0 310.1 731.0 70%
2 050 3154 626.0 545.5 300.8 701.8 70%
3 0.56 362.1 650.0 545.5 301.0 702.1 70%

The cubic specimens at 7-day were tested under a DYE-2000 electro hydraulic compression
machine to determine the compressive strength. The tested results of the RAC-RCBA cubes
in Group A are illustrated in Fig. 3 and the coefficients of variation (COV) of the tested
compressive strength obtained from six cubic specimens are also presented to demonstrate the
degree of dispersion of tested results, which were calculated as the ratio of the standard
deviation and the mean value of the strengths. It shows that the compressive strength of the
RAC-RCBA with 70% replacement ratio of RAs was the largest. The tested strengths of the
RAC-RCBA specimens in the Group B are listed in Fig.4. It shows that for RAC with RAs
replacement ratio of 70%, the compressive strength showed a descending tendency with an
increase of the water-cement ratios from 0.40 to 0.50. The further increase of the water-
cement ratio from 0.50 to 0.56 resulted in a slight increase in the strength of the RAC. The
slight increase in the strength for specimen with water/cement ratio of 0.56 might be
attributed to the following two-folds: (1) the high porosity and water absorption of the RCBA
limited the rates of hydration reaction of cement. With an increase of the water/cement ratio,
the RCBA was saturated with water which weakened the hydration reaction of the cement and
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in turn increased the compressive strength slightly, (2) the old brick powder and old mortar
adhered at surface of the RCBA had a negative effect on the hydration reaction of the cement.
For specimen with a larger water/cement ratio of 0.56, the old powder and old mortar limited
the rates of hydration of the cement which resulted in a slight increase of the compressive
strength. In addition, the RAC-RCBA with water-cement ratio of 0.40 and RAs replacement
ratio of 70% had the highest compressive strength among all the categories in Group A and
Group B.

35

Replacement ratio of RAs %

Fig.3 The influence of r on compressive
strength of RAC-RCBA
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Water cement ratio

Fig.4 The influence of w/c on compressive
strength of RAC-RCBA

The failure modes of RAC-RCBA cubes are shown in Fig.5. In general, the experimental
observations indicated that all the RAC-RCBA specimens in Group A and Group B presented
a diagonal pyramid rupture face as illustrated in Fig 5(b), which was like that of the NAC
counterpart. Compared with the NAC, most of the RCBAs in the RAC were crushed and
broke under the compressive load, while most of the coarse NAs still maintained intact. This
phenomenon can be interpreted by the much lower crushing index of NAs compared with that
of the RAs.

X .
a) Failure pattern of RAC-RCBA cube b) Rupture face of RAC-RCBA cube

Fig.5 Failure mode of RAC-RCBA cube

2.2 Preparation of PFRP-PVC-RAC-RCBA

2.2.1 Test matrix

To investigate the axial compressive behavior of PFRP-PVC-RAC-RCBA, 36 cylindrical
specimens (i.e. 3 unconfined RAC-RCBA and 33 confined RAC-RCBA cylinders) were
constructed and tested under axial compression. The tested variables included the number of
PFRP layer (i.e. 3, 6, and 9-layer), the type of the PFRP confinement (i.e. in the
configurations of tube (Fig. 1(a) and strips (Fig. 1(b))) and the spacing distance of the PFRP

7
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strips (i.e. 25 mm and 50 mm). These specimens were classified into one category of
unconfined RAC-RCBA, one category of PVC tube encased RAC-RCBA (i.e. PVC-RAC-
RCBA), one category of PFRP tube encased RAC-RCBA (i.e. PFRP-RAC-RCBA), and nine
categories of PFRP-PVC-RAC-RCBA (i.e. 3P-T, 3P-S25, 3P-S50, 6P-T, 6P-S25, 6P-S50, 9P-
T, 9P-S25, and 9P-S50). For each category three identical specimen were tested. The details
of all the specimens are listed in Table 4. For the PFRP tube-PVC-RAC-RCBA specimens,
the letter P with a figure in the front was used to represent the specimens, i.e. 3P-T, 6P-T and
OP-T indicates 3-layer, 6-layer and 9-layer PFRP tube-PVC-RAC-RCBA specimens,
respectively. For PFRP strip-PVC-RAC-RCBA specimens, the figure in front of the letter P
denotes the number of layers of the PFRP strip and the figure behind the letter S denotes the
spacing distances of the PFRP strip, e.g., the specimen code 3P-S25 denotes PFRP strip-PVC-
RAC-RCBA specimen with 3 layers of PFRP strips and spacing distance of 25 mm. The
diameter of the core RAC D; and the height of core RAC are 152 mm and 305 mm,
respectively. The external diameter of the PVC tube D, and the thickness of PVC tube is 160
mm and 4 mm, respectively.

Table 4 Characteristics of tested cylindrical specimens

No Specimen Ds of core RAC D2 of PVC tube Height PFRP PFRP confined
' P (mm) (mm) (mm) layer modes
1 RAC-RCBA 152 — 305 — —
PVC-RAC-
2 RCBA 152 160 305 — —
3 T hemA 152 - 305 6 Tube
4 3P-T 152 160 305 3 Tube
i spacing distance
5 3P-S25 152 160 305 3 25 mm
6 3P-S50 152 160 305 3 spacing distance
50mm
7 6P-T 152 160 305 6 Tube
8 6P-S25 152 160 305 6 spacngg distance
5mm
9 6P-S50 152 160 305 6 spacing distance
50mm
10 9PT 152 160 305 9 Tube
11 9P-S25 152 160 305 9 spacing distance
25mm
12 9P-S50 152 160 305 9 spacing distance
50mm

For all the confined RAC-RCBA, the concrete mix proportion of the RAC-RCBA followed
the specimen with the highest compressive strength given in Section 2.1, namely, the RA
replacement ratio of 70% and the water-cement ratio of 0.40. The tested compressive strength
of the RAC-RCBA at 28-day based on six identical specimens was 30.6 MPa, and the
standard deviation was 0.45 MPa.

2.2.2 PFRP materials

The bidirectional polyester textile with an areal density of 250 g/m? and a thickness of 0.55
mm were used to fabricate the PFRP tubes. Fig.6 (a) shows the polyester textile used for the
study. The textile was made by continuous polyester fibre filaments and these long fibres
were oriented in the wrap and weft directions of the textile with an angle of 90°. According to
ASTM D3039-M08 [54], flat coupon tensile tests were conducted on PFRP laminate to obtain
the tensile strength, strain and modulus. The details of the PFRP laminates used for the flat-
coupon tests are shown in Fig. 6. Aluminum bars of 50 mm in length and 25 mm in width
were glued to the both ends of the PFRP laminates to avoid premature failure. The PFRP

8



283  laminates with 1, 3, 6 and 9 layers of polyester fabric were tested under the tensile load by
284  using the MTS CMT4204 universal testing machine.

285
£
Aluminum Aluminum ,_%
50mm 50mm
’ 250mm -
E
- ¢ \ \ Sy
\[ ] ‘f [ ] T
b) Dimension of the PFRP flat coupon
Fig 6 (a) The bidirectional polyester textile and (b) Dimension of the PFRP flat coupon
286

287  2.2.3 PVC materials
288  The 4 mm-thick PVC tubes were used for the PVC-RAC-RCBA, PFRP tube-PVC-RAC-

289  RCBA and PFRP strip-PVC-RAC-RCBA specimens. Tensile tests were also carried out on
290 the PVC flat coupon to determine their tensile properties. The size of the PVC coupon used
291  for the tensile test is shown in Fig.7 according to the GB/T 8804.2-2003 [55], where
292  A=115mm, B=25mm, C=33mm, D=6mm, E=14mm, F=25mm, G=25mm, H=80mm and
293  I=4mm, respectively.

Fig. 7 The dimension of the tested PVVC coupon

294
295  2.2.4 Tensile behavior of PFRP, PVC and comparison with synthetic C/GFRP

9
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In this study, the tensile properties of PFRP and PVC were compared with the synthetic
GFRP and CFRP composites which used for GFRP and CFRP tube confined RAC-RCBA
[21]. The tensile stress-strain curves of PFRP, PVC and GFRP and CFRP obtained from flat-
coupon tensile tests are shown in Fig. 8, 9 and 10. The PFRP composites showed a nonlinear
response until the peak stress and then the specimens failed suddenly, which was independent
of the thickness of the PFRP laminate. The PVVC showed an initial linear response to the level
of the peak stress and followed by a stress plateau with significant enhancement in the tensile
strain, indicating a ductile behavior. For both the GFRP and CFRP composites, their curves
exhibited an approximate elastic response until the peak stress. For both the GFRP and CFRP
composites, their tensile stress-strain curves exhibited an approximate elastic response until
the peak stress. The damage of the CFRP and GFRP composites in tension was a progressive
and brittle failure process. More details on the progressive degradation failure process of FRP
composites and how to model the progress numerically were introduced by Riccio et al. [68-
70]. The tensile properties of PFRP, PVC, GFRP and CFRP composites are listed in Table 5.
The tensile strength, ultimate strain and elastic modulus were the mean value of the tested
results from the flat-coupon tensile tests and the standard deviations are given to present the
dispersion of the tested results. The tensile modulus and tensile strength of GFRP and CFRP
were significantly larger than those of PFRP and the PVC. However, the tensile strain at
break of PVC and PFRP were much larger than those of the CFRP and GFRP, e.g. the tensile
strain of PVC was 10 times that of the GFRP. In addition, an increase in the thickness of the
PFRP composite resulted in an increase in tensile strength and modulus, but a slight reduction
in the tensile strain. The polymer resin used for PFRP, CFRP and GFRP were the same, i.e.
epoxy matrix with a commercial name of JN-C3P adhesive obtained from GOODBOND
construction technic co., Ltd in China. The tensile strength, compressive strength, flexural
strength and tensile elastic modulus of the JN-C3P resin provided by the supplier are 55 MPa,
83.6 MPa, 75 MPa and 3.5 GPa, respectively.
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Fig 8 Tensile stress-strain behavior of PFRP  Fig. 9 Tensile stress-strain behavior of PVC
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Fig. 10 Tensile stress-strain behavior of CFRP and GFRP [21]

Table 5 Tensile properties and standard deviation (SD) of PFRP, PVC, GFRP and CFRP composites

Thickness of Tensile . Elastic
Group FRP (mm) strength (I\il?l?a) sltJr:atierg’f) (l\il?a) Modulus SD
(MPa) (GPa) (MPa)
PFRP1 0.66 27.1 15 4.4 0.4 0.9 0.08
PFRP3 1.72 31.1 1.3 4.1 0.2 1.2 0.10
PFRP6 3.18 41.7 17 3.8 0.1 1.6 0.12
PFRP9 5.12 45.1 1.4 3.4 0.2 2.0 0.13
PVC 4.00 225 0.7 16.0 0.1 0.3 0.03
GFRP 2.62 967.0 - 1.6 - 60.8 -
CFRP 0.96 3200.0 - 1.5 - 213.0

2.3 Fabrication of confined specimens

The PVC tube and the polyester fabrics were firstly cut into designated size based on the
dimension of the specimens listed in Table 4. The PFRP tubes and PFRP-PVC tubes were
produced by a hand lay-up process as illustrated in Fig. 11[38]. The fabrication of the PFRP
tube by hand lay-up process mainly included the following steps: 1). Cut polyester textile to
designated size based on the diameter of the polymer FRP tube used, 2) surface preparation of
hollow PVC tube mould with a thin release plastic film for easy demould, 3) preparation of
epoxy mixture, 4) wrapped epoxy-impregnated polyester fabric to the PVC mould, 4) curing
of the PFRP tubes, and 5) demoulding PFRP tube from the PVC mould. For the PFRP-PVC
tube with PFRP tube or PFRP strips, the process was similar. The PVC tube was used as the
mould directly and then the epoxy-impregnated polyester fabrics were wrapped into the PVC
tube to make the PFRP-PVC tube. For the fabrication of PFRP strip-PVC tube, the position of
polyester fabric strip was initially oriented and labelled on the PVC tube. The air bubble and
additional epoxy resin were squeezed out when the PFRP sheets were rolled onto the PVC
tube. For all the confined RAC-RCBA specimens, vibratory mixing technology was used as
described in Section 2.1.2. To avoid the premature failure of the confined specimens, two
narrow PFRP strips were wrapped on both ends of the PFRP-RAC-RCBA, PVC-RAC-RCBA
and the PFRP -PVC-RAC-RCBA specimens.

o

¢ 2

) PFRP tube c) All the confined specimens
Fig.11 Fabrication of the specimens

a) PFRP strip-PVC tube

11



344
345
346
347
348
349
350
351
352
353
354
355
356

357
358
359
360
361
362
363
364
365

2.4 Test instrumentation and procedures

The MTS SANS YAWAG6506 electro-hydraulic testing machine was used for the uni-axial
compression tests (Fig. 12(a)). The loading process was executed by a displacement-control.
As illustrated in Fig. 12(b)-(c), four axial strain gauges (i.e., SG1, SG2, SG3, SG4) and four
lateral strain gauges (i.e., SG5, SG6, SG7, SG8) were installed on the mid-height of the
cylinders for measurement of axial strain and hoop strain, and two extra axial strain gauges
were installed on each end of PFRP tube-PVC-RAC-RCBA cylinders (i.e., SG9 and SG11 at
the top of PFRP tube-PVC-RAC-RCBA specimens, SG10 and SG12 at the bottom of PFRP
tube-PVC-RAC-RCBA specimens), respectively. The applied load and vertical deformation
were recorded by MTS system of the compression testing machine. The axial strain, lateral
strain, applied load and vertical deformation were measured and recorded simultaneously.

l Load

S

Overlapping length

| | SG7 (11,12); SG3

t Load

a) MTS pressure testing machine b) Placement of strain gauges
of 7 T 2 2
= < =
Y o & - R
=4 =
o p 2
= = =
v N —r SG1=] SG5 | —F SGl==] SG5 | —} <
@ 2 2
= o~ N = <
= =
—t ot e
= = =
25mm PFRP 50mm PFRP .
PFRP tulf)_e-Pd\/éI A(EFRP) strip-PVC strip-PVC PVC;Xrgmed uconfined RAC
confine confined RAC confined RAC

c) Elevation of strain gauges on specimens
Fig.12 Test instrumentation

3 Results and discussion

3.1 Failure modes

For the unconfined RAC-RCBA cylinders, the cracks emerged around the surface of the
cylinders after the applied load was up to 40% of its peak strength. The load decreased rapidly
after reached its peak strength fe, and the cylinders finally failed in a brittle manner with
several major vertical cracks (as illustrated in Fig 13(a)). For PVC-RAC-RCBA (i.e. only
with PVC tube confinement) specimens, the specimens failed with several longitudinal cracks
at the PVC tube and the tube were bulged apparently as illustrated in Fig. 13(b). The obvious
bulge of the PVC tube might be caused by the significant lateral expansion of the inner RAC-
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RCBA core due to the confinement provided by the PVC tube, which possessed a
significantly large tensile strain (Table 5). For the PFRP-RAC-RCBA, only a single
longitudinal crack appeared along the PFRP tube, no obvious bulging of the tube was
observed, as shown in Fig.13(c). This phenomenon in the different level of bulge of the PFRP
and PVC tube might be interpreted by the less ultimate tensile strain of the PFRP. For PFRP
tube-PVC-RAC-RCBA specimens with different thicknesses of the PFRP tube, their failure
modes were similar and had a single longitudinal crack in the PFRP-PVC tubes. No
debonding between PFRP and PVC tubes was observed. In addition, apparent bulging of the
PFRP-PVC tubes was observed, as illustrated in Fig. 13(d), (e) and (f). Thus, the increase in
the PFRP thickness did not change the general failure mode of the PFRP-PVC-RAC-RCBA.
For PFRP strip-PVC-RAC-RCBA specimens, the failure modes were different from the PFRP
tube-PVC-RAC-RCBA. The PFRP-strip-PVC-RAC-RCBA specimens had circumferential
cracks at the PVC tubes and the longitudinal cracks did not go through the whole height of the
PFPR-strip-PVC tubes, as shown from Fig 13(g)-(l). The appearance of the hoop rupture at
the PVC tubes attributed to the local strengthening effect of the PFRP strips on the PVC tubes.
As can be further observed, the increase of the thickness of the PFRP strips and the change of
the spacing of the PFRP strips did not change the failure modes of the PFRP strip-PVC-RAC-
RCBA.

b) PVC-RAC-
RCBA

d) 3P-T e) 6P-T

g) 3P-S25 h) 3P-S50 i) 6P-S25 j) 6P-S50 k) 9P-S25 ) 9P-S50
Fig.13 Failure modes of different confined RAC-RCBA specimens

3.2 Axial stress-strain behavior
3.2.1 The typical compressive stress-strain curves of PFRP-PVC-RAC-RCBA

The typical compressive stress-strain curves of unconfined RAC-RCBA, PVC-RAC-RCBA,
6-layer PFRP-RAC-RCBA, 6-layer PFRP tube-PVC-RAC-RCBA, 6-layer 25 mm and 50 mm
PFRP strip-PVC-RAC-RCBA specimens are illustrated in Fig 14. One representative
compressive stress-strain curve obtained from one of the three specimens for each type of
FRP confined RAC-RCBA specimens was used to plot the figure. For PVC-RAC-RCBA and
PFRP-RAC-RCBA specimens, their curves can be characterized by two distinct stages: the
first linear elastic response to the peak stress and followed by a nonlinear descending stage.
No obvious transition zone between the first linear stage and the second non-linear stages can
be found. In general, the stress-strain curve of PFRP-PVC-RAC-RCBA can be divided into
three zones: the first linear elastic ascending stage close to the peak stress, the second distinct
short non-linear ascending zone until the peak stress and the third non-linear descending stage
after the peak stress. Fig 15 gives a schematic view of the compressive stress-axial strain
curve for PFRP-PVC-RAC-RCBA specimens, which can be represented by two key points:

13



400
401
402
403
404
405
406
407
408
409
410
411
412

413

414

the transitional point (TP) corresponds to the peak stress point (i.e., peak stress fi and
corresponding peak strain & point) and the ultimate point (UP) corresponds to the end of the
curves at the ultimate state (i.e., ultimate strain e, and corresponding ultimate stress fcy).
Unlike the traditional CFRP and GFRP confined RAC (e.g. when the CFRP and GFRP had a
thickness of 4 and 6 layers in Ref. [21], where 4-layer and 6-layer GFRP-RAC and CFRP-
RAC showed an ascending branch in the second stage of the compressive stress-strain curves)
which showed a typical bilinear response with a linear and ascending stage after the transition
zone, all the PFRP-RAC-RCBA, PVC-RAC-RCBA, and PFRP-PVC-RAC-RCBA showed
the descending stages at the second stage. In the other words, the ultimate strain does not
happen at the peak stress point but develops until the failure of specimens due to the ductility
of materials [38]. Therefore, the PFRP-RAC-RCBA, PVC-RAC-RCBA and PFRP-PVC-
RAC-RCBA specimens can be defined as weakly-confined specimens, although enhancement
in compressive strength and ductility were obtained.
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Fig.14 Stress-strain curves of different confinement modes
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Fig.15 Typical axial compressive stress-strain curves of PFRP tube-PVC-RAC-RCBA and PFRP strip-PVVC-RAC-
RCBA

3.2.2 The influence of confinement types on compressive stress-strain behavior
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The overall patterns of the stress-strain behaviors of PFRP-RAC-RCBA, 6-layer PFRP tube-
PVC-RAC-RCBA and 6-layer PFRP strip-PVC-RAC-RCBA with spacing distances of 25
and 50 mm illustrated in Fig. 14 are similar, which consisted of three stages: the initial elastic
linear ascending stage, the second nonlinear ascending stage and the final descending stage.
The PVC-RAC-RCBA specimens showed steeper descending stage and less peak stress than
PFRP-RAC-RCBA, PFRP strip-PVC-RAC-RCBA and PFRP tube-PVC-RAC-RCBA
specimens, but less slope of descending stage than that of the plain RAC-RCBA. The stress-
strain curve of 6-layer PFPR-RAC-RCBA exhibited a sharper turning point from the peak
stress point to the descending stage and larger slope of the descending stage than those of 6-
layer PFRP tube-PVVC-RAC-RCBA specimens. While the ultimate strains at UP point of 6-
layer PFPR-RAC-RCBA were like those of 6-layer PFRP tube-PVC-RAC-RCBA but the
peak stress at TP point of 6-layer PFPR-RAC-RCBA was lower than that of 6-layer PFRP
tube-PVC-RAC-RCBA and was close to that of 6-layer and 25 mm spacing distance PFRP
strip-PVC-RAC-RCBA. The stress-strain curves of 6-layer PFRP strip-PVC-RAC-RCBA
presented obviously more steep descending stage than that of 6-layer PFRP tube-PVC-RAC-
RCBA, and the ultimate axial strain and peak stress of 6-layer PFRP strip-PVC-RAC-RCBA
were less than those of 6-layer PFRP tube-PVC-RAC-RCBA.

3.2.3 The influence of PFRP thickness on stress-strain behavior

According to Fig. 16(a), the stress-strain behavior of PFRP tube-PVC-RAC-RCBA showed a
little steeper trend at the second ascending stages with a decrease of PFRP thickness and more
placid descending stages with an increase of PFRP thickness, and the TP points performed
gentler transition with an increase of PFRP thickness. The stress-strain curves of PFRP strip-
PVC-RAC-RCBA of the same spacing distance of PFRP strip in Fig. 16 (b) and (c) exhibited
similar trend to those of PFRP tube-PVC-RAC-RCBA that the initial ascending stages were
coincided with that of plain RAC-RCBA, the slopes of the second ascending stages became
lower and the descending stages turn more placid with an increase of PFRP thickness. The
ultimate strains at UP point and peak stress at TP point were higher for all PFRP-PVC-RAC-
RCBA specimens with an increase of PFRP thickness.

50 T T T T T T
45 - -
40 ’- e -
N - A A |
- 4 | ~ °
35 | —_ _— z \ l ~ ~-1 -
-
I h ’ S - |
< 30 T -
o | 1
= 25 - \ i
N—r -
2 .
B 20 \ 1
& \
or 9-layer PFRP tube-PVC-RAC-RCBA ||
Lo b — = 6-layer PFRP tube-PVC-RAC-RCBA ||
3-layer PFRP tube-PVC-RAC-RCBA ||
= = 6-layer PFRP tube-RAC-RCBA
5 — =4 mmPVC-RAC-RCBA
0 i i = Unconfined RAC-RCBA
-0. 02 -0.01 0. 00 0.01 0.02 .0.03
Lateral strain Axial strain

a) PFRP tube

15



443

444
445
446
447
448
449
450
451
452
453
454

50 T T T T T T T T

45 L -
40 < .
| et ' A~ -.
35 e . ' o \ N .. -
30 | \ ) -
< ’
o I N,
S 25 ~S _
> L '~ -~
320 - -
= L
9 15| -
I = = 9-layer PFRP strip-PVC-RAC-RCBA\| 1
10 - = * = 6-layer PFRP strip-PVC-RAC-RCBA | |
5 |- 3-layer PFRP strip-PVC-RAC-RCBA |
i Unconfined RAC-RCBA
0 N 1 N I I I I I
-0.02 -0.01 0.00 0.01 0.02 0.03
Lateral strain Axial strain
b) PFRP strip with spacing of 25 mm
50 T T T T T T T T
45 |- -
40 |- -
35 - ,’ S ~it. S .
—_ A EZY I RS
g 30 h 4’ - . \ ~ -
s .
= 25 | S -
§ L I '~ i i
& 20 i .
15 - 1 ‘ -
10 - — = 9-layer PFRP strip-PVC-RAC-RCBA]
r — + 6-layer PFRP strip-PVC-RAC-RCBA\|
5k 3-layer PFRP strip-PVC-RAC-RCBA(]
0 I i Unconfined-RAC-RCBA I
-0.02 -0.01 0.00 0.01 0.02 0.03
Lateral strain Axial strain

¢) PFRP strip with spacing of 50 mm
Fig.16 Stress-strain curves of different PFRP layers-PVC confined RAC-RCBA cylinders

3.2.4 The influence of spacing distance of PFRP strip on stress-strain behavior

The stress-strain curves in Fig. 17 present similar trend with different spacing distances of
PFRP strip to the typical stress-strain behavior in Fig. 15. The ascending stages of 3-layer and
6-layer PFRP strip-PVC-RAC-RCBA groups exhibited the similar slope with different
spacing distance of PFRP strip while the slopes of the descending stages became lower with a
decrease of spacing distance of PFRP strip. For 9-layer PFRP strip-PVC-RAC-RCBA group,
the slopes of the second ascending stages increased obviously with a decrease of spacing
distance of PFRP strip, besides the descending stages showed more placid with a decrease of
spacing distance of PFRP strip. For all PFRP strip-PVC-RAC-RCBA specimens, the ultimate
strains at UP point and peak stress at TP point increased with a decrease of spacing distance
of PFRP strip.
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Fig.17 Compressive stress-strain curves of different spacing distance of PFRP strip-PVC confined RAC-RCBA

3.3 Discussion on tested results

c) 9-layer PFRP

cylinders

3.3.1 Load carrying capacity and ductility analysis
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All the tested results are listed in Table 6, where f, and &, are the peak stress and
corresponding axial strain of unconfined RAC-RCBA, respectively, f« and &,, &, are the

peak stress, corresponding lateral and axial strain of confined specimens, f., and &, are the

ultimate stress and corresponding ultimate axial strain of the confined specimens. The lateral
confining pressure fi is calculated as Eq. (1) [21], where the fsp and ts are the tensile strength
and thickness of the FRP or PVC, respectively, d is the diameter of the concrete cylindrical
specimens.

fi= forptfrp/d 1)
Table 6 Tested results
. feo & fet & & fi feu &

Specimen (MPa) (192  (MPa) (1;.2) (10'_2) (MP2)  (MPa) (102

RAC-RCBA 30.6 0.2 — — - — — —
PVC-RAC-RCBA 30.6 0.2 30.6 0.21 0.02 1.20 6.4 0.79
PFRP-RAC-RCBA 30.6 0.2 38.4 0.30 0.14 231 28.2 2.55
3P-T 30.6 0.2 37.1 0.36 0.18 2.32 24.5 1.64
3P-S25 30.6 0.2 33.1 0.26 0.16 1.64 20.8 1.25
3P-S50 30.6 0.2 319 0.21 0.12 1.44 13.3 1.00

6P-T 30.6 0.2 40.9 0.45 0.28 3.73 28.3 2.54
6P-S25 30.6 0.2 39.3 0.34 0.21 2.21 20.9 1.75
6P-S50 30.6 0.2 36.0 0.29 0.08 1.78 20.4 1.20

9P-T 30.5 0.2 42.6 0.50 0.32 5.17 34.7 2.84
9P-S25 30.5 0.2 39.8 0.41 0.40 2.79 317 2.02
9P-S50 30.5 0.2 36.5 0.38 0.30 2.12 28.4 1.59

According to the tested results, the increments in the compressive strength enhancement at TP
point in Fig. 15 by the different confinements can be calculated. The corresponding increase
ratios of different confined RAC-RCBA referring to the unconfined RAC-RCBA can be
obtained and are listed in Fig.18 which shows that the PVVC tube confinement did not provide
enhancement in the compressive strength of the RAC-RCBA, which may be attributed to the
very low confining pressure provided by the PVC tube, as listed in Eq. (1), the lateral
confining pressure is high dependent on the tensile strength and the thickness of the PVC,
both of which are relatively small. The 6-layer PFRP tube confinement resulted in a 26%
increase in the compressive strength of the RAC-RCBA. Overall, both PFRP tube-PVC and
PFRP strip-PVC confinement enhanced the compressive strength of RAC-RCBA effectively.
Comparison of PFRP tube-PVC-RAC-RCBA with different thickness of PFRP tube (i.e., 3P-
T, 6P-T and 9P-T) demonstrated that with an increase of number of the PFRP layers, the
increment of compressive strength of the RAC-RCBA enhanced. For PFRP strip-PVC-RAC-
RCBA specimens with the same strip thickness but different strip spacing (i.e., 3P-S25 and
3P-S50, 6P-S25 and 6P-S50, 9P-S25 and 9P-S50), increasing the spacing distance of the
PFRP strip reduced the increments to some extent. Besides, the PFRP tube-PVC-RAC-RCBA
had larger compressive strength than the corresponding PFRP strip-PVC-RAC-RCBA with
the same PFRP and PVC thickness.

The ductility indices p of all the confined specimens in Fig. 19 were calculated as the ratio of
the ¢, to t