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Abstract The effect of sulphates on the soil stabilisation
using mineral additives such as lime, cement and fly ash has
been reported by several researchers. The effect of sodium
sulphate (Na2SO4) (0–6% by dry weight of soil) on the be-
haviour of the grey clayey soil (GS) and red clayey soil (RS)
stabilised with lime (L) (0–8%), natural pozzolana (NP) (0–
20%) and with a combination of lime-natural pozzolana (L–
NP) was investigated. The soil specimens were subjected to
testing of direct shear strength after 7, 30, 60 and 120 days of
curing period. In the absence of Na2SO4, the results show that
both clayey soils can be successfully stabilised with L or with
a combination of L–NP, which substantially increases their
shear strength and produces high values of shear parameters.
However, at short curing period and for any content of
Na2SO4, a further increase in shear strength and shear param-
eters is observed. Moreover, after 30 days of curing, the RS
specimens stabilised with L or with NP alone are altered when
the Na2SO4 is greater than 2%, whereas the GS specimens are
not altered. However, the alteration of RS specimens is little
when the L and NP are combined on curing with a high con-
tent of Na2SO4. Generally, the effect of Na2SO4 on both
stabilised clayey soils depends on the curing time, percentage
of additives used and their type, mineralogical composition of
stabilised soils and Na2SO4 content.
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Introduction

Chemical soil stabilisation using L, cement and other mineral
additives is not new and remain so far the cheapest technique
used in soil stabilisation (Ola 1977; Rahman 1986; Afès and
Didier 2000; Kavak and Akyarli 2007). When no sulphates
are present, the cation exchange capacity of the soil depends
largely on its particles with negatively charged surfaces (Grim
1968). This negative charge develops repulsive forces be-
tween the clay particles. However, in the absence of sulphates,
the lime hydrates and ionises after its contact with water to
form calcium ions and hydroxyl (Ouhadi and Yong 2008).
This change has the effect of reducing the size of the double
layer of clay particles, lowering the repulsive forces between
them and increasing the alkalinity of the solution system
(George et al. 1992; Smith et al. 1994). The reduction in re-
pulsive forces between these particles creates a bond between
them and forms flocks (Locat et al. 1990). This change caused
by lime reduces the plasticity of the stabilised soil (Osula
1996; Manasseh and Olufemi 2008), decreases their maxi-
mum dry density and increases their optimum moisture con-
tent (George et al. 1992; Harichane et al. 2011b).

However, the increase in hydroxyl (OH−) concentration
raises the pH of the soil, and causes the dissolution of alumina
and silica which interact with calcium ions to form cementi-
tious products such as calcium silicate hydrates (C–S–H) and
calcium aluminate hydrates (C–A–H) (Glenn and Handy
1963; Mitchell 1986; Abdi and Wild 1993). The formation
of these compounds was confirmed by several researchers
(Mitchell 1986; Hunter 1988; Abdi and Wild 1993). These
cementitious products are responsible for the increase of both
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compressive strength (Lin et al. 2007; Harichane et al. 2012)
and shear strength of the stabilised soil (Gay and Schad 2000;
Sezer et al. 2006).

However, a high volume of problematic soils can be ex-
cluded to be used as materials for construction due to their low
quality. Indeed, it is known that the most frequent problem in
the world for various civil engineering projects is the presence
of inappropriate soils which require a special technique for
their improvement such as chemical stabilisation, dynamic
compaction and soil replacement. Chemical soil stabilisation
has been practiced for several years with the main aim to
render these soils capable of meeting the requirements of the
specific engineering projects (Kolias et al. 2005). However,
cement has been used as a main hydraulic binder for civil
engineering projects such as road pavements, earth dams
and building constructions (Mehta 1983). But, the production
of 1MTof cement leads to the emission of about 1MTof CO2

and requires large amounts of energy (Segui et al. 2013). In
order to reduce both energy consumption and CO2 emission,
several researchers recommended the use of volcanic mate-
rials such as volcanic ash and natural pozzolana (NP) (Al-
Rawas et al. 2005; Hossain et al. 2007; Mfinanga and
Kamuhabwa 2008; Harichane et al. 2012; Segui et al. 2013;
Zoubir et al. 2013; al-Swaidani et al. 2016; Gadouri et al.
2016a, 2016b, 2016c). These mineral additives have been
used in combination with L for soil stabilisation because of
their economic benefits and advantageous properties. Indeed,
it has been reported that the combination of volcanic ash with
L produced beneficial effects on the physico-mechanical be-
haviour of the stabilised soil (Hossain et al. 2007). In addition,
Harichane et al. (2011a) reported that for a longer curing pe-
riod, shear strength and unconfined compressive strength
values of cohesive soils stabilised with the combination of L
and NP are very large compared with that of the untreated
soils. According to Khemissa and Mahamedi (2014), expan-
sive and salted soils with low resistance (strength) and high
plasticity are amongst the problematic soils most met in the
Algerian arid and semi-arid regions. It was necessary to im-
prove these soils in order to render them acceptable for con-
struction. For example, most of the soils used in the East-West
highway project located in the north of Algeria have been
improved using cement and/or L in order to make them able
to carry the traffic loads. But, these soils caused severe dam-
age to infrastructures in form of cracks and swelling. In fact,
various forms of degradation observed in road pavements are
frequently dependent on the formation of new expansive
phrases such as ettringite and/or thaumasite due to the pres-
ence of sulphate ions (SO4

2−) (Baryla et al. 2000). Also, the
magnitude of damage caused by the ettringite mineral depends
on the soil nature (Wild et al. 1998; Sivapullaiah et al. 2006),
additive type and its content (Le Borgne 2010) and sulphate
concentration and/or the type of cations associated with SO4

2−

(Kinuthia et al. 1999; Sivapullaiah et al. 2000). On the other

hand, the effects of Na2SO4 on geotechnical properties of
clayey soils stabilised with L, NP and their combination have
been investigated, where they have reported that the combi-
nation of both L and NP resist to the sulphate attack (Gadouri
et al. 2016a).

However, the combination of volcanic materials with lime
produces a beneficial effect on the behaviour of stabilised soils
(Hossain et al. 2006; Kumar et al. 2007). Due to the availabil-
ity of NPwith high amounts in areas of Beni-Saf located in the
west of Algeria (Ghrici et al. 2007), the NP was used in com-
bination with L in order to improve the geotechnical proper-
ties of two clayey soils such as Atterberg limits, unconfined
compressive strength, shear strength and durability
(Harichane and Ghrici 2009; Harichane et al. 2010, 2011a,
2011b, 2011c, 2012,). The soil shear strength is the main fac-
tor for any analysis related with stability including slope sta-
bility analysis (Sadrjamali et al. 2015). However, there is no
investigation regarding the effects of sulphates on the geotech-
nical properties of these clayey soils. This paper is devoted in
order to study the effect of Na2SO4 on the shear strength of
two clayey soils by the addition of L, NP and their combina-
tion. Direct shear strength test was selected due to its simplic-
ity and used for obtaining shear strength parameters (cohesion
and internal friction angle), and Mohr-Coulomb theory was
used for calculating them.

Experimental investigation

Materials used

Soils

In the present study, two soils were used; the first is a grey
clayey soil (GS) which was obtained from an embankment

Table 1 Physico-mechanical properties of both clayey soils (after
Harichane et al. 2011a)

Physico-mechanical properties GS RS

Depth (m) 4.0 5.0

Natural water content (%) 32.90 13.8

Specific gravity (−) 2.71 2.84

Passing 80-μm sieve (%) 85.0 97.5

Liquid limit (LL; %) 82.8 46.5

Plastic limit (PL; %) 32.2 22.7

Plasticity index (PI; %) 50.6 23.8

Classification system (USCS; −) CH CL

Optimum moisture content (WOPN; %) 28.30 15.3

Maximum dry density (γdmax; kN/m
3) 13.80 16.9

Unconfined compressive strength (UCS; kPa) 100 510

Loss on ignition (%) 17.03 7.13
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project site, and the second is a red clayey soil (RS) which
was obtained from a highway project site and both near
Chelif town in the west of Algeria. Both clayey soils were
excavated, placed in plastic bags and transported to the
laboratory for preparation and testing. Laboratory tests
were carried out to classify each type of soil. The
physico-mechanical and chemico-mineralogical properties
of two clayey soils are depicted in Tables 1 and 2, respec-
tively. The particle size distribution curves of both GS and
RS samples (Fig. 1) were obtained by using a dry sieving
method according to NF P 94–056. On the other hand,
both values 85% (for GS) and 97.5% (for RS) given in
Table 1 were obtained by passing 80-μm sieve using a
wet sieving method (water was used as a solution for clay

particle dispersion) in order to obtain a maximum disper-
sion of clay particles (maximum particle-particle separa-
tion), and consequently a maximum clay particle content
passing 80-μm sieve.

Mineral additives

The NP used in this study was collected fromBeni-Saf located
in the west of Algeria. It was ground to the specific surface
area of 420 m2/kg. However, the L used in this study is com-
mercially available lime typically used for construction pur-
poses. The physico-chemical properties of these additives are
presented in Table 3.

Fig. 1 Particle size distribution
curves of both grey and red clayey
soils

Table 2 Chemico-mineralogical
properties of both clayey soils Chemical/mineralogical name Chemical formula GS (%) RS (%)

Calcium oxide CaO 14.43 2.23

Magnesium oxide MgO 1.99 2.14

Iron oxide Fe2O3 5.56 7.22

Alumina Al2O3 14.15 19.01

Silica SiO2 43.67 57.02

Sulphite SO3 0.04 0.19

Sodium oxide Na2O 0.34 0.93

Potassium oxide K2O 1.96 3.17

Titan dioxide TiO2 0.65 0.83

Phosphorus P2O5 0.18 0.14

pH – 9.18 9.05

Calcite CaCO3 26.0 4.0

Albite NaAlSi3O8 – 8.0

Illite 2K2O.Al2O3.24SiO2.2H2O 16.0 24.0

Kaolinite Al2Si2O5(OH)4 12.0 16.0

Montmorillonite Al2((Si4Al)O10)(OH)2.H2O 20.0 –

Chlorite Mg2Al4O18Si3 – 9.0

Ferruginous minerals – 6.0 7.0

Organic matter – 0.33 –
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Chemical compound

The chemical element used in this study was Na2SO4. The
physical and chemical properties of this element are depicted
in Table 4.

Test procedure

Laboratory tests of shear strength were conducted on both
selected clayey soils. Several combinations of NP and L were
used for their stabilisation. These combinations were also
mixed with Na2SO4. A total of 72 combinations based on
GS and RS is shown in Table 5.

Shear strength tests

The type of the apparatus used in this work is a TG 14/
1761 model. The direct shear tests are performed ac-
cording to ASTM D6528 (2000) and were conducted
on untreated and treated soil specimens on curing with
and without Na2SO4. The specimens (6 cm of diameter
and 4 cm of length) were prepared by compaction at the
maximum dry unit weight and optimum moisture

Table 5 Combinations of both clayey soils

Designation Sample mixture (%)

Soil NP L Sodium sulphate

P0L0N0 100 0 0 0

P0L4N0 96 0 4 0

P0L8N0 92 0 8 0

P10L0N0 90 10 0 0

P20L0N0 80 20 0 0

P10L4N0 86 10 4 0

P20L4N0 76 20 4 0

P10L8N0 82 10 8 0

P20L8N0 72 20 8 0

P0L0N2 98 0 0 2

P0L4N2 94 0 4 2

P0L8N2 90 0 8 2

P10L0N2 88 10 0 2

P20L0N2 78 20 0 2

P10L4N2 84 10 4 2

P20L4N2 74 20 4 2

P10L8N2 80 10 8 2

P20L8N2 70 20 8 2

P0L0N4 96 0 0 4

P0L4N4 92 0 4 4

P0L8N4 88 0 8 4

P10L0N4 86 10 0 4

P20L0N4 76 20 0 4

P10L4N4 82 10 4 4

P20L4N4 72 20 4 4

P10L8N4 78 10 8 4

P20L8N4 68 20 8 4

P0L0N6 94 0 0 6

P0L4N6 90 0 4 6

P0L8N6 86 0 8 6

P10L0N6 84 10 0 6

P20L0N6 74 20 0 6

P10L4N6 80 10 4 6

P20L4N6 70 20 4 6

P10L8N6 76 10 8 6

P20L8N6 66 20 8 6

Table 4 Physico-chemical properties of sodium sulphate

Physico-chemical properties Sodium sulphate

Physical form White

Chemical formula Na2SO4

Molar weight (g/mol) 142.04

Auuay (dried; %) 99.5

pH (50 g/L, 25 °C) 5 to 8

Insoluble matter (%) 0.005

Chloride (Cl; %) 0.001

Iron (Fe; %) 0.0005

Calcium (Ca; %) 0.01

Phosphorus (PO4; %) 0.001

Table 3 Physico-chemical properties of both lime and natural
pozzolana (after Harichane et al. 2011a)

Physical/chemical name L (%) NP (%)

Physical form Dry white powder Dry brown powder

Specific gravity 2.0 –

Over 90 μm (%) <10.0 –

Over 630 μm (%) 0 –

Insoluble material (%) <1.0 –

Bulk density (g/L) 600–900 –

Loss on ignition – 5.34

CaO >83.3 9.90

MgO <0.5 2.42

Fe2O3 <2.0 9.69

Al2O3 <1.5 17.5

SiO2 <2.5 46.4

SO3 <0.5 0.83

Na2O 0.4–0.5 3.30

K2O – 1.51

CO2 <5.0 –

TiO2 – 2.10

P2O3 – 0.80

CaCO3 <10.0 –
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content deduced of compaction tests. The specimens
were stored in plastic boxes to prevent possible loss
of moisture which they were kept in the laboratory at
the temperature of 25 °C and the relative humidity of
50%. Furthermore, samples are prepared for different
curing periods (7, 30, 60 and 120 days). Indeed, the
specimens were not saturated and excessive pore water
pressure would not be expected in them. The direct
shear test was unconsolidated undrained (UU) and the
load was applied at a rate of 1 mm/min. The fast shear
test (UU) using a high displacement rate was selected
for a short-term stability verification using total
strengths for the calculation of the stability just after
construction. The normal stress was chosen to be 100,
200 and 300 kPa for all specimens. Six identical spec-
imens from each mixture were prepared for each curing
period.

Results and discussions

Shear strength

Temporal variation of the shear stress without sodium
sulphate

Figure 2 illustrates the results of the effect of L, NP and their
combination on curing without Na2SO4 on maximum shear
stresses of two stabilised clayey soils. Generally, there is a
negligible effect on maximum shear stresses of two clayey
soils when the NP is used alone. The maximum shear stresses
of two clayey soils increase with increasing L content and
curing period. The same behaviour was obtained by Gay
and Schad (2000). The stabilisation of two clayey soils with
L binds their particles and provokes a better effect on their
shear stress, particularly beyond 30 days of curing. The
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Fig. 2 Shear stress produced
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curing periods. a, c, e, g Grey
clayey soil. b, d, f, h Red clayey
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differences in maximum shear stresses between L and NP as
additives are more pronounced with the GS than with the RS.
This behaviour is probably due to the mineralogical composi-
tion and high plasticity index value of the GS as compared
with those of the RS. The better results of maximum shear
stresses are achieved when the combination of lime-natural
pozzolana (L–NP) is used. The increase in maximum shear
stresses is very important when the amount of L and NP in-
creases. In addition, it is clear to observe that the combination
L–NP presents better effects onmaximum shear stresses of the
RS than of the GS. The dissolution of alumina and silica from
soil and/or NP depends strongly on the L content which pro-
duces more cementitious products responsible for the increase
in maximum shear stresses of two clayey soils. In all cases,
maximum shear strengths were observed for samples
stabilised with a combination of L–NP compared to those
stabilised with L or NP alone.

Figure 3 depicts the results of the typical shear stress-strain
for both unstabilised and stabilised soil specimens using 8%
L, 20% NP and their combination (8% L + 20% NP) without
Na2SO4 for only 7 and 120 days of curing period. In this
experimental program, results are obtained from 0- to 5-mm
horizontal displacement which can be taken for design regard-
ing the stabilised soils to fail. As shown in Fig. 3, for any
curing period and for any normal stress, a negligible change
in shear stresses was observed for NP treated both GS and RS
specimens compared with untreated soil specimens. In con-
trast, the higher the normal stress applied on L treated or L–NP
treated is, both GS and RS specimens will give higher shear
stresses which correspond to small horizontal displacements.
Indeed, the increment of horizontal displacement in these
specimens (L treated or L–NP treated both GS and RS) varied
between 0 and 3 mm, which correspond to maximum shear
stresses; e.g. after 7-day curing period and for 100- and 300-

kPa normal stresses, the shear stress values of L-treated GS
specimens are 137.29 and 300.81 kPa, which correspond to
1.5-mm horizontal displacement. But after 120-day curing
period, the previous shear stresses (137.29 and 300.81 kPa)
increase up to 395.4 and 669.97 kPa, respectively, with 100-
and 300-kPa normal stresses where the horizontal displace-
ment was also increased up to 2 mm. However, a further
increase in both shear stress and horizontal displacement
was recorded when L and NP are used as a combined treat-
ment; e.g. after 7-day curing period and for 100- and 300-kPa
normal stresses, the shear stress values of L–NP treated the
same soil (GS specimens) are 200.13 and 324.1 kPa, which
correspond to 1.5- and 1-mm horizontal displacements. But
after 120-day curing period, the previous shear stresses
(200.13 and 324.1 kPa) become 594 and 785.99 kPa, respec-
tively, with 100- and 300-kPa normal stresses where the hor-
izontal displacement was increased up to 2.25 mm (Fig. 3a, c).
The same behaviour was observed for the RS specimens
stabilised with L alone or in combination with NP, whereby
the RS has the greatest results compared with the GS (Fig. 3b,
d). In all cases and for any type of treatment (L, NP and L–
NP), maximum shear stresses of both GS and RS specimens
increase with curing period, meaning that the shear strength is
higher for stabilised specimens compared to untreated soil
specimens, especially when using the combination L–NP.

Furthermore, it is obvious to observe that for both L-
treated and L–NP-treated GS specimens, maximum
shear stresses are reached at 1 and 1.5 mm after 7-day
curing period, whereas after 120-day curing period,
maximum shear stresses are reached at 2 and 2.25 mm
(Fig. 3a, c). A converse behaviour was observed for the
RS specimens stabilised with the same additives (L and
L–NP) (Fig. 3b, d). As a comparison, both L-treated
and L–NP-treated GS specimens will fail more slowly
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for a shorter curing period (7 days) compared to the
longer curing period (120 days), whereas a converse
effect was observed for the RS. However, both
stabilised GS and RS are more consolidated by
cementing agents (C–S–H and/or C–A–H), and this
gives strength to both stabilised soils. Also, the sensi-
tivity of the horizontal displacement to the curing period
effect was more pronounced with the GS than with the
RS.

Temporal variation of the shear stress with sodium sulphate

A comparison of the effects of different contents of
Na2SO4 on maximum shear stresses of two stabilised
clayey soils is depicted in Figs. 4, 5 and 6. There is a
negligible increase in maximum shear stresses of two

clayey soils when the NP is used with 2% of Na2SO4

but decreases with increasing Na2SO4 content. However,
maximum shear stresses of L-treated two clayey soils
with 2% Na2SO4 increase with increasing L content
and curing period. But after 60 days of curing, maxi-
mum shear stresses of the GS stabilised with NP or L
alone decrease gradually when the Na2SO4 is greater
than 2% (Figs. 5e, g and 6e, g). The decrease in max-
imum shear stresses can be explained by the reduction
in the capacity of cementing due to the adsorption of
sulphates on the surfaces of C–S–H (Mehta 1983).
Moreover, after 30 days of curing, maximum shear
stresses of the RS specimens stabilised with NP or L
alone are altered when the Na2SO4 content is greater
than 2% (Figs. 5h and 6f, h). The alteration of NP-
treated RS specimens is certainly not linked with the
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Fig. 4 Effect of 2% sodium
sulphate on the shear strength of
both stabilised clayey soils for
different curing periods. a, c, e, g
Grey clayey soil. b, d, f, h Red
clayey soil
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eventual formation of ettringite which is not observed in
X-ray diffraction (XRD) patterns (Fig. 12c). But accord-
ing to Fig. 12b, the alteration of L-treated RS speci-
mens is probably linked with the formation of ettringite.
Indeed, the pressure value developed by the ettringite
mineral can be higher than that of the tensile strength
value of the soil which leads to its degradation (Le
Borgne 2010). Moreover, the alteration is not observed
in GS specimens; this leads us to suppose that this
alteration is due to the behaviour of the RS with the
Na2SO4 interaction. From these results, it is possible to
classify the Na2SO4 as a deleterious element for soil
stabilisation when its content is greater than 2% by
dry weight of soil. Generally, for any content of
Na2SO4, the differences in maximum shear stresses

between L and NP as additives are more pronounced
with the GS than with the RS.

Furthermore, for a shorter curing period, the increase
in maximum shear stresses of two clayey soils is strong-
ly important when the combination L–NP is used as an
additive, especially with increasing Na2SO4 content
(Fig. 4). However, after 30 days of curing, maximum
shear stresses of two clayey soils decrease gradually
when the Na2SO4 content is greater than 2%. The de-
crease in maximum shear stresses is more pronounced
in the RS than in the GS. The same behaviour was
observed by Sivapullaiah et al. (2006). Generally, for
any content of Na2SO4, the RS specimens are not al-
tered when the combination L–NP is used as an
additive.
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Fig. 5 Effect of 4% sodium
sulphate on the shear strength of
both stabilised clayey soils for
different curing periods. a, c, e, g
Grey clayey soil. b, d, f, h Red
clayey soil

 218 Page 8 of 17 Arab J Geosci  (2017) 10:218 



It is known that without Na2SO4, when the L is mixed with
water (2H2O), thehydroxide lime[Ca(OH)2]hydrolyses firstand
increases the pH value of the solution very quickly as follows:

Ca OHð Þ2→Ca2þ þ 2OH− ð1Þ

When Na2SO4 is added, the reaction between Ca (OH)2
and Na2SO4 in the presence of 2H2O has been given by Roy
(1986) as follows:

Ca OHð Þ2 þ Na2SO4 þ 2H2O CaSO4�2H2Oþ 2NaOH ð2Þ

According to Sridhran et al. (1995), the reaction be-
tween L, NP and Na2SO4 in the presence of 2H2O
results in a higher alkaline solution than that of the

Ca (OH)2 saturated solution; this leads to the dissolution
of a large amount of alumina and silica which react
with the remaining L to form a high amount of cemen-
titious products responsible for the significant increase
in maximum shear stresses of two clayey soils.

According to Shi and Day (2000), the dissolution of amor-
phous silica (SiO2) increases very steeply if the pH of the soil
solution is greater than 12.5. Generally, the pH will have a
similar effect on the dissolution of NP as that on the amor-
phous SiO2 because the main composition of NP is silica.
However, the acceleration in the NP dissolution leads to the
acceleration in the rate of pozzolanic reactions. Consequently,
depolymerised monosilicate and aluminate species enter in the
solution and form two main compounds [SiO (OH)3]

− and [Al
(OH)4]. However, both C–S–H and C4–A–H13 compounds
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Fig. 6 Effect of 6% sodium
sulphate on the shear strength of
both stabilised clayey soils for
different curing periods. a, c, e, g
Grey clayey soil. b, d, f, h Red
clayey soil
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can be formed when calcium ions (Ca2+) contact these dis-
solved species (monosilicates and aluminates) as follows:

Y SiO OHð Þ3
� �− þ XCa2þ þ Z−X−Yð ÞH2Oþ 2X−Yð ÞOH−

→CX−SY−HZ
ð3Þ

2 Al OHð Þ4
� �− þ 4Ca2þ þ 6H2O

þ 6OH−→C4AH13 ð4Þ

At the same time, the introduction of Na2SO4 in the
stabilised soil increases the concentration of SO4

2− and leads
to the formation of ettringite which densifies the structure and
increases the strength of the stabilised system as follows:

6Ca OHð Þ2 þ Al2O3 þ 3Na2SO4 sol:ð Þ þ 29H2O3CaO � Al2O3�
3CaSO4 � 32H2Oþ 6NaOH sol:ð Þ ð5Þ

The high early increase in maximum shear stresses of two
clayey soils stabilised with L or with the combination L–NP is
attributed to the acceleration of early pozzolanic reactions and
the formation of more ettringite due to the presence of
Na2SO4.

The results of the effects of Na2SO4 on the typical shear
stress-strain of stabilised soil specimens using 8% L, 20% NP
and 8% L + 20% NP for only 7 and 120 days of curing period
are shown in Figs. 7 and 8. In all cases, it should be noted that

the value of 5 mm is also adopted as a maximum horizontal
displacement for both GS and RS specimens stabilised with L,
NP and their combination. It can be seen that for any curing
period and for any normal stress, a marginal change in shear
stresses was recorded for NP-treated both GS and RS speci-
mens containing different Na2SO4 contents compared with
stabilised specimens without Na2SO4 (Figs. 7 and 8).
Conversely, the higher the shear stresses and the lower the
horizontal displacements of L treated or L–NP treated are,
both GS and RS specimens are observed when the higher
normal stresses with a low Na2SO4 content (2%) are applied.
In addition, it is quite clear to observe that the shear stresses
for 8% L or 8%L + 20%NP gives a very consistent curve that
collapse into one for the same normal stresses applied but
highly influenced by the curing period. However, both treat-
ment using 8% L alone or the combination 8% L + 20% NP
develop higher stress-strain curves when the normal stresses
were increased from 100 up to 300 kPa.

On the one hand, for a shorter curing period (7 days) and
for any normal stresses, it can be observed that the shear
stresses of L-treated GS specimens’ increase with increasing
Na2SO4 content but decrease with its increasing at a later stage
(120 days); e.g. after 7-day curing period and for a normal
stress of 100 kPa, the L-treated GS specimens increase the
shear stresses from 137.29 up to 183, 239.4 and 267.5 kPa
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Fig. 7 A typical shear stress-
strain for unstabilised and
stabilised grey clayey soil
specimens using 8% L, 20% NP
and 8% L + 20% NP in the
presence of 2, 4 and 6% sodium
sulphate for 7 and 120 days of
curing period. a, c, e Shear test
with 100-kPa normal stress. b, d, f
Shear test with 300-kPa normal
stress
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in the presence of 2, 4 and 6% Na2SO4, respectively.
However, for a longer curing period (120 days), the shear
stresses of the same soil (L-treated GS specimens) increase
up to 469.3, 285.9 and 204.4 kPa, respectively, with the pres-
ence of 2, 4 and 6% Na2SO4. The same behaviour was ob-
served when a maximum normal stress (300 kPa) is applied
(Fig. 7). An additional increase in shear stresses was observed
when using the combined treatment of L and NP.

On the other hand, for a shorter curing period (7 days) and for
any normal stresses, it can be seen that the shear stresses of L-
treated RS specimens’ increase with increasing Na2SO4 content,
but for a longer curing period, all RS specimens were altered
(specimens were broken during curing before testing) in the
presence of 4 and 6% Na2SO4 (Fig. 8) due to the formation of
a new expansivemineral (ettringite) (Figs. 11 and 12). However,
it should be noted that the combination of L and NP can resist to
the sulphate attack (when Na2SO4 content is more than 2%)
especially at a later stage (Fig. 8c–f) (Gadouri et al. 2016a).
For comparison, there is a small change in horizontal displace-
ments of L-treated and L–NP-treated both GS and RS speci-
mens containing Na2SO4 compared to specimens without
Na2SO4. In addition, the sensitivity of shear stresses to the
Na2SO4 effect is more pronounced with the RS than with the
GS, particularly at a later stage (120 days).

Shear parameters

Temporal variation of the cohesion without sodium sulphate

Figures 9 and 10 depict the results of the effects of L, NP and
their combination with and without Na2SO4 on the temporal
variation of shear parameters of two clayey soils. In this study,
only the shear parameters using the maximum shear stresses
were calculated, because, in slope stability analysis, the max-
imum shear strength is generally of primary importance.

The results of the temporal variation of cohesion of two
stabilised clayey soils without Na2SO4 are presented in
Figs. 9a and 10a. In all cases, there is a much better increase
in the cohesion as compared with that of the untreated soil.
This is particularly noticeable in both clayey soils with the
combination L–NP. But the addition of NP to two clayey soils
increases slightly their cohesion due probably to its little reac-
tivity with the clay particles. In addition, the XRD analyses
confirm that the formation of cementitious compounds (C–S–
H and C–A–H) in NP-treated two clayey soils is not observed
(Figs. 11f and 12f). However, it can be seen that in the case of
L-treated two clayey soils without Na2SO4, the cohesion in-
creases with increasing L content and curing period, particu-
larly at later stages. The increase in cohesion is very
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Fig. 8 A typical shear stress-
strain for unstabilised and
stabilised red clayey soil
specimens using 8% L, 20% NP
and 8% L + 20% NP in the
presence of 2, 4 and 6% sodium
sulphate for 7 and 120 days of
curing period. a, c, e Shear test
with 100-kPa normal stress. b, d, f
Shear test with 300-kPa normal
stress
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pronounced in the RS than in the GS; e.g. for 8% L, the
cohesion of the GS and RS is, respectively, 56.1 and
95.8 kPa after 7 days of curing but increases, respectively,
up to 256.9 and 343.4 kPa after curing for 120 days. A similar
behaviour was observed by Gay and Schad (2000). The in-
crease in cohesion with the L content was due to the bonding
of particles to form larger aggregates so that the soil behaves
as a coarse-grained, strongly bonded particulate material (Ola
1978). On the other hand, this behaviour is probably due to
both the cementation and pozzolanic reactions which occur
over time (Lees et al. 1982; Bell 1989), and also to the self-
hardening effect related to the L (Harichane et al. 2011c).
Indeed, the formation of cementitious compounds in L-
treated two clayey soils is confirmed by XRD analyses
(Figs. 11e and 12e).

It is clear to observe that in all cases, the highest cohesion is
obtained when the L and NP are combined, whereby the RS
has the greatest values; e.g. the cohesion of both GS and RS

stabilised with the combination 10% NP + 4% L is, respec-
tively, 96.8 and 131.4 kPa after 7 days of curing but increases,
respectively, up to 274 and 344.1 kPa after curing for 120 days.
In addition, the cohesion of two clayey soils is further most
when the amount of the combination L–NP is considerably
important; e.g. the stabilisation of the GS with the combina-
tion 20% NP + 8% L develops a cohesion of 429.7 kPa after
curing for 120 days, which represents an increase of 1.6 times
compared with the combination 10% NP + 4% L and 7.4
times compared with the untreated GS. For the same combi-
nation and the same curing period, the cohesion developed by
the RS is 402.9 kPa, which represents an increase of 1.2 times
compared with the combination 10% NP + 4% L alone and
4.4 times compared with the untreated RS. From these exam-
ples, the difference in cohesion values developed by these two
clayey soils is probably due to the plasticity index of the RS
with a little value as compared to that of the GS. The signif-
icant increase in the cohesion of two clayey soils, especially
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Fig. 9 Temporal variation of
shear strength characteristics of
red clayey soil with curing period
in the presence of different
contents of sodium sulphate. a, c,
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with curing period, is attributed to the formation of cementi-
tious compounds which bind the soil particles together.

Temporal variation of the cohesion with sodium sulphate

The results of the temporal variation of cohesion of two
stabilised clayey soils on curing with different contents of
Na2SO4 are shown in Figs. 9c, e, g and 10c, e, g. In all cases
and for a shorter curing period, there is a better increase in
cohesion values of two clayey soils with increasing Na2SO4

content as compared with that of the treated soil. This behav-
iour is due to enhanced lime reactions by increased availability
of silica due to the increase in pH of soil solution (Davidson
et al. 1960). With 2% of Na2SO4 and with any curing periods,
the cohesion of two clayey soils is greater with the

combination of L–NP than with the L alone, but the differ-
ences in cohesion between these two types of treatment (L–
NP and L alone) are more pronounced with the RS than with
the GS (Figs. 9c and 10c); e.g. with 2% of Na2SO4, the cohe-
sion of both GS and RS stabilised with 8% L is, respectively,
98.4 and 126.4 kPa after 7 days of curing but increases, re-
spectively, up to 340.9 and 453.3 kPa after curing for 120 days.
Whereas for the same content of Na2SO4, the cohesion of both
GS and RS stabilised with the combination 20% NP + 8% L
is, respectively, 181.3 and 243.2 kPa after 7 days of curing but
increases, respectively, up to 425.7 and 495.4 kPa after curing
for 120 days. However, for a longer curing period, the
decrease in cohesion and/or the degradation of soil specimens
stabilised with L or NP alone occurs with an increase in
Na2SO4 content. This confirms that the effect of Na2SO4 with
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Fig. 10 Temporal variation of
shear strength characteristics of
grey clayey soil with curing
period in the presence of different
contents of sodium sulphate. a, c,
e, g Cohesion. b, d, f, h Internal
friction angle

Arab J Geosci  (2017) 10:218 Page 13 of 17  218 



a high content is to destroy the effect of both cementation and
stabilisation process.

Temporal variation of the internal friction angle
without sodium sulphate

The results of the temporal variation of internal friction angle
of two stabilised clayey soils without Na2SO4 are depicted in
Figs. 9b and 10b. Generally, the stabilisation with L alone or
in combination with NP changes the structure form of both
clayey soils from dispersed to flocculated form. This appears
in a significant increase in their internal friction angle. The
internal friction angle of two clayey soils increases with in-
creasing NP content and curing period. This is probably due to
the fact that the NP has a high internal friction angle compared
to that of the untreated soil. Indeed, Sezer et al. (2006) report-
ed that the combination of fly ash and L with a high content
increases the internal friction angle of the treated soil due to
the fact that the fly ash has a high internal friction angle

compared to that of the untreated soil. Moreover, the floccu-
lation of particles increases the value of internal friction angle,
whereas cementation of particles increases the value of cohe-
sion. However, it can be seen that in the case of L-treated two
clayey soils, the internal friction angle increases with increas-
ing L content and curing period, particularly at later stages
(Figs. 9b and 10b). The increase in the internal friction
angle is more pronounced in the RS than in the GS.
The differences in the internal friction angle between
L and NP as additives are more pronounced with the
GS than with the RS. This behaviour is probably due to
the mineralogical composition and the high plasticity
index value of the GS as compared with that of the
RS. However, the internal friction angle of the RS
stabilised with the combination of L–NP increases very
quickly up to 30 days of curing, but after this curing
period, the rate of the increase to be still little. In con-
trast, the internal friction angle of the GS stabilised with
the same additive (L–NP) increases linearly with curing

Fig. 11 a–g X-ray diffraction
analyses of untreated and treated
grey clayey soil samples without
or with 4% of sodium sulphate
after curing for 60 days. E
ettringite, Mt magnetite, A albite,
Q quartz, K kaolinite, I illite, M
montmorillonite, C calcite
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period. The same behaviour is observed when the GS is
stabilised with L alone. The enhancement in the shear
parameter values may be due to the pozzolanic activity
and self-cementitious characteristics of the mixed
(Harichane et al. 2011c).

Temporal variation of the internal friction angle with sodium
sulphate

The results of the temporal variation of the internal friction
angle of two stabilised clayey soils on curing with different
contents of Na2SO4 are shown in Figs. 9b, f, h and 10b, f, h.
Generally, the internal friction angle of two clayey soils
stabilised with NP increases slightly with curing period but
decreases with Na2SO4 content. With NP as an additive, the
decrease in the internal friction angle is more pronounced in
the RS than in the GS. However, the internal friction angle of
two clayey soils stabilised with L alone or with a combination

of L–NP on curing with 2% Na2SO4 increases with curing
period but decreases gradually with increasing Na2SO4 con-
tent. An exception of the case of the stabilised GS on curing
with 4% Na2SO4 the internal friction angle decreases from 30
up to 60 days of curing but after this curing period the rate of
decrease to be still constant (Fig. 10f). Additionally, with 6%
of Na2SO4, the internal friction angle of both clayey soils
stabilised with L or with a combination of L–NP decreases
very quickly with curing period (Figs. 9h and 10h). It is
clear to see that the internal friction angle of two clayey
soils stabilised with L alone or with a combination of L–
NP on curing without or with 2% of Na2SO4 increases
with increasing of cohesion (Figs. 9a–d and 10a–d).
Moreover, when the Na2SO4 content is greater than 2%,
the internal friction angle initially increases with increas-
ing of cohesion up to 30 days of curing but both internal
friction angle and cohesion decrease, or even alter, after
this curing period (Figs. 9e–h and 10e–h).

Fig. 12 a–g X-ray diffraction
analyses of untreated and treated
red clayey soil samples without or
with 4% of sodium sulphate after
curing for 60 days, E ettringite, A
albite, Ch chlorite, Q quartz, K
kaolinite, I illite, C calcite
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Conclusions

The effect of Na2SO4 on both shear stress and shear parame-
ters of two clayey soils stabilised with L, NP and their com-
bination has been studied. Based on the test results, the fol-
lowing conclusions can be drawn:

The addition of L to two clayey soils stabilised without
Na2SO4 improves significantly their shear strengths and shear
parameters which increase with increasing L content and cur-
ing period. However, the stabilisation of the same soils by
using the NP without Na2SO4 produces a negligible effect
on their shear strengths and shear parameters. In addition,
when the combination L–NP is used without Na2SO4, the
shear strength and shear parameters become the very greatest,
which increase with increasing additives content and curing
period.

However, at any curing periods, the shear strength and
shear parameters of both stabilised clayey soils on curing with
2% sodium sulphate are still higher than that of the L and/or
L–NP treated the same soils without sodium sulphate. The
high early values of cohesion and shear strength of two
stabilised clayey soils can be attributed to the acceleration of
early pozzolanic reactions caused by sodium hydroxide from
Na2SO4 addition.

The degradation of two stabilised clayey soil specimens
after 30 days of curing and the gradual reduction of their
cohesions and shear strengths can be explained by the forma-
tion of ettringite due to the presence of a high content of
Na2SO4. The alteration of both stabilised clayey soil speci-
mens depends on their mineralogical composition, the type
and the content of additives, the Na2SO4 content and finally
the curing period.

The presence of a low content of Na2SO4 (2%) in L–NP-
treated both clayey soils increases their shear strengths, and
there is a better resistance to the alteration when the Na2SO4 is
present with a high content (greater than 2%).

The mineralogical composition of the soil has a capital
importance and plays a very important role in the success or
the failure of the stabilisation process.

For a shorter curing period, the Na2SO4 (with a low con-
tent, less than 2%) can be used as an accelerator of both poz-
zolanic reactions and NP dissolution without altering the
stabilisation process.

Acknowledgements We thank the director of the Habitat Laboratory
and Construction Center (HLCC) (Rouiba Town, Algeria) for providing
excellent working conditions and financial support. We also thank the
technicians of HLCC for their help during the experimental work, without
them this study would not have been possible. Furthermore, our thanks
are also addressed to both the head of Hydraulic Department and the
technicians of Hydraulic Laboratory of Chlef University.

References

AbdiMR,Wild S (1993) Sulphate expansion of lime-stabilized kaolinite:
part I. Physical characteristics. Clay Miner 28(4):555–567. doi:10.
1180/claymin. 1993.028.4.06

Afès M, Didier G (2000) Stabilization of expansive soils: the case of clay
in the area of Mila (Algeria). Bull Eng Geol Environ 59(1):75–83.
doi:10.1007/s100649900022

ASTM D6528 (2000) Standard test method for consolidated undrained
direct simple shear testing of cohesive soils. Annual book of ASTM
standards, vol 04. American Society for Testing and Materials,
Philadelphia, p 08

Al-Rawas AA, Hago AW, Al-Sarmi H (2005) Effect of lime, cement and
Sarooj (artificial pozzolan) on the swelling potential of an expansive
soil from Oman. Build Environ 40(5):681–687. doi:10.1016/j.
buildenv. 2004.08.028

al-Swaidani A, Hammoud I, Meziab A (2016) Effect of adding natural
pozzolana on geotechnical properties of lime-stabilized clayey soil. J
Rock Mechanics Geotech Eng 8(5):714–725. doi:10.1016/j.jrmge.
2016.04.002

Baryla JM, Chenais V, Gavois L, Havard H (2000) Effet de sulfates et
sulfures sur des marnes traitées à la chaux et au liant routier sur un
chantier autoroutier. Bulletin des Laboratoires des Ponts et
Chaussées, Paris, France. Bull 224:39–48

Bell FG (1989) Lime stabilisation of clay soils. Bull Int Ass Eng Geol
39(1):67–74. doi:10.1007/BF02592537

Davidson DT, Mateos M, Barnes HF (1960) Improvement of lime stabi-
lization of montmorillonitic clay soils with chemical additives. High
Res Rec Bull 262:33–50

Gadouri H, Harichane K, Ghrici M (2016a) Effect of the interaction
between calcium sulphate and mineral additives on shear strength
parameters of clayey soils. Int J Geotech Eng. doi:10.1080/
19386362.2016.1238562

Gadouri H, Harichane K, Ghrici M (2016b) Effect of calcium sulphate on
the geotechnical properties of stabilized clayey soils. Period
Polytech Civil Eng. doi:10.3311/PPci.9359

Gadouri H, Harichane K, Ghrici M (2016c) Assessment of sulphates
effect on the classification of soil–lime–natural pozzolana mixtures
based on the Unified Soil Classification System (USCS). Int J
Geotech Eng. doi:10.1080/19386362.2016.1275429

Gay G, Schad H (2000) Influence of cement and lime additives on the
compaction properties and shear parameters of fine grained soils.
Otto-Graf-J 11:19–31

George SZ, Ponniah DA, Little JA (1992) Effect of temperature on lime-
soil stabilization. Constr Build Mater 6(4):247–252. doi:10.1016/
0950-0618(92)90050-9

Ghrici M, Kenai S, Said Mansour M (2007) Mechanical properties and
durability of mortar and concrete containing natural pozzolana and
limestone blended cements. Cem Concr Compos 29(7):542–549.
doi:10.1016/j.cemconcomp. 2007.04.009

Glenn GR, Handy RL (1963) Lime-clay mineral reaction products. High
Res Board Rec 29:70–82

Grim RE (1968) Clay mineralogy. McGraw-Hill, New York
Harichane K, Ghrici M (2009) Effect of combination of lime and natural

pozzolana on the plasticity of soft clayey soils. 2nd international
conference on new developments in soil mechanics and.
Geotechnical engineering, 30 May 2009. Near East University,
Nicosia, North Cyprus

Harichane K, Ghrici M, Kenai S (2011a) Effect of curing period on shear
strength of cohesive soils stabilized with combination of lime and
natural pozzolana. Int J Civil Eng 9(2):90–96

Harichane K, Ghrici M, Kenai S (2012) Effect of the combination of lime
and natural pozzolana on the compaction and strength of soft clayey
soils: a preliminary study. Environ Earth Sci 66(8):2197–2205. doi:
10.1007/s12665-011-1441-x

 218 Page 16 of 17 Arab J Geosci  (2017) 10:218 

http://dx.doi.org/10.1180/claymin.%201993.028.4.06
http://dx.doi.org/10.1180/claymin.%201993.028.4.06
http://dx.doi.org/10.1007/s100649900022
http://dx.doi.org/10.1016/j.buildenv.%202004.08.028
http://dx.doi.org/10.1016/j.buildenv.%202004.08.028
http://dx.doi.org/10.1016/j.jrmge.%202016.04.002
http://dx.doi.org/10.1016/j.jrmge.%202016.04.002
http://dx.doi.org/10.1007/BF02592537
http://dx.doi.org/10.1080/19386362.2016.1238562
http://dx.doi.org/10.1080/19386362.2016.1238562
http://dx.doi.org/10.3311/PPci.9359
http://dx.doi.org/10.1080/19386362.2016.1275429
http://dx.doi.org/10.1016/0950-0618(92)90050-9
http://dx.doi.org/10.1016/0950-0618(92)90050-9
http://dx.doi.org/10.1016/j.cemconcomp.%202007.04.009
http://dx.doi.org/10.1007/s12665-011-1441-x


Harichane K, Ghrici M, Kenai S, Grine K (2011b) Use of natural pozzo-
lana and lime for stabilization of cohesive soil. Geot Geol Eng 29(5):
759–769. doi:10.1007/s10706-011-9415-z

Harichane K, Ghrici M, Khebizi W, Missoum H (2010) Effect of the
combination of lime and natural pozzolana on the durability of clay-
ey soils. Electron J Geotech Eng 17:1194–1210

Harichane K, Ghrici M, Missoum H (2011c) Influence of natural pozzo-
lana and lime additives on the temporal variation of soil compaction
and shear strength. Front Earth Sci 5(2):162–169. doi:10.1007/
s11707-011-0166-1

Hossain KMA, LachemiM, Easa S (2006) Characteristics of volcanic ash
and natural lime based stabilized clayey soils. Can J Civil Eng
33(11):1455–1458. doi:10.1139/L06-099

Hossain KMA, Lachemi M, Easa S (2007) Stabilized soils for construc-
tion applications incorporating natural resources of Papua New
Guinea. Resour Conserv Recy 51(4):711–731. doi:10.1016/j.
resconrec. 2006.12.003

Hunter D (1988) Lime-induced heave in sulphate-bearing clay soils. J
Geotech Eng 114(2):150–167. doi:10.1061/(ASCE)0733-
9410(1988)114:2(150)

Kavak A, Akyarli A (2007) A field application for lime stabilization.
Environ Geol 51(6):987–997. doi:10.1007/s00254-006-0368-0

Khemissa M,Mahamedi A (2014) Cement and lime mixture stabilization
of an expansive overconsolidated clay. Appl Clay Sci 95:104–110.
doi:10.1016/j.clay. 2014.03.017

Kinuthia JM,Wild S, Jones GI (1999) Effects of monovalent and divalent
metal sulphates on consistency and compaction of lime-stabilized
kaolinite. Appl Clay Sci 14(1):27–45

Kolias S, Kasselouri-Rigopoulou V, Karahalios A (2005) Stabilization of
clayey soils with high calcium fly ash and cement. Cem Concr
Compos 27(2):301–313. doi:10.1016/j.cemconcomp. 2004.02.019

Kumar A, Walia BS, Bajaj A (2007) Influence of fly ash, lime, and
polyester fibers on compaction and strength properties of expansive
soil. J Mater Civil Eng 19(3):242–248. doi:10.1061/(ASCE)0899-
1561(2007)19:3(242)

Le Borgne T (2010) Effects of potential deleterious chemical compounds
on soil stabilization. Dissertation, Nancy-University

Lees G, Abdelkader MO, Hamdani SK (1982) Effect of clay fraction on
some mechanical properties of lime-soil mixtures. J Inst High Eng
29(11):3–9. doi:10.1016/0148-9062(84)91148-3

Lin DF, Lin KL, Hung MJ, Luo HL (2007) Sludge ash/hydrated lime on
the geotechnical properties of soft soil. Constr Build Mater 145(1):
58–64. doi:10.1016/j.jhazmat. 2006.10.087

Locat J, Berube MA, Choquette M (1990) Laboratory investigations on
the lime stabilization of sensitive clays: shear strength development.
Can Geot J 27(3):294–304. doi:10.1139/t90-040

Manasseh J, Olufemi AL (2008) Effect of lime on some geotechnical
properties of Igumale shale. Elect J Geot Eng 13(6):1–12. doi:10.
1080/5344790

Mehta PK (1983) Mechanism of sulphate attack on Portland cement
concrete-another look. Cem Concr Res 13(3):401–406. doi:10.
1016/0008-8846(83)90040-6

Mfinanga DA, Kamuhabwa ML (2008) Use of natural pozzolan in
stabilising lightweight volcanic aggregates for roadbase

construction. Int J Pavement Eng 9(3):189–201. doi:10.1080/
10298430701303173

Mitchell JK (1986) Practical problems from surprising soil. Behaviour.
20th Karl Terzaghi lecture. ASCE, J Geot Eng 112(3):259–289

Ola SA (1977) The potentials of lime stabilization of lateritic soils. Eng
Geol 11(4):305–317. doi:10.1016/0013-7952(77)90036-9

Ola SA (1978) Geotechnical properties and behaviour of some stabilized
Nigerian laterite soils. Eng Geol 11(2):145–160. doi:10.1144/GSL.
QJEG. 1978.011.02.04

Osula DOA (1996) A comparative evaluation of cement and lime mod-
ification of laterite. Eng Geol 42(1):71–81

Ouhadi VR, Yong RN (2008) Ettringite formation and behaviour in clay-
ey soils. Appl Clay Sci 42(1):258–265. doi:10.1016/j.clay. 2008.01.
009

Rahman MDA (1986) The potentials of some stabilizers for the use of
lateritic soil in construction. Build Environ 21(1):57–61. doi:10.
1016/0360-1323(86)90008-9

Roy DM (1986) Mechanism of cement paste degradation due to chemical
and physical process, Proceedings of 8th International Congress on
the Chemistry of Cement, Brazil, I:359–380

Sadrjamali M, Athar SM, Negahdar A (2015) Modifying soil shear
strength parameters using additives in laboratory condition.
Current world. Environment 10(1):120–113. doi:10.12944/CWE.
10.Special-Issue1.17

Segui P, Aubert JE, Husson B, MeassonM (2013) Utilization of a natural
pozzolan as the main component of hydraulic road binder. Constr
Build Mater 40:217–223. doi:10.1016/j.conbuildmat. 2012.09.085

Sezer A, Inan G, Yilmaz HR, Ramyar K (2006) Utilization of a very high
lime-fly ash for improvement of Izmir clay. Build Environ 41(2):
150–155. doi:10.1016/j.buildenv. 2004.12.009

Shi C, Day RL (2000) Pozzolanic reaction in the presence of chemical
activators part II. Reaction products and mechanisms. Cem Concr
Res 30(4):607–613

Sivapullaiah PV, Sridharan A, Ramesh HN (2000) Strength behaviour of
lime-treated soils in the presence of sulphate. Can Geot J 37(6):
1358–1367. doi:10.1139/t00-052

Sivapullaiah PV, Sridharan A, Ramesh HN (2006) Effect of sulphate on
the shear strength of lime treated kaolinitic soil. Ground Improv
10(1):23–30. doi:10.1680/grim. 2006.10.1.23

Smith CJ, Peoples BM, Keerthisinghe G, James TR, Garden DL, Tuomi
SS (1994) Effect of surface applications of lime, gypsum and phos-
phogypsum on the alleviating of surface and subsurface acidity in a
soil under pasture. Aust J Soil Res 32(5):995–1008. doi:10.1071/
SR9940995

Sridhran A, Sivapullaiah PV, Ramesh HN (1995) Consolidation behav-
iour of lime treated sulphate soils. Proc. Int. Symp. Compression
Consolidation Clayey Soils, Hiroshima, Japan 1:183–188

Wild S, Kinuthia JM, Jones GI, Higgins DD (1998) Effect of partial
subsitution of lime with ground granular furnace slag (GGBS) on
the strength properties of lime-stabilized sulphate-bearing clay soils.
Eng Geol 51(1):37–53

Zoubir W, Harichane K, Ghrici M (2013) Effect of lime and natural
pozzolana on dredged sludge engineering properties. Electron J
Geotech Eng 18(c):589–600

Arab J Geosci  (2017) 10:218 Page 17 of 17  218 

http://dx.doi.org/10.1007/s10706-011-9415-z
http://dx.doi.org/10.1007/s11707-011-0166-1
http://dx.doi.org/10.1007/s11707-011-0166-1
http://dx.doi.org/10.1139/L06-099
http://dx.doi.org/10.1016/j.resconrec.%202006.12.003
http://dx.doi.org/10.1016/j.resconrec.%202006.12.003
http://dx.doi.org/10.1061/(ASCE)0733-9410(1988)114:2(150)
http://dx.doi.org/10.1061/(ASCE)0733-9410(1988)114:2(150)
http://dx.doi.org/10.1007/s00254-006-0368-0
http://dx.doi.org/10.1016/j.clay.%202014.03.017
http://dx.doi.org/10.1016/j.cemconcomp.%202004.02.019
http://dx.doi.org/10.1061/(ASCE)0899-1561(2007)19:3(242)
http://dx.doi.org/10.1061/(ASCE)0899-1561(2007)19:3(242)
http://dx.doi.org/10.1016/0148-9062(84)91148-3
http://dx.doi.org/10.1016/j.jhazmat.%202006.10.087
http://dx.doi.org/10.1139/t90-040
http://dx.doi.org/10.1080/5344790
http://dx.doi.org/10.1080/5344790
http://dx.doi.org/10.1016/0008-8846(83)90040-6
http://dx.doi.org/10.1016/0008-8846(83)90040-6
http://dx.doi.org/10.1080/10298430701303173
http://dx.doi.org/10.1080/10298430701303173
http://dx.doi.org/10.1016/0013-7952(77)90036-9
http://dx.doi.org/10.1144/GSL.QJEG.%201978.011.02.04
http://dx.doi.org/10.1144/GSL.QJEG.%201978.011.02.04
http://dx.doi.org/10.1016/j.clay.%202008.01.009
http://dx.doi.org/10.1016/j.clay.%202008.01.009
http://dx.doi.org/10.1016/0360-1323(86)90008-9
http://dx.doi.org/10.1016/0360-1323(86)90008-9
http://dx.doi.org/10.12944/CWE.10.Special-Issue1.17
http://dx.doi.org/10.12944/CWE.10.Special-Issue1.17
http://dx.doi.org/10.1016/j.conbuildmat.%202012.09.085
http://dx.doi.org/10.1016/j.buildenv.%202004.12.009
http://dx.doi.org/10.1139/t00-052
http://dx.doi.org/10.1680/grim.%202006.10.1.23
http://dx.doi.org/10.1071/SR9940995
http://dx.doi.org/10.1071/SR9940995

	Effect of sodium sulphate on the shear strength of clayey soils stabilised with additives
	Abstract
	Introduction
	Experimental investigation
	Materials used
	Soils
	Mineral additives
	Chemical compound

	Test procedure
	Shear strength tests


	Results and discussions
	Shear strength
	Temporal variation of the shear stress without sodium sulphate
	Temporal variation of the shear stress with sodium sulphate

	Shear parameters
	Temporal variation of the cohesion without sodium sulphate
	Temporal variation of the cohesion with sodium sulphate
	Temporal variation of the internal friction angle without sodium sulphate
	Temporal variation of the internal friction angle with sodium sulphate


	Conclusions
	References


