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Abstract  Sulfate attack on concrete is considered to be 
one of the major durability issues. It results in major 
deterioration of concrete and ultimate failure of the 
concrete structural members. Mainly, sulfate attack is 
caused by the transport of sulfate ions from outside source 
into concrete. Sulfate attack usually manifests in the form 
of expansion and cracking of concrete. This study reports 
the strength and durability performances of cracked and 
uncracked plain and reinforced concrete specimens in 
sulfate environment induced by their exposure to various 
concentrations of sodium sulfate (Na2SO4) solution over a 
period of 120 days. A variety of specimens produced with 
a standard concrete mixture having w/c ratio of 0.47 were 
tested under aggressive sulfate environment. Physical 
testing including visual inspection and change in mass of 
the conditioned specimens was carried out at 7, 14, 28, 56, 
90 and 120 days of exposure period to accelerated sulfate 
environment. Compressive strength of cylinder specimens 
and flexural strength of reinforced concrete prisms were 
also tested at the same ages. Test results showed that 
bitumen coating of concrete specimens enhanced their 
resistance to the deleterious effects of sulfate attack. It 
was further observed that the depth of efflorescence and 
change in mass of specimens was higher in the case of their 
exposure to higher concentrations of sulfate solution. The 
effect of exposure to sulfate solution was severe in the case 
of cracked specimens than the uncracked ones. The results 

of this study provide insight into the performance 
characteristics of concrete in sulfate environment. 

Keywords Sulfate Attack, Bitumen Coating, 
Mechanical Properties, Durability, Cracked Specimen 

1. Introduction
Sulfate attack on concrete is one of the major durability 

issues of concrete, globally, which is triggered by the 
entry of sulfate ions (SO4

−2) in concrete through physical 
or chemical means [1, 2]. Sulfate ions may enter concrete 
when the latter is in contact with soil or water having 
higher concentration of sulfate. Seawater and industrial 
effluents are the other possible causes of supply of sulfate 
ions in concrete. However, one or more of the constituents 
of the concrete, such as aggregates or cement themselves, 
could also supply sulfate ions. The reaction of sulfate ions 
with calcium hydroxide (Ca(OH)2) and the hydrates of 
tricalcium aluminate(C3A)  results in the formation of 
ettringite which is an expansive product and cracking of 
concrete [3-5]. The extent of degradation due to sulfate 
attack depends on various factors such as the permeability 
of concrete, water to cement ratio of the mix, and 
concentration and distribution of sulfate ions in concrete 
[6-9]. 
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Extensive research has been carried out in past to assess 
the influence of sulfate attack on the strength and 
durability characteristics of concrete. It has been reported 
that a significant reduction in direct tensile strength of 
concrete with high C3A content occurs when it is exposed 
to sodium sulfate solutions of varying concentration. 
Increased concentration of sulfates in solution has been 
observed to cause higher loss of tensile strength [10]. It 
has been found that the combined effect of freeze-thaw 
cycles and sulfate exposure severely undermines the 
compressive strength of concrete made with recycled 
aggregates [11]. Hussein, Luaay, et al [12] investigated 
the sulfate resistance of composite concrete members 
made with one layer of normal strength concrete bonded 
with another layer of high strength concrete reinforced 
with varying percentages of fibers. Although a large 
amount of ettringite was found in normal concrete layer, 
increased fiber content resulted in improved resistance 
against degradation. Bassuoni and Nehdi [13] suggested 
that lower concentration of sodium sulfate can be 
deleterious when accompanied by cycles of wetting and 
drying. So, if higher concentrations of sulfate ions are 
present during wetting-drying cycles, it can have 
damaging effects on concrete [14-16]. 

Various studies have been conducted to minimize the 
extent of distress caused by sulfate attack. Use of sulfate 
resisting cement is one of the possible solutions to the 
problem. ASTM C150 limits the amount of tricalcium 
aluminate (C3A) in sulfate resisting cement to 5% but it 
may not always guarantee the required resistance of 
concrete against sulfate attack [17, 18]. Many researchers 
have investigated the possibility of utilizing 
supplementary cementitious materials in enhancing the 
sulfate resistance of concrete structures. Dhole, Rajaram, 
et al. observed that a ternary combination of 15% and 10% 
class C and class F fly ash, respectively, along with 4% 
silica fume, showed improved sulfate resistance when 
subjected to 500 days of cyclic sodium sulfate and 
calcium sulfate exposure [19]. A unique microbial 
treatment for durability improvement of concrete was 
presented by Joshi, Sumit, et al. [20], which considers 
calcifying bacteria either mixed or sprayed on concrete 
and mortar specimens. Bacteria treated specimens 
exhibited excellent performance against both chemical 
and physical attack. Authors attributed this behavior to the 
densification of concrete matrix as a result of calcium 
carbonate precipitation. Presence of high concentrations 
of bicarbonates also results in the destabilization of 
gypsum and ettringite which ultimately lead to less or no 
expansion [21]. Replacement of cement by glass powder 
up to a level of 10% has been reported to be helpful in 
mitigating deleterious effects of exposure to magnesium 
sulfate [22]. Various studies suggested surface coating of 
members as an effective prevention technique of sulfate 
attack and other aggressive environments [23-26]. 
Polymer coatings are recommended as most effective 

surface treatment method against the penetration of 
aggressive salts [27]. 

In most of the previous studies, the influence of sulfate 
attack has been investigated on un-cracked concrete 
specimens. Since concrete has negligible tensile strength, 
cracks are always developed in concrete members at early 
stages of loading. The effect of sulfates on cracked 
concrete members may cause more severe damage due to 
easy access of sulfate ions to a greater depth inside the 
member. This research is carried out to simultaneously 
investigate the influence of sodium sulfate concentration, 
pre-cracking of reinforced concrete specimens, 
wetting-drying cycles, and bitumen coating on sulfate 
resistance of concrete. Mechanical performance is 
evaluated by compressive strength and flexural strength 
tests, whereas, mass change and depth of efflorescence 
were used in durability assessment of aged specimens. 

2. Experimental Program 

2.1. Materials and Mix Design 

Concrete mixture having 28 days target compressive 
strength of 27 MPa was manufactured using type-1 
ordinary Portland cement, coarse and fine aggregates 
confirming to the relevant ASTM specifications and tap 
water confirming to ASTM C1602M. Physical 
characteristics of coarse and fine aggregates are provided 
in Table 1. Concrete mixture design used for the 
production of various specimens is presented in Table 2. 
Grade 60 deformed steel bars of 10 mm diameter were 
used to reinforce the concrete beam specimens while 
maintaining a concrete cover of 20 mm. Concrete mixture 
was manufactured with a slightly higher water-to-cement 
ratio of 0.47 to help accelerate the sulfate attack 
mechanism. 

2.2. Preparation and Curing of Samples 

Concrete cylinders and prisms were prepared in 
accordance with relevant ASTM standards. To perform 
the compressive strength 54 concrete cylinders of 150 mm 
diameter and 300 mm height were prepared according to 
ASTM C192. A total of 90 reinforced concrete beams 
having 100 mm × 100 mm cross section and 500 mm 
length were prepared to evaluate the flexural strength of 
concrete. Concrete ingredients were mixed in 
mechanically revolving concrete mixture for about two to 
three minutes until homogenous mixture was formed. 
After casting, samples were covered with plastic sheet to 
avoid the loss of moisture. All specimens were demolded 
24±1 hours after casting. Samples were then cured in lime 
saturated water up to for 28 days of concrete age. After 28 
days of curing, concrete cylindrical specimens were 
divided into two groups. One third of the samples from 
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each group were surface coated with bitumen and 
remaining were kept uncoated. These groups were 
designated as 1) Coated and 2) Uncoated. Reinforced 
concrete prisms were separated into three groups 
designated as 1) Cracked-uncoated, 2) 
Un-cracked-uncoated and 3) Un-cracked-coated. Out of 
these specimens, 36 were cracked under a pre-measured 
load while the other 54 were kept un-cracked. Half of 
these un-cracked beams were coated with bitumen layer. 
Cracking load was measured as the load required initiating 
cracks in the given reinforced concrete beam. 

2.3. Exposure Conditions 

After 28 days of curing and initial weighing, the 
samples were immersed in sodium sulfate solution of 
different concentrations. Two different concentrations   
(1% and 5%) of Na2SO4 solution were used in the 
experimental program. Half of the un-coated cylindrical 
samples were immersed in 1% Na2SO4 solution and other 
half in 5% Na2SO4 solution. All of the bitumen coated 
cylinder specimens were kept in 5% Na2SO4 solution. 
Reinforced concrete beam samples from 
Cracked-uncoated and un-cracked-un coated groups were 
divided in equal numbers. Half samples from each group 
were immersed in 1% Na2SO4 solution and other half in  
5% Na2SO4 solution. All of the uncracked-coated 
reinforced beams were immersed in 5% Na2SO4 solution. 
Level of solution was observed regularly and replaced 
biweekly. 

2.4. Mechanical Testing 

Compressive and flexural strength test were performed 
on all samples according to the provisions of ASTM C39 
and ASTM C78, respectively. Compression testing was 
done at 7, 14, 28, 56, 90 and 120 days after immersion in 
sodium sulfate solution. Samples were taken out from 
solution tested in moist condition. Flexure strength test 
was performed at 14, 28, 56, 90, 120 and 150 days of 
sodium sulfate exposure. Third-point flexural strength test 
was carried out at the ASTM recommended rate of 
loading. 

2.5. Physical Inspection 

Physical inspection of specimens was carried out at 
same time as mechanical testing. Depth of efflorescence 
and change in mass of all the specimens were recorded 
simultaneously. Results observed are presented and 
discussed in section 3. Change in mass of specimens was 
calculated as: 

𝑀𝑎𝑠𝑠 𝐶ℎ𝑎𝑛𝑔𝑒(%) =
�𝑚𝑖 − 𝑚𝑓�

𝑚𝑖
× 100 

Where 
mi = average initial mass of concrete specimens before 

immersion. 
mf  = average final mass of concrete specimens after 

immersion at test time. 

3. Results and Discussion 

3.1. Physical Inspection 

Physical appearance of the plain concrete cylinders and 
reinforced concrete prisms aftre 120 days of exposure to  
1% and 5% sodium sulfate solutions are shown in figure 1. 
The comparison of efflourescence height in different 
samples is presented in figure 2. It is observed that the 
height of efflourescence for concrete cylinders immersed 
in 5% Na2SO4 solution is significanlty greater than those 
immersed in 1% Na2SO4 solution. An increased amount of 
water soluble sulfate ions give rise to carbonation of 
ettringite resulting in increased hight of efflourescence 
[28]. The surface coated cylinders showed no significant 
sign of efflourescence because the bitumen layer 
prevented the ingress of sulfates in the specimen however 
peeling of bitumen layer was observed in one of the 
specimen.  

3.2. Mass Change 

The percentage change in mass of all concrete 
cylindrical specimens is shown in figure 3. A substantial 
gain in mass of all specimens is observed up to 56 days of 
exposure to sodium sulfate solution. After 56 days, 
reverse trend is observed, i.e., the mass of all specimens 
started decreasing, however the final mass of all the 
specimens after 120 days of immersion was still higher 
than initial mass before immersion. The highest variations 
(either increase during first 56 days or decrease afterwards) 
were observed for un-coated specimens immersed in 5% 
sodium sulfate solution. Least change in mass after 120 
days of exposure was observed for bitumen coated 
specimens. The gain in mass during first 56 day can be 
attributed partially to the formation of hydration products 
and partially to the uptake of sulfates by specimens over 
the course of time. After 56 days of immersion in sulfate 
solution, the degradation of samples due to initiation of 
surface scaling is thought to cause reduction in mass of 
specimens during this period. Suleiman, A.R., Soliman, 
A.M. and Nehdi, M.L. have reported similar findings for 
various surface treated samples [29]. 
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Table 1.  Physical properties of coarse and fine aggregates 

Ingredient Specific 
gravity 

Water Absorption 
(%) 

Bulk density 
(kg/m3) 

Fineness 
modulus 

Los Angeles 
Abrasion % 

Coarse aggregate 2.72 1.09 1612.56 6.5 21.6 

Fine aggregate 2.34 1.68 1431.25 2.15 - 

 

Table 2.  Mix design quantities for 0.1 m3 of concrete 

S/No. Ingredient Quantity 

1 Water (kg) 21.68 

2 Cement (kg) 45.87 

3 Coarse Aggregate (kg) 86.39 

4 Fine Aggregate (kg) 96.24 

5 Water Reducing Agent (ml) 285 

 

Figure 1.  Visual inspection of concrete cylinders (a) uncoated 
immersed in 1% Na2SO4 (b) uncoated immersed in 5% Na2SO4 (c) 
coated with bitumen immersed in 5% Na2SO4. 

3.3. Compressive Strength 

The results of compressive strength test after different 
exposure periods are presented in figure 4. A continuous 
increase in compressive strength of uncoated concrete 
specimens was observed up to 56 days of exposure to both 
1% and 5% concentration Na2SO4 solutions. For instance, 
an increase in compressive strength by 5%, 9%, 11% and 
22% was observed at 7, 14, 28 and 56 days of immersion, 
respectively, for 1% of sodium sulfate solution compared 
to that of the control specimen. The increase in 
compressive strength may be credited to the pore filling 
effect brought about by ettringite formation. Hence, the 
increase in the density accommpanied by the increase in 
compressive strength occurs. Similar results were 
observed by other researchers [30-32]. However, after 56 
days of exposure, the continuous formation of expansive 

poducts resulted in pressure exerted by these products i. e. 
ettringite leading to formation of microcracks in concrete 
matrix. These cracks ultimately resulted in reduced 
compressive strength [33, 34]. Another contributing factor 
reported in literature is the weakening of interfacial 
transition zone due to precipitation of ettringite in this 
zone [35]. No significant reduction in the compressive 
strength of bitumen coated specimens was observed. It 
remained almost uniform throughout the exposure period. 
Due to bitumen coating, the sulfates from external source 
could not enter concrete matrix which resulted in 
prevention of the formation of ettringite. These results 
proved the effectiveness of bitumen coating in preventing 
the deleterious effects of sulfate attack. 

3.4. Flexural Strength 

The flexural strength of all samples was measured by 
third-point loading method. The results are illustrated in 
figure 5. At exposure period of 14 days, flexural strength 
of uncracked concrete specimens immersed in 5% sodium 
sulfate solution was 9% more than the uncracked concrete 
specimens immersed in 1% sodium sulfate solution. 
Approximately, 3 %, 13% and 22% increase in flexural 
strength was observed for 5% concentration of Na2SO4 at 
56, 90 and 120 days respectively, when compared to 
corresponding strength increases in 1% Na2SO4 solution. 
This trend can be attributed to the filling of pores with salt 
crystals. Maximum increase in flexural strength was 
observed at 90 days of exposure. After 90 days, a 
decreasing trend in flexural strength was observed. 
Approximately, 26% and 20% decrease in flexural 
strength of uncracked prism specimens was found for 1% 
and 5% concentration of sulfate, respectively, compared 
to flexural strength recorded at 90 days exposure period. 
This decreasing trend may be attributed to formation of 
micro cracks in concrete matrix as a result of tensile 
stresses developed due to expansion. Similar trend of 
change in flexural strength was observed for 1% and 5% 
cracked and bitumen coated specimens. 

 

 



1850 Effect of Initial Cracking and Bitumen Coating on Performance of Concrete in Sulfate Environment 

Figure 2.  Height of efflorescence in concrete cylinders 

Figure 3.  Change in mass of concrete cylinders exposed to sulfate solution 
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Figure 4.  Compressive strength of concrete cylinders 

Figure 5.  Flexural Strength reinforced concrete beams 
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4. Conclusions
The effect of sulfate attack on plain concrete cylinders 

and reinforced concrete beam has been investigated in this 
research work. It can be concluded from the experimental 
results that:  
 The increase in concentration of sulfates has a

damaging effect on concrete specimens, both
physically and mechanically.

 Deterioration in concrete due to sulfate ingress starts
after 56 days of exposure to sulfate environment
which is evident from mass loss and compressive
strength test results, past this age.

 The cracked concrete members are more susceptible
to sulfate attack than uncracked members due to easy
access of sulfate ions inside the member.

 Surface coating of concrete members with bitumen is
an effective method to mitigate the deleterious effects
of external sulfate attack
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