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This paper reports the effects of variation in density, concentration and type of cation associated with sul-
phate on the expansion, mass and strength loss of foam concrete produced with two synthetic surfac-
tants. Comparisons are made between behaviour of foam concrete of different densities and that of
corresponding base mixes of mortar without foam. The investigations indicated that the expansion in
sodium sulphate environment was up to 28% higher than that of magnesium sulphate environment
which can be attributed to greater quantum of ettringite formation in sodium sulphate environment.
The major deterioration mechanism in magnesium sulphate environment is disintegration of cementing
material and this contributed to loss in mass of 1% and higher sulphate deterioration factor of 0.4 for
specimens under very severe magnesium sulphate environment. Irrespective of the type of sulphate envi-
ronment, the deterioration of foam concrete was lower than that of base mix.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Mechanism of sulphate attack is complex as it depends on var-
ious factors like type of cement, presence of mineral admixtures,
water-cement ratio, permeability, type of cation associated with
sulphate anion, concentration of sulphate, time and duration of
exposure and environment [1-4]. The commonly reported forms
of sulphate attack involve viz., (i) removal of hydrated cement
paste due to formation of gypsum, (ii) formation of ettringite
resulting in failure by expansion and (iii) decomposition of C-S-
H gel into non-cementitious magnesium silicate hydrate affecting
the strength [1,5-7]. Several test methods are necessary to assess
the damage due to the above mentioned mechanisms. In a study
by Tian and Cohen [8], the effect of gypsum formation on the
resulting expansion of C3S paste and mortar prisms was investi-
gated. A review of the models proposed by various researchers
for sulphate attack based on statistical analysis of expansion data
have been presented by Santhanam et al. [9]. It was observed that
the pH, concentration of sulphate solution [10], and temperature
[11] played an important role in the rate of expansion. Prasad
et al. [1] and Al-Amoudi et al. [12] observed that the specimens
in magnesium sulphate solution showed a different tendency in
linear expansion than those under sodium sulphate environment.
Jones and McCarthy [13] studied the performance of foam concrete
exposed to Design sulphate Class 2 (DS2) and Class 4 (DS4) chem-
ical solutions in terms of length change and chemical analysis for a
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period of 1 year. It was observed from their studies that the net
expansion caused by chemical environment was lesser than
300 p strain and in addition the lack of visual evidence due to
chemical attack indicated good resistance of foam concrete.

Presently there are rising concerns about the changes in strength
of concrete material under long-term exposure to sulphate environ-
ment. From the studies conducted by Justnes [14] on resistance of
mortar specimens to 5% sodium sulphate solution, it was observed
that there was significant increase in mass until 6 months (which
was associated with expansion) and decrease in mass from
10 months as the material started degrading. A steady rate of mass
gain was also observed by Santhanam et al. [15] for Portland cement
and C3S mortars when exposed to 4.44 mass% sodium sulphate solu-
tion for a period of 41 weeks. The gain in mass was reported to be
associated with deposition of sulphate attack products in the pores
[16]. Park et al. [17] assessed the variation in mass and strength of
high strength concrete under 10% sulphate solution for a period of
270 days and reported that the compressive strength and mass
showed a greater tendency for decrease in magnesium sulphate
solution than that in sodium sulphate solution. A mass loss of nearly
6% and drop in strength of 40% under 10% magnesium sulphate solu-
tion was reported by the authors based on their results [17]. Mirza
and Al-Noury [18] observed a drop in strength of nearly 40% when
autoclaved aerated concrete was subjected to 5% magnesium sul-
phate solution for a period of 90 days and concluded that the resis-
tance to sulphate environment could be improved by surface
treatment. There have been several investigations on deterioration
of normal weight concrete in sulphate environment. But only lim-
ited information is available on the behaviour of foam concrete in
sulphate environment.
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The present work examines the behaviour of foam concrete pro-
duced with two synthetic surfactants under sodium and magne-
sium sulphate environment. The performance was evaluated by
measurement of linear expansion, mass, strength and through
chemical analysis. The parameters identified for this study were
density, type of cation associated with sulphate anion, concentra-
tion of sulphate and time of exposure. The behaviour of foam con-
crete of densities ranging from 1000 to 1500 kg/m? in solutions of
0.5% and 5% sodium sulphate and 0.424% and 4.24% by mass of
magnesium sulphate was evaluated for a period of 1 year. A com-
parison of behaviour of foam concrete of different densities and
the corresponding base mixes of mortar without foam has also
been reported.

2. Experimental investigations
2.1. Constituent materials and mix proportioning

Ordinary Portland cement conforming to IS 12269-1987 [19] and
pulverised river sand finer than 300 pm (specific gravity = 2.52) was
used. Foam was produced using surfactants sodium lauryl sulphate
(SLS) and sodium lauryl ether sulphate (SLES) in an indigenously
fabricated foam generator to a density of around 25 kg/m> and
38 kg/m> respectively. The optimum values of foam production
parameters viz., surfactant concentration and foam generation
pressure arrived at as 118 kPa and 2% respectively through earlier
optimisation studies [20] have been adopted. Foam concrete (FC)
mixes of different densities were made by varying the foam volume
from 18% to 46% and by keeping the basic cement-sand ratio con-
stant at 1:1 by weight. The water-solids ratios of these mixes were
arrived at to provide the desired fresh foam concrete design density
and consistency. The mix proportioning relationship between ce-
ment content, water content and foam volume of ASTM C 796-97
[21] is applicable for cement paste. Hence these equations were
appropriately modified by including the fine aggregate (sand) com-
ponent and the foam volume required to achieve foam concrete de-
sign densities of 1000, 1250 and 1500 kg/m> was computed
(Table 1). A homogenous mortar mix of cement-sand slurry was
first prepared by hand mixing followed by the addition of calculated
weight of foam to the mortar mix and the mixing was continued till
the foam is uniformly blended with slurry.

2.2. Test method

Table 2 summarizes the different test solutions adopted for the
study. The mass percentages of magnesium sulphate (MgSO4) and

Table 2
Test solution concentrations.

Exposure Type of cation Mass% of Equivalent 50‘21
[25] associated with corresponding (ppm)
sulphate sulphate
solution
Severe Sodium 0.5% 3380
Severe Magnesium 0.424% 3380
Very severe Sodium 5% 33,800
Very severe Magnesium 4.24 33,800

sodium sulphate (Na,SO4) chosen were different with the objective
of maintaining the same SO2~ concentration in both sodium and
magnesium sulphate solutions. The solutions were changed at reg-
ular intervals to maintain the concentration level throughout the
test period. The experiments were carried out under ambient con-
ditions and the measured temperature and relative humidity were
in the range of 30-35° C and 70-75% respectively.

For each mix, six prismatic specimens of size
40 mm x 40 mm x 160 mm were cast for exposure to each type
of chemical and concentration of exposure. After 28-day water cur-
ing, steel balls were fixed at top and bottom of the specimen, initial
length measurement was made using a length comparator and
then the specimens were kept immersed in solutions of different
sulphate environment. Periodical length measurement was done
up to a period of one year. Along with length measurement the
mass of the prismatic specimens were also determined to assess
any mass loss due to disintegration. To evaluate the variation of
strength with period of immersion in sulphate solution, 180 cubes
of 50 mm size were cast for each mix for testing 6 cubes at differ-
ent ages for a period of one year. Out of 180 cubes, 150 cubes were
immersed in different sulphate solutions and 30 cubes were water
cured to serve as reference specimen for comparison. The strength
loss was measured by sulphate deterioration factor (SDF) which is
the percentage difference in strength of cubes after immersion in
sulphate solution and in water at age “t” [22,23].

For better understanding of the damage, the deteriorated parts,
namely, the edges and corners of the mortar specimens were
examined by X-ray Diffraction (XRD) analysis on an X-ray diffrac-
tometer using Cu Ko radiation with a wavelength of 1.54 A at a
voltage of 30 kV, scanning speed of 1°/min and current of 30 mA.
The samples, which had been washed in acetone, were finely
ground by hand and sieved through a 75 um sieve. The powdered
samples were then stored in airtight plastic containers. The sam-
ples used for investigation were fractured sections taken from
the edge of foam concrete specimens.

Table 1
Mix proportions for cement-sand foam concrete mixes.
Foam concrete Mortar
Base mix- Base mix-  Base mix-
1 2 3
Fresh density (kg/m®) 1000 1250 1500 1813 1832 1884
Cement (kg/m?) 344.8 438.6 545.4 632.4 646.9 687.4
Fine aggregate 344.8 438.6 5454 632.4 646.9 687.4
(pulverised sand)
(kg/m?)
Air volume equation  (0.683 W, + 0.6032 W)/ (0.603 W, + 0.504 W,-0.25 Wy, )/ (0.524 W, +0.405 W-0.5 Wyy,)/ NA NA NA
Va 1000 1250 1500
w/s
SLS 0.45 0.425 0.375 0.434 0.416 0.37
SLES 0.45 0.425 04
Foam volume (%)
SLS 45.49 32.19 20.66 NA NA NA
SLES 46.1 32.62 20.94

Where V;=volume of foam; V, = volume of air; W,,, = total weight of water; W, = weight of cement; Ws = weight of sand.
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Fig. 1. Variation of expansion of FC (1000 kg/m?) in sodium sulphate environment
(SLS).
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Fig. 2. Variation of expansion of FC (1500 kg/m?) in sodium sulphate environment
(SLS).

3. Results and discussion
3.1. Expansion in sodium sulphate environment

Figs. 1 and 2 shows the expansion of foam concrete under water
and sodium sulphate environment for a period of 1 year. Expansion
of order of 0.035% was observed for foam concrete under water
during initial 28 days and there was no significant increase in
expansion after 50 days. This confirms that the initial expansion
observed in water was only from swelling due to absorption. For
foam concrete in severe exposure sodium sulphate environment,
the greatest expansion (up to 55% of expansion reported at the
end of test period) occurred during initial 28 days. The specimens
in very severe sodium sulphate showed a gradual expansion until
28 days (up to 11% of expansion reported at the end of test period).
The expansion of foam concrete in sodium sulphate environment
was marginally higher than that in water. For foam concrete under
severe exposure conditions, the net expansion (excluding the
absorption due to water) was less than 0.02% and also lack of visual
evidence of chemical attack indicated that the length change due
to sulphate exposure was not significant [13]. Under very severe
sodium sulphate environment, beyond 75 days, the specimens

expanded steeply till the end of 1 year. The expansion under very
severe sodium sulphate environment was 4-4.5 times higher than
those under severe exposure environment. Figs. 3 and 4 shows the
comparison of XRD patterns of foam concrete subjected to different
concentrations of sodium sulphate and water at the end of 1 year.
The comparison of XRD patterns of foam concrete exposed to se-
vere and very severe concentration of sodium sulphate indicated
that the intensity of Portlandite (P-Ca (OH),, marked as 15 and
18 in Fig. 4) peak was higher in severe concentration exposed spec-
imens for foam concrete with both the surfactants. This is because
when subjected to lesser sulphate concentration, sulphate avail-
able was not sufficient to convert all portlandite into gypsum
and ettringite. However in very severe exposure most of the cal-
cium hydroxide is converted into gypsum and ettringite. Hence
the intensity of ettringite (E-6Ca0-Al,03-3503-32H,0, marked as
4 in Fig. 4) and gypsum (G-CaS04-2H,0, marked as 5 and 8 in
Fig. 4) was relatively higher in very severe exposure than the
ettringite (marked as 12 in Fig. 4) and gypsum peaks (marked as
13 and 16 in Fig. 4) in concrete under severe sulphate exposure
conditions. The above observation was more evident in foam con-
crete with design density 1500 kg/m? (Fig. 4). Also the calcite (C-
CaCOs, marked as 9 in Fig. 4) peaks are predominant in specimens
exposed to very severe exposure conditions indicating that these
specimens are subjected to high degree of leaching.

The variation of expansion with density under very severe expo-
sure conditions is presented in Table 3. For a given exposure, up to
5% increase in expansion was observed when the fresh density of
foam concrete varied from 1000 to 1500 kg/m>. The larger variation
in density of concrete with paste content variation of 40% did not re-
sulted in significant variation in expansion because it was complex
to differentiate the mechanism of expansive sulphate reactions with
respect to density. For a given volume of foam concrete with reduc-
tion in density the foam volume increases and hence the paste con-
tent reduces and this can be attributed to the marginal reduction in
expansion observed. The comparison of XRD patterns of foam con-
crete of two densities indicated that the intensity of gypsum peaks
(marked as 22 and 23 in Fig. 5) in foam concrete with density
1500 kg/m> was higher than gypsum peaks (marked as 20 and 21
in Fig. 5) in concrete with density 1000 kg/m>.

Irrespective of the density of foam concrete, the expansion of
foam concrete was marginally lower than that of base mix (mortar)
under severe exposure conditions. But for concrete exposed to very
severe exposure conditions, the foam concrete with SLS and SLES
was 10% and 29% respectively lower than that of the base mix
(mortar). This is reflected in the XRD patterns of base mix speci-
mens (mortar without foam) immersed in very severe sodium sul-
phate environment in which the intensity of peak of gypsum
(marked as 24 in Fig. 5) was higher than the gypsum peak (marked
as 20 in Fig. 5) for foam concrete with SLS.

3.2. Expansion in magnesium sulphate environment

Figs. 6 and 7 shows the expansion of foam concrete under water
and magnesium sulphate environment for a period of 1 year. The
expansion of foam concrete in magnesium sulphate environment
was higher than that in water and lower than that of base mix.
For foam concrete under severe exposure magnesium sulphate
environment, the greatest expansion (up to 60% of expansion re-
ported at the end of test period) occurred during the initial 28 days.
Under very severe exposure conditions the early age development
of expansion was gradual similar to that observed under sodium
sulphate environment. For foam concrete under severe exposure
conditions, the increase in expansion beyond 75 days was not sig-
nificant. Under very severe magnesium sulphate environment, be-
yond 75 days the specimens expanded steeply. For a given density
of foam concrete, the expansion under very severe environment
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Fig. 3. XRD patterns of FC (1000 kg/m>) exposed to different concentrations of sodium sulphate environment (SLS).
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Fig. 4. XRD patterns of FC (1500 kg/m?) exposed to different concentrations of sodium sulphate environment (SLS).

was up to 3.75 times higher than that in severe exposure environ-
ment. The comparison of XRD patterns of foam concrete exposed to
different concentrations of magnesium sulphate and water at the
end of 1 year are presented in Figs. 8 and 9. The XRD patterns show
that the intensity of Calcium hydroxide (marked as 37 in Fig. 9)
was relatively higher in foam concrete specimens subjected to se-
vere exposure condition. In very severe exposure most of the cal-
cium hydroxide (marked as 32 in Fig. 9) was converted into
gypsum and ettringite indicating that the dominant sulphate
chemical reactions involved the conversion of portlandite into gyp-
sum and etringite. Hence the intensity of ettringite (marked as 30
in Fig. 9) and gypsum (marked as 31 and 33 in Fig. 9) were rela-
tively higher under very severe exposure than ettringite (marked

as 35 in Fig. 9) and gypsum (marked as 36 and 38 in Fig. 9) in foam
concrete subjected to severe exposure sulphate environment
(Fig. 9). Also the calcite peaks (marked as 34 in Fig. 9) were pre-
dominant in specimens exposed to very severe exposure condition.

The effect of density on expansion under very severe exposure
conditions is presented in Table 3. For a given exposure, the differ-
ence in expansion observed in foam concrete with different densi-
ties (1000-1500 kg/m3) was only 5%. The expansion of foam
concrete was 30% and 47% lower than that of base mix (mortar)
respectively under severe and very severe exposure conditions.
For a constant density of foam concrete the mixes with surfactant
Sodium lauryl ether sulphate has relatively higher expansion than
that of sodium lauryl sulphate.
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Table 3
Behaviour of foam concrete exposed to very severe Na,SO4 and MgSO,4 environments.
Fresh density (kg/m?) Expansion (%) Mass change (%) SDF
5% NaS04 4.24% MgSO,4 5% NaS04 4.24% MgS0,4 5% Na,S04 4.24% MgSO4
SLS SLES SLS SLES SLS SLES SLS SLES SLS SLES SLS SLES
1000 (FC) 0.315 0.27 0.228 0.258 6.9 9.1 -1.05 -1.2 0.15 0.16 04 0.435
1500 (FC) 0.33 0.28 0.24 0.27 7.71 10.46 -1.15 -1.25 0.16 0.21 0.41 0.44
1813 (BM-1) 0.348 0.348 0.335 0.335 9.3 9.3 -13 -13 0.17 0.17 0.5 0.5
1884 (BM-2) 0.37 0.37 0.35 0.35 10.6 10.6 -1.5 -1.5 0.21 0.21 0.52 0.52
FC - Foam concrete, BM - Base mix (mortar).
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Fig. 5. XRD patterns of FC with different densities exposed to very severe sodium sulphate environment (SLS).
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Fig. 6. Variation of expansion of FC (1000 kg/m?) in magnesium sulphate environ-
ment (SLS).

3.3. Comparison of expansion under sodium and magnesium sulphate
environment

The comparison between expansion of foam concrete under
very severe sodium and magnesium sulphate environments is pre-
sented in Table 3. For a constant density, the expansion of foam
concrete under sodium sulphate environment was higher than that

Test age (days)

Fig. 7. Variation of expansion of FC (1500 kg/m?) in magnesium sulphate environ-
ment (SLS).

exposed to magnesium sulphate environment. The above differ-
ence in expansion was noted to be 28% and 4% for foam concrete
with SLS and SLES respectively under very severe exposure condi-
tions. The chemical analysis showed that the sodium sulphate
specimens had a higher amount of ettringite (marked as 40 in
Fig. 10) as compared to specimens subjected to magnesium
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Fig. 8. XRD patterns of FC (1000 kg/m>) exposed to different concentrations of magnesium sulphate environment (SLS).
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Fig. 9. XRD patterns of FC (1500 kg/m?) exposed to different concentrations of magnesium sulphate environment (SLS).

sulphate wherein the gypsum peak (marked as 39 in Fig. 10) was
high in particular for foam concrete with SLS. Hence the relatively
higher expansion in sodium sulphate environment can be attrib-
uted to the dominant chemical reaction between gypsum and hy-
drated calcium aluminate resulting in the formation of ettringite
which was characterised by expansion and cracking [12,13]. Also
the formation of brucite in magnesium sulphate specimens ob-
struct the pores providing barrier to free passage of sulphate solu-
tion into the interior of mortar and this could be attributed to
lesser expansion observed for specimens in magnesium sulphate
environment [7,24].

3.4. Variation in mass under sodium sulphate environment
Figs. 11 and 12 shows the variation in mass with time under

water and sodium sulphate environment for a period of 1 year. A
continuous increase in mass was observed up to a period of 1 year

when compared to the expansion which got leveled off beyond
28 days of exposure [20]. This shows that variation in mass could
be associated with expansion only during the initial period [14].
Hence the measurement of linear expansion is not reliable mea-
sure for foam concrete. An increase in mass of up to 4.5% was ob-
served under water for foam concrete with surfactant SLS. This
gain in mass is due to swelling from absorption of solution. The in-
crease in mass of foam concrete subjected to sulphate environment
was 8% and 42% higher than that under water under severe and
very severe exposure conditions respectively. For foam concrete
in severe exposure sodium sulphate environment, the greatest in-
crease in mass (up to 35% of final mass reported at the end of test
period) was observed during initial 28 days. The specimens under
very severe sodium sulphate showed a gradual increase in mass
until 28 days (up to 24% of change in mass reported at the end of
test period). Under very severe sodium sulphate environment, be-
yond 50 days the mass increased steeply till the end of 1 year. The
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Fig. 10. XRD patterns of FC (1000 kg/m?) exposed to two sulphate environments (SLS).
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Fig. 11. Variation of mass of FC (1000 kg/m?®) in sodium sulphate environment
(SLS).

final gain in mass was as high as 5% and 10% under severe and very
severe exposure conditions respectively. The initial gain in mass
was only from swelling due to absorption. But at later stages, the
probable reason could be associated with the deposition of sul-
phate attack products namely gypsum and ettringite in the pores
[16]. The increase in mass under very severe sodium sulphate envi-
ronment was 1.5 times higher than those under severe exposure
environment. The greater mass gain in very severe exposure envi-
ronment can be attributed to formation of more quantum of gyp-
sum and ettringite under very severe exposure environment as
indicated in XRD analysis in earlier discussion on expansion.

The variation of mass with density under very severe exposure
conditions is presented in Table 3. Under very severe exposure
conditions, 12% and 15% increase in mass was observed for the var-
iation in density studied for surfactants SLS and SLES respectively.
The increase in volume of paste content for foam concrete with
higher density could be attributed to higher mass gain. Irrespective
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Fig. 12. Variation of mass of FC (1500 kg/m?®) in sodium sulphate environment
(SLS).

of density of foam concrete, the gain in mass of base mix (mortar)
was marginally higher than that of foam concrete under severe
exposure conditions. The base mix was 26 and 2% higher than
the foam concrete with SLS and SLES respectively under very se-
vere exposure conditions.

3.5. Variation in mass under magnesium sulphate environment

Figs. 13 and 14 show the variation in mass with time under
water and magnesium sulphate environment for a period of 1 year.
The variation in mass under severe sulphate exposure conditions
was up to 20% higher than that under water. The variation in mass
in severe and very severe exposure conditions followed different
trend. For specimens exposed to severe exposure conditions in-
crease in mass with time was observed till the end of 1 year. Spec-
imens immersed in 4.24% magnesium sulphate environment
exhibited gain in mass up to 150 days. Beyond this period, the
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Fig. 13. Variation of mass of FC (1000 kg/m?®) in magnesium sulphate environment
(SLS).
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Fig. 14. Variation of mass of FC (1500 kg/m?®) in magnesium sulphate environment
(SLS).

deterioration was so rapid which resulted in the spalling of edges
and corners and thus the mass started reducing with time. The rea-
son for loss in mass could be attributed to formation of more quan-
tum of gypsum and decalcification of CSH gel in concrete under
very severe exposure conditions which resulted in softening, loss
of cementitious structure and thus led to disintegration of speci-
mens [5,7]. Comparison of XRD patterns indicate that the intensity
of gypsum peak (marked as 33 in Fig. 9) was high in very severe
exposure when compared to concrete under severe exposure con-
ditions. The variation in mass loss with variation in density was
10% and 4% for foam concrete with surfactants SLS and SLES
respectively. The mass loss of base mix was 20% higher than that
of foam concrete under very severe exposure conditions.

3.6. Comparison of mass variation under sodium and magnesium
sulphate environment

Table 3 shows the comparison between variation in mass of
foam concrete under very severe sodium and magnesium sulphate

0.25

E Foam concrete in

A 0.5% Na ,S0, (SLS)
0.20 0O 5% Na SO (SLS

O 05% Na SO (SLES)
1 w 5% Na SO (SLES)

Base mix (mortar in /
0154 A 05%Na,SO,
| ® 5%Na so /
0.10

0.05

Sulphate deterioration factor

0.00

— 7T 1 T T 1T T T T 1T T T T 1
0 50 100 150 200 250 300 350 400

Duration (days)

Fig. 15a. Variation of SDF of FC (1000 kg/m?) in sodium sulphate environment.
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Fig. 15b. Variation of SDF of FC (1500 kg/m?) in sodium sulphate environment.

environment. Under very severe exposure condition loss in mass
was observed in magnesium sulphate environment (due to disinte-
gration of specimens) against the gain in mass observed for sodium
sulphate environment. This observation was consistent with re-
sults of earlier researchers in normal weight concrete [5,17].

3.7. Variation of sulphate deterioration factor (SDF) under sodium
sulphate environment

Fig. 15 shows the variation in SDF with time under sodium sul-
phate environment. For a given density, SDF of foam concrete un-
der very severe exposure sodium sulphate environment was 25%
and 12% higher than that under severe exposure conditions for sur-
factants sodium lauryl sulphate and sodium lauryl ether sulphate
respectively. The difference in strength deterioration observed in
foam concrete with different densities (1000-1500 kg/m>) was
8% and 13% under severe and very severe exposure conditions
respectively. The increase in strength deterioration with increase
in density could be attributed to more volume of paste for mixes
with higher density. The greater volume of sorbing paste at the
higher densities leads to higher sorptivity [13] and thus resulted
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Fig. 16a. Variation of SDF of FC (1000 kg/m?) in magnesium sulphate environment.
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Fig. 16b. Variation of SDF of FC (1500 kg/m?) in magnesium sulphate environment.

in rapid permeation of water containing sulphate ions. The SDF of
base mix was up to 19% and 25% higher than the foam concrete un-
der severe and very severe exposure conditions respectively.

3.8. Variation of sulphate deterioration factor under magnesium
sulphate environment

The variation of SDF with time under magnesium sulphate envi-
ronment is presented in Fig. 16. The SDF of concrete under very se-
vere exposure magnesium sulphate environment was up to 70%
higher than that under severe exposure conditions. For a given
exposure, an increase in strength deterioration of up to 13% and
3% under severe and very severe exposure conditions respectively
were observed for the variation in density studied. The SDF of base
mix was 17% and 20% higher than the foam concrete under severe
and very severe exposure conditions respectively.

3.9. Comparison of SDF under sodium and magnesium sulphate
environment

Table 3 shows the comparison between SDF of foam concrete un-
der sodium and magnesium sulphate environment of very severe
exposure conditions. For a constant density, it was observed that

the SDF of foam concrete under magnesium sulphate environment
was 63% higher than that under sodium sulphate environment
when subjected to very severe exposure conditions. This is because
the major deterioration mechanism in magnesium sulphate envi-
ronment is softening and disintegration of cementing material as
the magnesium sulphate can react with cementitious C-S-H gel
and form the non cementitious M-S-H [7]. This reaction produces
more gypsum which renders the cementitious structure soft and
thus resulted in reduction in strength [5,12]. This observation is
supported by the XRD analysis as discussed in earlier sections.

4. Conclusions

The conclusions drawn from this study and discussed below are
applicable to characteristics of materials used and the ranges of
parameters investigated.

o Irrespective of the density of foam concrete, the expansion was
8% and 30% lower than that of base mix (mortar without foam)
under severe sodium sulphate (0.5% by mass) and magnesium
sulphate (0.424% by mass) exposure conditions respectively.
But for foam concrete exposed to very severe exposure condi-
tions (5% by mass of sodium sulphate and 4.24% by mass of
magnesium sulphate), the above difference was 10% and 47%.
The higher expansion of base mix can be attributed to higher
paste content (with more volume of capillary pores) which is
more susceptible to attack by sulphate ions.

For a given exposure the difference in expansion observed in
foam concrete with different densities (1000-1500 kg/m?) was
only 5%.

The expansion of foam concrete under very severe sulphate
environment was 3.75-4.5 times higher than that under severe
exposure environment due to availability of more sulphate for
the expansive sulphate reactions. The XRD analysis showed that
the most of the portlandite was converted into ettringite which
resulted in significant expansion and hence the intensity of
ettringite peak was relatively higher and portlandite peak was
lower for foam concrete subjected to very severe sulphate expo-
sure conditions.

The nature of sulphate attack depends on the type of cation
present. The expansion of foam concrete under very severe
sodium sulphate environment was up to 28% and 4% higher
than that under magnesium sulphate for foam concrete with
sodium lauryl sulphate (SLS) and sodium lauryl ether sulphate
(SLES) respectively. Similar difference in expansion values was
reported for the base mixes also. This can be attributed to
greater quantum of ettringite formation in sodium sulphate
environment as observed in chemical analysis.

An increase of up to 15% of mass and SDF (sulphate deteriora-
tion factor) was observed as the density varied from 1000 to
1500 kg/m>. The mass change and SDF of base mix was up to
26% higher than the foam concrete under very severe exposure
conditions. The higher variation in mass and strength loss
observed at higher density of foam concrete and base mix could
be attributed to more volume of sorbing paste in mixes with
higher density.

Higher concentration of sulphate ion resulted in rapid deterio-
ration. For a given density, SDF of foam concrete under very
severe exposure sodium sulphate environment was 25% and
12% higher than that under severe exposure conditions for sur-
factants SLS and SLES respectively. The SDF under very severe
exposure magnesium sulphate environment was up to 70%
higher than under severe exposure condition. Such higher loss
in strength was associated with mass loss of 1% observed due
to spalling of edges and corners due to deterioration.
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o The SDF observed under magnesium sulphate environment was
up to 63% higher than that under sodium sulphate environment.
This is because the major deterioration mechanism in magne-
sium sulphate environment was softening and disintegration
of cementing material and this contributed to higher sulphate
deterioration factor and its associated loss in mass.
Irrespective of the concentration and type of sulphate environ-
ment, the expansion, SDF and loss in mass of foam concrete was
lower than that of base mix (mortar without foam). Hence it can
be concluded that the cell like structure of foamed concrete and
possible porosity of the cell walls do not necessarily make the
foam concrete less resistant to attack by sulphate ions. These
results still need to be correlated with full scale, long term dura-
bility tests.

References

[1] Prasad ], Jain DK, Ahuja AK. Factors influencing the sulphate resistance of
cement concrete and mortar. Asian ] Civ Eng (Build Housing) 2006;7:259-68.

[2] Brown P, Hooton RD, Clark B. Microstructural changes in concretes with sulfate
exposure. Cem Concr Compos 2004;26:993-9.

[3] Sahmaran M, Kasap O, Duru K, Yaman IO. Effect of mix composition and water-
cement ratio on the sulfate resistance of blended cements. Cem Concr Compos
2007;29:159-67.

[4] Cao HT, Bucea L, Ray A, Yozghatlian S. The effect of cement composition and pH
of environment on sulfate resistance of Portland cements and blended
cements. Cem Concr Compos 1997;19:161-71.

[5] Cohen MD, Arnon B. Durability of Portland cement-silica fume pastes in
magnesium sulfate and sodium sulfate solutions. ACI Mater ] 1988;85-
M3:148-57.

[6] Al-Amoudi OSB. Attack on plain and blended cements exposed to aggressive
sulfate environments. Cem Concr Compos 2002;24:305-16.

[7] Lorente S, Cubaynes M, Auger ]. Sulphate transfer through concrete: migration
and diffusion results. Cem Concr Compos 2011;33:735-41.

[8] Tian B, Cohen MD. Does gypsum formation during sulfate attack on concrete
lead to expansion? Cem Concr Res 2000;30:117-23.

[9] Santhanam M, Cohen MD, Olek ]J. Mechanism of sulfate attack : a fresh look.
Part2. Proposed mechanisms. Cem Concr Res 2003;33:341-6.

[10] Ferraris CF, Clifton JR, Stutzman PE, Garboczi EJ. Mechanisms of degradation of
Portland - cement based systems by sulfate attack. In: Scrivener KL, Young JF,
editors. Mechanisms of chemical degradation of cement-based
systems. London: E & FN Spon; 1997. p. 185-92.

[11] Lawrence CD. Sulphate attack on concrete. Mag Concr Res 1990;42:249-64.

[12] Al-Amoudi OSB, Maslehuddin M, Saadi M. Effect of magnesium sulfate and
sodium sulfate on the durability performance of plain and blended cements.
ACI Mater ] 1995;92:15-24.

[13] Jones MR, McCarthy A. Utilising unprocessed low-lime coal ash in foamed
concrete. Fuel 2005;84:1398-409.

[14] Justnes H. Thaumasite followed by sulphate attack on mortar with limestone
filler. Cem Concr Compos 2003;25:955-9.

[15] Santhanam M, Cohen MD, Olek ]. Effects of gypsum formation on the
performance of cement mortars during external sulphate attack. Cem Concr
Res 2003;33:325-32.

[16] Thokchom S, Ghosh P, Ghosh S. Performance of fly ash based geopolymer
mortars in sulphate solution. ] Eng Sci Technol Rev 2010;3:36-40.

[17] Park Y, Suh ], Lee ], Shin Y. Strength deterioration of high strength concrete in
sulfate environment. Cem Concr Res 1999;29:1397-402.

[18] Mirza HW, Al-Noury S. Utilisation of Saudi sands for aerated concrete
production. Int ] Cem Compos Lightweight Concr 1986;8:81-5.

[19] BIS. Specification for 53 grade ordinary Portland cement. IS 12269. New Delhi,
India; 1987.

[20] Siva Ranjani GI, Ramamurthy K. Relative assessment of density and stability of
foam produced with four synthetic surfactants. Mater Struct
2010;43:1317-25.

[21] ASTM. Standard test method for foaming agents for use in producing cellular
concrete using preformed foam. ASTM C 796-97, Philadelphia; 1997.

[22] Moon H, Lee S, Kim H, Kim S. Experimental study on the sulfate resistance of
concrete blended ground granulated blast furnace slag for recycling.
Geosystem Eng 2002;5:67-73.

[23] Rasheeduzzafar, Dakhil FH, Al-Gahtani S, Al-Saadoun SS, Bader MA. Influence
of cement composition on the corrosion of reinforcement and sulfate
resistance of concrete. ACI Mater J 1990;87:114-22.

[24] Santhanam M, Cohen MD, Olek ]J. Mechanism of sulfate attack: a fresh look.
Part1. Summary of experimental results. Cem Concr Res 2002;32:915-21.

[25] ACI. Building code requirements for structural concrete. ACI-318-99.
Farmington hills, Michigan, USA; 1999.



	Behaviour of foam concrete under sulphate environments
	1 Introduction
	2 Experimental investigations
	2.1 Constituent materials and mix proportioning
	2.2 Test method

	3 Results and discussion
	3.1 Expansion in sodium sulphate environment
	3.2 Expansion in magnesium sulphate environment
	3.3 Comparison of expansion under sodium and magnesium sulphate environment
	3.4 Variation in mass under sodium sulphate environment
	3.5 Variation in mass under magnesium sulphate environment
	3.6 Comparison of mass variation under sodium and magnesium sulphate environment
	3.7 Variation of sulphate deterioration factor (SDF) under sodium sulphate environment
	3.8 Variation of sulphate deterioration factor under magnesium sulphate environment
	3.9 Comparison of SDF under sodium and magnesium sulphate environment

	4 Conclusions
	References


