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Long-term Behavior of Fiber Reinforced Concrete Exposed 
to Sulfate Solution Cycling in Drying-immersion
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Abstract: The damage process and corrosion ion distribution in concrete, which was exposed to 60 and 
170 drying-immersion cycles of sulfate solution, were systematically investigated. The effects of plain concrete, 
plain concrete mixed with 4 and 8 kg/m3 modified PP fiber and high-performance concrete (HPC) mixed with 0.8 
kg/m3 fine PP fiber on the damage process were also studied. The experimental results showed that thenardite-
induced surface scaling, as well as gypsum- and ettringite-induced cracks, were the main degradation forms 
of concrete under attack of sulfate solution and drying–immersion cycles. The relative dynamic modulus of 
elasticity of concrete initially increased, then reached stability and finally decreased to failure. The sulfate 
diffusion coefficients of plain and HPC were 10-12 and 10-13 m2/s, respectively. The concentration of sodium ion 
increased with depth, then maintained stability and finally decreased rapidly with concrete depth. The content 
of calcium ion on the concrete surface was 110%-150% of that in the interior of specimens. Although fiber 
worsened the surface scaling of concrete, better resistance capacity of sulfate ion penetration into concrete was 
observed in plain concrete with 4 kg/m3 modified PP fiber and HPC. 
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1  Introduction 

Degradation of structural concrete components in 
sulfate-bearing environments has been of concern to 
concrete technologists since the early 19th century[1-3]. 
Given construction development in saline soils and 
salt lake areas, deterioration of reinforced concrete 
structures caused by sulfate attack is widely reported 
by researchers in China [4,5]. Important concrete 
structures are designed to serve for 50 to 100 years 
with minimal maintenance. Sulfates present in soils, 
groundwater and seawater pose a major threat to 
the durability of concrete structure exposed to such 
environments. Sulfate attack on concrete may lead to 
cracking, spalling, enlarged permeability and strength 
loss. Therefore, to achieve long performance, concrete 
in contact with sulfate-containing soil or water should 
be designed to resist sulfate attack.

Given the increased acceptability of life cycle 
costing of concrete structures and development of 
service life prediction models, determining damage 
process and degradation mechanism of concrete in 
sulfate environment is important. Corrosion expansion, 
which mainly involves the reaction of Na2SO4 with 
Ca(OH)2 to form gypsum and the reaction of the formed 
gypsum with calcium aluminate hydrates to form 
ettringite, results in deterioration of concrete exposed 
to sulfate solution. Deterioration of physical properties 
of plain concrete in sulfate environment is also reported 
by many researchers[6-10]. Long-term behaviour and 
damage mechanism of concrete under attack of sulfate 
solution and drying-immersion cycles are important to 
determine. Sulfate ion distribution in concrete and its 
diffusion coefficient are promoted to predict service 
life of concrete. Calcium and sodium ion distribution 
in concrete may determine the deterioration degree of 
concrete and its damage mechanism. Therefore, this 
study aimed to determine the long-term behaviour 
and corrosion ion distribution in concrete exposed to 
drying-immersion cycles of sulfate solution. 

Ordinary concrete is commonly used in tunnel 
lining and bridge pile cap structures in northwest 
China[11]. Experimental results of immersing ordinary 
concrete in Na2SO4 solution for more than 40 years 
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and half-burying concrete in sulfate soil for 5 years 
showed that fly ash and low C3A improve the sulfate 
resistance capacity of concrete[2,12]. The highest land 
temperature in northwest China is more than 60  ℃, 
and rain-induced drying-wetting cycles are frequent 
in summer. Therefore, the damage process of ordinary 
concrete exposed to drying-immersion cycles of 
sulfate solution would be revealed. Given increased 
emphasis on concrete structure durability in China, 
high-performance concrete (HPC) is commonly 
used in subsea tunnels, cross-sea bridges and high-
speed railways. PP fiber-reinforced concrete is often 
employed in areas with low RH and high temperature 
because PP fiber could improve the resistance capacity 
to shrinkage crack and high-temperature spalling of 
concrete[13,14]. To obtain reliable information about the 
influence of PP fiber on sulfate-induced damage of 
concrete, this paper discusses the deterioration of fiber-
reinforced concrete, plain concrete and HPC in sulfate 
environment.  

2  Experimental

2.1  Materials
Chinese standard 52.5 R(II) portland cement 

(similar to ASTM type I ordinary Portland cement), 
with 52.5 MPa compressive strength at 28 days, was 
used to prepare HPC. PO 42.5 ordinary Portland 
cement, with 51.4 MPa compressive strength at 28 
days, was employed for plain concrete. The PO 42.5 
cement is composed of 85% clinker, 7% limestone, 8% 
steel slag and 4.5% gypsum. In addition, class F fly 
ash and GGBS with specific surface area of 380 kg/m3 
were used as supplementary cementitious materials of 
the total binder. Table 1 lists the chemical composition 
of R(II) Portland cement, PO 42.5 ordinary Portland 
cement, fly ash and GGBS. 

Modified PP fiber was used to prepare ordinary 
fiber-reinforced concrete with length and diameter 
of 50 and 1 mm, respectively. This concrete had a 
tensile strength of 410 MPa and an elasticity modulus 
of 4.2 GPa. Fine PP fiber with length and diameter 

of 10 mm and 25 µm, respectively, was employed to 
prepare HPC. This fiber had a tensile strength of more 
than 350 MPa and an elasticity modulus of 3.5 GPa. 
Natural river sand with a fineness modulus of 2.7-2.8 
and crushed limestone with a maximum size of 20 mm 
were used as aggregates. The dosage of superplasticizer 
was adjusted to the range of 180 to 200 mm to maintain 
the slump of fresh concrete. The mixture proportions 
and corresponding compressive strengths of concrete 
are given in Table 2.

2.2  Methods
Concrete specimens with 100 mm× 100 mm× 100 

mm size were prepared to monitor the development 
of compressive strength and corrosion ion distribution 
in sulfate-bearing environment. Specimens with 
100 mm× 100 mm× 400 mm size were used to 
monitor the ultrasonic velocity evolution in sulfate-
bearing environment. All specimens were cast at 
room temperature in module for the first 24 h. After 
demolding, all specimens were cured at 20 ± 3 ℃ and 
95% of relative humidity for 60 days. 

The damage process of concrete under attack of 
erosion solution of 5% Na2SO4 and drying-immersion 
cycles was investigated. The maximum ground 
temperature in northwest China can reach more than 
60 ℃ in summer, and temperature higher than 70 ℃ 
could accelerate the decomposition of ettringite. The 

Table 1  Chemical composition of binders

Constituent/wt% 52.5 R(II) PO 42.5 Fly ash GGBS

SiO2 21.07 22.92 52.67 33.32

Al2O3 3.79 7.35 33.41 13.59

Fe2O3 3.19 3.09 4.33 1.36

CaO 61.85 56.46 4.87 41.63

MgO 3.05 4.07 0.77 5.72

K2O 0.61 0.49 1.04 0.46

Na2O 0.26 0.99 0.39 0.55

TiO2 0.24 0.35 1.46 0.6

SO3 2.26 1.52 0.69 2.72

P2O5 0.08 0.05 0.34 0.04

Cl 0.039 0.05 0.018 0.007

Table 2  Mix proportion and compressive strength of concrete 

No.
kg/m3 Compressive strength/MPa

Cement Fly ash GGBS Sand Aggregate Water Fiber 3 d 28 d 60 d

OPC 197 132 0 682 1267 170 0 16.3 28.1 36.8

FPC1 197 132 0 682 1267 170 4 16.4 28.6 32.6

FPC2 197 132 0 682 1267 170 8 14.6 27.5 32.6

HPC 250 75 145 730 1095 155 0.8 33.7 65.2 75.0
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method of drying-wetting cycles proposed by Atkinson 
and Long was used as reference[15,16]. The drying-
immersion cycles were applied in this research as 
follows. Concrete specimens were dried at 65 ℃ for 9 
h, cooled to room temperature for 1 h and submerged 
in 33.8 g/L SO4

2− solution (5% by mass of Na2SO4) at 
room temperature for 14 h. To determine the content 
of corrosion ions at different depth intervals from the 
concrete surface to the inner section, the specimens 
were allowed to dry after 60 and 170 cycles. The 
dried concrete specimen surface was cleaned with a 
steel wire brush to remove completely the salt crystals 
caused by corrosion. Subsequently, each specimen 
powder was collected from the exposed sulfate solution 
surface to the inner region of the specimens at regular 
intervals of 3-4 mm by grinding. The powder removed 
from specimens was dried at 50 ℃ for 10 h and passed 
through a 0.08 mm sieve, and the obtained powder 
samples were stored in airtight plastic bags. XRF was 
conducted to analyse sulfate and other ion contents of 
the powder samples.

The ultrasonic velocity of concrete was monitored 
every 10 cycles in sulfate environment. Based on the 
value of ultrasonic velocity, the dynamic modulus of 
elasticity (DME) could be determined using Eq.(1). The 
relative dynamic modulus of elasticity (RDME), which 
is determined by Eq.(2), is the ratio of DME value to 
the initial DME value after a certain exposure period. 
According to the test procedure of Jin[17], a specimen 
was considered failure if the RDME dropped to 60% or 
less. Three specimens were measured for each concrete 
mix:

              (1)

            (2)

where, Ed is the DME, V is the ultrasonic velocity (m/s),  
T0 and Tt are the ultrasonic time of concrete specimens 
at 60 days of curing and exposure period of ‘t’ (s), 
respectively,  r is the density of specimen (kg/m3) and  

n is Poisson’s ratio.
Corrosion production and pore structure of 

concrete specimens in sulfate-bearing environment 
were also tested by SEM and MIP.

3  Results and discussion

3.1  Deterioration of concrete
RDME of plain concrete, fiber-reinforced concrete 

and HPC stored in 5% NaSO4 with drying-immersion 
cycles was recorded (Fig.1). The RDME of concrete in 
5% NaSO4 exhibited three distinct stages. In Stage I, 
which is from the initial corrosion to about 40 cycles, 
the RDME increased linearly with exposure period; 
thus, this stage is called ‘linearly increased period.’ In 
Stage II, the RDME was stably maintained, and this 
stage is denoted as ‘steady period.’ In Stage III, the 
RDME decreased with exposure cycles, and this stage 
is denoted as ‘declining period.’ The RDME value 
of FRC1 specimen was 1.137, which was 1.24 and 
1.2 times of those of FRC2 and OPC when concrete 
specimens were under 170 drying–immersion cycles 
in sulfate solution. Thus, plain concrete with 4 kg/m3 
modified PP fiber could improve its resistance capacity 
to sulfate-induced damage. However, the addition of 
more fiber can be easily damaged by sulfate solution. 
In comparison, HPC exhibited good resistance capacity 
to sulfate-induced damage. When HPC was exposed to 
sulfate environment for 210 cycles, only Stages I and II 
occurred because of the short corrosion period. 

Experimental results from Yuan[18] showed that 
compressive strength of concrete specimens subjected 
to 250 cycles of cyclic 10% Na2SO4 decreases by 
about 10% to 50% with increasing fly ash addition 
of 10% to 20%. Long[16] reported that the relative 
flexural strength ratio of ordinary concrete and 
concrete with 35% fly ash under 90 drying-immersion 
cycles is larger than 0.75 and 0.9. Compared with the 
abovementioned experimental results, less concrete 
damage was observed from the same cycles in the 
present experiment. The finding was attributed to 

Fig.1	 RDME of concrete exposed to 5% Na2SO4 solution and drying-immersion cycles: (a) OPC, (b) fiber-reinforced concrete and (c) HPC
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higher temperature (drying at 80 ℃) and Na2SO4 
concentration in solution (10% Na2SO4 in Yuan and 
35% Na2SO4 in Long), which accelerated the concrete 
damage. Moreover, the pozzolanic reactivity of fly ash 
in concrete is expected to improve when concrete is 
cured in standard condition for 60 days and dried at 60 
℃, which increases the sulfate resistance capacity of 
concrete. 

Irassar[12] reported that the compressive strength 
increases by 144% when concrete with 40% fly ash 
is half-buried in soil that contains approximately 1% 
Na2SO4 for 5 years. Experimental results of Zhang[19] 

showed that the compressive strength of concrete 
with 20% fly ash increases from 32.8 MPa to 50 MPa 
when concrete specimens are stored in 5% Na2SO4 
for 300 days. Previous experimental results indicated 
that the RDME of OPC is higher than 1.07 when 
OPC with w/c of 0.44 is stored in 5% Na2SO4 for 830 
days[17]. Compared with natural immersion, drying-
immersion cycles accelerated the evolving rate of 
RDME and concrete damage attacked by sulfate 
solution. This result is mainly attributed to increased 
chemical reaction rate induced by high temperature and 
accelerated absorption of sulfate ions in concrete as a 
result of drying-wetting cycles. 

 The surface appearances of ordinary concrete 
specimens exposed to sulfate environment for 170 
cycles and that of HPC under 210 drying-immersion 
cycles in sulfate solution are shown in Fig.2, which 
illustrates that surface scaling is the common 
degradation form of concrete under the attack of 
sulfate solution and drying–immersion cycles. The 
deterioration of FRC1 specimen was less than that 
of OPC and FRC2 specimen. The HPC possesses 
integrated appearance and slight damage even after 
exposure to sulfate environment for 210 cycles. 
3.2  Sulfate ion distribution in concrete

Fig.3 shows the concentration profiles of sulfate 
ions at different depth intervals of concrete in sulfate 
environment for 60 and 170 cycles. The concentration 
of sulfate ions clearly decreased from the surface to 
the interior of concrete and reached a steady value at 
6 to 15 mm depth, and the amount of sulfate ions in 
concrete increased with corrosion period. The profile 
data could be fitted by the solution of Fick’s second law 
of unsteady state diffusion in 1D: 

              (3)

Fig.3  Sulfate ion distribution in concrete exposed to sulfate environment for 60 (a) and 170 cycles (b)

Fig.2	 Surface deterioration of concrete in sulfate environment
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Fig.5  Calcium and sodium ion distributions in concrete: (a) OPC, (b) FRC1, (c) FRC2 and (d) HPC

where C(x,t) is the sulfate concentration for any 
position and time, C0 is the sulfate concentration on the 
concrete surface, x is the distance from the surface, t is 
time, erf is the statistical error function and Deff is the 
effective sulfate diffusion coefficient. 

The sulfate diffusion coefficient of concrete was 
calculated based on Eq.(3) and plotted in Fig.4. The 
effective sulfate diffusion coefficient increased with 
corrosion time besides FRC1 and HPC specimens. 
Considering that the value of Deff was incorporated 
in all sulfate transport mechanism and influenced by 
sulfate reaction, the sulfate resistance capacity of FRC1 
was better than those of OPC and FRC2. Therefore, 4 
kg/m3 modified PP fiber could improve the resistance 
capacity of sulfate ion penetration into ordinary 
concrete. Moreover, the sulfate diffusion coefficients of 
HPC were 3.5×10−13 and 0.8×10−13 m2/s for 60 and 170 
cycles, respectively. Compared with ordinary concrete, 
the sulfate diffusion coefficient of HPC decreased 
by more than 10 times, which indicates that HPC 

has better resistance capacity to sulfate erosion than 
ordinary concrete.
3.3 Sodium and calcium ion distribution in 

concrete
Concre te  s to red  in  su l fa te  so lu t ion  and 

subjected to drying-immersion cycles, as well as the 
concentration of sodium and calcium ions in concrete 
at different depth intervals, were tested (Fig.5). 
The sodium ion content increased from the surface 
to the interior, then stably maintained and finally 
decreased rapidly with concrete depth. The calcium ion 
concentration decreased with concrete depth, and the 
calcium ion content on the concrete surface was about 
110%-150% of that in the interior. In addition, the 
concentration of sodium ion in concrete increased with 
exposure period. This result indicates that thenardite 
is also a main corrosion product besides ettringite and 
gypsum, and thenardite increased with exposure period 
when concrete was subjected to drying-immersion 
cycles of sulfate solution.
3.4  Microstructure 

Ca, Si, S, and Al elements along the interface 
zone between cement paste and aggregate are shown 
in Fig.6. The silicon-rich area with white color is an 
aggregate. A high Ca concentration was found in paste 
cement. In the interface zone between paste cement 
and aggregate, higher levels of S and Al elements were 
detected. Thus, the corrosion product of ettringite was 
mainly generated in the interface zone.

Fig.7 shows that ettringite crystals appeared 

Fig.4	 Sulfate diffusion coefficient of concrete attacked by sulfate 
solution and drying-immersion cycles
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in pores and voids at a distance of 760 µm from 
the surface, when concrete is exposed to sulfate 
solution and drying-immersion cycles. Based on EDS 
spectra and the report of Carlos[20], abundant granular 
thenardite formed on the specimen surface, which 
induced concrete spalling (Fig.8). 

HPC and OPC concrete specimens exposed to 60 
and 170 drying-immersion cycles of sulfate solution, as 
well as the pore structures of concrete at a distance of 5 
mm from the surface to the interior, are shown in Figs.9 
and 10. 

Concrete pores with greater than 0.1 and 100 nm 
sizes are defined as microcrack and capillary pores, 
respectively. When HPC specimens were exposed to 
sulfate solution and 60 drying-immersion cycles, the 

contents of capillary pore and microcrack were 46.44% 
and 14.37%, respectively. For an exposed period of 
170 cycles, the capillary pore and microcrack of HPC 
decreased by 12.7% and 62.2%, respectively. The 
pore structure change of HPC indicates that ettringite, 
gypsum and thenardite corrosion crystals compacted 
the pore structure and microcrack in 170 cycles. Thus, 

Fig.7  Ettringite generated in concrete void 

Fig.6 Elements distributed along the interface zone Fig.8  Appearance and EDS of thenardite in concrete exposed to 
sulfate solution and drying-immersion cycles

Fig.9	 Pore structures of HPC under attack of sulfate for 60 
and 170 cycles: (a) cumulative and (b) differential pore 
volumes
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sulfate diffusion coefficient of HPC at 170 cycles was 
less than that at 60 cycles. Experimental results show 
that the contents of capillary pore and microcrack 
increased by 6% and 71.3% when OPC specimens 
were exposed to 60 to 170 drying-immersion cycles 
of sulfate solution. This finding indicates that 
expansion corrosion crystals initially compacted the 
microstructure of concrete and subsequently resulted in 
the appearance of cracking with further development 
of exposure period. The coarse pore structure and 
increased microcracks led to increasing sulfate 
diffusion coefficient from 1.5×10-12 to 3.9×10-12 m2/
s when OPC was exposed to sulfate solution and 60 to 
170 drying-immersion cycles. 

4  Conclusions

Ettringite, gypsum and thenardite were the main 
corrosion products of concrete exposed to drying-
immersion cycles in sulfate solution. These expansion 
corrosion crystals initially compacted the pores and 
microcracks of concrete, and the coarse pore structure 
then resulted in the occurrence of cracking and surface 
scaling. Therefore, the RDME of concrete increased 
linearly with exposure period first, then stably 
maintained and finally decreased with exposure cycles.

Sulfate ion penetration into concrete could be 

fitted by Fick’s second law. The calcium ion content on 
the concrete surface was about 110%-150% of that in 
the interior. The sodium ions increased with depth, then 
stably maintained and finally decreased rapidly with 
depth of concrete.

Plain concrete with 4 kg/m3 modified PP fiber 
could be used to improve the sulfate resistance capacity 
of ordinary concrete. Low w/b and high content of 
mineral admixtures that contained fly ash and GGBS 
increased the sulfate erosion resistance capacity of 
HPC and reduced its sulfate diffusion coefficient to 
10% of that of ordinary concrete. 
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