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Abstract

This paper presents experimental versus theoretical comparison of carbon fiber reinforced polymer (CFRP) confined rubberized concrete
(a new structural material). A total of sixty six rubberized concrete cylinders were tested in axial compression. The specimens were cast
using 0 to 50% rubber replacement. Twenty seven cylinders were then confined with one, two and three layers of CFRP jackets. Axial
compression results of the experimental study were compared with the North American and European design guidelines. The results
indicate that the addition of rubber content in the concrete leads to premature micro cracking and lateral expansion in concrete. This
increased lateral dilation exploited the potential of FRP jackets. The axial compressive strength and strain values for CFRP confined RuC
cylinders reached up to unprecedented 600 and 330 percent of unconfined samples. Furthermore, the current international design
guidelines developed for conventional concrete confinement failed to predict the compressive strength of rubberized concrete. There
is a strong need to re-evaluate the current design codes and their applicability to investigate fiber reinforced confined rubberized

concrete. Moreover, the proposed equations in this research can better predict the axial compressive strength of FRP confined RuC.
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1 Introduction

Waste tires are usually landfilled and can cause envi-
ronmental and public health issues. This reason has led
towards generating innovating applications for scrap
tires containing volcanized rubber and their components
in construction industry [1-5]. The benefits of using vul-
canized rubber include high strength, flexibility and the
ability to maintain its volume under compressive loading.
Mechanical properties of concrete can also be adversely
affected by the use of vulcanized rubber in concrete [6—11].
A lot of studies have been conducted for partial replace-
ment of mineral aggregate by rubber content in concrete
Low compressive and tensile strength as compared to nor-
mal concrete was reported by the addition of rubber par-
ticles in concrete [1-5]. High porosity of mix and weak
bonding between concrete and rubber results in reduced
concrete compressive strength due to rubber content. The
jacketing of rubberized concrete (RuC) by FRP can recover
the compressive strength loss due to rubber content.

External confinement of concrete columns by fiber rein-
forced polymer (FRP) is becoming increasingly popu-
lar in the construction field [12—14]. High tensile strength
and stiffness of FRP jackets can increase the load capac-
ity of concrete members. Many researches have shown
the potential of using FRP jackets to confine concrete col-
umns. The combination of FRP and rubberized concrete
(RuC) may result in new type of structural material hav-
ing high strength and deformability. A very few number of
researches have been conducted to investigate the behavior
of FRP confined RuC. Li et al. [15] conducted experiments
for FRP confined rubberized concrete having 15% rubber
content as a replacement material. The results indicated
higher compressive strength enhancement (23%) as com-
pared to conventional concrete. The enhancement in axial
strains of fiber reinforced rubberized concrete (FRuC)
was 200% as compared to conventional concrete speci-
men. Youssf et al. [16] also used FRP confinement for RuC
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cylinders having 20% rubber content. An increase of 29 and
15 % was reported for axial strength and strains, respec-
tively. Raffoul et al. [7] investigated the effect of Aramid
Fiber Reinforced Polymer (AFRP) wraps on the strength
and deformability of rubberized concrete. It was concluded
that external confinement for RuC is highly effective for
structural applications and can be used as an alternative to
conventional concrete. Fig. 1 shows the confinement pres-
sure mechanism for FRP confined concrete [17].

Extensive experimental and analytical researches have
been conducted to investigate the behavior of FRP confined
concrete. A lot of confinement models have been proposed
in terms of axial compressive strength and stress-strain
behavior [18, 19]. Empirical models have been developed
to predict the strength of columns confined by FRP com-
posites. The ductility and load enhancement capacity are
addressed in detail by the available North American and
European design codes. North American design codes
include Canadian Standard Association (CSA-S806-02),
American Concrete Institute (ACI 440.2R-2008) and
Intelligent Sensing for Innovative Structures Canada ISIS
MO4 2001 whereas European codes include Fédération
Internationale du Béton fib Bulletin-14 and Concrete
Society TR-55 [20-22].

This research investigates the combination of RuC and
FRP jackets to develop a high strength and deformable
concrete (new structural material). It is a well-known fact
that addition of rubber content in concrete mix leads to
increased lateral dilation of concrete. This lateral dilation
can be further exploited by carbon fiber reinforced poly-
mer (CFRP) confinement. The experimental strength test
results were compared with the existing strength mod-
els and design guidelines. An analysis oriented strength
model was proposed to predict the confined strength CFRP
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Fig. 1 Confinement pressure mechanism for FRP confined concrete[17]
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confined rubberized concrete. The research findings will
definitely assist the research community for using CFRP
confined rubberized concrete in engineering applications.

2 State of the art review of the existing codes

A lot of confinement models have been proposed and stress-
strain analysis has been done. Empirical models have been
developed to predict the strength of columns confined by
FRP composites [18]. This paper does not include design
guidelines provided by Japanese design code because
only concentric loading is covered in detail in this paper.
Moreover, concentric loading is not specifically addressed
in JSCE (Japan Society of Civil Engineers). The ductility
and load enhancement capacity are addressed in detail by
the available North American and European design codes.
North American design codes include Canadian Standard
Association (CSA-S806-02), American Concrete Institute
(ACI 440.2R-2008) and Intelligent Sensing for Innovative
Structures Canada ISIS MO4 2001 whereas European
codes include Fédération Internationale du Béton (fib)
Bulletin-14 and Concrete Society TR-55.

The design codes covered in this section are North
American and European design codes for confinement of
columns by FRP composite. North American design codes
include Canadian Standard Association (CSA-S806-02),
American Concrete Institute (ACI 440.2R-2008) and
Intelligent Sensing for Innovative Structures Canada ISIS
MO4 2001 whereas European codes include Fédération
Internationale du Béton (fib) Bulletin-14 and Concretee
Society TR-55. Tables 1 and 2 show the safety factors and
limitations for each design code mentioned in this paper.

2.1 ACI design guideline

The ACI design code is based on the equations of Mander
et al., 1988 for RC columns confined by steel jackets. More
discussion on these models and their future development
is provided by fib design code. The confined compres-
sive strength equation proposed by ACI design guideline
is based on compression and bending effects on the FRP

Table 1 Strength reduction and safety factors for design codes

Safety factors

Design codes Reduction factors (Strength)

(Materials)
ACI 440.2R-08 0.70 for ties
0.75 for spirals --
CSA -- 0.60 to 0.85
ISIS -- -
CS -- 0.75to 1.50
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Table 2 Limitations and model type for design guideline codes

Design codes Limitations Model Type
<
h/l;/_ 9201 rSnm Strength
ACI 440.2R-08 W Maximum
Axial concentric loading strain
Corner radius > 13 mm
h/b <900 mm
CSA S806-02 . W= 1.'5 . 0.60 to 0.85
Axial concentric loading
Corner radius > 13 mm
ISIS MO4-2001 --
h/w<15
CS TR-55 Axial concentric loading 0.75 to 1.50
Corner radius > 15 mm
fib Bulletin-14 Axial concentric loading 1.15 to 1.50

confined column. ACI code suggests Eq. (1) [25] following
equations to predict the confined strength values of col-
umns confined by FRP composites. Pu is the ultimate load
capacity for columns wrapped by FRP composites [23, 24].

P, =085, (d, — A,)+ /4. ()

where
P, = Axial capacity
f...= Confined strength
Ag = Total area of wrapped concrete section
A,,= Longitudinal reinforcement area
F, = Yield strength of longitudinal reinforcement

Fig. 2 shows the typical FRP confined stress and strain
behavior [18].

ACI proposed Eq. (2) to predict the confined strength
and lateral confinement pressure is as follows:

Jeer = Jor +33k, fi. @

The pressure applied by wrapped FRP is indicated in
Eq. (3)
2ep E nt,
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Fig. 2 ACI stress-strain model for FRP confined concrete columns [18]

where
f..= Compressive strength of concrete without confine-
ment
f, = Pressure applied by wrapped FRP sheets
n = number of sheet layers for FRP confinement
t,= Cumulative FRP sheet thickness
E,= FRP Elastic Modulus
&, = Effective strain of wrapped FRP sheets = k, x¢,,

2.2 CSA code
CSA-Canadian Standard Association CAN/CSA-S806-02
is the North American design guideline code [21]. The ulti-
mate load by FRP confined columns can be calculated
from the equations mentioned in this section. These equa-
tions can predict the load capacity of columns with FRP
composites as well as the strain and ductility values for
the concrete cylinder wrapped with the FRP composite.
Fig. 3 shows the overlap regions for FRP confinement for
columns [19].

The confined axial capacity of FRP wrapped columns
is indicated in Eq. (4) [25, 26].

Joer =085 1. + kK, f, “4)

The parameter k1 indicated in Eq.4 is measured by the
following Eq. (5) [21].

k =6.7(£)"" ®)

The parameter ks in Eq.4 [25] show the shape factor.
The external confinement pressure by FRP wrapping (f))
is indicated in Eq. (6) [21].

5 ©)

2.3 ISIS design guideline

Intelligent Sensing for Innovative Structures Canada (ISIS
MO4 2001) is a North American design code. This design
code was introduced in 2001 and provides equations to pre-
dict the strength of columns confined by FRP laminates.
The design equations also include ductility and strength
enhancement capacity formulas. The strain and ultimate

. M Effectively D
. confined i ,
‘ region A, k . J.':

Fig. 3 FRP confinement overlap regions [19]
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Fig. 4 Axial stress-strain curve for unconfined and FRP confined
concrete [26]

load capacity can be found out by the equations mentioned
in this section [24]. Fig. 4 shows the stress-strain curve for
concrete with and without FRP confinement [26].

The Eq. 7 provides the confined strength value of col-
umn wrapped by FRP composites [24, 25].

fcc' = fc'(l +apcww) ’ (7)

where

f...= Confined strength

a,, = performance indication paramter

®,, = Volumetric ratio

w,, is dependent on confined pressure and unconfined
compressive strength of concrete as indicated in Eq. (8)
(ISIS MO4 2001).

o, = i , (8)
Je

where confinement pressure exerted by FRP sheets is

denoted by f; and is calculated by the Eq. (9) [25, 27].
2Nhfr ul 0

= 20 il ©)

Dg

where

N, = number of sheet layers for FRP confinement

Jjpu = Pressure applied by wrapped FRP sheets

t;, = Cumulative FRP sheet thickness

D, = Section diameter

Coefficient f; should be higher than 4 MPa as suggested
in the code [1].

2.4 CS design code

This European design code (Concrete Society Technical
Report TR-55) includes equations to predict ultimate
strength of columns confined by FRP composites. The
details for confinement are covered in this section. The
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strength enhancement depends on number of factors like
unconfined concrete strength, number FRP layers, diam-
eter of the cross-section and elastic modulus of the FRP
composite. The confinement model for CSA is based upon
linear branch followed by ascending smooth branch for the
stress-strain curve.

The following equation can predict the strength of col-
umns wrapped by FRP composites.

f...1s given by the Eq. (10) [25, 28].

N 2ntf
Jeer = Jeu + 0.05(—2)E (10)

where /= Unconfined strength
Eq. (11) shows the limitation whereas Eq. (12) refers to
the unconfined strength of concrete.

2nt E
“LL 50,183 (mm?/N) (11)
D c

e (12)
Jou = 08
where

f..=unconfined strength of concrete (without wrap)
f...= Confined strength

fju = Reduced strength after strength reduction parameter
n = number of sheet layers for FRP confinement

t,= Cumulative FRP sheet thickness

D = Section diameter

2.5 fib design guideline

The European design code includes fib Technical Report
(Approximate and Exact Methods). This section provides
detailed confinement equations to calculate the stress and
strain of FRP confined concrete [29].

2.5.1 Approximate approach (fib code)

The Eq. (13) is proposed by fib to predict the confined
compressive strength whereas the confinement pressure is
shown in Eq. (14) [25, 30]. Volumetric ratio of FRP rein-
forcement is shown in Eq. (15) [25].

S = £1(02+43 jff—w, (13)
1

Si = Ekeprfgfu > (14)

where

k, = shape parameter of confinement
&, = tensile strength of FRP wrap
E,= Modulus of elasticity for FRP confinement
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b,= width of the sheet

s = reduction parameter

n = number of sheet layers for FRP confinement
p,= volumetric ratio of sheet

dnt, (b,
pr= 10f (—fj for circular sections (15)

N

2.5.2 Exact approach (fib code)

The lateral confinement pressure (f;) can be found out by
the Eq. (16) [29]. The volumetric ratio, the elastic modulus
of concrete, confinement coefficient and confined elastic
modulus are shown in Egs. (17)—(20), respectively [25].

1
h= Ekeprfgfu ’ (16)

where
k, = shape parameter of confinement
&, = tensile strength of FRP wrap
E,= Modulus of elasticity for FRP confinement
p,= volumetric ratio of sheet

- 4nt b_f for cireal )
pyr=—>+ or circular sections (17)
10 s
E, =4730\/f (18)
5700
B =—=-500 (19)
Jr
£, =l 20)
€

cc

The Eq. (21) was proposed by fib to predict the confined
compressive strength [25, 29]. Confined strain, secant
elastic modulus, confined strain, and confined compres-
sive strength is shown in Eqs. (22)—(25), respectively [25].

. _ g / fi 50
S = 1212254 [14+7.942L —22L 1254 @n
{ feo S 1
‘ fre
=€, | 1+5] 21 22
) { (f H -

E
E =-___¢ 23
sec,u 1+2ﬁ5ﬁ, ( )
" 1- E""
e - E. (E. — Esec,*u) ‘ Q4
Esec,u (Ec - Ecc)
Jee = EecuXtee 25)

where
E,,., = Secant modulus of elasticity for concrete
f..=unconfined strength of concrete(without wrap)
b,= width of the sheet
s = pitch parameter
t,= Cumulative FRP sheet thickness

n = number of sheet layers for FRP confinement

3 Materials

3.1 Rubber and concrete

All mixes were produced using Portland Limestone
Cement having 10 percent limestone according to ASTM
C1157. Alternative binder materials like Silica Fume and
Pulverized Fly Ash (PFA) were also used. The fine aggre-
gate were medium grade river washed local sand from
Chengdu, Sichuan having size from 0 to 5 mm, specific
gravity 2.60 and water absorption 1.20%, respectively.
Coarse aggregates were round and river washed gravels
from Chengdu, Sichuan having size 5-10 and 10 to 20 mm,
respectively. Two types of commercial water reducing
admixtures were used.

The rubber particles in this research study were used to
replace: a) fine aggregate 0 to 50 percent, b) coarse aggre-
gate 0 to 50 percent and ¢) fine and coarse aggregate 0 to
50 percent by volume. The rubber particles were obtained
from mechanical shredding of tires with traces of contami-
nation. The rubber particles were divided into a) fine parti-
cles 0 to 5 mm, b) coarse particles 5-10 mm and 1020 mm.
Fine particles were replaced by fine aggregate (sand) and
coarse rubber particles by coarse aggregates, respectively.
Fig. 5 shows the particle size distribution of rubber aggre-
gates determined according to ASTM C136.

_ —®— Sand (0-5)
—&— Rubber (0-5)
100 { —&— Gravel (5-10)

| —¥— Rubber (5-10)
—— Gravel (10-20)
80 4 —p— Rubber {10-20)

80

40

Percent Passing (%)

20

T T _I T
Particle size (mm)

Fig. 5 Particle size distribution of mineral aggregates and rubber



Table 3 shows the physical properties of rubber and min-
eral aggregates. The density, water absorption, flakiness
index and bulk density were obtained using BS EN 1097-3,
respectively. It is worth to note that these tests were not
possible on fine rubber (0—5 mm) as these floats in water
and stick to each other due to inter-particular forces.

3.2 Mix design

A typical bridge pier mix design with 40 MPa target
strength was used in this research study. The previous
researches clearly show that large volume of rubber in con-
crete can lead to unstable mix with high levels of segrega-
tion and poor cohesion. This typical bridge pier mix design
was selected so that the rubberized concrete can be used in
the applications where vibration damping or energy dissi-
pation is required. Water to binder ratio of 0.35 was used
for the selected mix. Rubber particles were varied as 1) 0 to
50 percent replacement for Fine Aggregate 2) 0 to 50 per-
cent replacement for coarse aggregate 3) 40 to 50 percent
replacement for both fine and coarse aggregates. Carbon
Fiber reinforced polymer (CFRP) confinement was pro-
vided in each group. The specimens with 50 percent fine and
coarse rubber replacement were wrapped with CFRP sheets
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for Group 1 and 2, respectively. Similarly, the cylinders with
50 percent fine & coarse rubber replacement were provided
CFRP confinement for Group 3. This percentage (50%) for
FRP confinement was selected because the concrete having
more rubber content exhibits higher lateral dilation which
can further improve confinement by FRP jackets.

The concrete constituents were mixed as 1) rubber par-
ticles and mineral aggregates were mixed for 30 seconds.
The rubber particles were used as received whereas; the
mineral aggregates were saturated surface dry. 2) water
was mixed in two intervals 3) the mix was allowed to rest
for around 3 minutes 4) the binder materials (Silica Fume,
Fly Ash and Cement) were added and then the remaining
water was poured followed by the addition of admixtures
in the mix 5) the concrete was mixed for approximately
three minutes.

The cylinders were cast in two layers and vibrated using
vibration table for around 20 seconds per layer. Later,
the specimens were covered with plastic sheets and were
de-molded after 24 hours. The specimens were put for cur-
ing in curing bath tank for 28 days. Table 4 shows the mix
proportions and quantity of the materials. Table 5 represents
the FRP confinement for rubberized concrete specimens.

Table 3 Physical properties of mineral aggregate and rubber

Material size (mm)  Apparent density (g/cm®)  Oven dry density (g/em®) ~ Water absorption (%) Specific gravity Bulk density (g/cm’)
Rubber (0-5) 0.78 -- -- -- 0.42
Rubber (5-10) 1.08-1.24 1.0-1.10 4.90-7.90 1.08 0.46
Rubber (10-20) 2.60 2.54 0.78-1.26 1.08 0.48
Sand (0-5) 2.60 2.54 0.5 1.08 1.74
Gravel (5-10) 2.67 2.56 1.22 2.60 1.48
Table 4 Mix design of concrete cylinders*
Group  Designation Cemer}lt Silica fu3m6 Fly asgl F.A*]3 C.A‘Z3 Rubbe}r Watczr Plasticsizer S.P*S3
(kg/m’) (kg/m’) (kg/m’) (kg/m’) (kg/m”) (kg/m”) (I/m”) (I/m”) (I/m”)
C 1.36 0.17 0.17 3.28 4.004 0 0.6 0.01 0.0204
F-10 1.36 0.17 0.17 2.952 4.004 0.328 0.6 0.01 0.0204
- F-20 1.36 0.17 0.17 2.624 4.004 0.656 0.6 0.01 0.0204
F-30 1.36 0.17 0.17 2.296 4.004 0.984 0.6 0.01 0.0204
F-40 1.36 0.17 0.17 1.968 4.004 1.312 0.6 0.01 0.0204
F-50 1.36 0.17 0.17 1.64 4.004 1.64 0.6 0.01 0.0204
C-10 1.36 0.17 0.17 2.952 4.004 0.328 0.6 0.01 0.0204
C-20 1.36 0.17 0.17 2.624 4.004 0.656 0.6 0.01 0.0204
G-2 C-30 1.36 0.17 0.17 2.296 4.004 0.984 0.6 0.01 0.0204
C-40 1.36 0.17 0.17 1.968 4.004 1.312 0.6 0.01 0.0204
C-50 1.36 0.17 0.17 1.64 4.004 1.64 0.6 0.01 0.0204
63 CF-40 1.36 0.17 0.17 1.968 2.404 1.912 0.6 0.01 0.0204
CF-50 1.36 0.17 0.17 1.64 2.002 3.642 0.6 0.01 0.0204

*1 F.A represents the fine aggregates, *2 C.A shows coarse aggregates, and *3

S.P represents super plasticizer.
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3.3 Physical and mechanical properties of FRP

The physical and mechanical properties of unidirectional
CFRP fabric and cured laminate sheets are shown in
Table 6. The tensile strength and elastic modulus of uni-
directional CFRP fabric were 4100 MPa, 231000 MPa,
respectively. Percentage elongation for CFRP fabric as pro-
vided by the manufacturer was 1.7%. Standard value of ten-
sile strength, tensile Elastic Modulus, elongation and den-
sity for cured laminate jackets were 894 MPa, 65402 MPa,
1.7%, 1.8g/cc, respectively. The surface of specimens was
cleaned by brush to get rid of sand and other impurities.

Table 5 Rubber replacement (% by volume) and FRP confinement

Fine Coarse

Group Designation rubber (%)  rubber (%) FRP n*
C -- -- No --

F-10 10 -- No --

F-20 20 -- No --

G-1 F-30 30 -- No -
F-40 40 -- No -

F-50 50 -- No --

F-FRP(IL) 50 - Yes 1
F-FRP(2L) 50 - Yes 2

F-FRP(3L) 50 - Yes 3

C-10 -- 10 No --

C-20 -- 20 No -

C-30 -- 30 No --

o2 C-40 - 40 No -
C-50 -- 50 No --

C-FRP(IL) - 50 Yes 1
C-FRP(2L) - 50 Yes 2
C-FRP(3L) - 50 Yes 3

CF-40 40 40 No --

CF-50 50 50 No --

G-3 CF-FRP(IL) 50 50 Yes 1
CF-FRP(2L) 50 50 Yes 2
CF-FRP(3L) 50 50 Yes 3

*n represents the number of FRP layers.

Table 6 Physical and mechanical properties of unidirectional CFRP
fabric and cured laminate sheets

CFRP fabric

Composite laminate
value

Design codes

Primary Fiber Direction Unidirectional --

Standard Value of Tensile

strength (MPa) 4100 894
Tensile Elastic Modulus

(MPa) 231000 65402
Elongation (%) 1.7% 1.33%

3.3.1 FRP jacketing and testing procedure
All the concrete specimens to be wrapped with the carbon
fiber reinforced polymer were taken out of curing tank at
least one week before wrapping. Unidirectional CFRP sheets
were used in this research study. The carbon fiber sheets
were wrapped manually around the cylinders using the
wet layup technique. An overlap of % inches was provided
according to American Concrete Institute (ACI 318-08)
in order to avoid premature failure or de-bonding of FRP
sheets. Fig. 6 shows the fabrication of CFRP jackets. The
surface of cylinders was checked thoroughly and was made
smooth before the application of epoxy. Dust was removed
with the help of a common brush and other disturbing parti-
cles were also removed at the time of application of epoxy.
The two components of epoxies were mixed with recom-
mended ratio of 4:1 (four parts of component A and one part
of component B). The epoxy fully hardened after 45 hours.
A total of 27 specimens were wrapped with FRP to
investigate the behavior and effectiveness of FRP con-
finement on rubberized concrete. 1, 2 and 3 layers of FRP
jackets were used. The specimens were tested under axial
compression using a 3000 kN capacity compression testing
machine. Additional wrapping with 25 mm FRP was also
provided for FRP-wrapped cylinders. The cylinders were
loading up to failure using a loading rate of 0.25 MPa/sec.
ASTM C39 testing procedure was followed for axial com-
pression tests [30]. Fig. 7 shows the general view of the test
setup. 10 mm foil type electrical resistance strain gauges
were attached on each specimen to measure horizontal and
vertical strains. Two vertical and horizontal strain gauges
located at mid height of specimens were used to measure
axial as well as horizontal strains, respectively. A total of
four LVDTs were used to measure axial as well as vertical

Fig. 6 Fabrication of CFRP jackets



Fig. 7 General view of test setup

displacements of specimens. Two LVDTs placed in hori-
zontal and vertical direction were fixed in a clamp espe-
cially designed for measuring displacements in the cylin-
drical specimens.

4 Results and discussion

4.1 Failure modes

Typical failure modes for CFRP confined RuC cylinders
are shown in Fig. 8. The CFRP confined RuC cylinders for
Group 1 showed ringed and localized failure of FRP jackets.
Cracking sounds in FRP jackets were produced at approx-
imately 50% ultimate stress. Gradual failure was observed
leading to rupture of FRP jackets. Similarly, ringed and
localized failure of FRP jackets was observed for FRP con-
fined RuC cylinders in Group 2 and 3, respectively. More-
over, the specimen in Group 1 showed FRP rupture at the
middle and bottom section. However, most of the specimen
in Group 2 and 3 failed by FRP rupture at the middle section.

4.2 Effect of FRP layers on axial compressive

strength and stress-strain behavior of RuC concrete
(Experimental investigation)

The rubber content in concrete tends to expand more than
the surrounding concrete when subjected to axial com-
pressive loading. This phenomenon results in enhanced
tensile stress concentration in RuC resulting in lower peak
axial strains and premature failure as compared to con-
ventional concrete. It can be seen from the microstructural
observation in Fig. 9 that the concrete with high rubber
content (40%) has more jagged areas and dents.
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Fig. 8 Typical failure modes of CFRP confined RuC cylinders with
a) fine, b) coarse and c) fine & coarse rubber replacement

Fig. 9 SEM image analysis of concrete with a) 0% rubber content, and
b) 40% coarse rubber

It's a well-known fact that the inclusion of rubber con-
tent in the concrete leads to increased lateral expansion of
concrete. This lateral expansion and premature cracking of
concrete also leads to low strength for rubberized concrete.
This increased lateral expansion results in low compres-
sive strength, stiffness and axial strains. Moreover, this
premature lateral expansion of concrete can be exploited to
develop high strength and deformable concrete. The con-
fining pressure by FRP sheets can be activated by the high
lateral expansion of RuC. The specimens with 50% rub-
ber replacement were selected for CFRP confinement to
exploit the lateral dilation of RuC cylinders.

It can be clearly seen from the Table 7 that the effec-
tiveness of CFRP increases with number of CFRP layers.
Table 7 shows the unconfined, confined strength, confine-
ment ratio, axial and lateral strains. Confinement ratio is
defined as the ratio of confined to unconfined strength of
the specimen. For Group 1 cylinders, the strength incre-
ment in the range of 58 to 105 percent was observed for 1, 2
and 3 layers of CFRP confinement. The axial compressive
strength enhancement was more pronounced for 3 layers
of CFRP confinement. Confinement ratio was observed to
be 1.6 to 2.1 for 1, 2 and 3 layers of CFRP confinement.
The strength increment in the range of 327 to 409 percent
was recorded for 1, 2 and 3 layers of CFRP confinement
(coarse aggregate replacement). Fig. 10 shows the strength
enhancement ratio of CFRP confined rubberized concrete.
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Table 7 Test results for CFRP-confined rubberized concrete

Test No. f... (MPa) €., (1e) €., (HE) ecP/ecLp *f M E (GPa) u*

F-FRP(IL) 30 2599 1667 1.55 1.60 6.46 2.05
F-FRP(2L) 36 4639 1521 3.04 1.90 742 2.10
F-FRP(3L) 39 4849 1773 273 2.01 15 2.19
C-FRP(1L) 47 3878 2252 1.72 4.28 11.38 1.91
C-FRP(2L) 52 4129 2278 1.81 4.73 13.40 2.25
C-FRP(3L) 56 4310 1900 2.26 5.10 24.24 5.46
CF-FRP(IL) 49 2599 1619 2.77 6.13 10.91 1.96
CF-FRP(2L) 53 4539 1453 3.12 6.63 11.68 2.02
CF-FRP(3L) 56 4689 1440 3.25 7.0 11.94 2.56

*u represents the ductility of the tested specimen.

N F-FRP(1L)
EZZF-FRP(2L)
EZZ]F-FRP(3L)
EHHC-FRP(IL)
1 |[==Jc-FrRP{2L)
& |IIOC-FRP(3L)
| |EZZACF-FRP(IL)
. | |EES CF-FRP(2L) ]
" | |EEACF-FRP(3L)

Compressive Strength enhancement ratio

o : bl
F1L F2L F3LC1L C2Z2L C3L CF1L CF2L CF3L
Specimen Designation

Fig. 10 Compressive strength enhancement ratio for FRP confined
cylinders

It is worth to note that compressive strength was
more pronounced for 3 layers of CFRP confinement.
Confinement ratio in the range of 4.3 to 5.1 for 1, 2 and 3
layers of CFRP confinement was recorded. Furthermore,
the effect of number of FRP wraps on compressive strength
of rubberized concrete for Group 3 (Fine & Coarse aggre-
gate replacement) can be seen from Table 7. The strength
enhancement ratio of RuC cylinders was recorded to be
6.9 for 3 layers of FRP confinement (fine & coarse aggre-
gate replacement). It is worth to note that the strength
increment with FRP confinement was more pronounced
for Group 3 RuC cylinders (Fine & Coarse aggregate
replacement). The reason can be increased lateral dilation
for Group 3 specimens. Furthermore, the axial strength
enhancement up to 590 percent was recorded for 3 layers
of CFRP confined rubberized concrete. It is evident from
the results that confinement effectiveness of rubberized
concrete increases with the increase in CFRP layers.

Table 7 also shows the axial and lateral strain data. Two
vertical and horizontal strain gauges were used to mea-
sure the strain data. It is worth to mention that the rubber
content increases the lateral dilation of concrete samples.
Unfortunately, this lateral dilation and premature cracking
results in decrease of axial compressive strength for con-
crete cylinders. This premature lateral expansion of con-
crete is attributed to high confinement pressure by fiber rein-
forced polymer (FRP) jackets. The confining pressure by
FRP sheets can be activated by the high lateral expansion of
RuC. 4689 pe axial strain value was recorded for three lay-
ers of CFRP confinement of RuC (CF-FRP2L). It is worth to
note that this behavior can be divided in to two parts:

a. An initial linear elastic curve controlled by uncon-

fined RuC behavior.

b. 2nd linear section of curve controlled by FRP

confinement.

260% increase in axial strain value was recorded for
2-layer FRP confinement of CF-FRP2L concrete cylinders.
It is worth to note that an increment of 330% in lateral
strain was recorded for C-FRP2L specimens. The lateral
dilation of RuC can be successfully exploited using 1, 2 and
3 layers of CFRP confinement.

Peak axial strains (g,,) of 4639, 4849 and 2599 pe were
reported from the experimental test results for the mixes
F-FRP (1L), F-FRP (2L) and F-FRP (3L), respectively. This
indicates an increase of 164, 177, and 48 % over the corre-
sponding plain concrete cylinders. Furthermore, the lateral
strains of 1667, 1521 and 1773 pe were recorded, where an
increment of 141, 120 and 157% was observed over the cor-
responding plain concrete cylinders. Fig. 11 and show the
stress-strain values of 1L, 2L and 3L CFRP-confined RuC in
Group 1. Peak axial strains (¢.,) of 4129, 3878 and 2310 pe
were reported from the experimental test results for the mixes
C-FRP (1L), C-FRP (2L) and C-FRP (3L), respectively. This



indicates an increase of 136, 121, and 32% over the corre-
sponding plain concrete cylinders. Furthermore, the lateral
strains of 2252, 2278 and 1900 pe were recorded for lateral
strains, where an increment of 29, 30 and 9% was observed
over the corresponding plain concrete cylinders. Fig. 12
shows the stress-strain values of 1L, 2L and 3L CFRP-
confined RuC in group-2. Peak axial strains of 4488, 4539
and 4689 pe were recorded for 1, 2 and 3 layered CFRP
confined RuC in Group 3, respectively. Fig 13 shows the
stress-strain behavior for this group. Moreover, peak lateral
strains of 1619, 1453 and 1440 pe were reported for 1, 2 and
3 layers of CFRP confined RuC. This shows 317% increase
in axial strain value of 3-L (layered) CFRP confined RuC
over corresponding unconfined RuC in Group 3 (Fig. 13).
Peak axial strain of 4689 pe for 3L CFRP confined RuC in
Group 3 was recorded i.e., 103 and 80% higher than the cor-
responding values in Group 1 and 2, respectively. Peak lat-
eral strain of 1440 pe was recorded for 3L CFRP confined
RuC in group 3 i.e., 32 and 23% lesser than the correspond-
ing values in Group 1 and 2, respectively.

It can be concluded that CFRP confinement success-
fully delayed the onset of cracking which is clear from
an increase in the linear elastic portion of stress-strain
curves. High lateral strains in RuC with 50% combined
fine & coarse rubber replacement resulted in high com-
pressive strength (600%) of CFRP confined RuC over cor-
responding RuC. It has been discussed previously in the
compressive strength section. It is noteworthy to mention
here that the CFRP jackets can provide effective restraint
to the increased lateral dilation of RuC. The compressive
strength of CFRP confined RuC is essentially dependent
on the maximum confinement pressure by CFRP jack-
ets. This confinement pressure was more successfully
exploited by CFRP jackets in group 3 over the corre-
sponding Group 1 and 2, respectively. This exploitation by
FRP confinement resulted in high confined compressive
strength of rubberized concrete. It is worth to mention that
the 3L (layer) CFRP jacketing of RuC with 50% rubber
content in Group 3 was more superior to the correspond-
ing samples in Group | and 2, respectively.

4.3 Strength model

The CFRP confined compressive strength of RuC from
experimental test results were used to verify the accuracy
of strength prediction equations of the confined strength
for the strength models and two well-known international
design guidelines i.e., Fédération Internationale du Béton
(fib-14), and Concrete Society (CS TR.55).
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Fig. 11 Axial and lateral stress-strain plot of CFRP-confined
rubberized concrete (Group 1)
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Fig. 12 Axial and lateral stress-strain plot of CFRP-confined
rubberized concrete (Group 2)
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rubberized concrete (Group 3)
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A lot of strength models are available for FRP confine-
ment of concrete columns. Most of the existing strength
models are based on the following Eq. (26) [31]. They
are generally classified as design and analysis-oriented
strength models.

/:c = fcja + klfly (26)

The parameter f, , f. . k; and f, refers to the confined
strength, unconfined strength, confinement pressure and
confinement coefficient. The first strength model in terms
of compressive strength enhancement was proposed by
Richart et al. [31]. Since then, several models were devel-
oped based on the Eq. (3). The most important parametric
coefficient was k1 that was varied by several experimental
studies [32-35]. Most of the equations developed for FRP
confined circular sections are based on two parameters
i.e., unconfined strength and confinement pressure [36].

Fardis et al. proposed the Eq. (27) to predict the con-
fined strength of concrete columns by FRP [37].

foe = frp +4.11; 27)

Most recently, strength model proposed by Pham et al.
is indicated in Eq. (28).

fec =071, +1.8; +5.7§+13 (28)

The parameters f,

ce”

foon /1, t and d refer to the confined
strength, unconfined strength, confinement pressure,
thickness of FRP and diameter of the section. Table 8
shows the experimental confined compressive strength
(f..) and theoretical confinement ratios (f,,./f.,) of CFRP
confined rubberized concrete.

The prediction of test results by ACI, CSA and ISIS are
shown in Figs. 14-16, respectively. American Concrete
Institute code provided better prediction of test results for
fine rubber replacement. However, the same guideline fails

to predict the confined strength for other replacement
types. CSA and ISIS highly underestimated the test results.
Concrete Society Technical Report TR-55 [38] includes
confinement equations to predict the theoretical strength
of columns confined by FRP composites. The strength
enhancement depends on number of factors like uncon-
fined concrete strength, number FRP layers, diameter of
the cross-section and elastic modulus of the FRP compos-
ite. The prediction of test results by CS and fib are shown
in Figs. 17 and 18, respectively. CS proposes the following
equation to predict the strength of columns wrapped by
FRP composites [38]. £, is given by the Eq. (29) [38].

. 2ntf
Jee' = Jeu+ 005(—)E - 29)

where the parameters £, /., n, t, and D refers to the
confined compressive strength, unconfined compressive
strength, number of FRP layers, thickness of FRP, and
diameter of the section. )
o ntrEy 2

CS proposed the limit i.e., 7, 72 > 0183 N,

Eq. (30) [38] represents the modified unconfined com-
pressive strength of concrete as the ratio of unconfined

strength of concrete to 0.8.

v o
Jeu = 08’ (30)
where

/. = final unconfined concrete compressive strength

after reduction factor

/..= unconfined concrete strength specified

The European design code includes Fédération
Internationale du Béton (fib) Technical Report [19]. This
design guideline suggests Eq. (31) to predict the confined
compressive strength of circular concrete sections con-
fined by FRP [19]. The confinement pressure provided by
FRP jackets can be calculated from Eq. (32). The volu-

metric ratio of FRP confinement is shown in Eq. (33) [19].

Table 8 Performance of strength models in terms of compressive strength enhancement of CFRP confined RuC

Test No. CS TR-55 fib ACI CSA ISIS Fardis et al. [35]  Phametal. [39] Proposed Model
F-FRP(1L) 1.63 2.11 1.421 1.315 1.57 1.51 1.61 1.88
F-FRP(2L) 2.21 2.95 1.789 1.736 2.526 1.94 1.80 2.21
F-FRP(3L) 2.68 3.85 2.263 2.157 3.526 2.37 1.99 2.35
C-FRP(IL) 1.63 2.73 1.727 1.636 1.545 1.89 2.27 4.0
C-FRP(2L) 2.18 4.19 2.454 2.363 2.545 2.63 2.60 4.27
C-FRP(3L) 2.72 6.10 3 3.09 3.54 3.38 2.93 4.81
CF-FRP(IL) 1.62 3.25 2 1.87 1.625 2.22 2.87 5.75
CF-FRP(2L) 2.25 5.38 3 2.87 2.625 3.24 2.87 6.12
CF-FRP(3L) 2.62 6.25 3.87 4 3.625 4.27 2.87 6.62
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Fig. 14 Experimental versus theoretical (ACI) axial compressive
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Fig. 15 Experimental versus theoretical (CSA) axial compressive

strength prediction for CFRP-confined rubberized concrete
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Fig. 16 Experimental versus theoretical (ISIS) axial compressive
strength prediction for CFRP-confined rubberized concrete
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&2y

1
h=5keprEres (32)

Where £, /.. /1> k., pp E» and ¢, refers to the confined
strength, unconfined strength, confinement coefficient,
FRP ratio, elastic modulus of FRP, and ultimate tensile
strain of FRP. [19].

- 4nt ; bif

Pr = 0 | 33)

The strength models shown in Table 8 underestimate
the test results for low unconfined strength of concrete
(f.). However, reasonable predicted confined strength (f;_.)
values were found for higher unconfined strength of con-
crete (19 MPa). This shows that the models are not adopted
for lower unconfined strength of concrete.
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The concrete core tends to expand laterally when
subjected to axial loading and FRP jackets restrain this
expansion. Passive lateral confinement pressure is pro-
vided by the FRP jackets. The uniaxial load is converted
into tri-axial load due to passive confinement provided
by FRP. The behavior of conventional and rubberized
concrete is different in terms of stress-strain. Moreover,
rubberized concrete produces more lateral expansion as
compared to conventional concrete when confined by
FRP. Current models developed for FRP confined con-
ventional concrete underestimate the confined strength of
concrete (f,,.). The analysis oriented strength model pro-
posed by the author for CFRP confined rubberized con-
crete is shown in Eq. (34). The model provides reasonable
results with error (%) less than 10.

f—cf’ :{1+4.2L1l (34)

c c

The proposed strength model is only valid for small
number of experimental test results of CFRP confined rub-
berized concrete. More databases are needed to verify the
strength model for wide range of unconfined strength of
concrete (f.). The confinement mechanism of rubberized
concrete is highly dependent on the unconfined strength
of concrete (f,).

5 Conclusions

This paper presented the axial compressive strength test
results and stress-strain behavior of developed CFRP con-
fined rubberized concrete with enhanced strength and
deformation capacity. The test results were compared with
strength models and design guideline codes. The findings
of the paper are:

* CFRP confinement of rubberized concrete was
highly effective to improve its compressive strength.
CFRP confinement of RuC cylinders with combined
fine and coarse rubber content was superior to other
replacement types. High strength increment (600%)
was recorded for 3 layer of CFRP wrapping.
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