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The addition of cement for stabilization of expansive soils is one of the most commonly used methods. As
with every calcium-based stabilizer, the time delay between the physical mixing of the stabilizer and
compaction plays an important role in achieving the desired results after stabilization. However, a clear
insight on the determination of optimum time delay for achieving the maximum desired compaction
properties of cement-stabilized soils is yet to be established. Furthermore, the recent studies highlighted
the use of sulfate to mitigate the negative effect of compaction time delay. The only drawback with the
use of sulfate along with calcium-based stabilizers is the formation of ettringite, which deteriorates the
stabilized soil matrix. In view of this, the present study is aimed at using the sulfate resistant cement
(SRC) as a stabilizer along with the controlled addition of sulfate solutions to mitigate the negative effect
of compaction time delay in stabilizing the expansive soil. To bring out the above effects, three periods of
time delays (0 h, 6 h and 24 h) and three sulfate concentrations of 5000 parts per million (ppm),
10,000 ppm and 20,000 ppm were adopted. The experimental results showed that the delay in
compaction resulted in the formation of clogs and reduction of strength of SRC-stabilized expansive soil.
Upon sulfate addition to SRC-stabilized expansive soil, the formation clogs was not curtailed and resulted
in the formation of ettringite clusters. These formations were captured with the help of scanning electron
microscope (SEM) images and validated with electron dispersive X-ray spectroscopy (EDAX) analysis.
Further, an attempt is also made to explain the mechanism of density and strength reduction with the aid
of physico-chemical properties and mercury intrusion porosimetry (MIP) studies.
Ó 2021 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
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1. Introduction
Expansive clays, such as black cotton soils, are found in abundance in the Indian subcontinent. About 20% of the Indian subcontinent is covered by these soils. The main problem with these
soils is their susceptibility to a reduction in strength and high
volume change behavior in response to the changes in water content during wet-dry seasons. This behavior makes them unsuitable
for the construction of road and rail embankments (Chen, 1988;
Nelson and Miller, 1992; Pettry and Little, 2002; Ikeagwuani and
Nwonu, 2019). However, with rapid growth in industrialization
and an increase in the land value, the sites covered with expansive
soils cannot be avoided for the infrastructural development
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projects. Hence, there arises a need for effective low-cost and
sustainable methods of stabilization to improve the engineering
properties of the expansive soils. Stabilization of expansive soils is
carried out with methods such as moisture control method, prewetting method, addition of chemical stabilizers, use of cohesive
non-swelling layer and in the more recent times the use of green
chemical stabilization such as resins, polymers, sulfonated oils and
lignosulfonates (Chen, 1988; Little, 1999; Cokca, 2001; Sivapullaiah
et al., 2004; Murthy and Praveen, 2008; Alazigha et al., 2016;
Soltani et al., 2017, 2021; Raja and Thyagaraj, 2019). Of the above
techniques used for stabilizing the expansive soils, the calciumbased stabilizers have been successfully applied in the ﬁeld for
improving the strength and controlling the volume change
behavior of expansive soils both economically and efﬁciently. Of the
various calcium-based stabilizers available for stabilization, lime
and cement stabilizations are the most effective methods for stabilizing the expansive soils (Jones and Holtz, 1973; Nelson and
Miller, 1992; Puppala et al., 2007; Jia et al., 2019; Kumar and
Thyagaraj, 2020).
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In recent years, the use of calcium-based stabilizers such as lime
and cement for controlling the swell potential of expansive soils
was brought under scrutiny in the presence of sulfate in natural
expansive soils (Mitchell, 1986; Hunter, 1988; Dermatas, 1995;
Rajasekaran, 2005; Little et al., 2010; Seif, 2015; Raja and Thyagaraj,
2020a). Numerous studies have been undertaken to understand the
sulfate effects on expansive soils stabilized with calcium-based
stabilizers. Based on these studies, it can be concluded that the
main problem with sulfate contamination of stabilized soils is
caused by the formation of swelling minerals such as ettringite and
thaumasite (Ogawa and Roy, 1982a,b,c; Mitchell, 1986; Hunter,
1988; Dermatas, 1995; Rajasekaran, 2005; Little et al., 2010; Raja
and Thyagaraj, 2019). Moreover, the use of cement as a stabilizer
poses intrinsic environmental, health and safety problems to the
ecosystem. For example, the manufacturing process of cement
consumes about 2% of global energy and poses adverse effects by
the generation of greenhouse gases and cancerous particulate
matter (Albino et al., 2013; Alazigha et al., 2016). Furthermore, it
was found that the use of low calcium-based stabilizers such as
Type V cement has emerged as one of the most viable and reliable
alternatives for stabilization of high-sulfate bearing expansive soils
(Cordon, 1961; Puppala et al., 2004).
Hence, in the present study, the sulfate resistant type V cement
(SRC) was used for stabilization of an expansive soil. The SRC results
in immediate hydration of the soil-cement mixture on addition of
water which in turn leads to the formation of clogs and aggregation
of particles. The formation of clogs and aggregation of particles
result in reduction of compaction density and thus the strength
development of the stabilized expansive soil with the increase in
compaction time delay. This necessitates the immediate compaction of the expansive soil upon the addition of SRC. However, the
time delay between the physical mixing of SRC with soil and the
compaction of the same is inevitable owing to the technical and
logistics reasons such as delays due to power failure, mechanical
failure of equipment, and unfavorable weather conditions. This
inevitable time delay leads to an unwanted reduction in the
strength of the stabilized expansive soils. Arman and Saifan (1967)
reported that the effect of compaction time delay directly depends
on the ﬁnal setting time of the cement and they have stressed on
the importance of compacting the soil-cement mixture well before
the ﬁnal setting time of the cement. Similarly, a study performed by
Christensen (1969) on 11 types of clay soils reported that the
maximum dry density of the cement-stabilized soils reduced with
the increase in compaction time delay. While a study conducted by
Cowell and Irwin (1979) suggested that there was no change in the
behavior of the compaction characteristics of soil-cement mixtures
concerning compaction time delay. Owing to the contradicting
conclusions reported in the literature and the need to mitigate the
effect of compaction time delay on soil-cement mixtures, the present study is aimed at understanding the effect of compaction delay
time on SRC-stabilized expansive soil through microstructural and
mineralogical experiments.
Moreover, a recent study by Raja and Thyagaraj (2020b) stated
that the controlled addition of sulfate can mitigate the strength loss
incurred due to compaction time delay on lime-stabilized expansive soil. Hence, an attempt is made in this study to mitigate the
negative effect of compaction time delay on the SRC-stabilized
expansive soil by the addition of a controlled quantity of sulfate
solution. Further, the literature showed that the SRC works better in
the sulfate environment in comparison to the lime. Hence, the
addition of a controlled quantity of sulfate to mitigate the negative
effects of compaction time delay can be justiﬁed as it may not
adversely affect the long-term behavior of the SRC-stabilized
expansive soil.

2. Materials
The expansive soil used for the present experimental study was
collected at a depth of 2 m from Solgampatti, Tiruchirapalli, Tamil
Nadu, India. The ﬁeld moisture content of the expansive soil after
the monsoon season was found to be 18%e21%.The expansive soil
was spread under the direct sun for air-drying and sieved through a
4.75 mm sieve for removing any gravel fraction. Then, the expansive soil was pulverized using a jaw crusher and passed through a
425 mm sieve. This soil was transferred into plastic storage bins and
was used for the present study. The liquid, plastic and shrinkage
limits of expansive soil were found to be 95%, 22% and 7.5%,
respectively. The pH value, electrical conductivity and speciﬁc
gravity of expansive soil were found to be 8.75, 1.06 mS/cm and
2.75, respectively. Based on the uniﬁed soil classiﬁcation system
(USCS), the expansive soil is classiﬁed as inorganic clay of high
compressibility (CH) with 24.5% sand, 22.5% silt and 53% clay. The
mini Proctor compaction test on expansive soil yielded the
maximum dry unit weight (gdmax) and optimum moisture content
(OMC) of 16.81 kN/m3and 19.9%, respectively (after Raja and
Thyagaraj, 2020b).
For the present study, the laboratory-grade sodium sulfate
(Na2SO4) with a purity of 99% and SRC were used. Owing to its
maximum solubility, the sodium sulfate (Na2SO4) was selected for
the present study. The scanning electron microscope (SEM) micrographs, elemental composition and electron dispersive X-ray
spectroscopy (EDAX) analysis of the SRC are provided in Fig. 1.
3. Experimental procedures
For the present study, three contents of SRC were used based on
the optimum cement content value. The optimum cement content
was determined based on the unconﬁned compressive strength
(UCS) of the stabilized expansive soil specimens cured for different
periods, i.e.1 d, 7 d and 28 d (Fig. 2). The UCS tests were carried out on
statically compacted cylindrical specimens with dimensions of
38 mm in diameter and 76 mm in height. The UCS specimens were
prepared at their corresponding optimum moisture content by
mixing it with distilled water and compacted to their corresponding
maximum dry densities (Table 1). The prepared UCS specimens were
stored in a moisture-controlled desiccator for curing. After the
required period of curing, the specimens were tested at a strain rate
of 0.625 mm/min following ASTM D2166/D2166M 16 (2016). Based
on the UCS tests carried out by Raja and Thyagaraj (2020a) on the
expansive soil used in the present study, the SRC contents of 5%, 10%
and 15% were ﬁnalized for the present study as the optimum SRC
content was found to be 10% (Fig. 2) (Raja and Thyagaraj, 2020a).
Calculated quantity of distilled water, in addition to the natural
moisture content of the expansive soil, was added to a measured
quantity of dry soil-cement mixture and mixed with the help of
spatulas. Following this, the mini compaction tests were performed
immediately based on the protocol given by Sridharan and
Sivapullaiah (2005). Further, to understand the effect of compaction time delay on the SRC-treated expansive soil, the known
weight of soil-cement mixtures, prepared as per the aforementioned procedure, was placed in zip lock covers and stored in
moisture equilibration storage unit. The above storage arrangement
helps in minimizing the evaporation loss during compaction time
delay. After the desired period of 6 h and 24 h of compaction time
delay, the soil-cement mixtures were taken out and compacted
following the protocol given by Sridharan and Sivapullaiah (2005).
A maximum time delay of 24 h was chosen as it represents the
maximum time delay that can be anticipated in the ﬁeld due to
labor and logistics reasons.
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Fig. 1. SEM micrographs of SRC at magniﬁcations of (a) 500 times and (b) 20,000 times; (c) Elemental composition of SRC; and (d) EDAX corresponding to (b). ZAF refers to the
correction method adopted to ﬁnd the atomic percent (%) and weight percent (%) from the energy counts.

To bring about the effect of sulfate contamination on SRCstabilized expansive soil, the soil-cement mixture was mixed
with sulfate solutions of 5000 parts per million (ppm) (S5),
10,000 ppm (S10), and 20,000 ppm (S20) concentrations individually. The above concentrations of sulfate solutions are chosen

based on the study reported by Raja and Thyagaraj (2020b). Specimen preparation was carried out following the procedure
mentioned in the previous paragraph for the determination of
sulfate effect on compaction characteristics and compaction time
delay on the soil-cement mixtures except that the sulfate solutions
of desired concentrations were used instead of distilled water.
For determination of pH value and electrical conductivity, a
small portion of soil was taken from the compacted soil specimens
and oven-dried at 45  C for 24 h. This small portion of soil was
pulverized and made to pass through 425 mm sieve for obtaining
30 g of representative soil. Then, 75 mL of distilled water was added
to 30 g of soil for maintaining the soil-water ratio at 1:2.5 for
determination of both pH value and electrical conductivity. All the

Table 1
Compaction conditions of UCS test specimens adopted for the determination of
optimum cement content.
SRC content (%)

Fig. 2. Variations of UCS with SRC content of SRC-stabilized expansive soil cured for
1 d, 7 d and 28 d (after Raja and Thyagaraj, 2020a).

5
10
15

Compaction conditions
Optimum moisture content (%)

Dry unit weight (kN/m3)

15.7
14.8
17.7

16.5
16.7
16.8
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tests were carried out at a room temperature of (28  2)  C and the
average values of three determinations are reported here.
To evaluate the UCS of the SRC-stabilized soil for bringing out
the effect of compaction time delay, cylindrical soil specimens
having diameter of 38 mm and height of 76 mm were prepared by
static compaction of soil-cement mixtures in three layers of equal
thickness. These soil specimens were mixed at their corresponding
optimum moisture contents and compacted to their maximum dry
unit weights. For specimens compacted with a compaction time
delay, the soil-cement mixture was thoroughly mixed with the help
of spatula by the addition of a calculated quantity of distilled water.
The soil-cement mixtures thus prepared were placed in zip lock
bags and kept in moisture-controlled desiccators during the
compaction time delay period. After the desired duration of
compaction time delay (6 h and 24 h), the soil-cement mixtures
were compacted statically to achieve corresponding maximum dry
unit weights. The specimens were immediately tested for their UCS
values. The above-mentioned protocol was adopted for the preparation of specimens mixed with sulfate solutions as well. The results presented in the present study were the average of three
identical specimens tested for each individual condition.
For analyzing the micro-structural properties of the specimens,
the mercury intrusion porosimetry (MIP) technique was employed. A
part of the specimens, cut out from the UCS test specimens, were
used for carrying out the MIP) micro-structural studies using Pascal
mercury porosimeters (140 and 440 series). The specimens thus
obtained by cutting were stored in vacuum desiccators before drying
them using the freeze-drying technique. The freeze-drier used in this
research was Lark Penguin Classic. A freezing temperature of 60  C
was maintained in the freeze-drier. The maximum intrusive pressure
of 360 MPa was applied for the MIP analysis. The specimens used for
MIP analysis were also adopted for the SEM and EDAX analysis using
Thermo Scientiﬁc Quanta 200. The SEM specimens were sputter
coated with 100 Å thin layer of gold palladium for 60 s using a
sputter coater, Polaron E5100 at 10 3 Torrvacuum.

This formation of clogs and aggregation of particles can be visualized in the SEM micrographs provided in Fig. 6aec. Their corresponding EDAX analysis along with their element concentrations is
provided in Fig. 6def. Fig. 7a and b compares the pore size density
(PSD) functions and corresponding cumulative void ratio curves of
10% SRC-stabilized expansive soil compacted immediately and after
24 h of compaction time delay, respectively. From Fig. 7a and b, it is
evident that the PSD function of both curves is bimodal. The soil
compacted immediately is characterized by micropore peak size of
0.2 mm and macropore peak size of 19.75 mm. With the compaction
time delay of 24 h, the macropore peak slightly shifted towards the
left with macropore peak size of 16.86 mm (Fig. 7a). However, the

4. Results and discussion
4.1. Compaction behavior of SRC-stabilized soil
4.1.1. Mixed with distilled water
Figs. 3e5 bring out the effect of compaction time delay on the
compaction behavior of soil-cement mixtures mixed with distilled
water and sulfatesolutions of varying concentration at SRC content
of 5%, 10% and 15%, respectively. From Fig. 3, it can be observed that
for an SRC addition of 5%, gdmax of the soil-cement mixture mixed
with distilled water reduced from 16.45 kN/m3 to 15.04 kN/m3 for a
compaction time delay of 24 h. This reduction in gdmax of the soilcement mixture is mainly attributed to the formation of clogs due
to the hydration reaction of cement. The clogs formed during the
initial compaction delay period increase the resistance of the soilSRC mixture against the compactive effort, due to which the
gdmax of the soil-SRC mixture reduces with compaction time delay.
A similar reduction in gdmax with compaction time delay was
observed at other SRC contents of 10% and 15% as well (Figs. 4 and
5). Similar results were obtained by Raja and Thyagaraj (2019,
2020b) for expansive soil treated with lime. However, the variation
in OMC of the soil-cement mixtures was negligible with compaction time delay.
Based on the test results presented in Figs. 3a, 4a and 5a, the
reduction in gdmax for a compaction time delay of 24 h for SRC
contents of 5%, 10% and 15% was calculated as 8.5%, 10.8%, and 15.6%,
respectively (Table 2). The percentage reduction in gdmax increased
with increase in the SRC content. This is attributed to the increase in
aggregation and clog formation due to the hydration of SRC cement.

Fig. 3. Comparison of compaction curves of 5% SRC-stabilized expansive soil mixed
with (a) distilled water, (b) 5000 ppm (S5), (c) 10,000 ppm (S10), and (d) 20,000 ppm
(S20) sulfate solutions and compacted at different periods of compaction time delay.
ZAVL represents zero air voids line.
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Fig. 4. Comparison of compaction curves of 10% SRC-stabilized expansive soil mixed
with (a) distilled water, (b) 5000 ppm (S5), (c) 10,000 ppm (S10), and (d) 20,000 ppm
(S20) sulfate solutions and compacted at different periods of compaction time delay.

Fig. 5. Comparison of compaction curves of 15% SRC-stabilized expansive soil mixed
with (a) distilled water, (b) 5000 ppm (S5), (c) 10,000 ppm (S10), and (d) 20,000 ppm
(S20) sulfate solutions and compacted at different periods of compaction time delay.

density of macropores increased with compaction time delay of
24 h (Fig. 7a). This is evidenced in the cumulative void ratio curve
presented in Fig. 7b. From Fig. 7b, it can be observed that the cumulative void ratio of SRC-stabilized expansive soil compacted
immediately, and after 24 h of compaction time delay, it was found
to be 0.33 and 0.527, respectively. From the above study, it can be
concluded that with increase in compaction time delay, the pore
structure of the SRC-stabilized soil changed to a great extent. These
changes in the pore structure are due to the formation of clogs and
aggregation of the particles as discussed earlier.
The above change in the pore structure increased the porosity of
the compacted soil and thus reduces the compaction and strength

Table 2
Summary of percentage reduction in gdmax for SRC-stabilized expansive soil mixed
with different mixing liquids.
SRC
content
(%)

Percentage reduction in gdmax for a compaction delay time of 24 h (%)

5
10
15

8.5
10.8
15.6

Distilled 5000 ppm sulfate 10,000 ppm sulfate 20,000 ppm sulfate
water
solution (S5)
solution (S10)
solution (S20)
4.8
4
5

12
6.5
7.4

7.7
8.9
7.3

parameters of the stabilized soil. The signiﬁcant reduction in gdmax
of the SRC-stabilized soil impacts the engineering properties of the
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Fig. 6. SEM micrographs of 15% SRC-stabilized soil mixed with distilled water and compacted immediately at magniﬁcation of (a) 1000 times, (b) 5000 times, and (c) 10,000 times;
(d) EDAX corresponding to micrograph presented in (a); (e) EDAX corresponding to micrograph presented in (b); and (f) EDAX corresponding to micrograph presented in (c).

SRC-stabilized expansive soils signiﬁcantly. Hence, there arises a
need for mitigating this reduction in gdmax that occurs due to
compaction time delay. With a view of mitigating the negative effect of compaction time delay, the addition of sulfate to the SRCstabilized expansive soil and its effects are discussed in the
following sections.

Fig. 7. Comparison of (a) PSD function and (b) cumulative void ratio curves of 10% SRCstabilized expansive soil mixed with distilled water and compacted immediately (0 h)
and 24 h of time delay.

4.1.2. Mixed with sulfate solutions
For a SRC content of 5%, gdmax of the soil mixed with 20,000 ppm
sulfate solution decreased from 15.48 kN/m3 to 14.69 kN/m3 for a
compaction time delay of 24 h (Fig. 3d). This reduction in density
with compaction time delay of the soil-SRC mixture upon the
addition of sulfate is surprising, as the previous studies by Le Roux
(1969), Le Roux and Toubeau (1987), and Raja and Thyagaraj
(2020b) suggested that the addition of sulfate retards the pozzolanic reactions in lime-treated soils. Thereby, it reduces the formation of clogs and results in higher compaction densities. In
contrast, the present study shows that the addition of sulfate solution to the SRC-stabilized expansive soil reduced gdmax irrespective of the compaction time delay and sulfate concentration.
This reduction in gdmax value upon sulfate addition is attributed to
the formation of ettringite along with the hydration of cement.
This hydration of cement along with ettringite formation can be
visualized in the SEM images shown in Fig. 8aec. The presence of
ettringite is conﬁrmed through the EDAX analysis shown in
Fig. 8def. Fig. 9a and b compares respectively the PSD functions and
corresponding cumulative void ratio curves of 10% SRC-stabilized
expansive soil mixed with distilled water and 20,000 ppm sulfate
solution and compacted without any time delay. Both the curves
represent a bimodal distribution, with micropore and macropore
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Fig. 8. SEM micrographs of 15% SRC stabilized soil mixed with 20,000 ppm sulfate solution and compacted after 24 h of time delay at magniﬁcation of (a) 5000 times, (b) 5000 times
at different location, and (c) 20,000 times; (d) EDAX corresponding to micrograph presented in (a); (e) EDAX corresponding to micrograph presented in (b); and (f) EDAX corresponding to micrograph presented in (c).

Fig. 9. Comparison of (a) PSD function and (b) cumulative void ratio curves of 10% SRCstabilized expansive soil mixed with distilled water and sulfate solution of 20,000 ppm
and compacted immediately (0 h).

peaks at 0.2 mm and 19.75 mm for specimens mixed with distilled
water. For specimen mixed with sulfate solution, the micropore and
macropore peaks are found at 0.009 mm and 9.565 mm, respectively.
Upon mixing with sulfate solution, there is an increase in the peak
intensity of the micropore volume and the macropore size reduced
to a great extent. This reduction in the macropores size can be
attributed to the formation of ettringite in the sulfate mixed
specimen. These ettringite crystals are generally 2e3 mm in length
as visualized in the SEM micrographs provided in Fig. 8aec.
Furthermore, from the micrographs presented in Fig. 8a and c, it
can be observed that these crystals are found in clusters with each
cluster approximated to be spherical with a diameter of about 5e
9 mm. Now, these spherical ettringite clusters formed get rearranged within the void pores during the compaction of the specimens, and thus resulted in the reduction in macropore size of the
SRC-stabilized soil mixed with sulfate solution. Even though the
ettringite crystals formed occupy the void pores and reduce the
macropore size, the increase in micropores or intra-aggregate voids
due to the ettringite formation increased to a greater extent.
Further, the density of macropores also increased slightly in soil
mixed with sulfate solution and compacted (Fig. 9a). Due to these
reasons, the overall porosity of the SRC-stabilized soil mixed with
sulfate solution increased in comparison to the soil mixed with
distilled water (Fig. 9b). This leads to the reduced density and
strength of the SRC-stabilized expansive soil mixed with sulfate
solution as discussed in the previous paragraphs.
However, variation in gdmax of soil mixed with distilled water
and soil mixed with sulfate solution is not signiﬁcant. The reduction
in density upon sulfate addition is presented in Table 3. From
Table 3, it can be seen that the average reduction in density upon
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Table 3
Comparison of percentage reduction in gdmax for SRC-stabilized expansive soil
mixed with distilled water and sulfate solutions.
Compaction
Percentage reduction in gdmax with
SRC
content time delay (h) compacted with distilled water (%)
(%)
10,000 ppm
5000 ppm
sulfate solution sulfate solution
(S10)
(S5)

respect to soil

5

5.9
1.5
2.3
1.8
( )1
( )1.7
1.7
4.3
3.8

10

15

0
6
24
0
6
24
0
6
24

5.6
1
1.8
0.4
3.8
2.5
9.9
11.2
11.3

6.2
1.2
1.5
( )0.3
2.1
0.4
1.2
2.9
3.1

20,000 ppm
sulfate solution
(S20)

Note: Negative sign indicates that the value is lower than the value corresponding to
the soil compacted with distilled water.

sulfate addition is around 3.6% with a coefﬁcient of variation of 1%.
This reduction in gdmax with respect to specimens mixed with
distilled water is due to the formation of ettringite clusters in the
specimens mixed with sulfate solutions. This can be visualized in
the SEM micrographs provided in Fig. 8aec. This ettringite cluster
formation makes the soil-cement mixture more resistant against
compactive effort, thus increasing the porosity. This along with the
aggregation of particles and hydration of cement results in a higher
reduction in gdmax of the soil-cement mixtures mixed with sulfate
solution. However, the optimum moisture content is not inﬂuenced
signiﬁcantly with increases in the compaction delay time and sulfate concentration.
There are two main reasons for the ineffectiveness of the sulfate
solution in mitigating the negative effect of compaction delay time.
The main reason for sulfate to control the pozzolanic reactions in
stabilized soil is due to its ability to reduce the pH value of the
stabilized soil mixture. However, in the present study, Fig. 10 shows
the variation of pH value and electrical conductivity of soil-cement
mixtures with concentration of sulfate solutions for compaction
time delay of 0 h. From Fig. 10, it is clear that the sulfate addition
considered in this study (5000e20,000 ppm) to 10% and 15% SRCstabilized soils and compacted immediately could not reduce the
pH value to a value below 10. The pH value of 10% SRC-stabilized
soil mixed with sulfate solution of 20,000 ppm reduced to 9.66

Fig. 10. Variation in pH value and electrical conductivity of SRC-stabilized soil with
concentration of sulfate solutions for compaction time delay of 0 h (immediately
compacted).

even at higher water content after a time delay of 24h (Raja and
Thyagaraj, 2020a). The above reduction in pH value is not signiﬁcant enough to completely stop the hydration and pozzolanic reactions occurring in the soil-cement mixtures, as the reactive
compounds like calcium and silica are readily available for the
pozzolanic reactions at the reduced pH value of 9.66 (Boardman
et al., 2001). Hence, in the present study, it can be safely
concluded that the pH value reduction brought about by the
addition of a limited quantity of sulfate solutions is not signiﬁcant
enough to retard the hydration and pozzolanic reactions. However,
the electrical conductivity of the soil-cement mixtures compacted
with compaction time delay of 0 hand 24 h increased upon sulfate
addition. The other reason for the failure of sulfate addition in
mitigating the negative effect of compaction time delay is due to
the formation of ettringite.
4.2. UCS of SRC-stabilized soil
4.2.1. Mixed with distilled water
Fig. 11 plots the variation of UCS with SRC content at different
compaction time delays of the soil-cement mixtures mixed with
distilled water. From Fig. 11, it can be observed that the UCS
decreased with increase in compaction time delay. The strength
decrease for a compaction time delay of 24 h was from 0.63 MPa to
0.56 MPa for specimens admixed with 5% SRC content. In soil
specimens mixed with SRC contents of 10% and 15%, the rate of
reduction in strength is higher in the initial 6 h of time delay. The
UCS reduced from 0.67 MPa to 0.42 MPa for a compaction time
delay of 6 h in specimens added with 10% SRC content, while the
strength reduction after the initial delay of 6 h was from 0.42 MPa
to 0.38 MPa for a compaction time delay of 24 h. This reduction in
strength is mainly attributed to the aggregation of soil-cement
mixtures and the formation of clogs due to the hydration of
cement and the pozzolanic reactions occurring during the
compaction delay period. These aggregated particles result in less
dense packing of the soil-cement mixture during compaction and
thus reduce the strength of the stabilized soil.
4.2.2. Mixed with sulfate solutions
Figs. 12e14 plot the variations of UCS with SRC content at
different compaction time delays of the soil-cement mixtures
mixed with sulfate solutions of 5000 ppm, 10,000 ppm and
20,000 ppm, respectively. It is evident from Figs. 12e14 that the
strength reduction is slightly higher in the soil specimens admixed

Fig. 11. Variation of UCS with compaction time delay of SRC-stabilized expansive soil
using distilled water as mixing liquid.
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Table 4
Variation of parameter E50 of SRC-stabilized soil specimens mixed with distilled
water and sulfate solutions and compacted at compaction time delay.
Compaction
SRC
content time delay
(h)
(%)

5

10

15

Fig. 12. Variation of UCS with compaction time delay of SRC-stabilized expansive soil
using 5000 ppm sulfate solution as mixing liquid.

Fig. 13. Variation of UCS with compaction time delay of SRC-stabilized expansive soil
using 10,000 ppm sulfate solution as mixing liquid.

0
6
24
0
6
24
0
6
24

E50 (MPa)
20,000 ppm
10,000 ppm
Distilled 5000 ppm
sulfate
sulfate
water
sulfate
solution (S5) solution (S10) solution (S20)
16.1
15.7
12.8
18.7
18.1
13
19.1
19
14.3

15.8
15.6
11.8
18.6
17.6
13.4
18.9
18
14

15.6
14.9
12.1
18.4
16.2
12.9
18.8
16.6
13.2

14.8
14.2
10.6
18.7
15.8
11.8
18.7
15.9
12.2

strength (from 0.59 to 0.5 MPa) (Fig. 12). The higher reduction in
strength is due to the rapid formation of ettringite clusters in the
stabilized soil admixed with 10,000 ppm sulfate solution or still
higher concentration. The ettringite clusters formed further reduces the density of compacted soils. Thereby the strength development in the soil-cement mixtures admixed with sulfate solutions
of 10,000 ppm or higher concentration is lower. This formation of
ettringite clusters in conjunction with the aggregation of the soilcement mixtures can be visualized in the SEM images presented
in Fig. 8a and b. Therefore, from Figs. 12e14, it can be concluded
that the addition of sulfate above 5000 ppm adversely affects the
strength development in SRC-stabilized soils.
4.2.3. Parameter E50of SRC-stabilized soil
E50 parameter represents the secant modulus of the soil. Table 4
presents the parameter E50 of SRC-stabilized soil specimens mixed
with distilled water and sulfate solutions and compacted at
different compaction time delays. It may be noted here that E50 is
deﬁned as the 50% secant stiffness modulus obtained from the
nonlinear stressestrain curve of primary loading curve (Surarak
et al., 2012). From Table 4, it is clear that the E50 value increased
from 16.1 MPa to 19.1 MPa for an increase in SRC content from 5% to
15% for specimens mixed with distilled water and compacted
without any compaction delay. From this it can be concluded that
the variation in stiffness is directly proportional to the cement
content. However, with the increase in concentration of sulfate
solutions at a given SRC content and compaction time delay, the
stiffness of the SRC-stabilized specimens decreased marginally. For
example, an increase in sulfate concentration from 5000 ppm to
20,000 ppm resulted in a decrease in E50 value from 19.1 MPa to
18.7 MPa for specimens stabilized with 15% SRC content. In
contrast, the decrease in stiffness with compaction time delay was
large at any given SRC content and mixing liquid (distilled water/
sulfate solution).
5. Conclusions

Fig. 14. Variation of UCS with compaction time delay of SRC-stabilized expansive soil
using 20,000 ppm sulfate solution as mixing liquid.

with 10% and 15% SRC contents and mixed with 5000 ppm,
10,000 ppm and 20,000 ppm sulfate solutions (from 0.67 to
0.37 MPa) for a compaction time delay of 24 h, while the soilcement mixtures admixed with SRC content of 5% and mixed
with 5000 ppm sulfate solution exhibited a lower reduction in

The following conclusions are drawn from the present experimental study:
(1) The maximum dry density of SRC-stabilized expansive soil
reduced with increase in the compaction time delay. This
reduction in maximum dry density is attributed to the formation of clogs and aggregation of particles that occur during the compaction time delay. The clogs and aggregated
particles resisted against the compactive effort, leading to
the reduced dry density of the compacted soils.
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(2) The concentration of sulfate solutions considered in the
present study (5000e20,000 ppm) to mitigate the negative
effect of compaction time delay was not successful as the
reduction in pH value brought about by the sulfate addition
was not signiﬁcant enough to control the aggregation and
pozzolanic reactions occurring in the SRC-stabilized soil.
Further, the addition of sulfate solutions resulted in the immediate formation of ettringite in the SRC-stabilized soil
which was conﬁrmed through the microstructural and EDAX
elemental analysis. MIP analysis also conﬁrms that the
addition of sulfate increased the porosity and led to the
deterioration of the SRC-stabilized soil, resulting in the reductions in strength and compaction density.
(3) The strength reduction due to compaction time delay was
proportional to the reduction in compaction dry density of
the SRC-stabilized soil. This reduction in strength is the
manifestation of the reduced dry densities which occurred
during the delayed compaction. This is due to the formation
of clogs prior to the compaction in stabilized soil mixed with
distilled water. In case of stabilized soil mixed with sulfate
solutions, it is due to the formation of clogs and ettringite
crystals.
(4) Based on the present experimental study, it can be concluded
that the addition of sulfate further deteriorates the
compaction and strength characteristics of the SRCstabilized soil.
Declaration of competing interest
The authors declare that they have no known competing
ﬁnancial interests or personal relationships that could have
appeared to inﬂuence the work reported in this paper.
References
Alazigha, D., Indraratna, B., Vinod, J.S., Ezeajugh, L.E., 2016. The swelling behaviour
of lignosulfonate-treated expansive soil. Proc. Inst. Civ. Eng. Ground. Improv.
169 (3), 182e193.
Albino, V., Dangelico, R.M., Natalicchio, A., Yazen, D.M., 2013. Alternative Energy
Sources in Cement Manufacturing: A Systematic Review of the Body of
Knowledge. Network for Business Sustainability, University of Western Ontario,
Ontario, Canada.
Arman, A., Saifan, F.S., 1967. The effect of delayed compaction on stabilized soilcement. Transport. Res. Rec. 198, 30e38.
Boardmann, D.I., Glendinning, S., Rogers, C.D.F., 2001. Development of stabilization
and solidiﬁcation in lime-clay mixes. Géotechnique 50 (6), 533e543.
Chen, F.H., 1988. Foundations On Expansive Soils. Elsevier, New York, USA.
Christensen, A.P., 1969. Cement Modiﬁcation of Clay Soils. Portland Cement Association, Skokie, Illinois, USA.
Cokca, E., 2001. Use of class c ﬂy ashes for the stabilization of an expansive soil.
J. Geotech. Geoenviron. Eng. 127 (7), 568e573.
Cordon, W.A., 1961. Resistance of soil-cement exposed to sulphates. Transport. Res.
Rec. 309, 37e56.
Cowell, M.J., Irwin, L.H., 1979. Effect of compaction delays and multiple treatments
on the strength of cement stabilized soil. Transport. Res. Rec. 702, 191e198.
Dermatas, D., 1995. Ettringite-induced swelling in the soils: state-of-the-art. Appl.
Mech. Rev. 48 (10), 659e673.
Hunter, D., 1988. Lime-induced heave in sulphate bearing clay soils. J. Geotech. Eng.
114, 150e167.
Ikeagwuani, C.C., Nwonu, D.C., 2019. Emerging trends in expansive soil stabilisation: a review. J. Rock. Mech. Geotech. Eng. 11 (2), 423e440.
Jia, Baldovino, Izzo, R.L.S., Moreira, E.B., Rose, J.L., 2019. Optimizing the evolution of
strength for lime-stabilized rammed soil. J. Rock. Mech. Geotech. Eng. 11 (4),
882e891.
Jones, D.E., Holtz, W.J., 1973. Expansive soils: the hidden disaster. Civ. Eng. 43 (8),
49e51.
Kumar, K.S.R., Thyagaraj, T., 2020. Comparison of lime treatment techniques for
deep stabilization of expansive soils. Int. J. Geotech. Eng. https://doi.org/
10.1080/19386362.2020.1775359.
Le Roux, A., 1969. Traitement des sols argil euxpar la chaux. Bull. Liaison Lab. Ponts
Chaussees 40, 59e95.

Le Roux, A., Toubeau, P.H., 1987. Miseen evidence du seuil de nociviteet du mecanismed’action des sulfures au cours d’un traitement a la chaux. In: Proceedings
of the 9th South East Asian Geotechnical Conference. Bangkok.
Little, D., 1999. Evaluation of Structural Properties of Lime Stabilized Soils and
Aggregates. Summary of Findings, 1. The National Lime Association, Arlington,
USA.
Little, D.N., Nair, S., Herbert, B., 2010. Addressing sulfate-induced heave in lime
stabilized soils. J. Geotech. Geoenviron. Eng. 136 (1), 110e118.
Mitchell, J.K., 1986. Practical problems from surprising soil behaviour. J. Geotech.
Eng. 112 (3), 259e289.
Murthy, V.R., Praveen, G.V., 2008. Use of chemically stabilized soil as cushion material below light weight structures founded on expansive soils. J. Mater. Civ.
Eng. 5 (20), 392e400.
Nelson, J., Miller, D.J., 1992. Expansive Soils: Problems and Practice in Foundation
and Pavement Engineering. John Wiley & Sons, New York, USA.
Ogawa, K., Roy, D.M., 1982a. C4A3S hydration ettringite formation, and its expansion
mechanism: I. Expansion; ettringite stability. Cem. Concr. Res. 11, 741e750.
Ogawa, K., Roy, D.M., 1982b. C4A3S hydration ettringite formation and its expansion
mechanism: II. Microstructural observation of expansion. Cem. Concr. Res. 12,
101e109.
Ogawa, K., Roy, D.M., 1982c. C4A3S hydration ettringite formation and its expansion
mechanism: III. Effect of CaO, NaOH and NaCL; conclusions. Cem. Concr. Res. 12,
247e256.
Petry, T.M., Little, D.N., 2002. Review of stabilization of clays and expansive soils in
pavements and lightly loaded structures - history, practice, and future. J. Mater.
Civ. Eng. 14 (6), 447460.
Puppala, A.J., Grifﬁn, J.A., Hoyos, L.R., Chomtid, S., 2004. Studies on sulfate-resistant
cement stabilization methods to address sulfate-induced soil heave. J. Geotech.
Geoenviron. Eng. 130 (4), 391e402.
Puppala, A.J., Madhyannapu, R.S., Nazarian, S., Yuan, D., Hoyos, L., 2007. Deep soil
mixing technology for mitigation of pavement roughness. Texas Department of
Transportation Research and Technology, Austin, TX, USA. Technical Report No.
FHWA/TX-08/0-5179-1.
Raja, P.S.K., Thyagaraj, T., 2019. Effect of short-term sulfate contamination on limestabilized expansive soil. Int. J. Geotech. Eng. https://doi.org/10.1080/
19386362.2019.1641665.
Raja, P.S.K., Thyagaraj, T., 2020a. Sulfate effects on sulfate-resistant cement-treated
expansive soil. Bull. Eng. Geol. Environ. 79, 2367e2380.
Raja, P.S.K., Thyagaraj, T., 2020b. Effect of compaction time delay on compaction and
strength behavior of lime-treated expansive soil contacted with sulfate. Innov.
Infrastruct. Solut. 5 (1), 14.
Rajasekaran, G., 2005. Sulphate attack and ettringite formation in the lime and
cement stabilized marine clays. Ocean. Eng. 32, 1133e1159.
ASTM D2166/D2166M-16, 2016. Standard Test Method for Unconﬁned Compressive
Strength of Cohesive Soil. ASTM International, West Conshohocken, PA.
Sivapullaiah, P.V., Subbarao, K.S., Gurumurthy, J.V., 2004. Stabilisation of rice husk
ash for use as cushion below foundations on expansive Soils. Ground. Improv. 8
(4), 137e149.
Soltani, A., Deng, A., Taheri, A., Mirzababaei, M., 2017. A sulphonated oil for stabilisation of expansive soils. Int. J. Pavement. Eng. 20 (11), 1e14.
Soltani, A., Raeesi, R., O’Kelly, B.C., 2021. Cyclic swelleshrink behaviour of an
expansive soil treated with a sulfonated oil. Proc. Inst. Civ. Eng. Ground. Improv.
https://doi.org/10.1680/jgrim.19.00084.
Sridharan, A., Sivapullaiah, P.V., 2005. Mini compaction test apparatus for ﬁne
grained soil. Geotech. Test. J. 28 (3), 240e246.
Surarak, C., Likitlersuang, S., Wanatowski, D., Balasubramaniam, A., Oh, E., Guan, H.,
2012. Stiffness and strength parameters for hardening soil model of soft and
stiff Bangkok clays. Soils. Found. 52 (4), 682e697.
Seif ESSA, 2015. Efﬁciency of quicklime in reducing the swelling potential of pulverized expansive shale, northern Jeddah, Saudi Arabia. Bull. Eng. Geol. Environ.
74, 637e650.

Dr. T. Thyagaraj is currently a professor at the Department
of Civil Engineering, Indian Institute of Technology (IIT)
Madras. He obtained his BE degree (Civil) from Osmania
University, Hyderabad, and MSc and PhD degrees from
Indian Institute of Science, Bangalore. He worked as an
assistant professor at the Department of Civil Engineering,
National Institute of Technology (NIT) Warangal during
2006e2007. He had a brief stint at King Saud University as
a research fellow and as an assistant professor during
2008, before moving to IIT Madras as an assistant professor in August 2008. He is actively engaged in teaching,
research, consultancy and administration at IIT Madras.
His research interests include unsaturated soil behavior,
ground improvement, geoenvironmental engineering and
use of waste materials in civil engineering applications. Dr. Thyagaraj received the
prestigious Indian Geotechnical Society (IGS)’s Prof. Dinesh Mohan Award in 2016 for
excellence in geotechnical practices. He is a qualiﬁed NABL Assessor for ISO/IEC
17025:2017. Dr. Thyagaraj is currently an active Executive Council Member of IGS
National body and IGS Chennai Chapter.

Please cite this article as: SriramKarthick Raja P, Thyagaraj T, Signiﬁcance of compaction time delay on compaction and strength characteristics
of sulfate resistant cement-treated expansive soil, Journal of Rock Mechanics and Geotechnical Engineering, https://doi.org/10.1016/
j.jrmge.2021.03.003

