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ABSTRACT: The durability of the alkali-resistant (AR) glass fiber reinforced concrete (GFRC) in three simulated 
aggresive environments, namely tropical climate, cyclic air and seawater and seawater immersion was investigated. 
Durability examinations include chloride diffusion, gas permeability, X-ray diffraction (XRD) and scanning elec-
tron microscopy examination (SEM). The fiber content is in the range of 0.6 % to 2.4 %. Results reveal that the 
specimen containing highest AR glass fiber content suffered severe strength loss in seawater environment and rela-
tively milder strength loss under cyclic conditions. The permeability property was found to be more inferior with 
the increase in the fiber content of the concrete. This suggests that the AR glass fiber is not suitable for use as the 
fiber reinforcement in concrete is exposed to seawater. However, in both the tropical climate and cyclic wetting and 
drying, the incorporation of AR glass fiber prevents a drastic increase in permeability.
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Resumen: Hormigón de altas resistencia reforzado con fibras de vidrio resistentes a alcalis en ambientes agresivos 
simulados. Este trabajo se centra en el estudio de la durabilidad de hormigón reforzado con fibra de vidrio 
resistente a álcalis (CRFVRA) en tres ambientes agresivos simulados como son, condiciones de clima tropical, 
ciclos de aire y agua de mar e inmersión marina. Los tests de durabilidad incluyeron la difusión de cloruros, 
permeabilidad de gas, difracción de rayos X (XRD) y evaluacion por microscopía electrónica de barrido (SEM). 
Los contenidos de fibra evaluados estuvieron en el rango desde 0.6% hasta 2.4%.

Los resultados revelan que la muestra que contiene el mayor porcentaje de fibra sufre una severa pérdida de 
resistencia en condiciones de agua de mar, y una menor disminución de resistencia bajo condiciones cíclicas. 
Su permeabilidad disminuyó al incrementar el contenido de fibras en el hormigón. Lo anterior sugiere que el 
refuerzo con fibra resistente a alcalinos no es adecuado para su uso en hormigón en ambiente de agua de mar. 
Sin embargo, bajo condiciones de clima tropical, y en ciclos humedad/secado, la incorporación de dichas fibras 
previene un incremento drástico de la permeabilidad.
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1. INTRODUCTION

Aggressive environment attacks such as sulphate 
attacks, chloride ingress, dimensional instability, salt 
crystallization and etc. causes deleterious effects to 
the concrete. Those deleterious effects mainly deal 
with cracks formation, either caused by the forma-
tion of expansive products or rapid expansion and 
shrinkage due to the drying-wetting cycles. Chloride 
diffusion triggers the corrosion of steel reinforce-
ment and initiates salt crystal formation within the 
concrete. Sulphate attack results in the formation of 
ettringite and gypsum, which are both expansive in 
nature. These products exert internal stress on the 
hardened cement paste of concrete and resulting 
in crack formation (1-4). Wetting–drying cycles at 
the splash zones violate the dimensional stability of 
the concrete matrix. The same mechanism occurs in 
tropical climate exposure as intensive solar radia-
tion that heats up the cementitious matrix followed 
by rain water spraying, or vice-versa, causes a dras-
tic change in the temperature.

As concrete is a brittle material, the shrinkage 
and expansion stresses by the cyclic wetting and 
drying induce the micro cracks within the concrete 
structure. Under such circumstances, it leads to the 
formation of stress concentration zones in a con-
crete microstructure even without being subjected 
to external load or environmental effects. When 
the external load, differential shrinkage, and envi-
ronmental factors come into the picture, the cracks 
would be increased and further propagated result-
ing in crack localization and failure of concrete (5). 
Although high performance concrete which offers 
low permeability was adopted as the best approach 
to address the durability issues, it helps to delay the 
penetration of the external substances for a period 
of time only. However, once surface crack is initi-
ated by the weathering effect or diffusion of sulphate 
ions, the original purpose of using low permeability 
concrete will be jeopardized (6).

In order to mitigate this problem, chopped 
strand AR glass fiber is proposed in this study to 
provide a localized reinforcing effect within the 
cementitious matrix in order to control the crack 
formation and subsequent propagations due to the 
exposure to the aggressive environment. These fine 
fibers are densely scattered in the binder matrix in 
order to provide localized restrains in random direc-
tions to control micro cracks openings and propa-
gation of cracks (7-10). Disodium oxide (Na2O) 
and dipotassium oxide (K2O) are low in glass fiber 
and therefore it enhances the corrosion resistance 
to water and higher surface resistivity. The molecu-
lar structure of glass fiber consists of three dimen-
sional, long network of Si, O2 and other randomly 
arranged atoms. Thus, glass fibers are amorphous 
(non-crystalline) and isotropic, which means that 
their properties remain the same in all directions 

(11, 12). Nevertheless, normal glass fiber is not 
chemically stable in concrete due to the high alkalin-
ity. Alkaline resistance fiber is the modified version 
which was developed by Cem-Fil®. The impregna-
tion of glass fibers by zirconium (ZrO2) acts as a 
component in the molecular structure of glass fiber 
which improves the resistance against alkaline cor-
rosion. The minimum percentage of the zirconia 
content is 16% (13-15).

Incorporating discontinuous fibers in the con-
crete matrix provides several advantages such as 
enhanced matrix integrity, ductility and shear 
strength, greater damage tolerance and energy 
absorption capacity under impact and cyclic load-
ing, better dimensional stability (reduced shrink-
ages and expansions) (16-22). In terms of greater 
dimensional stability, the use of glass fibers as dis-
crete reinforcements in concrete has been proven to 
enhance the crack resistance and durability of con-
crete. Barluenga & Hernández-Olivares (23) found 
that AR glass fibers could provide local reinforce-
ment effects at early ages (less than 24 hours) which 
substantially reduce the total cracked area and the 
maximum crack length of a slab panel. It was also 
observed that the fiber content should be main-
tained low (600 g/m3) so that the cracks will mainly 
be perpendicular to the fiber orientations in order to 
maximize the reinforcing effect of the fiber. Besides 
that, Messan, Ienny, & Nectoux (24) reached a 
similar condition. Both the overall shrinkage and 
heterogeneity of the surface shrinkage of the free 
and restrained mortar specimens at early ages are 
largely reduced by the use of glass fiber as discrete 
reinforcement.

With respect to the durability of the AR glass 
fibers in concrete matrix, although it is guaran-
teed by the presence of zirconium; the reduction 
in strength over a long period of exposure in moist 
mediums has been reported in some literature (25, 
26). The presence of portlandite [Ca(OH)2] in the 
pore water of cementitious matrix creates a highly 
alkaline condition in the matrix. This condition 
triggers the degradation process of the fibers as 
the hydroxyl ions (OH–) from portlandite attack 
the Si-O-Si structural network of the glass fiber. 
The AR glass fiber which is coated with ZrO2 is 
less susceptible to the attack because Zr-O bonds 
are less reactive to OH– ions. Hence, the alkalinity 
of pore water (i.e. the availability of the OH– ions) 
governs the rate of degradation of glass fiber (26, 
27). Nourredine (25) reported that the addition of 
silica fume slows down the degradation process. 
This is because the pozzolanic reactions between 
the silica fume and portlandite produced from the 
primary hydration of cement have further reduced 
the amount of portlandite. However, the viability 
of incorporating AR glass fibers in high strength 
concrete that are exposed to the seawater exposure 
environment in the long-term has yet to be explored.
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Table 1. Specification of the AR glass fiber

Description Unit Standard Test Value

Diameter mm 15.0 + 2.3 15.7

Length mm 24 + 1.5 24.4

Moisture content % < 0.2 0.18

Combustible matter content % 1.9 + 0.3 1.83

Elastic modulus GPa 71.7 to 80.0 72

Specific gravity - 2.6 to 2.8 2.7

ZrO2 % 16.8 + 0.5/0.3 16.57

TiO2 % 5.5 + 0.5 5.45

2. EXPERIMENTAL PROGRAMME

The constituent materials of the high strength 
concrete used in the study are Portland cement, 
condensed silica fume, washed river sand (specific 
gravity 2.63), coarse aggregate of granitic origin 
(specific gravity 2.65), sulphonated superplasticizer, 
tap water and AR glass fibers. The chemical com-
positions of Portland cement are provided by the 
supplier (Tasek Corporation Sdn. Bhd). The glass 
fiber used in the study is in bundle form, consist-
ing of ±200 filaments and loosely bound together. 
The diameters ranged between 12 μm and 20 μm for 
each filament and the specifications are presented 
in Table 1. Five different mix designs were exam-
ined in the study: one control specimen (without 
fiber) and four other mixes containing 0.6%, 1.2%, 
1.8% and 2.4% of AR glass fibers. The percentage 
of fibers was calculated based on the total binder 
volume. The plain specimen was denoted as CTRL, 
whereas the others were denoted according to the 
fiber content. For example, the 0.6 GF refers to the 
specimen containing 0.6% of glass fiber. The binder 
content was fixed at 495 kg/m3. Silica fume occu-
pied 12% of the total binder content. The water to 
binder ratio was fixed at 0.35 and the fine to coarse 
aggregate ratio was 2:3. Sulphonated-based super-
plastizer was added at a constant dosage of 2% by 
weight of binder to achieve a workable mix with the 
slump class of S1 (10-40mm) as defined in British 
Standard BS EN 206.

All specimens were water cured for 28 days by 
being exposed to three different simulated aggres-
sive environments for periods of 3, 6, 12, and 
18 months. The early-age performance of specimens 
under water curing was regarded as the reference 
for the pre-aggressive environment exposures (28). 
The simulated aggressive environments are tropical 
air (A-series), cyclic wetting and drying in tropical 
air (N-series) and continuous immersion in sea-
water (W-series). The A-series concrete specimens 
were cured in air with recorded temperatures rang-
ing between 23 – 32 °C and relative humidity of 
between 65 – 79%. The specimens were subjected to 

sun radiations and rains. N-series was cured under 
14-day cycle of wetting and drying (4 days in sea-
water and 10 days in the air environment like the 
A-series). W-series concrete specimens were sub-
jected to continuous immersion in seawater, at the 
temperature of 25 ± 2 °C.

The parameters of the study include compressive 
strength, intrinsic permeability, chloride penetra-
tion, X-ray diffraction (XRD), scanning electron 
microscopy (SEM) examination and energy disper-
sive X-ray spectrography (EDX). X-Ray diffrac-
tion analysis was performed on samples subjected 
to the immersion in seawater to identify the miner-
als which are related to sulphate attack on concrete 
namely gypsum and sepiolite. Compressive strength 
was determined from the average of five concrete 
cubes with the dimension of 100 x 100 x 100 mm, 
and the testing procedures were done in accordance 
with BS EN 12390-3 (29). The testing procedure 
developed by Cabrera & Lynsdale (30) was adopted 
in determining the intrinsic permeability. Six cylin-
drical samples with the dimension of 45 mm Ø x 40 
mm which cored from three prisms were used. The 
cored samples were placed into a ventilated oven 
until it achieved mass equilibrium, usually after 72 
± 2 hours. Next, the samples were cooled to room 
temperature in a desiccator and tested with Leed 
Cell Apparatus. The intrinsic permeability was cal-
culated as Equation [1] below:

 ( )
( )=

−

−

K
P VL x x

A P P

2 1.76 10

1 2
2

16

2 2
 [1]

The chloride diffusion study was performed to 
assess the chloride performance of the GFRC under 
the exposure to chloride rich exposure condition. 
The titration method was adopted to examine the 
chloride penetration which was in accordance with 
BS 1881 – 124 (31). Six cylinders were extracted 
from three separate prisms and sliced according to 
the respective depth levels using a diamond cutter. 
The sliced samples from the same depth level were 
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then ground into fine powder to achieve uniformity. 
Subsequently, 5 ± 0.005g of fine powder was diluted 
with 50 ml of deionized water and followed by 10 mL 
of nitric acid. Next, another 50 mL of hot water was 
added into the solution and boiled for 4 – 5  minutes. 
The solution was kept warm for 10 – 15  minutes and 
allowed to cool to room temperature. Next, it was 
filtered with ashless filter paper and excessive 0.1M 
silver nitrate was added into the solution, followed 
by 3,5,5-trimethylhexanol and iron (III) indicator 
solution. The last step was to titrate with thiocya-
nate standard solution until the first permanent red 
color was noticed. The chloride content, J (percent-
age to mass of cement) was calculated by using 
Equation [2] as written below:

 J V
V m

M C0.1
0.3545 100

c
5

6

1

= −








×  [2]

A mineralogical study was performed by the 
XRD analysis on the concrete core subjected to 
the seawater immersion to confirm the seawater 
attacks and the presence of portlandite. Samples 
were extracted from the outer layer of the CTRL 
and 2.4GF prisms with the longest exposure (18 
months) to the aggressive environments. Samples 
were ground into powder form and then irradiated 
by an X-ray beam at various scattering angles of 2 
Theta scale between 5°-40°. Meanwhile, the SEM 
examination and EDX analysis were performed to 
observe the microstructure at the fiber/matrix inter-
facial transition zone and the condition of fiber after 
being exposed to the aggressive environments. Thus, 
samples were extracted using the diamond core cut-
ter and only those which contain fiber at the surface 
were selected. The selected samples were then coated 
with pure gold in a vacuum chamber. The scanning 
electron microscope used was GEMINI SUPRA 50 
VP. The primary electron beam was accelerated with 
the energy of 15 kV and the electron bombardment 
was used to generate the Energy Dispersive X-ray 
spectrography (EDX).

3. RESULTS AND DISCUSSION

3.1 Compressive Strength

The compressive strength of the CTRL and 
GFRCs in different simulated environments is pre-
sented in Figure 1 to Figure 3. Based on the results 
in Figure 1, the compressive strength of GFRCs was 
decreased after being exposed to tropical air envi-
ronment (A-series) for 18 months. Prior to expo-
sure, the compressive strength of 2.4GF was 75.01 
MPa which is the highest and 5.0% higher than the 
CTRL. With reference to the test result, it could be 
observed that upon the addition of the AR fiber at 
low volume fraction, the increase in the paste-fiber 

interfacial transition zone (ITZ) resulted in a 
weaker matrix which outweighed the crack bridg-
ing effect of the fiber which contributed towards a 
reduced compressive strength. As the volume frac-
tion of the fiber increases, the presence of higher 
amount of fiber enables a better crack bridging 
effect which in turn outweighs the deleterious effect 
due to the increased ITZ within the concrete matrix. 
This is evident with the clear trend of the increas-
ing compressive strength with increased fiber vol-
ume fraction at the stage prior to exposure as shown 
in Figure 1 –Figure 3. After the A-series exposure 
for 18 months, the strength of 2.4GF recorded at 
70.36 MPa which is 8.9% lower than the CTRL 
(77.18  MPa). The strength development trends of 
the GFRCs in A-series exposure are similar where 
the most significant dropping point is after 12 
months’ exposure.

The drop in the compressive strength of the 
GFRCs after long term exposure is caused by pre-
mature fracture of fiber filaments. Since the glass 
fibers used in this study are in bundle form and 
consist of ±200 filaments which are loosely bonded 
together, the binder matrix did not penetrate into 
the bundles which leave some empty space between 
filaments, and strand/matrix interfaces. These 
empty spaces were densified by the precipitation 
of portlandite from the hydration process (1, 32). 
Although the densification process increases the 
bonding strength between the strand/matrix inter-
faces and filaments within the bundle, it has two 
detrimental effects to the fibers. Firstly, as the inter-
face hardens, the cracks in the matrix would directly 
penetrate into the fibers, instead of diverting around 
the interface. This would create flaws and weaken 
the tiny filaments (33). Secondly, when the interface 
between filaments becomes denser, the radius of the 
curvature that can support the fracture becomes 
bigger, i.e. the filament can bend lesser. This would 
induce higher flexural stress when the fiber is being 
subjected to the bending mechanism, and this may 
lead to premature fracture in tiny filaments.

Hence, the fractured filaments lose their capa-
bility to serve as localized reinforcements to con-
trol the development of micro cracks within the 

Figure 1. Compressive strength A-series specimens versus 
the exposure period.
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cementitious matrix. This scenario was observed 
in the microstructure study as shown in Figure 10. 
Moreover, the weak fiber/matrix interface zone will 
serve as an initial point of crack when the cementi-
tious composite is subjected to compressive stress. 
These will subsequently lead to the reduction in the 
compressive strength of the GFRCs. When the fiber 
is incorporated at high dosage (≥ 1.8%), the deleteri-
ous effects such as moisture attacks, premature frac-
ture, increased permeability and porosity etc. are 
magnified.

The results shown in Figure 2 reveal that it was 
also detrimental to have high fiber content in the 
cyclic exposure condition. Cyclic exposure condi-
tion is more intense in terms of the volume change 
due to the wetting-drying cycles which happen every 
14 days compared with A-series. During the wetting 
period, the specimens also suffered from seawater 
attacks. The 2.4GF specimens started losing strength 
at earlier exposure period (6 months) compared with 
the A-series, and the compressive strength is lower 
than that of the CTRL by 5.8%, at 69.69 MPa. It 
was caused by the higher dosage of fibers incor-
porated as it led to permeability and porosity; and 
other deleterious effects which allow for the chemi-
cal corrosion of glass fibers. Meanwhile, the other 
GFRCs started dropping strength significantly after 
12 months’ exposure caused by the premature frac-
ture of fiber filaments.

The results in Figure 3 show that the most sig-
nificant reduction in the compressive strength on 

prolonged exposure duration can be observed for 
GFRC with high fiber content (≥1.8%) subjected 
to prolonged immersion in seawater. The 2.4 GF 
suffered the largest strength loss, which is 17.2% 
lower than that of the CTRL. The strength dropped 
continuously, from 75.01 MPa to 60.39 MPa, i.e. 
about 19.5% after prolonged immersion in seawa-
ter for 18 months. The rapid reduction in strength 
was observed to occur after 3 months. The substan-
tial loss of strengths is highly possible due to the 
chemical corrosion of the glass fibers and porous 
microstructure surrounding the fiber filaments. This 
is evident in the SEM examinations which showed 
that the fiber filament has already been damaged. 
Literature recommends that lowering portland-
ite content and the glass fibers coated with zirco-
nium oxide could have better durability properties 
(13,  25,  34). In this experiment, the portlandite 
content has been reduced by the incorporation of 
silica fume and also AR glass fibers with zirconium 
content exceeding 16% were used. The mineralogi-
cal study has confirmed that the portlandite is not 
present in the outer layer of the 2.4GF in W-series. 
However, the degradation effects are still significant. 
This is because the diffusion of sulphate ion from the 
seawater into the cement paste matrix increases the 
sulphate concentration of the pore water. When the 
sulphate concentration increases, the monosulphate 
aluminate hydrates phase of the cement matrix is 
transformed back into ettringite. This has resulted 
in the expansion of the cement paste matrix sur-
rounding the glass fiber and subsequent debonding 
of the glass fiber from the cement paste matrix (6). 
The extent of debonding increases with higher con-
centration of sulphate ion in the pore water. Hence, 
on prolonged curing in the seawater, the concentra-
tion of sulphate ion and the degree of debonding 
increased with time. The debonding of glass fiber 
from the cement paste matrix is the primary rea-
son behind the observed reduction in the compres-
sive strength of the GFRC on prolonged exposure 
to seawater. Thus, it is not viable to apply AR glass 
fibers as the discrete reinforcement for high strength 
concrete used in marine environment.

3.2 Permeability

The intrinsic permeability of the specimens sub-
jected to different exposure environments is shown in 
Figure 4 to Figure 6. Based on Figure 4 and Figure 5, 
the GFRC specimens in both exposure environments 
(tropical climate and wet and dry cycle) have a lower 
increasing rate compared to the CTRL specimens. In 
tropical climate condition, the lowest permeability was 
observed for 0.6 GF concrete samples at 1.01 x 10-16 

m2, about 43.6% lower than the intrinsic air perme-
ability of CTRL which was recorded as 1.79 x 10-16 

m2. Although the permeability of GRFC increases 
with the increasing fiber content, the fluctuation of 

Figure 2. Compressive strength N-series series versus the 
exposure period.
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Figure 3. Compressive strength W-series specimens versus 
the exposure period.
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temperature in tropical air environment can cause the 
specimens dimensional instability. The variations in 
temperature increase the intrinsic air permeability over 
the exposure durations (6). The inclusion of AR glass 
fiber in the concrete mix would result in an increased 
volume of the paste-fiber ITZ in the concrete matrix 
which in turn resulted in an increase in the intrinsic per-
meability and porosity of the mix prior to exposure. On 
prolonged exposure to the tropical air (Environment 
type A) and cyclic wetting and drying (Environment 
N) the cement paste of all concrete test samples under-
went drying shrinkage which resulted in the formation 
of drying shrinkage crack on the test sample that led to 
higher pore continuity. In the presence of the AR fiber 
within the GFRC samples, the crack bridging effect 

of the AR fibre reduced the degree of drying shrink-
age crack as compared to the control concrete with-
out fibre content. With the reduction in the degree of 
shrinkage crack, a corresponding reduction in the pore 
continuity expressed as intrinsic permeability could be 
achieved for the GFRC over a prolonged tropical air 
drying exposure. Dimensional instability was further 
magnified in the specimens subjected to wetting–drying 
cycles (N-series) in which expansions and shrinkages 
occurred in a cyclic manner. Figure 5 shows a dras-
tic increase in the intrinsic permeability of the CTRL 
specimens, from 0.80 x 10-16 m2 to 2.88 x 10-16 m2 when 
the exposure period was extended from 12 months to 
18 months. This was due to the interconnection of 
micro cracks and continuous pathways formed, allow-
ing nitrogen gas to pass through the concrete speci-
men easily. However, GFRC with fiber content of 0.6, 
1.2 and 1.8% did not show any drastic increase in the 
intrinsic air permeability on prolonged exposure dura-
tion to cyclic wetting and drying up to 18 months of 
exposure duration. These observations highlighted the 
importance of discontinuous fibers in resisting crack 
formation and propagation caused by volume change. 
In addition, the dispersion of micro cracks (35) and 
bridging up of cracks by the fibers increased the tortu-
osity of the pathways for the nitrogen gas used in the 
intrinsic air permeability test. Consequently, the intrin-
sic air permeability of the GFRC is lower as compared 
to the CTRL. Banthia & Bhargava (36) had also con-
firmed that the FRC exhibits reduced the permeability 
coefficients under stressed and non-stressed conditions 
of the cracked concrete.

The permeability of the 2.4 GF also shows an 
abrupt increase over the period of exposure in 
Figure 5 and Figure 6. In cyclic exposure (N-series), 
the intrinsic permeability of 2.4 GF increased from 
0.91 x 10-16 m2 to 1.49 x 10-16 m2, whereas in W-series, 
it increased from 1.42 x 10-16 m2 to 2.23 x 10-16 m2 when 
the exposure period was extended from 12 months 
to 18 months. The magnitude was relatively higher 
in W-series as it was due to the corrosion of the AR 
glass fibers in seawater coupled with the debonding 
of fiber from the cement paste matrix resulted by 
the sulphate expansion of the cement paste matrix. 
In addition, the porous structure at the surrounding 
fiber filaments was observed during the SEM exami-
nation. This finding is consistent with the argument 
that the specimens immersed in seawater will exhibit 
high corrosion rates. Furthermore, it was justified by 
the rapid reduction in the compressive strength of 
GFRC specimens and the SEM images (Figure 12).

Nonetheless, the permeability of the CTRL speci-
men in W-series was decreased on the prolonged 
exposure to seawater. The reduction in the intrinsic air 
permeability of the CTRL specimen was associated 
with salt crystal formation within the capillary pore of 
the concrete. Discontinuity in the capillary pores caused 
by the blockage of salt crystals in the pore network 
resulted in higher resistance to the permeability gas 

Figure 4. Intrinsic permeability of A-series specimens versus 
the exposure period.
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Figure 5. Intrinsic permeability of N-series specimens versus 
the exposure period.
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Figure 6. Intrinsic permeability of W-series specimens versus 
exposure period.
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(6, 37). As the CTRL does not contain any glass fiber 
reinforcement, there is no debonding of fiber from the 
cementitious matrix in the control mix (CTRL) due to 
sulphate expansion. Hence, the exposure of CTRL to 
seawater exposure (sulphate ion rich solution) did not 
have a significant effect on air permeability.

Comparing among Figure 4 to Figure 6, the 
permeability of the GFRC specimens exposed to 
seawater improved after 3 months. As the exposure 
period approached 12 months, the values from the 
N-series specimens reached the lowest levels, fol-
lowed by those of the A- and W-series. At 18 month, 
the highest permeability among all the GFRC was 
obtained by the 2.4GF in the W-series; the second 
highest was obtained by the 2.4 GF in the N-series. 
These results proved that seawater exposure had a 
significant adverse effect on the GFRC specimens 
especially those with fiber content. As for test sam-
ples subjected to continuous sea water immersion as 
in the W-series, the effect of drying shrinkage crack 
was eliminated. Hence, the permeability and com-
pressive strength results are relatively consistent.

3.3 Chloride Diffusion

The chloride content (percentage by mass of 
cement) is reported in Table 2. After the immersion 
in seawater for 18 months, the water soluble chloride 
content of all the GFRC at the sampling interval of 

20-30 mm was still observed to be lower than the 
maximum allowable content of 0.2 % as prescribed 
in the ACI Comittee 222R-01 (38). The sampling 
depth interval of 20-30 mm was considered as it is 
equivalent to the typical depth of concrete cover 
provided for reinforced concrete structural element 
as prescribed in the BS EN 1992-1-1:2004+A1:2014 
(39). Figure 7 shows the chloride concentrations of 
specimens in W-series up to 20 mm depth level. The 
rationale to discard the data in depth levels 20-30 
mm and 30-40 mm from displaying in the Figure is 
to avoid the misinterpretation of the test results, 
since the chloride concentrations at those levels were 
below the threshold limit of 0.2%.

As referred to Table 2, the inclusion of AR glass 
fiber at fiber content of 0.6% up to 2.4 % had resulted 
in a significant increase in the chloride content of the 
GFRC produced especially for the sampling depth 
interval of 10-20 mm at prolonged immersion in sea-
water (W-Series) as compared to the control concrete 
(CTRL). Besides that, it was observed that chloride 
diffusion is a time-dependent process. This is indi-
cated by the increasing concentration of chloride in 
all the concrete mixes on prolonged seawater immer-
sion duration from 3 months up to 18 months.

The results suggest that the chloride diffusion 
into the first layer (10-20 mm) was increased with 
the increasing fiber content. This trend is in line with 
the intrinsic air permeability data, suggesting that 

Table 2. Chloride content (percentage by mass of cement) of all specimens.

Specimen

Period of Exposure 
(months) Exposure 

Environment 
Depths

Chloride Concentration (Percentage by mass of cement)

3 6 12 18

N W N W N W N W

CTRL

0-10 mm 0.24 0.39 0.45 0.50 0.66 0.80 0.82 1.22

10-20 mm 0.04 0.04 0.04 0.08 0.08 0.12 0.08 0.16

20-30 mm 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08

30-40 mm 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.6GF

0-10 mm 0.24 0.43 0.50 0.59 0.71 0.98 0.98 1.10

10-20 mm 0.04 0.12 0.08 0.16 0.08 0.20 0.08 0.31

20-30 mm 0.00 0.00 0.00 0.00 0.00 0.04 0.04 0.08

30-40 mm 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

1.2GF

0-10 mm 0.27 0.47 0.43 0.55 0.84 0.98 1.02 1.14

10-20 mm 0.04 0.08 0.08 0.16 0.16 0.24 0.16 0.39

20-30 mm 0.00 0.00 0.00 0.00 0.00 0.04 0.04 0.12

30-40 mm 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04

1.8GF

0-10 mm 0.27 0.43 0.43 0.59 0.90 1.18 1.18 1.24

10-20 mm 0.04 0.08 0.04 0.20 0.20 0.24 0.24 0.44

20-30 mm 0.00 0.00 0.00 0.00 0.00 0.04 0.08 0.16

30-40 mm 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04

2.4GF

0-10 mm 0.31 0.41 0.43 0.62 0.94 1.29 1.22 1. 34

10-20 mm 0.04 0.08 0.04 0.24 0.26 0.28 0.32 0.48

20-30 mm 0.00 0.00 0.00 0.00 0.04 0.04 0.08 0.20

30-40 mm 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.08
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the permeability of the concrete mix is the governing 
factor which influences the rate of chloride diffusiv-
ity. At the duration of 6 months, comparing between 
the first layer of specimens in W-series, the chloride 
concentrations obtained by the GFRC specimens 
were similar to the control concrete CTRL. Except 
for the second layer (10-20 mm), the chloride content 
of the 0.6 GF and 2.4 GF became double and triple 
of the CTRL at 0.16% and 0.24%, respectively. It was 
observed that the chloride content of the specimens 
in W-series was higher than those in N-series. This 
is due to the nature of exposure conditions, whereby 
specimens in W-series have longer exposure period of 
exposure to the chloride source. However, specimens 
in N-series have only 4 days of exposure to seawater 
in one cycle.

3.4 X-Ray Diffraction

The XRD patterns of the CTRL and the 2.4 GF 
immersed in seawater for 18 months are shown in 
Figure 8 and Figure 9. The results confirmed the 

occurrence of sulphate attacks from the seawater. 
Gypsum, and sepiolite which are the products of 
sulphate attacks were observed to be present in the 
samples subjected to prolonged seawater exposure 
(1-3). In addition, Ca(OH)2 was not detected at the 
outer layer of the specimens which could have been 
consumed by the silica fume present in the concrete 
mix via pozzolanic reactions.

3.5 SEM Examination

Figure 10 to Figure 12 show the results of  the 
SEM examinations, whereas Tables 3 present the 
results of  the EDX analysis. Figure 10 shows 
the brittleness of  the AR glass fiber. The densifi-
cation in the space between the fiber strands and 
the fiber/matrix interface caused the fibers to 
break into shorter fiber fragments. This creates 
a weak layer in the binder matrix while eliminat-
ing the reinforcing action of  the glass fiber. The 
bond strength developed by densification exceeded 
the bending strength of  the fine and brittle fibers, 
hence, resulting in the premature fracture of  the 
glass fibers. The internal stresses developed due to 
the fact that the autogeneous and drying shrink-
age of  the cement paste matrix easily exceeded the 
critical flexural strength values of  the fine glass 
fiber filament.

In addition to the premature fracture of the 
fibers, the increases in size and number of cracks in 
the 2.4 GF specimens exposed to tropical climate 
for 18 months were also responsible for the strength 
reduction. The micro cracks developed will eventu-
ally combine to form macro cracks. Large air voids 
were also found in the surrounding area of the fiber 
bundle. This observation indicates that the incorpo-
ration of multiple-strand AR glass fiber imposes the 
risk of trapping air voids within the cement paste 
matrix of the concrete mix.
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Figure 7. Chloride concentrations in W-series after 18 
months of exposure

Figure 8. XRD pattern of the outer part of the CTRL in the W-series for 18 months.
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There was a gap observed to be present between 
the glass fiber and the cement paste matrix most 
likely due to the presence of a thin film of mixing 
water on the surface of the fiber during the mixing of 
the GFRC mix. The gap exhibits uniformity in size 
and shape and is connected by a macro crack. The 
gap present may hinder the friction between the fiber 

and the matrix during a fiber pull-out. The particles 
packed in the surrounding area of the gap appeared 
loose, and poor bonding was observed. These find-
ings justify the lower strength of 2.4GF in the long 
term as compared with all other A-series specimens.

Figure 11 shows that the fiber remained in good 
condition, similar to the A-series, and that no 

Figure 9. XRD pattern of the outer part of the 2.4 GF in the W-series for 18 months.
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Figure 10. SEM image (501× magnification) of the 2.4 GF in the A-series at 18 months.
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deterioration was observed. The EDX analysis of 
Spot 1 revealed that the zirconium content decreased 
to 10.86%; however, the zirconium content should 
exceed 16% to maintain superior durability (14). The 
result of the EDX analysis is presented in Table 3. 

The OH– ions from the exposure environment tend 
to attack the Si-O-Si structural network of the glass, 
hence, weakening the mechanical properties of the 
glass fiber. The AR glass fiber coated with ZrO2 is 
less susceptible to OH– ion attack considering that 

EDX Spot 1

AR glass fiber

Mag = 5.00 K x 1µm±

WD= 8 mm EHT= 15.00 kV Signal A= QBSD
Date :24 Feb 2012

UNIVERSITI SAINS MALAYSIA

Figure 11. SEM image (5000× magnification) of the 2.4 GF in the N-series at 18 months

Figure 12. SEM image (501× magnification) of the 2.4 GF in the W-series at 18 months.

EDX Spot 2
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Zr-O bonds are less reactive to OH– ions, thereby 
slowing down the degradation (34, 36). Nonetheless, 
the zirconium content was decreased by chemical 
corrosion to a level below the pessimum. Hence, the 
deterioration of the fiber is expected to occur on 
prolonged exposure to OH– ion rich solutions such 
as the seawater.

Figure 12 shows the microstructure of the 2.4 GF 
in the W-series. A porous matrix was found in the sur-
rounding area of the fiber strand. Needle-like crys-
tals were observed to be formed within the cement 
matrix surrounding the glass fiber. The EDX Spot 2 
analysis was performed on the needle like crystals to 
identify the chemical compositions and the results 
are presented in Table 4. The results of EDX analy-
sis indicate that the needle-like crystals are ettringite 

(3CaO·Al2O3·3CaSO4·32H2O). The formation of 
ettringite is due to the decomposition of the mono-
sulphate aluminate hydrate crystals when the con-
centration of sulphate ions of the pore water is high 
due to the ingress of sulphate ions from seawater 
into the concrete. The formation of ettringite within 
the cement paste matrix surrounding the glass fiber 
actually resulted in an expansion of the cement 
paste matrix as the volume of ettringite mineral is 
two and a half  times the volume of monosulphate 
aluminate hydrate minerals (30). The expansion of 
the ettringite mineral and decomposition of mono-
sulphate aluminate hydrate had both contributed 
to the increased porosity of the fiber/cement paste 
interface zone and also the debonding of the fiber 
from the cement paste matrix as can be observed in 
micrographs in Figure 19. These actions have led to 
the elimination of the reinforcing capability of the 
glass fiber, hence, resulting in a significantly lower 
mechanical strength of the GFRC as compared to 
control concrete (CTRL) when the specimens were 
subjected to seawater exposure. Moreover, under the 
same exposure condition, the highly porous fiber/
cement paste matrix interface had created channels 
of continuous flow path, hence, increasing the air 
permeability of all the GFRC as compared to the 
control concrete as observed earlier in Figure 6.

Figure 13 indicates that the corroded surface 
( circled in red) of the glass fiber was due to the 
 reaction with OH- ions. The EDX analysis at Spot 3 
(result in Table 5) shows that the zirconium content 

Figure 13. SEM image (5000× magnification) of the 2.4 GF in the W-series at 18 months.
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Table 3. Elements at EDX Spot 1.

Element Weight (%)

O K 53.54

Na K 6.7

Al K 0.47

Si K 22.36

K K 1.33

Ca K 2.67

Ti K 2.07

Zr L 10.86
Total 100
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dropped to 9.96%. The microstructures of the 
matrix and the glass fibers were severely damaged 
by the seawater attack. Consequently, the highest 
strength loss and the increase in the intrinsic air per-
meability were observed for the concrete mixes with 
relatively high fiber content namely 1.8GF and 2.4 
GF subjected to seawater exposure environment, as 
indicated in Figure 3 and Figure 6. Results of micro 
structural studies show that despite being a durable 
engineered fiber, the AR glass fiber may not be suit-
able for use as discrete fiber reinforcements in high 
strength concrete intended for the fabrication of 
marine structures.

4. CONCLUSIONS

An overview of the development, properties of 
GFRC has been outlined. Based on the experimen-
tal studies, several conclusions can be drawn:

• The addition of glass fibers into high strength 
concrete showed no positive effects in terms of 
the compressive strength after long-term expo-
sure to the simulated environment attacks. The 
drop in the compressive strength of the GFRCs 
after 12 months’ exposure was caused by the 
premature fracture of fiber filaments.

• The localized reinforcing effects from the 
glass fibers prevent a drastic increase in the 

permeability and strengths of the GFRC speci-
mens subjected to 18 months of exposure to the 
tropical climate and cyclic wetting and drying. 
Nonetheless, the fiber content should be main-
tained at 1.2% and below for optimum durabi-
lity performance of GFRC.

• The GFRC with the highest fiber content (2.4 
GF) was observed in terms of its strength loss 
in the A-, N- and W- series for 18 months. An 
abrupt increase in its intrinsic permeability was 
observed in N- and W-series exposure condi-
tions and W-series is the most substantial. These 
suggest that AR glass fiber is not viable as dis-
crete fiber reinforcements for high strength con-
crete structures which are exposed to marine 
environment. The matrix surrounding the fiber 
of the 2.4 GF in the W-series was porous, and 
the fiber was corroded. The zirconium content 
was observed to drop below 16%.

• The expansion of the ettringite mineral and 
decomposition of monosulphate aluminate 
hydrate had both contributed to the increased 
porosity of the fiber/cement paste interface 
zone and also the debonding of the fiber from 
the cement paste matrix eliminating the rein-
forcing effects of the glass fiber. Moreover, the 
corrosion of glass fiber by the OH- contributes 
further to the weakening of the mechanical per-
formance of GFRC upon being subjected to 
aggressive exposure environment.

• The chloride diffusivity of GFRC is stron-
gly governed by its intrinsic air permeability. 
Generally, it was observed that both the chlo-
ride diffusivity and air permeability of GFRC 
increases with the increase in its fiber content. 
The recommended fiber content of AR glass 
fiber reinforcement to ensure low chloride diffu-
sivity and air permeability is in the range of 0.6-
1.2% by volume of binder.
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NOTATION

The following symbols are used in this paper:
K = is intrinsic permeability, m2;
P1 = is absolute applied pressure bars [pressure 

used + atmosphere pressure] usually 2 bars;
P2 = is pressure at which the flow rate is measured 

[atmosphere pressure], usually 1 bar;
A = is cross section areas of specimen, m2;
L = is thickness of specimen, m;
V = is the flow rate, cm3 / sec;

Table 4. Elements at EDX Spot 2.

Element Weight (%)

C K 5.87

O K 60.45

Al K 3.22

Si K 8.65

S K 6.48

Ca K 15.33

Total 100

Table 5. Elements at EDX Spot 3.

Element Weight (%)

O K 47.46

Na K 6.16

Al K 0.5

Si K 25.06

K K 3.74

Ca K 4.45

Ti K 2.67

Zr L 9.96
Total 100
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msat = is the mass of the saturated specimen;
mdried = is the mass of the oven-dried specimen;
mwater = is the mass of the specimen in water;
V5 = is the volume of 0.1M silver nitrate solution 

added, mL;
V6 = is the volume of thiocyanate solution used, 

mL;
Mc = is the mass of sample used, g;
M = is the molarity of the thiocyanate solution, 

mol/L; and
C1 = is the cement content of the sample used, %.
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