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Abstract

Even though the effectiveness of sulfate-resistant cement (SRC) in stabilizing the high sulfate-bearing expansive soils is proven,
its effectiveness in controlling the volume change of expansive soils when exposed to external sulfate contaminants is not known.
The physico-chemical and index properties provide basic insight into the volume change behavior of clays. Therefore, this study
brings out the effect of external sulfate contamination on the physico-chemical and index properties of SRC-treated expansive
soil. Three SRC contents of 5, 10, and 15% were added to the expansive soil separately and reconstituted with distilled water and
cured for 1-28 days. After the desired curing period, the SRC-treated expansive soil was reconstituted with sulfate solutions of
5000, 10,000, and 20,000 ppm separately and moisture equilibrated for 1 day for the determination of the properties. The
experimental results showed that the SRC treatment increased the pH from 8.75 to 11.95-12.21 and the subsequent sulfate
contamination decreased the pH to 9.33—11, where the decalcification of calcium silicate hydrate occurred. Further, the effect of
sulfate contamination on liquid limit of SRC-treated soil was negligible, while the plastic and shrinkage limits increased upon
sulfate contamination. The increase in the shrinkage limit is attributed to the formation of ettringite/thaumasite in the voids of
SRC-treated samples contaminated with 10,000-20,000 ppm sulfate solutions, whereas the monosulfate formation and destruc-
tion of cementation gels occurred in samples contaminated with 5000 ppm. These formations are evidenced with the scanning

electron microscopy, energy dispersive X-ray analysis, and X-ray diffraction.
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Introduction

Owing to the rapid urbanization, the infrastructure and com-
mercial establishments need to be constructed even in areas
found with problematic soils such as expansive soils. These
soils contain montmorillonite as the principal mineral group,
which exhibits high swell-shrink volume changes with varia-
tion in the moisture content. Suitably, many methods such as
material replacement, vertical barrier usage, prewetting, and
chemical treatment are engaged to improve the volumetric and
strength behavior of these soils (Puppala et al. 2004,
Sivapullaiah et al. 2004; Little and Nair 2009; Khemissa and
Mahamedi 2014). Cement treatment is one of the economic,
efficient, and environmentally amicable methods. Cement
treatment helps in improving the engineering properties of
foundation soils for lightly loaded buildings, road
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embankments, earth dams, canal levees, etc. (Bell 1993;
Nunes et al. 1996; Jullien et al. 2012; Kitazume and Terashi
2013; Ho et al. 2017). However, both sulfates present in the
natural soils such as gypsiferous soils and the external con-
tamination of natural soils with sulfates from the surrounding
environment may result in the formation of ettringite or
thaumasite in the cement-treated soils. This deteriorates the
cement-treated soils by decreasing the volume stability; i.e.,
the swell-shrink volume changes increase (Krause 1976;
Mitchell 1986; Hunter 1988; Dermatas 1995; Rajasekaran
2005; Little et al. 2010; Orejarena and Fall 2010; Seif 2015;
Abdi et al. 2019; Hou et al. 2019; Raja and Thyagaraj 2019a).

The naturally occurring sulfates in soils can be identified
prior to the treatment of the soils and therefore suitable alter-
native treatment methods can be employed for stabilizing the
expansive soils, whereas the sulfate contamination from the
surrounding environment occurs after the treatment of natural
soils through various means, e.g., the industrial effluents. The
industrial effluents contain high concentrations of sulfates,
chlorides, and heavy metals. Of these compounds, sulfate is
proven to be hazardous for the chemical stabilization of ex-
pansive soils. The literature shows that the concentration of
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sulfate ions in the chemical industrial effluents ranges between
12,500 and 35,000 mg/L (Silva et al. 2002). Further, the con-
centration of sulfate in other sources such as municipal waste-
water and seawater can also reach to the levels that are detri-
mental to the stabilized expansive soils (Canfield and
Farquhar 2009; Van Den Brand et al. 2015). The most prob-
able sulfate contamination occurs from the secondary sulfate
contamination in mine wastes, tailing dumps, and outcrops;
wherein the sulfate is derived from the oxidative weathering
of the sulfide-bearing metamorphic rocks (Alpers et al. 2000).
The dissolution of sulfate from these metamorphic rock out-
crops results in the formation of leachate. Generally, the sul-
fate concentrations in the leachate are in excess of 1000 ppm
(Hammarstorm et al. 2005). This leachate reduces the pH and
increases the specific conductance of surface water and
groundwater.

The event of sulfate contamination of cement-treated ex-
pansive soils through groundwater or surface water during the
service life of treated expansive soils is not farfetched. In view
of this, the research studies carried out by Cordon (Cordon
1961) showed that the resistance of type V cement to the
external sulfate attack was better than the type I cement. The
recent study by Puppala (2003, 2004, 2018) demonstrated that
the low calcium-based stabilizers like fly ash and sulfate-
resistant cement (SRC) have improved resistance to swelling
and shrinkage when the expansive soils contain sulfate con-
tents up to 30,000 ppm. However, the efficiency of low
calcium-based stabilizers in stabilizing the expansive soils that
are subjected to external sulfate contamination is not explored
in detail and needs examination. Such studies with an external
source of sulfate contamination are essential as the soluble
sulfate concentrations are much higher and readily available
for reactions in comparison with the naturally occurring sul-
fate salt. The sulfate salts, in general, exist as small pockets in
natural soil deposits which form the nucleation site for
ettringite formation, whereas the availability of soluble sul-
fates is not restrained in case of stabilized soils contaminated
through external sulfate sources, which leads to increased soil
disruption through ettringite formation. Further, the external
sulfate solutions decrease the pH of the treated soils and favor
the inhibition of pozzolanic reactions, which facilitates the
leaching of calcium ions from the cemented matrix (Le
Roux 1969; Le Roux and Toubeau 1987; Locat et al. 1990).
Due to the reasons discussed above, the intrusion of external
sulfate into the stabilized soils can cause more distress in com-
parison with the naturally occurring sulfate salts, which results
in deterioration of the treated soils. Therefore, it becomes es-
sential to understand the effect of external sulfate contamina-
tion on the treated soils.

Puppala et al. (2003) found that the sulfate-resistant
type V cement was the most effective stabilizer in stabi-
lizing the sulfate containing soils in comparison with oth-
er stabilizers—class F fly ash, ground-granulated blast-
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furnace slag, and lime combined with fibrillated polypro-
pylene fibers. However, the tests were carried out on
compacted specimens cured for 14 days only and the ef-
fect of long-term sulfate contamination on SRC-treated
expansive soils is not explored. Moreover, the ettringite
formation is also restricted in the short duration as the
inundation of compacted specimens with sulfate solution
does not provide favorable conditions, such as availability
of essential Ca2+, Si, and (SO4)27 ions and moisture, for
the maximum formation of ettringite. Therefore, an effort
is made in the present laboratory study to mimic the best
possible condition for the maximum formation of
ettringite that can be anticipated in the field. This is
achieved by remolding the SRC-treated expansive soil
with a moisture content of 1.15 times the liquid limit
value using sulfate solutions of 5000, 10,000, and
20,000 ppm concentrations, separately. Three SRC con-
tents and three different curing periods were adopted for
this study.

Materials

The expansive clay from Solgampatti village, located to
the east of Tiruchirapalli, India, was collected for the
present study. The air-dried soil was pulverized and
passed through 425-pum sieve and then stored in airtight
plastic bins for use in the present study. The particle size
analysis showed that the fines content is 76%. The soil
specific gravity of the soil was found to be 2.75. The
liquid, plastic, and shrinkage limits were found to be
95%, 22%, and 7.5%, respectively. Based on the Unified
Soil Classification System (USCS), the soil is classified as
inorganic clay of high compressibility (CH). The pH and
conductivity were found to be 8.75 and 1.06 mS/cm, re-
spectively. The maximum dry unit weight and optimum
moisture content of the soil were found to be 15.3 kN/m’
and 23%, respectively. X-ray diffraction (XRD) pattern of
clay fraction is characterized with the montmorillonite
peaks at 6.2°, 20.5°, and 60° devoid of other clay min-
erals, following these peaks, the quartz peaks are found at
26.45°, 59.9°, and 68.15°. X’pert highscore software was
used for the semi-quantitative analysis of the XRD spec-
tra, which showed that the clay consists of montmorillon-
ite and quartz in the proportions of 68% and 32%, respec-
tively. The basic properties of the expansive soil are tab-
ulated in Table 1.

The sulfate-resistant Portland cement was used in this study
and it is hereafter called as sulfate-resistant cement, which
consists of 3% C;A content and 1% magnesia and deleterious
content. The laboratory grade sodium sulfate (Na,SO,4) of
99% purity was used for preparing contaminant solutions in
this study.
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The optimum SRC content was determined based on the un- YR SR ! 8 L
confined compressive strength (UCS) of SRC-treated expan- _ﬂ;“‘) 6 ]
sive soil specimens cured for different periods. The UCS tests é s &
were conducted on compacted cylindrical specimens of o T T —e———— —-o— T T T T
38 mm x 76 mm size. The expansive soil mixed with different 0 5000 10000 15000 20000

SRC contents were compacted to their maximum dry density
at the corresponding optimum moisture content. Then, the
compacted specimens were cured in desiccators for the de-
sired periods of 1, 7, and 28 days. After the desired curing
period, the UCS of compacted specimens was determined
using a constant strain rate of 0.625 mm/min. Figure 1 pre-
sents the variation of UCS with SRC content at different

3500

OSRC S
3000 ¢ @SRC 10

2500 £ WSRC 15

kPa

= 2000

Axial stress
@
[=3
(=}

1000 ¢

500 1

1 day 7 days 28 days

Fig. 1 Variation of unconfined compression strength with SRC content
for SRC-treated expansive soil cured for 1, 7, and 28 days

Sulfate concentration (ppm)

Fig. 2 Variation of a pH and electrical conductivity, b liquid limit, ¢
plastic limit, and d shrinkage limit with sulfate concentration for 1 day
cured SRC-treated expansive soil

curing periods. From Fig. 1, it can be seen that the increase
in UCS of SRC-treated expansive soil is marked up to SRC
content of 10%, and above this SRC content, the increase in
UCS is negligible at all the curing periods, and thus, the SRC
content of 10% can be taken as the optimum SRC content for
the expansive soil. Therefore, three SRC contents were used in
the present study, namely, 10% corresponding to optimum
SRC content, and 5% and 15% corresponding to optimum
SRC content —5% and optimum SRC content + 5%. The
air-dried natural soil was mixed thoroughly with the required
amount of SRC to yield the desired SRC content on a dry
weight basis (5%/10%/15%). The expansive soil-SRC mix-
tures were reconstituted with distilled water and sodium sul-
fate solutions of 5000, 10,000, and 20,000 ppm (0.042 M,
0.083 M, and 0.166 M), which are hereafter referred in this
paper as DW, S5, S10, and S20, respectively. Sodium sulfate
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Symbol Description
—— Untreated soil
--E3- 5% SRC treated soil
—A- - 10%SRC treated soil
14 —— 15%SRC treated soil
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Fig. 3 Variation of a pH and electrical conductivity, b liquid limit, ¢
plastic limit, and d shrinkage limit with sulfate concentration for 7 days
cured SRC-treated expansive soil

was selected as the contaminating fluid as it has the maximum
solubility in water (49.7 mg/100 mL) and sodium sulfate is
known for causing both physical sulfate attack (PSA) in com-
bination with chemical sulfate attack (CSA). Hence, the sodi-
um sulfate represents the worst-case scenario that can be ex-
perienced by any cement-stabilized expansive soil (Skalny
et al. 2003; Haynes and Bassuoni 2011; Bassuoni and
Rahman 2016; Bezerra and Azeredo 2019).

Physico-chemical and index properties

About 250 g of natural expansive soil was dry mixed thor-
oughly with SRC contents of 5, 10, and 15%, separately.
Then, the desired quantity of distilled water was added to
these expansive soil-SRC mixtures so as to attain a water
content of 1.15 times the liquid limit value and thoroughly
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Symbol Description
—0— Untreated soil
--E3- 5%SRC treated soil
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Fig. 4 Variation of a pH and electrical conductivity, b liquid limit, ¢
plastic limit, and d shrinkage limit with sulfate concentration for
28 days cured SRC-treated expansive soil

mixed with the help of spatulas to attain a uniform consisten-
cy. As mentioned earlier, three SRC contents and three differ-
ent curing periods were adopted for this study. These
remolded samples were then placed in ziplock polythene bags
and cured in desiccators for different curing periods of 1, 7,
and 28 days, separately.

At the end of the desired curing periods, the samples were
reconstituted with sulfate solutions of 5000, 10,000, and
20,000 ppm separately. Enough care was taken during the
addition of sulfate solutions to ensure that the concentration/
molarity across all identical soil-SRC mixtures was main-
tained constant. Then, the sulfate-contaminated expansive
s0il-SRC mixtures were moisture equilibrate in desiccators
for a duration of 24 h, after which the samples were used for
the determination of the physico-chemical and index proper-
ties according to the procedures given below.
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Fig. 5 SEM micrographs of untreated expansive soil in dry state at a
5000x, b 15,000%, and ¢ EDAX corresponding to micrograph
presented in a

The cone penetration method was adopted for the deter-
mination of liquid limit and the plastic limit was determined
using the standard thread-rolling method. The mercury dis-
placement method was used for the determination of the
shrinkage limit. For the determination of pH and electrical
conductivity, the soil samples were oven-dried at 45 °C for
24 h. These samples were then pulverized and passed
through 425-um sieve for obtaining 30 g of representative
samples. Seventy-five milliliters of distilled water was added
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Fig. 6 a SEM micrograph of 10% SRC-treated expansive soil at S000x
and b EDAX corresponding to micrograph presented in a

to the 30 g of soil for maintaining the soil-water ratio of 1:2.5
for determination of both pH and electrical conductivity. All
the tests were carried out at a room temperature of 28 +2 °C
and the average value of three determinations are reported
here.

Scanning electron microscopic studies

The microstructural studies were carried out at remolded state
on natural expansive soil and SRC-treated expansive soil with
and without sulfate contamination using Thermo Fisher
Quanta 400. A portion of these remolded samples was placed
in molds of 40-mm diameter and 30 mm height and then, the
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Fig. 7 Variation of a pH and b electrical conductivity with curing period
for 5% SRC-treated expansive soil contaminated with different sulfate
solutions

molds were tapped on a hard rubber base for removing any
entrapped air. Then, the brass tube samplers of 10-mm diam-
eter and 40 mm height were pushed into these molds and the
samples were collected with the help of an ejector. These
samples were stored in paraffin wax-sealed glass containers
and the glass containers were in turn freeze stored for lyoph-
ilization. Lyophilization was performed so as to maintain the
soil fabric intact.

Mineralogical studies

The XRD analysis was carried out on untreated expansive soil
and selected expansive soil-SRC mixtures with and without
sulfate contamination. These samples were grounded, sieved
through 75-um sieve, and glycolated before placing them on
clean glass slides. The glass slides were then mounted on a
Bruker AXS-D8-Discover X-ray diffractometer and the XRD
patterns were obtained using a Cu K« radiation of wavelength
(M) of 1.5148 A. X-ray tube with an input voltage of 30 kVand
a current of 30 mA. The samples were scanned from 5 to 90°
with a continuous scan speed of 1°/min. The X’pert highscore
software was used for recording and analyzing the data. The
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Curing period (days)

Fig. 8 Variation of a pH and b electrical conductivity with curing period
for 10% SRC-treated expansive soil contaminated with different sulfate
solutions

presence of clay minerals, ettringite, and cementitious com-
pounds in the soil samples were obtained through the peak
angle analysis of the recorded pattern.

Results and discussion

Physico-chemical properties of SRC-treated expansive
soil

Before sulfate contamination

The effect of sulfate contamination on pH and electrical con-
ductivity of SRC-treated expansive soil cured for 1, 7, and
28 days is brought out in Figs. 2a, 3a, and 4a, respectively.
The pH of 1 day cured SRC-treated expansive soil increased
from an untreated value of 8.75 to 12.21 for a SRC content of
15%. This rapid increase in the pH of the soil upon addition of
SRC can be related to the hydration of the cement. This, in
turn, results in the crowding of Ca** ions around the clay
particles, thereby changing the structure of the clay-cement
mixture (Chew et al. 2004). Similarly, the electrical
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Fig. 9 Variation of a pH and b electrical conductivity with curing period
for 15% SRC-treated expansive soil contaminated with different sulfate
solutions

conductivity of 15% SRC-treated soil cured for 1 day in-
creased from an untreated value of 1.06 to 2.57 mS/cm. The
above increase in pH is conducive for the cement hydration
and dissolution of silica and alumina from the clay lattice and
results in the formation of new cementation compounds such
as calcium silicate hydrate (CSH) and calcium aluminate hy-
drate (CAH) gel formation. This formation of CSH and CAH
can be confirmed through the SEM and EDAX analysis per-
formed on the untreated and SRC-treated expansive soil
(Figs. 5a—c and 6a, b). From Figs. 5a—c and 6a, b, it can be
observed that the untreated soil has the Ca®* ions content of
1.2% by weight, while the expansive soil treated with 10%
SRC content increased to 10.4%. From the data in Figs. 2a, 3a,
and 4a, the variation of pH and electrical conductivity with
curing period are re-plotted in Figs. 7a and b, 8a and b, and 9a
and b for SRC content of 5%, 10%, and 15%, respectively. It
is evident from Figs. 7, 8, and 9 that for a particular SRC
content of 15%, the pH and electrical conductivity decreased
from 12.21 to 11.06 and 2.57 to 1.98 mS/cm, respectively,
upon increasing the curing period from 1 to 28 days. This
decrease in pH is due to the formation of new cementation
gels and pozzolanic reactions occurring in the treated soil. The
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Fig. 10 Effect of sulfate contamination on plasticity characteristics of

SRC-treated expansive soil depicted in Casagrande’s plasticity chart for

SRC contents of a 5%, b 10%, and ¢ 15%. US, untreated expansive soil;

D, days (data points move from left to right with the curing period for
SRC-treated soil upon sulfate contamination)

cementation formations can be visualized from the SEM and
EDAX analysis provided in Fig. 6a and b.

After sulfate contamination

The pH reduced with the sulfate contamination and the re-
duction decreases with the increase in the SRC content and
curing period (Figs. 7a, 8a, and 9a). In general, at any given
SRC content, the reduction in pH increased with the increase
in the concentration of the sulfate contaminant which is at-
tributed to the neutral pH value (7) of the sulfate contami-
nant. Upon addition of 20,000 ppm sulfate contaminant, the
pH of 15% SRC-treated expansive soil cured for 1 day re-
duced from 12.21 to 10.05, while it reduced from 11.06 to 11
for the 28-day cured sample, which is negligible in
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comparison with the reduction in 1-day cured sample. Even
though the reduction in pH is negligible for sample treated
with 15% SRC content and cured for 28 days, the pH value
of 11 is still conducive for the decalcification of the CSH
formed. Revertegat et al. (1992) reported that the degrada-
tion of portlandite starts at a pH of 11.5 along with the de-
calcification of the CSH, which occurs progressively upon
further reduction of pH because of sulfate addition. Hence,
the decrease in pH destabilizes the CSH and CAH formed in
the soil-cement mixtures. The above degradation can also be
visualized with the help of SEM images which is discussed
in the subsequent section. Furthermore, the pH of 5% SRC-
treated expansive soil cured for 1 day decreased to 9.53 from
11.95 upon contamination with 20,000 ppm sulfate solution,
which also inhibits the formation of CSH and CAH even
within the short duration of contact (1 day) with sulfate con-
taminant. Similar behavior was observed in expansive soils
stabilized with calcium-based stabilizers (e.g., lime) upon
sulfate contamination (Revertegat et al. 1992; Siler et al.
2016; Raja and Thyagaraj 2019a, b).

The contamination of the SRC-treated expansive soil with
sulfate solutions resulted in an increase in the electrical con-
ductivity of the soil-cement-sulfate mixtures. This increase in
electrical conductivity is related to the increase in free ion
concentration due to the addition of salt solution as pore fluid.
Also, the destabilization or degradation of portlandite and
CSH gel releases the free exchangeable Ca>* ions into the soil
matrix. This will contribute to the increase in electrical con-
ductivity. From Figs. 7b, 8b, and 9b, it is clear that with an
increase in the curing period, the electrical conductivity of the
expansive soil-SRC mixtures reduced by a marginal amount
upon contamination with sulfate for a short contact period of

Fig. 11 SEM micrographs of
15% SRC-treated expansive soil
cured for 28 days and subse-
quently contaminated with a
10,000 ppm sulfate solution
(magnification: 6000%), b
20,000 ppm sulfate solution
(magnification: 40,000%); ¢
EDAX corresponding to micro-
graph presented in a, and d
EDAX corresponding to micro-
graph presented in b

1 day. The long-term effects of the sulfate contamination on
the SRC-treated soil need investigation.

Index properties
Before sulfate contamination

Figures 2 b—d, 3 b—d, and 4 b—d bring out the effect of sulfate
contamination on liquid, plastic, and shrinkage limits of SRC-
treated expansive soil cured for 1, 7, and 28 days, respectively.
The liquid limit of 5% uncontaminated SRC-treated expansive
soil cured for 1, 7, and 28 days decreased marginally to 87%,
91.5%, and 91% in comparison with the liquid limit of natural
expansive soil (95%). The decrease in the liquid limit is due to
the ion-exchange reactions between the soil and Ca** ions
produced from the hydration of cement. With further increase
in the cement content to 10 and 15%, the liquid limit of the
SRC-treated soil increased to 90-94 and 93-96%, respective-
ly. Mahedi et al. (2018) reported a decrease in the liquid limit
with the increase in cement content using various types of
cements for soils collected from Austin and San Antonio. In
contrast, Al-Rawas et al. (2002), Al-Rawas et al. (2004), and
Bayat et al. (2013) reported that the liquid limit of cement-
treated expansive soil reconstituted with distilled water in-
creased with the increase in cement content. Based on the
present research, it can be stated that the liquid limit decreases
upon initial addition of cement content up to optimum content
and beyond which the liquid limit increases to values higher
than the liquid limit of the untreated expansive soil. This in-
crease in the liquid limit can be attributed to the increase in the
fines content imparted by the unreacted excess cement

Fully formed

Ettringite

X e
O | Al Si S | Ca Ca
38 | 64 ] 206 | 53109 Wt(%) | 315251 ] 24 816317
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Fig. 12 SEM micrographs of
SRC-treated expansive soil: a
with 5% SRC content and cured
for 1 day, b with 10% SRC con-
tent and cured for 1 day, ¢ with
15% SRC content and cured for
1 day, d EDAX corresponding to
micrograph presented in ¢, e with
5% SRC content and cured for

7 days and subsequently contam-
inated with 5000 ppm sulfate so-
lution, f with 10% SRC content
and cured for 7 days and subse-
quently contaminated with

5000 ppm sulfate solution, g with
15% SRC content and cured for
7 days and subsequently contam-
inated with 5000 ppm sulfate so-
lution, and h EDAX correspond-
ing to micrograph presented in g

Before sulfate contamination

After sulfate contamination
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particles present in the expansive soil-SRC mixtures. This
behavior is similar to the behavior of soil-lime mixtures.
From Fig. 2d, it is evident that the shrinkage limit of
expansive soil reconstituted with distilled water increased
from 7.5 to 30% for an addition of 15% SRC content and
cured for 1 day. The shrinkage limit of cement-treated soils
increases due to the formation of cementation gels and ag-
gregation of clay particles in case of samples cured for short
term (1 day), while in samples cured for long term (i.e., 7 and

28 days), the increase in shrinkage limit is related to the
formation of crystalline CSH and CAH. This is evidenced
with the help of the SEM images of SRC-treated soil as
discussed in the subsequent sections. The aggregation/
cementation of the clay particles results in the conversion
of clay particles to silt-sized particles, thereby changing the
plasticity characteristics of SRC-treated expansive soil and
making the soil more friable. This is depicted in the
Casagrande’s plasticity chart as shown in Fig. 10a—c. The
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Fig. 13 SEM micrographs of
SRC-treated expansive soil cured
for 28 days at SRC content of a
10%, b 15%; ¢ EDAX corre-
sponding to micrograph presented
in a, and d EDAX corresponding
to micrograph presented in b
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SRC treatment altered the high compressible clay (CH) to
low compressible silt (ML).

After sulfate contamination

The addition of sulfate to the SRC-treated expansive soil
resulted in complex reactions between the cementation
products and the sulfate contaminant, which resulted in
a marginal increase in the liquid limit of soils treated with
SRC contents of above 10% (Figs. 2b, 3b, and 4b). The
liquid limit of 15% SRC-treated expansive soil cured for
1 day, upon contamination with 20,000 ppm sulfate solu-
tion increased to 97% from uncontaminated value of 93%
(Fig. 2b). This is attributed to the hydration of cement
along with the formation of ettringite which can hold a
higher amount of water, resulting in the increased liquid
limit values of the contaminated soils. While for the ex-
pansive soil treated with 5% SRC content and cured for
28 days, upon sulfate contamination with 20,000 ppm, the
liquid limit decreased from uncontaminated value of 91 to
89% (Fig. 4b). The plastic limit of the SRC-treated soil
cured for 1-28 days increased with the increase in the
sulfate concentration, resulting in an overall decrease in
plasticity index of the SRC-treated soil contaminated with
sulfate solutions (Figs. 2c, 3c, and 4c).

Upon sulfate contamination, the shrinkage limit of 10
and 15% SRC-treated expansive soil further increased,

@ Springer

while the sulfate contamination had a negligible effect on
the shrinkage limit of 5% SRC-treated soil (Figs. 2d, 3d,
and 4d). The above increase in the shrinkage limit can be
related to the formation of ettringite in the voids of 10 and
15% SRC-treated soil contaminated with sulfate. This can
be clearly seen in the marked rectangular box in Fig. 11a,
where the small ettringite needles can be seen developing
from the CSH into the surrounding void space, thereby in-
creasing the shrinkage limit of the sulfate-contaminated
SRC-treated expansive soil. This increase in the shrinkage
limit indicates the volume stability of the soils and thus, the
ettringite formation in this case appears to be beneficial.
Even though the short contamination period with sulfate
appears to be beneficial for SRC-treated expansive soil,
the effect of long-term sulfate contamination and durability
during seasonal moisture fluctuations needs further investi-
gation. Furthermore, the changes in the plasticity character-
istics of SRC-treated expansive soil contaminated with sul-
fate are depicted in the Casagrande’s plasticity chart shown
in Fig. 10a—c. Contamination of SRC-treated expansive soil
with sulfate solutions changed the soil from the low com-
pressible silt (ML) to high compressible silt (MH)
(Fig. 10a—c). The above transformation from the low com-
pressible silt to high compressible silt is due to the destruc-
tion of the cementation compounds formed in the SRC-
treated soil, which leads to the strength loss and volume
instability in the long run.
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Fig. 14 X-ray diffraction patterns of a untreated expansive soil, b 5%
SRC-treated expansive soil, ¢ 15% SRC-treated expansive soil, d 5%
SRC-treated expansive soil contaminated with 5000 ppm sulfate solution,
and e 15% SRC-treated expansive soil contaminated with 20,000 ppm
sulfate solution

Microstructural analysis

Figure 12 a—c show the micrographs of expansive soil treated
with 5%, 10%, and 15% SRC, respectively. The EDAX cor-
responding to Fig. 12c is presented in Fig. 12d. The formation
of different phases of CSH can be seen in Fig. 12, which is in
accordance with the SRC content. The quantity of CSH gel
formed increased with the increase in the SRC content. The
crystallization of thin elongated, needle-like CSH crystals
from the gel-form can be seen in the rectangular boxes marked

in Fig. 12b and c. Similar observations were made by Raja and
Thyagaraj (2019b) and Sante et al. (2014) on the lime-
stabilized soils cured under saturated condition. From
Fig. 12a and b, it is evident that the CSH crystallization also
increased with the increase in SRC content, and the EDAX
analysis presented in Figs. 12d and 13d also confirms the
same. However, the quality of crystallized CSH depended
on the SRC content in the treated expansive soil. Hence, the
crystallization of CSH gel depends on the moisture content,
curing period, and SRC content in the soil.

Figure 12 e-h brings out the effect of sulfate contamination
on the SRC-treated expansive soil. Upon sulfate contamina-
tion with 5000 ppm solution, the CSH gels, which were
formed due to the SRC treatment of expansive soil,
disintegrated, and the aggregation of the soil particles along
with the formation of monosulfate platelets can be observed in
the micrographs. The EDAX elemental analysis presented in
Fig. 12d and h indicates the decalcification of the SRC-treated
expansive soil, wherein the weight percentage of Ca®* ions
decreased from a value of 15.5 to 10% due to sulfate contam-
ination. The above formation of monosulfates and the disin-
tegration of the cementitious bonds results in a decrease in
volume stability along with an increase in the plasticity char-
acteristics of the SRC-treated expansive soil. While contami-
nation of SRC-treated expansive soil with sulfate solutions of
10,000 and 20,000 ppm, the ettringite and thaumasite forma-
tion can be observed in the soil fabric (Fig. 11a and b). The
EDAX analysis presented in Fig. 11c and d also confirms the
formation of ettringite and thaumasite.

From the above discussion, it can be concluded that the
monosulfate formation occurs when the available sulfate ions
are lower than the amount of readily available reactive alumi-
na in the soil fabric (i.e., with the use of 5000 ppm sulfate
solutions). However, more stable phases of ettringite are
formed in SRC-treated expansive soil in the presence of ex-
cess sulfate ions in the soil fabric (i.e., with the use of sulfate
solutions greater than 10,000 ppm) (Dermatas 1995). Thus, it
can be concluded that the presence of CSH crystals acts as a
precursor for the formation of ettringite and thaumasite in the
soil fabric.

XRD analysis

The X-ray diffraction patterns of the untreated expansive soil,
5% and 15% SRC-treated expansive soil, and 15% SRC-
treated expansive soil contaminated with 5000 and
20,000 ppm sulfate solutions are presented in Fig. 14a—e, re-
spectively. As discussed earlier, Fig. 14a shows the broad peak
at 6.2° for the untreated expansive soil which confirms the
presence of montmorillonite mineral. The X-ray diffraction
patterns of the 5% and 15% SRC-treated expansive soil clear-
ly show the suppression of the montmorillonite peak intensi-
ties (Fig. 14b and c). Further, Fig. 14b and ¢ show the peaks at
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29.75° and 50.45° which confirm the formation of calcium
silicate hydrate (CSH) and calcium aluminate silicate hydrate
(CASH) in 5% and 15% SRC-treated expansive soil, respec-
tively, indicating the occurrence of pozzolanic reactions in the
SRC-treated expansive soil.

The appearance of the new peaks at 10.85° and 8.45°,
14.65°, and 20.15° in the 15% SRC-treated expansive soil
contaminated with 5000 and 20,000 ppm sulfate solutions,
respectively, confirms the formation of monosulfates in the
samples contaminated with 5000 ppm solution and formation
ettringite/thaumasite in the samples contaminated with
20,000 ppm solution (Fig. 14d and e). This is also accompa-
nied by the complete destruction of the montmorillonite
peaks. Even though the sulfate contamination of SRC-
treated expansive soil resulted in complete suppression of
montmorillonite peaks, the ettringite/thaumasite compounds
indicate the large volume change potentials which are evi-
denced by the deterioration in plasticity characteristics as
discussed in previous sections.

Conclusions

The pH and electrical conductivity of SRC-treated expansive
soil increased with the increase in SRC content and decreased
with the increase in curing period at all SRC contents. This is
due to the formation of cementation gels and pozzolanic reac-
tions in the SRC-treated expansive soil. Upon sulfate contam-
ination, the pH of the SRC-treated expansive soil decreased
with the increase in sulfate concentration, whereas the electri-
cal conductivity increased. This decrease in pH led to the
decalcification of the CSH compound formed and destroyed
the cementation gels formed due to the SRC treatment.
However, the pH of the SRC-treated expansive soil cured
for different periods, upon sulfate contamination, increased
with the increase in the curing period except for 5% SRC-
treated soil, whereas the electrical conductivity decreased mar-
ginally with curing period.

Addition of 5% SRC to expansive soil resulted in the max-
imum decrease in the liquid limit with respect to the untreated
value and beyond this SRC content, the liquid limit increased,
whereas the plastic and shrinkage limits of SRC-treated ex-
pansive soil increased with the SRC content, resulting in a
decrease in the plasticity index. This improvement is mainly
attributed to strong cement hydration reactions and formation
of cementation compounds such as CSH and CAH in SRC-
treated expansive soil. The high shrinkage limit values show
the improvement in volume stability (i.e., lower volume re-
duction) upon drying. The microstructural analysis using
EDAX and mineralogical analysis using XRD identify the
development of CSH and CAH gels in 1-day cured SRC-
treated samples and the development of CSH crystalline phase
in 7- and 28-day cured SRC-treated samples. This is
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visualized through the SEM and XRD analysis of the SRC-
treated expansive soil.

The sulfate contamination had a negligible effect on the
liquid limit of SRC-treated expansive soil, whereas the plastic
and shrinkage limits of SRC-treated expansive soil increased
with the sulfate concentration, resulting in a reduction in the
plasticity index. The increase in shrinkage limit of samples
contaminated with 10,000 and 20,000 ppm sulfate solutions
is attributed to the rapid formation of the ettringite/thaumasite
in voids of 10% and 15% SRC-treated expansive soil.
Whereas in the 5% SRC-treated soil, the sulfate contamination
did not result in the formation of ettringite. The micro-analysis
shows that the sulfate contamination of 5% SRC-treated ex-
pansive soil resulted in the destruction of the cementation gels
formed during SRC treatment and the formation of
monosulfate, while in 10% and 15% SRC-treated soil, the
sulfate contamination with 10,000 and 20,000 ppm solutions
resulted in ettringite/thaumasite crystal formation from the
CSH crystals, which developed into the voids. This suggests
that the crystalline CSH and CAH in the SRC-treated soils act
as the nucleation site for ettringite/thaumasite formation.
These formations were confirmed through EDAX and XRD
analysis as well.
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