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h i g h l i g h t s

� FRP confined/unconfined SHCC specimens were exposed to magnesium sulfate (MgSO4).
� Investigated the effects of magnesium sulfate on the performance of SHCC specimens.
� Unconfined/confined SHCC specimen were tested under monotonic and cyclic loading.
� Type of fiber-reinforced polymer (FRP) fabric (BFRP vs CFRP) was investigated.
� Effect of type of FRP fabrics and fly ash were experimentally evaluated.
� Microstructure of SHCC exposed to magnesium sulfate was compared.
� SEM images revealed that HCFA-SHCC was more affected by sulfate than LCFA-SHCC.
� CFRP wrapped specimens were more ductile, strong and durable than BFRP wrapped ones.
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In this study, the performance of Fiber Reinforced Polymer (FRP) confined and unconfined Strain
Hardening Cementitious Composite (SHCC) specimens exposed to sulfate attack under static and cyclic
loading were investigated. Two types of FRP fabrics (Basalt (BFRP) and Carbon (CFRP)) and two types
of fly ash (Low calcium (LCFA) and high calcium (HCFA)) were studied. In addition, FRP fabrics as a reha-
bilitation material was also investigated for the sulfate deteriorated specimens. LCFA-SHCC specimens
showed superior performance than HCFA-SHCC specimens in the sulfate environment. In addition, con-
fined specimens with FRP fabrics significantly improved compressive strength, ductility, and durability of
the specimens.

Published by Elsevier Ltd.
1. Introduction due to the significant increase in population, the number of the fac-
Recently, existing studies on the durability of concrete focused
significantly on the chemical attacks especially in an urban region
tory as well as hazardous waste. The deterioration of conventional
concrete under chemical attacks is a recognized topic among inves-
tigators and ongoing investigates continue to prevent concrete
structure deterioration under chemical attacks. In addition to
chemical attacks, structures are exposed to axial loads, shear forces
and bending moments, especially in earthquake zones. In such a
situation, structures experience seismic loads after the loss of
mechanical strength due to chemical attack and failure of the
structures become inevitable.

One of the most well-known and efficient strain-hardening
cementitious composite (SHCC) types is Engineered Cementitious
Composite (ECC). SHCC exhibits high ductility and allows the cre-
ation of multiple micro-cracks under uniaxial tensile and flexural
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loadings, which makes SHCC exhibits performance under static and
cyclic (earthquake) loading much more than ordinary concrete. In
addition, SHCC has also higher fatigue life due to fiber bridging
controlled crack propagation [1]. Governing the micro-crack prop-
agation slows down or prevents the degradation rate due to chem-
ical attacks and increase the structural service life [2].

Utilization of fiber reinforced polymers (FRP) in last decades as
an externally wrapping have attained significant approval for
repairing and strengthening the concrete structures [3]. The wrap-
ping of reinforced concrete columns is one of the most common
techniques of FRP strengthening to improve their axial strength,
seismic resistance, and shear strength. In this technique, the FRP
sheets are usually wrapped around the columns generally in the
circumferential (hoop) direction with fibers oriented. The fiber
sheet increases the axial strength by confining the concrete and
producing a triaxial stress form. The FRP confinement also
improves the shear resistance of concrete members and avoid early
failures when concrete members are exposed to external loadings
typical to the loading detected in earthquakes [4–6].

Investigation on the mechanical properties of FRP composite
with concrete has been widely investigated. International design
codes and specifications for the strengthening of concrete mem-
bers using externally wrapped FRP jacket systems have been pub-
lished [7–10]. The preference of FRP fabrics for strengthening and
repairing aims can be attributed to lightweight, low thermal con-
ductivity, and high durability performance to corrosion and chem-
ical attacks [11–13]. The service life and durability of structures
depend on the environmental factors which it is exposed. The most
popular environmental attacks for concrete structures are temper-
ature fluctuations, wind effects and wetting-drying [14]. One of the
main deterioration problems took place in the cement-based mate-
rials like mortars, concrete and buildings are the sulfate attack. Sul-
fate ions in groundwater, soil, and seawater may deteriorate the
reinforced concrete structures via causing expansion and spalling
resulted by many factors like type of sulfate cation, type of cement,
the concentration of sulfate and the exposure time. Many building
deteriorated by sulfate usually require rehabilitation or, in most
violent situations, structures require to be rebuilt [15,16]. Basalt
and carbon FRP fabrics showed superior durability against environ-
ment attack [17]. The effect of salt and other chemical solutions on
FRP was similar to the effects of water exposure. The main factor is
the moisture that penetrates the composite which led to swelling
the matrix material and relax. Moreover, concrete pore water can
create alkali solutions that have high pH values between 12 and
13. The influence of these solutions on the polymer matrix is more
than the influence of water. The alkali affects the polymer matrix
and increases the degradation [18,19]. Investigations have indi-
cated that the chemical solutions react with the polymer matrix
and/or fibers and alters the chemical composition which affects
the bond between the fibers and polymer matrix and results in a
reduction in mechanical properties [20,21]. Stress corrosion is con-
sidered a common failure resulted in the chemical attack when the
internal strength of the material is decreased by penetration of
chemical solution under prolonged internal stress [20,21].

Although there are few investigations which study the sulfate
attack on SHCC specimens, there is limited or lack of investigation
related the influence of sulfate attack on SHCC specimens confined
by basalt and carbon FRP fabrics under static and cyclic loading. In
the scope of the study, the effect of the magnesium sulfate on the
compressive strengths of the local concrete elements was investi-
gated. For the concrete elements, the most important parameters
are both compressive strength and the ductility (especially post-
peak region performance). In addition, cyclic loading was also
applied to some of the specimens to represent the earthquake
behavior under sulfate exposure attack. Therefore, compressive
strength and ductility performance of the local column elements
due to magnesium sulfate attack was investigated under static
and cyclic loadings in the study. The different FRPs on the strength
and durability performances of local concrete elements is also
investigated under static and cyclic behavior. Since there is a lim-
ited study regarding the confined concrete under cyclic loading
after chemical exposure, this study aims to improve the knowledge
regarding this issue. In addition, the confined concrete behavior
after chemical exposure under cyclic loading can be significant in
the seismic regions. Moreover, the utilization of FRP materials as
a structural rehabilitation material at sulfate environment is also
studied. Influences of sulfate on physical and mechanical proper-
ties involving compressive strength, visual appearance, and weight
change were investigated within the investigation. Furthermore,
scanning electron microscopy (SEM) analysis was achieved to clar-
ify the influence of the sulfate attack on the inner parts of confined
and unconfined SHCC specimens in micro-scale. The obtained out-
comes of the investigation can be significant for local column ele-
ments exposed to sulfate attack and they can be utilized to
enhance the service life of the local column elements. It should
be emphasized that the outcomes of this study may not represent
the behavior of whole columns or structure. However, if the behav-
ior of local column elements under sulfate attacks can be under-
stood thoroughly, it can give an idea about the behavior of the
structure exposed to sulfate attack, and therefore, required precau-
tions can be taken to improve the service life of the structures.
2. Experimental studies

2.1. Materials and mixture proportions

The materials used in strain hardening cementitious composite
(SHCC) mixtures were; Ordinary Portland Cement (OPC), F-type fly
ash (LCFA), C-type fly ash (HCFA), poly-vinyl alcohol (PVA) fibers,
silica sand, water and a high range water reducing admixture
(HRWRA). The chemical compositions and physical properties of
the FA and OPC are presented in Table 1.

Table 2 illustrates the PVA fiber properties used in ECC concrete.
To tailor the interfacial properties between fiber and matrix for
SHCC performance, the PVA fibers surface is coated with a propri-
etary hydrophobic oiling agent of 1.2% by mass [22]. The increase
in the aggregate size may have an adverse influence on ductility
properties of SHCC [23], therefore silica sand with an average
and maximum grain size of 110 mm and 200 mm respectively were
utilized in the study. Table 3 represents the mix design of the
SHCC. The fly ash to OPC ratio of 1.2 and the ratio of silica sand
to the binder were 0.36 by weight. Investigation showed that water
to binder ratio of 0.3 was optimum amount for both strain harden-
ing behavior of SHCC and high rheological behavior with good fiber
dispersion [24,25]. Therefore, the water to binder ratio was
selected as 0.27 in this study, which was lower the specified value
and expected to achieve better strain hardening behavior. To
obtain the desired fresh properties, high range water reducing
admixture was also added to the SHCC mixes as specified by Yang
et al [26]. As a result, two mixes were produced as HCFA-SHCC mix
(produced with high calcium C-type fly ash) and LCFA-SHCC mix
(produced with low calcium F-type fly ash) in the study.

In this study, SHCC specimens were confined by uni-directional
basalt fiber reinforced polymer (BFRP) and carbon fiber reinforced
polymer (CFRP) fabrics to detect the durability and mechanical
performance of these materials under sulfate attack. Table 4 shows
the mean values of the mechanical and physical properties of the
FRP materials, which were taken by the fabric manufacturer.
Teknobond 300 Tix, free solvent, thixotropic and epoxy was uti-
lized. It has two components; A and B are liquid resin and hard-
ener, respectively. The mechanical properties are taken from the



Table 1
Chemical composition and physical properties of F and C type fly ashes and OPC.

Component CaO SiO2 Al2O3 Fe2O3 MgO SO3 K2O Na2O Loss onIgnition Specific Gravity Blaine Fineness (m2/kg)

Fly ash-F (%) 1.60 62.53 21.14 7.85 2.4 0.10 0.73 2.45 2.07 2.30 387
Fly ash-C (%) 15.5 46.97 11.86 7.98 6.51 3.47 3.23 2.33 0.45 2.27 306
OPC (%) 62.58 20.25 5.31 4.04 2.82 2.73 0.92 0.22 3.02 3.15 326

Table 2
The properties of PVA fibers.

Fiber Type Tensile Strength (MPa) Modulus of Elasticity (GPa) Elongation (%) Diameter (lm) Length Density (mm) (g/cm3)

PVA 1620 42.8 6 39 8 1.3

Table 3
Typical mix design of SHCC specimens.

Cement Water Microsilica sand Fly ash HRWRA* Fiber (%)

1.00 0.56 0.8 1.2 0.013 2.00

* HRWRA = High range water reducing admixture; all ingredients proportion, by weight, except for fiber.
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adhesive data sheets and the properties were given in Table 5. The
application of the epoxy-based adhesive to the SHCC specimens
was attained according to the user guide of the technical
document.
2.2. Specimen preparation and curing condition

Cylinder specimens with dimensions of 100 mm and 200 mm in
diameter and length respectively were cast to evaluate the com-
pressive strength of SHCC specimens. After 24 h, specimens were
demolded and cured in water at 23 ± 2 �C for 28 days. Then speci-
mens were left in an ambient condition for drying. After required
strength, three layers of carbon and basalt fiber reinforced polymer
(FRP) wrappings were realized on certain specimens according to
the FRP application procedure as shown in Fig. 1.

In the first step of the FRP application procedure, the surface of
the specimen was prepared by removing the residual powders
using a wire brush and cleaning the surface from remaining pow-
ders using an air compressor. In the second step, the sheet of FRP
fabrics were prepared by cutting the sheet with a length of
115 cm (three-layer continuous wrapping length with an overlaps
of 15 cm between layers) and width of 19 cm (left 0.5 cm at both
top and bottom side of cylinder specimen to avoid axial load on
FRP sheet). In the final step, application of FRP fabrics was attained
by saturation inner sides of the FRP fabrics with epoxy resin and
specimens were placed inside of the FRP fabrics, then three layers
wrapping process were achieved with epoxy resin. In the FRP
application process, to eliminate and fill the pores on the surface
of the specimen and to get the excellent bond between concrete
and FRP fabrics, the surface of the specimens was also coated with
epoxy resin. In addition, the orientation of fibers inside FRP sheet
was taken into consideration during the wrapping procedure to
certify the orientation of fibers perpendicular to the axial direction
Table 4
The properties of fabric sheets.

FRP types Tensile Strength (MPa) Modulus of Elasticity (GPa)

BFRP 2100 105
CFRP 4900 240
of loading. To get the perfect bond between FRP layers and to avoid
slippage of the FRP layers, an overlap length of 15 cm was provided
for the outermost layers of FRP sheet. During the wrapping process,
separation of fibers from the edge of FRP sheets was avoided to
prevent early failure of the specimens. After FRP wrapping process,
specimens were left at room temperature for 7 days to achieve the
targeted strength of the epoxy resins. After the three-layer of
wrapping period, the thicknesses of the FRP sheets was determined
using caliper as 0.9 mm outside from the overlap region.
2.3. Specimens for mechanical tests

As a result of the fiber reinforced polymer (FRP) wrapping pro-
cess, three types of specimens were obtained; control (uncon-
fined), specimens confined by basalt FRP (BFRP) and specimens
confined by carbon FRP (CFRP). Furthermore, two mixes were pro-
duced; high calcium fly ash-strain hardening cementitious com-
posite (HCFA-SHCC) mix and low calcium fly ash-strain
hardening cementitious composite (LCFA-SHCC) mix. Specimens
were left under two different environments; sulfate environment
and control environment (unexposed specimens). Control speci-
mens (unexposed specimens) were tested at the ages of 28 days
and 90 days, whereas specimens exposed to sulfate environment
were tested at the age of 90 days; (28 days water curing and the
remaining days under sulfate environment). 18 control specimens
were tested at the age of 28 days (6 unconfined + 6 confined by
BFRP + 6 confined by CFRP), 36 control specimens were tested at
the age of 90 days (6 unconfined-static loading, 6 unconfined-
cyclic loading, 6 BFRP-static loading, 6 BFRP-cyclic loading, 6
CFRP-static loading, 6 CFRP-cyclic loading). For specimens exposed
to sulfate attack, 24 unconfined specimens (6 unconfined-static
loading, 6 unconfined-cyclic loading, 6 unconfined-then confined
(after sulfate exposure)-static loading, 6 unconfined-then confined
Elongation (%) Thickness (mm) Area Weight (g/m2)

2.6 0.3 300
2 0.3 300



Table 5
General properties of epoxy based adhesive material.

Epoxy Type Pot life at 20 �C
(Min)

Flexural Strength
7 days (MPa)

Compressive Strength
7 days (MPa)

Bond Strength
7 days (MPa)

Mixing
ratio

Modulus of Elasticity
7 days (GPa)

Fluid density
(kg/L)

Teknobond
300 Tix

30 34.16 70.81 3.45 4:1 24.61 1.02 ± 0.02

\  
a) Concrete surface preparation  

b) FRP sheets preparation

c) Application of FRP fabric 

Fig. 1. Steps of applying FRP fabric.
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(after sulfate exposure)-cyclic loading) and 24 confined specimens
were produced (6 BFRP-static loading, 6 BFRP-cyclic loading, 6
CFRP-static loading, 6 CFRP-cyclic loading) and as a total of 48
specimens under sulfate attack were tested at the age of 90 days.
It should be noticed that 12 unconfined specimens exposed to sul-
fate attack were later confined with FRP fabrics to examine the per-
formances of FRP as retrofit/rehabilitation materials. Since,
wrapped specimens required at least seven days to obtain the



Fig. 2. SHCC specimen under axial load.
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target strength of the epoxy resin [27]. Therefore, all soaked spec-
imens (confined and unconfined) led to dry for 24 h (confined
specimens wrapped by FRP and unconfined specimens store in
lab) and tested under compression after 7 days later 24 h of drying.
Meanwhile, the age of compressive strength test were ((28
+ 8 days) and (90 + 8 days)).

2.4. Specimens under sulfate attack

There is no typical test method presented to measure the dura-
bility of concretes under chemical attack. However, ASTM C 267
test method [28] proposes that specimens should be immersed
in water for 24 h prior exposed to chemical attacks to achieve
water saturated specimsens. Thus, specimens were soaked in
water for 24 h and left to the drying at 23 ± 2 �C for 2 h prior to
record initial saturated weights of the specimens. Then specimens
were soaked in 5% sulfate solution for a period of 8-weeks. At the
same period, control specimens for each different mix were stored
in an ambient environment at 23 ± 2 �C in the laboratory for
8-weeks for comparison. SHCC specimens were taken from the
sulfate solution after the end of each week, resulting chemical
reaction on the surface of concrete were eliminated by water.
The specimens were left at laboratory environment at 23 ± 2 �C
for 2 h to drying prior to record the weight of the specimens.

2.5. Testing procedure

Compressive strength tests were carried out on confined and
unconfined cylinder specimens under static and cyclic loadings.
Compressive strength tests were carried out according to ASTM
C39 [29]. All compressive strength tests were performed under dis-
placement controlled loading with a rate of 0.2 mm/min. Two lin-
ear variable displacement transducers (LVDT) were attached to
measure axial deformations in the specimens as shown in Fig. 2.
Stress and strain data were obtained for each specimen.

3. Experimental results and discussion

3.1. Visual examination

Visual examination of specimens indicated after 8-weeks of sul-
fate exposure that there is no change in visual appearance, crack-
ing or spalling observed on the specimens. However, a very thin
layer of efflorescence was observed on the outer surface of the
exposed specimens. When specimens were inspected in details,
both confined and unconfined SHCC specimens and PVA fibers
were deteriorated from the sulfate solution. However, the deterio-
ration was only observed at the unwrapped part of the cylinder
specimens (top and bottom parts). Due to the confinement with
FRP layers in the lateral direction, no deterioration was observed
as is seen in Fig. 3.

Wallah and Rangan [30] investigated the influence of 2% sul-
phuric acid attack on cylinder specimens with 100 mm diameter
and stated that acid can penetrate only 20 mm, and the remaining
80 mm remained unaffected. In the study, the penetration depth
due to sulfate attack was investigated by cutting a 1 cm slice from
100 mm cylinder specimens and the average depth of the sulfate
penetration was measured as 8 mm. It was also observed that
the remaining inner parts were found unaffected as shown in
Fig. 3. It was clearly noticed that the sulfate damage in unconfined
specimens was found more severe than the specimens confined by
carbon and basalt FRP fabrics. This result was also supported by the
previous study, which found out that the chemical solution is a
surface phenomenon and the damage starts at the surface and pro-
gresses to the inner parts of the concrete [31]. In addition, SEM
inspections were also realized from concrete slices as shown in
Fig. 3.

3.2. Weight change

Fig. 4 indicates weight gain (%) of the specimens under two
months of chemical exposure. Results presented that all specimens
had weight gain under sulfate solution absorption, and unconfined
specimens showed the highest weight gain. The gained weights
were 0.98% for LCFA specimens and 1.22% for high calcium fly
ash HCFA specimens. Confined HCFA also showed slightly higher
weight gain than the confined LCFA specimens. Moreover, the
lower weight gain showed in LCFA specimens confined by carbon
FRP (CFRP) and therefore, the specimens confined by CFRP fabrics
showed slightly better chemical resistance than BFRP fabrics under
sulfate attack. Lower weight gains showed in confined and uncon-
fined LCFA specimens may be due to the higher fineness ratio,
which caused a reduction in porosity and reduced chemical solu-
tion absorption. The earlier research was also reported the weight
gain due to chemical exposure [32,33]. The penetration of harmful
actions from chemical solution reacted with cement and caused
the formation of gypsum and ettringite. As a result, increased vol-
ume by a factor of about two and reduced density of concrete [34].
Therefore, initial weight gains of the specimens exposed to the
chemical solution may be due to the increase in relative volume
was more than the reduction amount in relative density [31].

3.3. Compressive strengths of the specimens

In general, the behaviors of SHCC specimens confined by FRP
fabrics under axial load were found to be consistent with the per-
formance of conventional concrete confined by FRP in the litera-
ture. During the early stages of the axial loading process, the
noise related to the microcracking of SHCC material was clear,
which indicate the beginning of the stress transfer from the
expanded SHCC specimen to the FRP fabrics. The cracking noises
intensity could be heard pre-failure that achieved after the slow
rupture of FRP fabrics with a violent and sudden noise. Failure ini-
tiated from an overlap place of the FRP fabrics at the middle height
of the specimen and moved to the bottom and top of the speci-
mens. For the tested specimens, all failures happened as a result
of the rupture of FRP fabrics followed by a ductile performance
of SHCC and failure due to de-bonding was not observed in



(a) LCFA specimen exposed to sulfate (b) LCFA Control specimen 

(c)  CFRP-SHCC exposed to sulfate         (d) BFRP-SHCC exposed to sulfate 

Fig. 3. Detail of SHCC showing sulfate affected zone and SEM samples places.

Fig. 4. Weight gain in SHCC specimens exposed to sulfate attack.
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confined specimens. Table 6 represents the both average compres-
sive strengths (AVG) and standard deviations (SD) of the speci-
mens. Results showed that specimen confined by FRP indicated
superior performance than unconfined specimens under both sul-
fate and ambient environments. In addition, the compressive
strength of fiber reinforced cement-based composites mainly
depends on the properties of the matrix. Due to the high CaO con-
tent (to form CASAH gel) in the HCFA-SHCC specimens, the com-
pressive strength was found more than the LCFA-SHCC specimens.

3.3.1. Compressive performance of unconfined specimens
Fig. 5 indicates typical compressive stress–strain curves of

unconfined SHCC specimens. Results showed that compressive
strength of unconfined specimens increased up to 90 days. The
continuity of hydration reactions and the slow pozzolanic reaction
of fly ash may be the reason for the increase in the compressive
strength. Similar outcomes were also stated in the previous inves-
tigations [2,35].

The compressive strength values of 90-day curing specimens
were 27.72% and 19.94% higher than the compressive strength val-
ues of 28-day curing for LCFA and HCFA specimens, respectively.
Higher improve in the compressive strengths of LCFA specimens
at 90-days ages compared to HCFA specimens was expected
because of lower CaO amount in the low lime-fly ash (LCFA) spec-
imens since the rate of hydration reactions was slow, where
strength improvement (C3S and C2S creation) became time depen-
dent. Reductions in compressive strength for the specimens
exposed to sulfate attack were 0.17% and 14.92% for 28 days, 10%
and 16.48% for 90 days strengths of LCFA and HCFA specimens,
respectively. Higher reduction in compressive strength for HCFA
specimens may be also attributed to high CaO content in the in
the high lime-fly ash (HCFA) specimens.



Table 6
Compressive strength of LCFA and HCFA specimens.

Compressive Strength of LCFA – SHCC specimens (MPa)

# Control 28 days Control 90 days Exposed to Sulfate Attack

w/o wrap CFRP BFRP w/o wrap CFRP BFRP w/o wrap CFRP BFRP CFRP-A* BFRP-A*

AVG 21.25 60.41 42.8 27.2 75.01 53.18 24.42 73.0 51.09 71.7 50.01
SD 0.89 0.73 0.79 0.78 0.61 0.77 0.72 0.51 0.57 0.89 0.96

Compressive Strength of HCFA – SHCC specimens (MPa)

# Control 28 days Control 90 days Exposed to Sulfate Attack

w/o wrap CFRP BFRP w/o wrap CFRP BFRP w/o wrap CFRP BFRP CFRP-A* BFRP-A*

AVG 47.4 72.81 56.25 56.9 90.62 67.46 47.48 87.16 63.78 82.33 60.56
SD 0.75 0.68 0.63 0.74 0.91 0.76 0.71 0.60 0.61 0.80 0.87

* CFRP-A and BFRP-A = The specimens wrapped after exposed to sulfate by CFRP and BFRP respectively.

a) Unconfined HCFA-SHCC specimens  b) Unconfined LCFA-SHCC specimens  

Fig. 5. Stress–strain curves of unconfined SHCC specimens.
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3.3.2. Compressive performance of confined specimens
Fig. 6 represents the compressive performance of confined

SHCC specimens. Results showed a significant increase in compres-
sive strength for SHCC confined by FRP fabrics (more than 2–3
times) when compared to unconfined specimens. In general, the
compressive load decreased suddenly as the outermost layer of
FRP fabrics ruptured and then the load started to increase or con-
tinue at a constant value due to stress move from FRP fabrics to
SHCC concrete until the failure of the inner layer of FRP fibers
and PVA fibers inside the SHCC specimens [36].

Similar to unconfined specimens, compressive strengths values
of the confined specimens also increased up to the age of 90-days.
The improvement amounts were 24.17% and 24.25% for LCFA spec-
imens and 24.46% and 20.46% for HCFA specimens confined with
CFRP and BFRP fabrics, respectively. Results showed that the influ-
ence of concrete matrix on strength values was also important
when specimens confined by FRP fibers.

Compressive strengths values of the confined specimens
exposed to sulfate attack at the age of 90-days were found to be
greater than the compressive strengths of the confined specimens
at age of 28-day. The increasing amounts were 19.71% and 13.4%
for the HCFA-SHCC specimens and 20.84% and 19.37% for the
LCFA-SHCC specimens confined with CFRP and BFRP fabrics,
respectively. Lower increase in compressive strength for the HCFA
specimens may be due to the deterioration result of CaO amount
especially for the specimens includes high lime fly ash. Further-
more, the compressive strengths of the confined specimens
exposed to sulfate solution at the age of 90-days were found lower
than the strength of unexposed confined specimens at the age of
90-days, as predictable. The reduction amounts as a result of sul-
fate solution were 2.68% and 3.93% for LCFA specimens and
3.82% and 5.45% for HCFA specimens confined with CFRP and BFRP
fabrics, respectively.

In this study, unconfined specimens were exposed to sulfate
solution and then FRP fabrics were placed on the same specimens
in order to investigate the influence of FRP fabrics as retrofit/reha-
bilitation materials. Results indicated that the strength of the spec-
imens wrapped after exposed to sulfate attack (designed as
Sulfate-A on Figures and BFRP-A* and CFRP-A* on Table 5) were
lower than the strength of before wrapped specimens exposed to
sulfate attack, as predictable. The reduction amounts were only
9.15% and 10.63% for HCFA specimens and 4.41% and 5.96% for
LCFA specimens confined with CFRP and BFRP, respectively. Out-
comes showed that both FRP fabrics can be also a resolution of sul-
fate deteriorated concrete and can be utilized as a rehabilitation or
retrofit material under sulfate attack.

In addition to compressive strength, confined the specimens by
FRP fabrics also increased the ductility behavior of specimens. The
ductility improvement was stated in the literature for conventional
concrete confined by FRP materials [4,37]. In general, SHCC speci-
mens exhibit strain hardening behavior, which resulted in an
enhanced toughness and ductility. In addition, confined SHCC spec-
imens by FRP fabrics resulted in very high lateral displacement
amounts and toughness, specially post-peak curve of the axial
stress–strain curve. This outcome makes the composite FRP-SHCC
important in structural fundamentals demands high strength and
high ductility. In the study, carbon FRP fabrics enhanced the strain
from 0.04 to 0.09 and basalt FRP fabrics improved up to 0.07 as
indicated in Figs. 6 and 7 due to the effect of FRP fabric confine-
ment, which forms a triaxial condition of the stress along the SHCC
specimen height which leads to higher strength and strain
amounts. After the rupture failure of FRP fabrics, SHCC concrete



(a) HCFA-SHCC specimen confined by CFRP (b) LCFA-SHCC specimen confined by CFRP 

(c) HCFA-SHCC specimen confined by BFRP (d) LCFA-SHCC specimens confined by BFRP 

Fig. 6. Stress–strain curves of confined SHCC specimen.

(a) HCFA specimens (b) LCFA specimens 

Fig. 7. Stress-Strain Curves of confined and unconfined SHCC specimen.
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including PVA fibers continued to resist the axial load until failure
of PVA fibers. Carbon FRP fabrics confined specimens exhibits
superior strength and ductility amount than the basalt FRP fabrics
confined specimens and the poor behavior was achieved in the
unconfined specimens as indicated in Fig. 7.

3.3.3. Failure modes of specimens exposed to an axial compression
load

During axial compression load process, the concrete expansion
expected on SHCC specimens and the FRP prevented the expansion
and formed a confinement in the circumferential direction along
the cylinder specimens height. As tensile stresses resulted by axial
load exceed the tensile strength resistance of FRP reinforced SHCC
materials, first the FRP rupture happened and the resistance of
axial load continued by matrix until the failure of the PVA fibers.
In this study, all failure mechanism obtained due to FRP rupture
followed by failure of the matrix. In the scope of the research, no
de-bonding was observed during the mechanical tests; however,
the de-bonding failure had rarely been stated by previous studies
[38,39].

For the ordinary concretes confined by FRP fabrics, the failure
mode can be characterized by crushing of concrete followed by
the rupture of the FRP fabrics at the mid-height region of the cylin-
der specimens. In addition, vertical cracks along the specimen
height are observed for the unwrapped specimens. For the
wrapped specimens, more expansion is localized at the middle
portions of the specimens due to the higher tensile stresses, which
enables stress transfer from expanded concrete to the FRP fabrics.



a) LCFA (b) HCFA (c) BFRP (d) CFRP 

e) LCFA f) HCFA g) BFRP h) CFRP 

Fig. 8. Failure mode of SHCC specimens exposed to sulfate (a, b, c, d) and control (e, f, g, and h).

(a) Unconfined HCFA control specimen-90days (b) Unconfined LCFA control specimen-90days 

(c) Unconfined HCFA specimen exposed to sulfate (d) Unconfined LCFA specimen exposed to sulfate 

Fig. 9. Static and cyclic loading diagram of unconfined SHCC specimens.
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(a) HCFA-CFRP control specimen 90days (b) LCFA-CFRP control specimen 90days 

(c) HCFA-CFRP specimen exposed to sulfate (d) LCFA-CFRP specimen exposed to sulfate 

(e) HCFA-BFRP control specimen 90days (f) LCFA-BFRP control specimen 90days 

        (g) HCFA-BFRP specimen exposed to sulfate      (h) LCFA-BFRP specimen exposed to sulfate 

Fig. 10. Static and cyclic loading diagram for confined SHCC specimens.
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For the further lateral expansion, FRP fabrics are fully activated and
finally the rupture of the FRP fabric starts at the mid-height and
progresses at top and bottom regions [40,41].

However, for the SHCC specimen, the failure mechanism found
to be different than the ordinary concrete. The PVA-ECC concrete
exhibits strain hardening behavior due to the lateral strain capabil-
ity of PVA fibers, and the ductility of the SHCC specimens improves
further with the utilization of the carbon and basalt FRP fabrics.
Fig. 8 summarizes the fracture or failure modes of the unconfined
and confined SHCC specimens. For these specimens, cracks



(a) HCFA control specimen                             (b) LCFA control specimen

(c) HCFA exposed to sulfate (0-1 cm)                  (d) LCFA exposed to sulfate (0-1 cm)

(e) HCFA exposed to sulfate (A-1cm) (f) LCFA exposed to sulfate (A-1cm)

Fig. 11. SEM photos of unconfined HCFA-SHCC (left) and LCFA-SHCC (right) specimens.
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initiated at the top or bottom parts of the cylinder specimen and
crack openings developed until the failure occurs at these places
as a result of high-stress concentrations created due to the friction
between the specimen and the machine plates. As FRP fabrics were
placed uni-directional, sudden failure was realized of the FRP fab-
rics caused by shearing off FRP fabrics and later the load transfer
between FRP fibers cannot be possible. As reported in previous
studies on FRP confinement concrete, low popping noises were
heard during various stages of the loading process [40,41]. As the
FRP fabric was taken off regarding the failure modes, it was noted
obviously that the failure occurred at the bottom or top part of the
specimens. The failure of the some of the ductile specimens at the
top and bottom regions is also reported in the in the previous study
[42].
The failure of SHCC (ductile) specimens are localized at the end
portions of the specimens, while the failure of the ordinary con-
crete (brittle) specimens are localized at the middle portions,
which indicates that friction between machine plates and speci-
mens becomes significant for the ductile specimens. For that rea-
son, the anti-friction devices can be used in order to eliminate
the top and bottom end of the failure of the cylinder specimen as
reported in the earlier studies [43,44].

In Fig. 8a and e, the failure modes of LCFA specimens were
found almost the same under sulfate and control environments,
which indicated that LCFA specimens does not much affect the fail-
ure mode. Concerning the HCFA specimens, the effect of sulfate
solution led to a relatively negative effect (more deterioration)
on the failure as can be seen in Fig. 8b and f. This could be
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explained by the existence of high calcium content in HCFA speci-
mens. When confining the specimens with basalt FRP fabrics, more
deterioration was observed under sulfate solution than control
environment as can be seen in Fig. 8c and g. This can be explained
by the fact that basalt FRP fabric can react with the sulfate solution,
leading to a weak performace agains sulfate solution. On the other
hand, carbon FRP fabrics showed the same failure mode under sul-
fate and control environments as can be seen in Fig. 8d and h. Due
to the high tensile strength capacity, failure was observed at top
regions of the specimens, which can be attributed to the friction
between machine plates and specimens.

Failure of the unconfined SHCC specimens occurred more vio-
lent than the specimens wrapped with FRP fabrics. Due to the high
bond strength of PVA fibers, the formed cracks cannot propagate
into the mid-lengths of the specimens in general [36]. The failure
of the unwrapped specimens occurred near the top and bottom
of the specimens as similar to the wrapped ones. However, failure
of the specimens subjected to sulfate was more violent than unex-
posed specimens as shown in Fig. 8. This may result from gypsum
and ettringite formation at the outer surface (�1 cm) under mag-
nesium sulfate environment. The sulfate produced additional ten-
sile stresses and caused weaknesses in the concretes. When the
sulfate influence combined with the external axial load, the crack-
ing may form at the weakest defects and further elongate along the
specimen heights.

3.4. Cyclic loading behaviour

Figs. 9 and 10 illustrate the axial stress–strain curves resulted
from both static and cyclic loadings of the tested specimens.
Results showed that the pre-peak performance of unconfined spec-
imens resulted from static and cyclic loading was obtained almost
linear up to the peak loads even for the specimens exposed to sul-
fate attack as shown in Fig. 9. However, regarding the post-peak
(a) SHCC-CFRP exposed to sulfate (0-1 cm)

(c) SHCC-CFRP exposed to sulfate (A-1cm)       (

Fig. 12. SEM photos of CFRP and B
performance of unconfined specimens exposed to sulfate solution,
the static and cyclic curve moved away from each other, which
may be due to the extra reduction in elastic modulus resulted from
softening and decreased the rigidity of specimens with an increase
in loading/unloading cycles. This behavior can be detected clearly
for HCFA specimens due to the high amount of CaO.

For confined specimens, the pre-peak performance of confined
specimens expected as linear up to the points that match to the
failure of unconfined specimens as presented in Fig. 10. After that
due to the cracks formed in the SHCC matrix at higher stresses, the
elastic modulus of SHCC material was decreased. However, higher
stresses were achieved due to the presence of FRP fabrics. How-
ever, similar stress relaxation was also indicated in the post-peak
part for both static and cyclic loadings, which may be due to the
elastic performance of the FRP, which enhanced the resistance of
the specimens to cyclic loadings. The favorable effect of carbon
and basalt FRP material on the post-peak curve can be easily
observed under sulfate attack.

The envelopes of all stress–strain curves of SHCC tested speci-
mens under cyclic loading can be drowned by joining the peak
points of the unloading cycles on the stress–strain curves and the
resulted curve matches well with the resultant stress–strain curve
of the specimens from static loading. Similar indications were also
stated by previous studies Lam et al [45] and Shah et al [46]
reported that this behavior also suitable for concretes confined
by FRP fabrics. In this study, the static and cyclic loading curves
of tested specimens confined by carbon FRP and basalt FRP obeyed
with each other as presented in Fig. 10.

3.5. Scanning electron microscopy (SEM)

Confined and unconfined SHCC specimens were analyzed by
scanning electron microscopy (SEM) in details to detect the alters
in the surface of PVA fibers and the transition zone between the
(b) SHCC-BFRP exposed to sulfate (0-1 cm)

           d) SHCC-BFRP exposed to sulfate (A-1cm)

FRP confined HCFA specimens.
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fiber and the matrix as a result of chemical reaction of sulfate solu-
tion. In addition, the effects on the surfaces of carbon and basalt
FRP fabrics were studied in microscale. In order to prepare SEM
samples, one inch (2.54 cm) slices from both top and bottom sec-
tions of the specimens were cut and discarded, from the middle
region of the specimens 1 cm thick circular slice was utilized for
SEM analysis. The sulfate affected zone width was about 8 mm
from the outer circumference of the cylinder specimen as indicated
in Fig. 3. Therefore, for each specimen two SEM images were taken,
one of them was taken at the sulfate influenced region (0–1 cm
from the surface) and the other one was taken from the uninflu-
enced region (close to the influenced region but out of the 1 cm
outer layer).

SEM photos of the unconfined SHCC specimens under various
environments were organized in Fig. 11. SEM images of sulfate
(a) BFRP (w/o epoxy) Control specimen       

(c) BFRP-epoxy Control specimen

(e) BFRP-epoxy exposed to sulfate

Fig. 13. SEM photos of BFRP
influenced region shown that white sediments created on the sur-
face of the PVA fibers and the number of white sediments for HCFA
specimens was much higher than LCFA specimens. Due to the high
amount of calcium, the higher ratio of Ca/Si and the free calcium
lead to high deterioration of the cement paste and creation of gyp-
sum and ettringite which can produce expansion, dimensional
instability, cracking, spalling and reduction in mechanical proper-
ties [47,48]. As specified previously, SEM photos were also taken
out of the sulfate influenced region (specified as A-1) and low vit-
reous segments were concentrated on the surface of the PVA fibers.
SEM photos specified that sulfate attacks begun from the outer
layer and grew to the inside of the specimens. It was also investi-
gated that the adverse influence of sulfate on HCFA specimens was
higher than the LCFA specimens in both sulfates influenced and
uninfluenced region. The white sediments also detected in the
           (b) CFRP (w/o epoxy) Control specimen

(d) CFRP-epoxy Control specimen

(f) CFRP-epoxy exposed to sulfate

and CFRP fabric sheets.



Table 7
Statistical evaluation of the test result.

Dependent Variable Independent variable Sequential Sum of Squares Mean Square Computed F P Value Significant Contribution (%)

LCFA-SHCC Age level 167.93 167.93 23.78 0.01 Yes 5.12
FRP confinement 3071.47 1535.74 217.48 0.00 Yes 93.79
Error 35.31 7.06 1.09
Total 3274.72

LCFA-SHCC Sulfate Attack 7.89 7.89 88.03 0.01 Yes 0.34
FRP confinement 2329.37 1164.69 12996.32 0.00 Yes 99.65
Error 0.18 0.09 1.00
Total 2337.44

LCFA-SHCC Age level 153.71 153.71 20.33 0.01 Yes 4.80
FRP confinement* 3011.83 1505.92 199.18 0.00 Yes 94.02
Error 37.80 7.56 1.18
Total 3203.34

LCFA-SHCC Sulfate Attack 14.29 14.29 378.91 0.00 Yes 0.63
FRP confinement* 2265.93 1132.96 30038.81 0.00 Yes 99.37
Error 0.08 0.04 0.00
Total 2280.29

HCFA-SHCC Age level 203.21 203.21 10.15 0.02 Yes 10.30
FRP confinement 1668.91 834.46 41.67 0.00 Yes 84.62
Error 100.12 20.02 5.08
Total 1972.24

HCFA-SHCC Sulfate Attack 45.71 45.71 8.00 0.02 Yes 3.18
FRP confinement 1379.17 689.58 120.77 0.01 Yes 96.02
Error 11.42 5.71 0.79
Total 1436.29

HCFA-SHCC Age level 247.30 247.30 25.68 0.04 Yes 21.05
FRP confinement* 908.46 454.23 47.18 0.02 Yes 77.31
Error 19.26 9.63 1.63
Total 1175.02

HCFA-SHCC Sulfate Attack 100.94 100.94 126.71 0.01 Yes 7.67
FRP confinement* 1213.23 606.62 761.49 0.00 Yes 92.21
Error 1.59 0.80 0.12
Total 1315.77

FRP confinement*; SHCC specimens wrapped by FRP fabrics after exposed to sulfate attack (represents CFRP* and BFRP* in the Table 6).
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interfacial transition zone, which weakened the bond between the
cement matrix and PVA fibers.

SEM photos of basalt and carbon FRP confined HCFA specimens
were presented in Fig. 12. Outcomes specified that PVA fibers of
SHCC specimens confined by basalt and carbon FRP were deterio-
rated by sulfate attack less than PVA fibers of unconfined speci-
mens. In addition, basalt and carbon FRP fibers also influenced by
the sulfate attack. Due to the sensitivity of the epoxy resin to an
alkaline environment, BFRP and CFRP fabrics were also substan-
tially influenced by the sulfate solution. However, due to the higher
bond between CFRP fabrics and the epoxy resin, specimens con-
fined by CFRP fabrics were less deteriorated compared to speci-
mens confined by BFRP fabrics as indicated in Fig. 13.
3.6. Statistical evaluation of the test result

A general linear model analysis of variance (GLM-ANOVA) was
performed at a significant level of 0.05 to estimate the variation
in the performance of the fiber reinforced polymer confined and
unconfined strain hardening cementitous composite exposed to
sulfate attack in a quantitative form. For this, the type of fly ash
(LCFA-SHCC and HCFA-SHCC) were assigned as the dependent vari-
ables while age level, FRP confinement, sulfate attack, and sulfate
deteriorated specimens confined by FRP fabrics (titled as FRP con-
finement*) were the independent factors. A statistical analysis was
conducted to evaluate the statistically significant factors (p-
level < 0.05). A p-value less than 0.05 showed that the related
parameter is a significant factor in the test results. In addition, per-
cent contribution was also calculated to have an idea about the
degree of effectiveness of the parameter on the resulting perfor-
mance. If this value is higher, then it can be accepted as the effect
of the parameter is high on the resulting performance. Table 7 pre-
sents the contributions (%) of the factors on the resulting perfor-
mances. The FRP confinement was found to be the most
dominant factor than the effect of sulfate attack and age level for
both types of fly ash. In addition, the effect of sulfate attack was
also found higher than the effect of age level on the compressive
strength of the specimens. Moreover, the specimens produced with
low calcium fly ash (LCFA-SHCC) was found to had superior perfor-
mance than the specimens produced with high calcium fly ash
(HCFA-SHCC). On the other hand, specimens wrapped after
exposed to sulfate (FRP confinement*) was also affected and it
can be concluded that both FRP fabrics can be used as rehabilita-
tion materials in sulfate environments.

4. Conclusion

This study investigates the degradation influence of the magne-
sium sulfate attack on SHCC specimens under static and cyclic
loading. The specimens were also reinforced with basalt and car-
bon FRP fabrics to assess performances of the concretes under sul-
fate attack. In addition, the use of FRP material as a rehabilitation
material was also evaluated. Scanning electron microscopy (SEM)
analysis was also achieved to detect the changes in the surface of
PVA fibers and in the interfacial transition zone between the fibers
and the matrix. General findings were summarized as follows:

� Visual appearance results showed that the surface color of the
specimens containing high lime fly ash (HCFA) and the speci-
mens containing low lime-fly ash (LCFA) remained grey even
after 8-weeks of exposure.

� SHCC specimens indicated superior mechanical performance
and durability resistance against sulfate attacks. However,
LCFA-SHCC specimens (including low lime) indicated better
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performance than HCFA-SHCC specimens (containing high
lime). This may be due to the high amount of CaO in HCFA
specimens, which increased the creation of gypsum and ettrin-
gite and caused a reduction in mechanical behavior and durabil-
ity performance.

� The utilization of FRP fabrics with the SHCC specimens
enhanced substantially both compressive strength and ductility
performance of specimens. Results indicated that specimens
confined by carbon FRP exhibit better mechanical and durabil-
ity behavior than the specimens confined by basalt FRP under
both sulfate and ambient environments. The poor performance
was detected in unconfined specimens

� Strengthening the SHCC specimens after exposed to sulfate
attack (sulfate deteriorated specimens) in the study, improved
significantly the mechanical performance and it was established
that both FRP fabrics (CFRP and BFRP) can be a solution for sul-
fate deteriorated concrete and can be utilized as a rehabilitation
or retrofit material under sulfate environment.

� The envelopes of all stress–strain curves of SHCC tested speci-
mens achieved from cyclic loading test exhibited similar perfor-
mance with the curves obtained from static loading test under
ambient environment. Regarding the post-peak performance
of unconfined specimens exposed to sulfate attack, the static
and cyclic curve moved away from each other, especially for
HCFA specimens; which may be due to the further reduction
in elastic modulus under sulfate solution resulted from soften-
ing and decreased the rigidity of the concrete with an increase
in loading/unloading cycles. For confined specimens cured at
both ambient and sulfate environment, FRP confinement
showed enhanced resistance to reversed loadings, the speci-
mens under both static and cyclic loadings exhibits similar
stress relaxation performance.

� SEM photo analysis also stated that LCFA-SHCC specimens
exhibited superior resistance than HCFA-SHCC specimens under
sulfate attack. Moreover, basalt and carbon FRP confined speci-
mens indicated excellent durability performance (indicated a
low amount of white deposits) than unconfined specimens.
SEM analysis also showed that sulfate penetration to the spec-
imens begun from the outer surface and progressed to the
inside of the cylinder specimens and it decreased the bond
between PVA fibers and SHCC matrix, deteriorated the interfa-
cial transition zone as reported by the earlier studies.

� Due to the sensitivity of the epoxy resin to alkaline conditions,
BFRP and CFRP fabrics are also substantially influenced by the
sulfate solution. However, due to the superior high bond
between CFRP fabric and the epoxy, CFRP fabrics were less influ-
enced by sulfate attack than BFRP fabrics.

� Statistical analysis also indicated that LCFA-SHCC specimens
exhibit superior performance than HCFA-SHCC specimens and
the FRP confinement was found to be the much more effective
factor on the performance of SHCC specimens. In addition, FRP
confinement exhibits a significant effect on the sulfate deterio-
rated specimens which can be concluded that both FRP fabrics
can be used as a rehabilitation material in the sulfate
environments.
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