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Abstract
Stabilization of cohesive soils has been practiced for some time by mixing additives, such as cement, lime, and fly ash, into

the soil to increase its mechanical strength. However, there is a lack of investigation on the use of natural pozzolana (NP)

alone or combined with lime for soil stabilization applications. This work is a part of a research project focused on the

evaluation of the effects of adding natural pozzolana as an additive to improve the lime treatment results of local clayey

soils. The main purpose of this paper is to present the results of using lime, natural pozzolana, and their combination on

shear strength, shear parameters, and failure mode variations of the local clayey soil, classified as fat clay (CH). CH,

selected from Tlemcen city in Algeria, is known for its high plasticity and importance in cohesion and compressibility. To

achieve this goal, several physicomechanical tests (pH, compaction, undrained unconsolidated triaxial compression test)

and microstructural analysis, scanning electron microscope (SEM) have been carried out for the different studied com-

binations. Natural pozzolana and lime were added to the studied soils at ranges of 0–20% and 0–6%, respectively. The

treated samples were cured for 1, 7, and 28 days. The results indicated that the studied properties of clay soil can be

considerably improved when treated with lime. The combination of lime and natural pozzolana appears to produce higher

shear strength parameters, than when lime or natural pozzolana is used alone. Adding natural pozzolana to clay soil treated

with lime produces an additional chemical reaction, especially in the long term, resulting in better flocculation and

additional formation of cementing materials. Therefore, the deviatoric stress of the treated soil, with 6% lime and 20% NP,

increased up to 200% within 28 days of curing. The treated soil became more brittle, with a significant increase in shear

strength, cohesion, and a higher friction angle.
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1 Introduction

Clay minerals are very fine particles with very high elec-

trochemical activity. This activity is produced by the

interaction between the electrically charged particles [1].

The presence of low content of clay minerals in natural

soils considerably modifies their engineering properties.

The fat clay soils have a large specific surface and a high

ion exchange capacity, which produce high plasticity, high

volume change capacities, such as swelling and shrinkage,

high compressibility and low bearing capacity [1, 2]. Due

to these poor properties, fat clays are difficult to work with

when damp, which causes a problem for civil engineers.

There are several techniques to improve these soils, such as
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mechanical, hydromechanical, thermal, and chemical

methods [3–5].

The high cost of reinforcing or replacing fine clayey

soils with resistant material, that meets the project

requirements, led researchers to find alternative methods

that are less expensive. Chemical soil stabilization tech-

niques are one such method, based on soil mixing with

different additives. In this context, vast research and

experimental studies have been conducted on additives’

effect on geotechnical properties of stabilized clayey soils,

such as lime, cement, fly ash, natural pozzolana, and slag

[6–12].

Lime is one of the most used hydraulic binders for

cohesive soils stabilization. It offers considerable

improvement in the geotechnical properties of clayey soils

by changing their consistency and structure, decreasing

their plasticity and swelling properties and increasing their

shear strength [13, 14]. There were positive results in lime

stabilization of clayey soils and the appearance of com-

posite materials by mixing at least two different compo-

nents to produce a new material. This material had new

properties, such as lightness, hardness and resistance that

did not exist in the primary components. Several studies

have been published on mixing lime with various mineral

additives: lime with cement [15], lime with fly ash [16],

lime with slag [17], lime with pozzolana [12] and lime with

lignosulphonate [18].

The natural pozzolana (NP) is a basaltic, volcanic

material widely available in north-western Algeria,

specifically in the Beni-Saf region. These materials,

designed as light siliceous granules (silico-aluminous

granules), do not themselves have binding properties, but

they chemically react with the calcium hydroxide to pro-

duce compounds with binding properties [19].

Limited research has been conducted to study the effect

of adding NP on lime-stabilized clayey soils. Hossain et al.

[20] used natural volcanic ash (VA) in soil stabilization.

Harichane et al. [21] studied the influence of lime–NP

combination on two different clay soils (CH and CL).

Zoubir et al. [22] found that the addition of NP to the lime-

stabilized clay soils effectively improved their geotechnical

properties, which increased the availability of land

resources for civil engineering projects. Positive results

have been observed by Al-Swaidani et al. [23] when adding

NP to lime-stabilized clayey soils. Several tests of Atter-

berg limits, compaction, unconfined compressive strength

and durability were conducted. However, only a few pieces

of research were attended to study the effect of NP and its

combination with lime in the shear strength and variation in

parameters of clay soils [11].

In the current paper, the main attention was given to the

improvement of lime-treated clayey soil characteristics,

which is familiar with its high plasticity and

compressibility, with natural pozzolana. The effects of

utilizing lime, natural pozzolana and both in combination

to the soil on shear strength parameters and failure mode

were highlighted through the laboratory tests. The tests can

be evaluated into the two categories such as physicome-

chanical tests (pH, compaction, undrained unconsolidated

triaxial compression test) and microstructural analysis

(Scanning electron microscope).

2 Shear Strength

The shear strength is a very important property in soil

mechanics. It represents the magnitude of strength that soil

can withstand before shearing. Soil shear parameters are

necessary for the study and the realization of civil engi-

neering projects, using the different analysis approaches

(effective and total stress-based approach) to address

problems encountered in the field.

Confining pressure is one of the essential field condi-

tions, which has the main influence on the soil’s shear

strength in modifying the behavior of soils used as in deep

foundations and high earth dams. The only existing test to

simulate this pressure is the triaxial test. Triaxial pressure

tests take various names with the creation of different

conditions within themselves. As a result, different shear

strength parameters are obtained. Among them is the soil

stabilization for short-term conditions, such as dams,

foundations and slopes. The shear parameters used are

determined from the consolidated undrained (CU) or

undrained unconsolidated (UU) triaxial tests. Conversely,

at long-term stability, more reliable shear parameter results

are given at consolidated drained (CD) conditions.

There are several factors that have significant impact on

the shear strength and shear parameters of untreated and

treated soils. The shear strength of an untreated cohesive

soil is generally influenced by variation in water content,

soil texture, gradation, dry density, thixotropy of the soil

and the normal effective stress [24]. The molding water

content of compacted cohesive soils has a notable effect on

their microstructure modification [25], magnitude of initial

pore water pressure and soil dry density [26]. Each of these

factors has a significant effect on the material shear

strength. The increase in the dry density causes an increase

in the shear strength for given water content [25, 27].

Langfelder and Nivargikar [24] reported that the shear

strength of natural soils can be increased over time at

constant water content. This process of resistance change is

generally referred to as thixotropy in soil mechanics. The

factors that affect the shear strength of treated cohesive

soils with different additives are soil structure, sample

preparation, compaction condition, confining pressure, type

of additive, content of additive and curing condition.
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Thompson [28] described several properties of soil that

influence compressive strength, such as organic carbon

content, clay mineralogy and clay content. The soil–lime

reaction is generally retarded when the soil contains a large

percentage of organic carbon. The variation in the type of

predominant clay particles in soil composition has an

important effect on lime stabilization results when the

montmorillonitic clay soils have better lime reactivity than

kaolinite and illitic clays. The molding water content is an

influential factor that affects the geotechnical properties,

such as compressibility, strength and stiffness of the treated

soil. Sabat et al. [29] observed that the unconfined com-

pressive strength (UCS) of a clayey soil stabilized, with its

optimal amount of rice straw ash (20% RSA) reached its

maximum value when soil is compacted at the optimal

condition (OMC and MDD). The variation of confinement

pressure has a notable effect on the strength gain. Har-

ichane et al. [12] found that the shear strength of stabilized

soils increases with increasing confining pressure. The

variation of additive content in soil stabilization has a

significant effect on strength gain [30]. In another study,

the shear strength of both stabilized clayey soils (CL and

CH) increases with increasing lime and NP content [11].

The curing time, as well as the curing conditions (tem-

perature and relative humidity), influence the strength gain

of the stabilized soils. As known in the soil stabilization

literature, the strength of treated soils increased with

increasing curing time due to long-term chemical reactions.

However, the rate of increase in the strength of stabilized

soils was higher in the short term of hardening, compared

to the later periods [6, 31].

3 Failure Modes

Landslides are the downward and outward movements of

materials forming slopes, in which shear failure occurs

along one or more surfaces [33]. The causes of landslides

are often complex and result from a combination of geo-

logical, topographic and climatic factors. However, they

are always the result of a slope failure when the maximum

shear strength of soil (critical stress) is less than the shear

stress acting on the slope (safety factor\ 1).

A soil element that is involved in a landslide commonly

passes through a pre-failure, a shear failure, and a post-

failure stage [34]. In the pre-failure stage, the effective

shear stress in the slope is less than the shear strength of

soil, which leads to a stability case. With increasing stress,

the soil passes from linear elastic to nonlinear plastic

stress–strain behavior, until the shear stress eventually

reaches the shear strength (Fig. 1). When the effective

stress is equal to the critical stress, cracks begin to appear,

indicating the start of post-failure phase. In ductile soils,

the post-failure strength is somewhat equal to the shear

strength. However, brittle soils lead to a decrease in stress

after failure until a level of constant stress is reached at

large strains called remolded or residual strength (Fig. 1).

The state of the sample at the end of the compaction

triaxial tests can be classified into seven distinct deforma-

tion modes covering the full range of brittle to ductile

failure behaviors [35]. Figure 2 schematically represents

these different modes. The confining pressure has a sig-

nificant impact on the variation in soil failure modes. It

transforms the brittle behavior by changing the nature of

the existing microcracks and other flaws in the soil matrix

[36]. Gitau et al. [37] found that the failure behaviors are

primarily based on the confinement conditions variation

when the low confinement pressures produce brittle failure.

However, ductile failure result at high confinement pres-

sures and there is a value of confining pressure, in which

the behavior of the soil changes from brittle failure to

plastic flow (the transitional state from brittle to ductile).

The same results were obtained by Choo and Sun [38],

where they found that the failure behavior of geological

materials based on the confining pressure and the strain

rate.

4 Materials and Methods

4.1 Materials

4.1.1 Soil

In this study, an expansive soil was taken from a depth

between 7 and 17 m, coming from a project of resumption

of landslide at Mansourah—Tlemcen in Algeria. Figure 3

shows the soil degradation caused by the landslide in the

studied area. After several identification tests in the

Fig. 1 Soils failure stages
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laboratory, the studied soil was classified as fat clay with

high plasticity, as determined by the unified soil classifi-

cation system (USCS) [39]. The geotechnical properties of

the clay soil are described in Table 1.

4.1.2 Lime

The lime used in this study is a hydrated lime (Ca(OH)2)

produced by the SARL-BSM company, located in the city

of Saı̈da (South-west of the Algerian national territory).

Table 2 presents some physical properties and the chemical

composition of the hydrated lime used.

4.1.3 Natural Pozzolana

Generally, the pozzolanic materials, whatever natural or

artificial, are siliceous or siliceous and aluminous materials

that can react with calcium hydroxide (pozzolanic reaction)

as described in ASTM C125 [19]. The natural pozzolana

used in these experiments is a rock of volcanic origin that

was collected from Bou-Hamidi deposit (Béni-Saf) at Ain-

Temouchent, as shown in Fig. 4. Table 3 shows the

physical and chemical properties of the natural pozzolana.

4.2 Methods

A set of laboratory tests, consisting of initial consumption

of lime (ICL), compaction, unconsolidated undrained tri-

axial test and scanning electron microscopy (SEM) were

conducted on the studied soil before and after treatment.

Figure 5 shows the scheme of experimental steps. Particle

size distribution of clayey soil and natural pozzolana can be

seen in Fig. 6. Table 4 shows the studied combination.

4.2.1 Initial Consumption of Lime (ICL)

To determine the initial consumption of lime (ICL) for the

studied soil, two different test methods suggested by Hilt

and Davidson [40] and Eades and Grim [41] were used. In

the first method, Hilt and Davidson [40] recommended

Fig. 2 Classification of failure modes of specimens loaded in a triaxial compression apparatus. A Brittle-columnar; B Brittle-slabbing; C Brittle-

faulting; D Cataclastic failure; E Shear-faulting; F Ductile-faulting; G Ductile flow. (Hatibu and Hettiaratchi 1993)

Fig. 3 Degradations caused by landslide. a Failure surface of soil, b Shear cracks, c Tiled lifting due to sliding of soil
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using the following empirical expression to calculate the

lime fixation point (Lm):

Lm ¼ Clay contentð\2lmÞ
35

þ 1:25 ffi 3: ð1Þ

In the second method, the pH tests were carried out

according to the standard ASTM D 6276 [42] to determine

lime content promoting the increase in pH to a minimum

value higher or equal to 12.4. This value is necessary to

activate immediate lime-soil reactions and long-term poz-

zolanic reactions. The increase in pH value causes the

dissolution of the clay minerals of soil (Al and Si) and

contributes to achieving better flocculation (cation

exchange). The pH values measured for soil specimens

stabilized with lime, natural pozzolana and their combi-

nation are illustrated in Fig. 7. Based on test results, the

lime fixation content is between 3 and 4%. Therefore, the

following combination was chosen to study (L0P0, L0P10,

L0P20, L4P0, L4P10, L4P20, L6P0, L6P10, L6P20).

4.2.2 Compaction Tests

The method mentioned in the standard Proctor compaction

test ASTM D 698-00 [43] was applied to determine the

compaction parameters of the studied samples, such as

maximum dry density (MDD) and optimum moisture

content (OMC). Studied combinations were carefully

mixed at a slow speed with an automatic mixer. After

mixing, the mixtures settled for 2 h before compaction, this

period is equal to the setting time of the hydrated lime (the

time that lime needs to react or hydrate completely with

water).

4.2.3 Unconsolidated Undrained Triaxial Tests

To assess the shear strength of the soil under short-term

conditions, UU triaxial tests were carried out according to

ASTM D2850-03 [44], (with no saturation or consolidation

phase). These tests were conducted to determine the shear

strength and stress–strain relationships of standard cylin-

drical specimens, which have a diameter of 38 mm and a

height of 76 mm. The treated and untreated samples are

prepared according to the results of Proctor compaction

tests (at their corresponding MDD and OMC). The cylin-

drical specimens were prepared by compacting a statically

known amount of specimen material. After being filled, the

mold was quickly moved onto the pressing machine to be

statically compacted with a displacement speed of 1 mm/

min. Static compaction was carried out alternately from

both ends of a steel mold (Fig. 8) to ensure uniform

compaction of samples. When the specimens were com-

pacted to the designated dimension, the load remained

stable for two minutes before unloading. Then, the speci-

mens were removed from the mold and the mass’ height

and diameter of each specimen were measured and

Table 1 Basic properties of the studied clay soil

Geotechnical parameters Units Clay

Color Gray

Depth (m) 7–17

Natural water content (%) 12–14

Specific gravity 2.67

Bulk Density (kN/m3) 11.7

Passing 80 lm sieve (%) 86.68

Atterberg limits

Liquid limit (%) 52.64

Plastic limit (%) 21.18

Plasticity index (%) 31.47

Soil components

Sand (%) 14

Silt (%) 36

Clay (%) 50

Classification (USCS) CH

Compaction

OMC (%) 19.55

MDD (kN/m3) 16.57

Organic matter content (%) 2.42

Content of calcium carbonate (%) 24.33

Table 2 Physical and chemical properties of lime used

Geotechnical parameters Units Lime

Color White

Specific gravity 2.24

Bulk density (kN/m3) 7.20

Specific surface—Blaine (cm2/g) 11,663

Particle fineness less than 45 lm (%) 64.87

Normal consistency—Vicat W/L (%) 69.50

Set time—Vicat—(min)

Initial 80

Final 40

Calcium oxide [CaO] (%) [ 83.3

Magnesium oxide [MgO] (%) \ 0.5

Iron oxide [Fe2O3] (%) \ 2

Alumina [Al2O3] (%) \ 1.5

Silica [SiO2] (%) \ 2.5

Sulfite [SO3] (%) \ 0.5

Sodium oxide [Na2O] (%) 0.4–0.5

Carbon dioxide [CO2] (%) \ 5

Calcite [CaCO3] (%) \ 10
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documented. To avoid any loss of moisture, specimens

were enveloped in plastic films after demolding and

allowed to harden for 1, 7 and 28 days. After hardening,

specimens are carried out under three confining fluid

pressure 50, 100 and 200 kPa in a triaxial chamber. The

deviatoric stress of the studied samples was taken up to a

maximum axial deformation equal to 20% of the sample

height.

4.2.4 Scanning Electron Microscopy Test (SEM)

The modifications in soil texture and the fabric changes of

the clay particles caused by the lime, NP and their com-

bination treatment were examined by scanning electron

microscopy (SEM). The SEM is a test process used to

generate surface images of samples on a microscopic level

with a beam of high energy electrons in an optical column.

The elementary composition of the studied combinations

was also determined by the X-ray fluorescence analysis

(XRF).

Fig. 4 The Bou-hamidi deposit of natural pozzolana (Béni-Saf, Algeria)

Table 3 Physical and chemical properties of natural pozzolana

Geotechnical parameters Units NP

Color Red

Specific gravity 2.85

Bulk density (kN/m3) 10.22

Specific surface—Blaine (cm2/g) 8737

Calcium oxide [CaO] (%) 9.40

Magnesium oxide [Mgo] (%) 3.88

Iron oxide [Fe2O3] (%) 8.36

Alumina [Al2O3] (%) 17.45

Silica [SiO2] (%) 46.83

Sulfite [SO3] (%) 0.36

Sodium oxide [Na2O] (%) 4.32

Potassium oxide [K2O] (%) 1.40

Fig. 5 Experimental steps
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5 Results and Discussion

5.1 Compaction Test

The compaction tests were conducted to determine the

effect of lime, natural pozzolana and their combination on

compaction parameters of the treated soil such as MDD

and OMC. Figure 9 represents the variation of the com-

paction characteristics of the treated and untreated soil.

5.1.1 Effect of Natural Pozzolana on Clayey Soil

In Fig. 10, the variation of MDD and OMC values obtained

from the compaction curves in samples with different

combinations is given. According to Fig. 10, the OMC is

almost consistent with the increase in the NP content. Also,

the MDD increases slightly from 0.15 to 0.25 kN/m3 of the

samples containing 10% and 20% of NP, respectively. The

results of the compaction parameters can be explained by

the large specific gravity of NP, compared to the studied

clayey soil and the change of particle size distribution of

samples.

5.1.2 Effect of Natural Pozzolana on Clayey Soil Treated
with Lime

It became obvious that the addition of lime to the studied

soil decreases the MDD and increases the OMC (Fig. 10).

The reduction in MDD values can be explained by the

lower density of lime compared to the studied clayey soil

and by the aggregation of soil particles [6, 14]. The

increase in the OMC is supposed to be due to the increase

in water retention capacity and the additional water

requirements for the pozzolanic reaction [14, 23, 45].

Adding NP to the lime-stabilized clayey soil causes an

increase in MDD, compared to samples containing the

same lime content without NP additive. The addition of NP

by 10% and 20% increased the MDD of samples treated

with 6% lime from 0.29 to 0.37 kN/m3, accordingly.

Whereas the MDD increase of lime–NP-stabilized clayey

soil remains significantly lower, compared to that of

untreated soil. Similar behavior was also observed by

Harichane et al. [11].

When the OMC values are investigated, it is seen that

the OMC increased from 20.25% to 23.27% and 22.73% to

24.05%, with adding 20% NP to 4% and 6% lime-stabi-

lized soil, respectively. This increase can be explained by

the increase in the water retention capacity to obtain the

necessary amount for the pozzolanic reaction between lime

and NP, in addition to its reaction with the clayey soil.
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Fig. 6 Particle size distribution of soil and natural pozzolana

Table 4 The studied combinations

Symbol Soil (%) Lime (%) NP (%)

L0P0 100 0 0

L0P10 90 0 10

L0P20 80 0 20

L2P0 98 2 0

L2P10 88 2 10

L2P20 78 2 20

L4P0 96 4 0

L4P10 86 4 10

L4P20 76 4 20

L6P0 94 6 0

L6P10 84 6 10

L6P20 74 6 20

L0P0 L0P10 L0P20 L2P0 L2P10 L2P20 L4P0 L4P10 L4P20 L6P0 L6P10 L6P20
pH 8.27 8.63 8.61 12.2 12.24 12.29 12.64 12.69 12.7 12.7 12.74 12.75

8

9

10

11

12

13

pH
 V

al
ue

pH=12.4

Fig. 7 The influence of natural pozzolana additive on pH value of

lime-treated clay soil
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5.1.3 Variation of the Degree of Saturation

Table 5 represents the soil degree of saturation in the

optimum point of the compaction curve for each soil

studied combination. The addition of lime to the studied

soil reduced their degree of saturation, despite the increase

in the optimum water content. This decrease in the degree

of saturation can be explained by the increase in the void

index produced by the aggregation of the soil particles after

treatment with lime. The soil becomes more flocculated

with a more open fabric structure and by the decrease in the

density of the mixture, due to the low specific gravity of

lime compared to the clay soil.

According to the results represented in Table 5, the

addition of natural pozzolana increases the degree of

saturation of the clay soil before and after their treatment

with lime. This variation is due to the increase in the

optimum moisture content and the reduction in the void

ratio of the soil treated with the combination of lime and

pozzolana, compared to that treated with lime alone. When

adding natural pozzolana to lime-treated soil, it produced a

denser soil structure and needed more water for the addi-

tional pozzolanic reaction between lime and pozzolana.

5.2 Unconsolidated Undrained Triaxial Tests

The effect of lime, NP and their combination on the UU

triaxial tests results of the treated clayey soils under dif-

ferent confining pressures, at various curing days are

depicted in Figs. 11, 12, 13, 14, 15 and 16. These fig-

ures allow us to partially study the soil behavior before and

after treatment with different additives.

5.2.1 Stress–strain Relationships

Figure 11 shows the addition effect of natural pozzolana,

lime and their combination on the stress–strain relation-

ships of the treated soil. Two types of curves were obtained

from the tests. The first type of curve, which has an

asymptotic peakless appearance, represents the curves of

the clayey soil alone and the soil with different contents of

NP. The second type represents the curves of soil treated

with lime and lime–NP combination containing peaks

expressed the maximum deviatoric stress followed by a

Fig. 8 Static compaction mold for the preparation of triaxial specimen. a Mold dimension, b Specimen after molding
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Fig. 9 Compaction curves of the studied combination
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stress reduction (residual deviatoric stress) until the sample

failure.

The black curves, representing the results of natural soil

and that with NP, are hyperbolic. In the first phase, the

stress increases rapidly, then slowed down gradually and

approached an asymptotic value, representing the maxi-

mum deviatoric stress. After adding NP to the soil, the

curves are almost identical to the clayey soil curve. How-

ever, there is a slight increase in the maximum stress (shear

strength), due to the increase in the MDD of samples.

When soil is treated with lime or lime–NP combination,

peaks in the stress–strain curves are observed. The stress–

strain curves of treated soil with lime and lime–NP com-

bination are linear, almost up to 85% of peak stress. This

linearity increases with the increase of lime content and

curing period, where they become more pointed (Fig. 11).

For a better analysis of the change in peak shape, the

factor Dq, representing the difference between the maximal

deviatoric stress (qmax) and the residual deviatoric stress

(qr), divided by the residual deviatoric stress, has been

calculated to study their relationship with the failure

behavior (Fig. 1). The increase in lime and lime–NP con-

tent increases Dq, representing the peak shape (Fig. 12),

which transforms the behavior of soil from ductile to

brittle. Consequently, the axial strain at failure decreases

(axial strain corresponding to the peak). For example, the

addition of 20% NP to the soil treated with 4% and 6%

lime at 1 day of hardening, under a confining pressure of

50 kPa, leads to increase Dq from 9.4% and 28.8% to

17.1% and 1142%. A considerable increase in Dq, followed
by a reduction in axial strain at failure, was observed with

increasing curing time. After 28 days of hardening, Dq of

soil stabilized by 4% and 6% of lime increased 14 and 7

times, respectively, compared to 1 day of hardening

(Fig. 11). This change in behavior due to the flocculation

of soil particles and the production of pozzolanic com-

pounds, formed by the reaction between lime and silico-

aluminous particles present in soil and NP (cementation of

particles). The same behavior was observed by Sivapulla-

iah et al. [46], when they studied the strength variation of

the natural black montmorillonitic cotton soil treated with

lime. Also, by Harichane et al. [11], when they studied the

effects of adding NP to the lime-treated clay soil on the

stress–strain relationships of soils, under two confining

pressures (25 and 50 kPa).

Figures 11 and 12 clearly show the effect of confining

pressure on the shape of the stress–strain curve. The

increase of the confining pressure decreases Dq and

increases the axial strain at failure. At 1 day of hardening

and with increasing confining pressure from 50 to 200 kPa,

the peaks were almost disappearing (transition from brittle

to ductile behavior). At 28 days of hardening, Dq
decreased, but still remains with important values. The

same behavior has been observed by several researchers

[35, 47].
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Table 5 Degree of saturation of the studied combinations

Combination MDD (kN/m3) OMC (%) Gs e S (%)

L0P0 16.57 19.55 2.669 0.580 90.0

L0P10 16.72 19.65 2.687 0.577 91.6

L0P20 16.82 19.31 2.705 0.578 90.4

L4P0 15.29 20.94 2.652 0.701 79.2

L4P10 15.48 23.12 2.670 0.692 89.2

L4P20 15.55 23.27 2.688 0.696 89.9

L6P0 15.14 22.73 2.643 0.713 84.3

L6P10 15.44 23.23 2.661 0.691 89.5

L6P20 15.52 24.05 2.680 0.693 92.9
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5.2.2 Failure Modes

Tables 6 and 7 represent typical photographs of the soil

failure modes before and after stabilization, under two

different confining pressures, low confinement condition

(50 kPa) and high confinement condition (200 kPa). Dur-

ing the deformation of natural soil and soil–NP combina-

tion samples, ductile behavior was observed. The studied

samples retained their cylindrical shape, and the deforma-

tion of the sample was basically uniform, until a percentage

of axial deformation varied between 9 and 16%, to obtain

their maximum deviatoric stress. During this interval, the

samples take on a plastic failure mode. When the strain

increased more than 16%, small shear lines at the middle

level of the samples appeared (Table 6). With a confining

pressure of 50 kPa, samples adopt a ductile faulting

behavior. When increasing confining pressure from 50 to

200 kPa, the samples show a more ductile behavior than

for the low confinement condition (ductile flow) and no

cracks were observed. Several researchers found the same

behavior when studying the failure modes of clayey soils

[48, 49]. Table 6 clearly shows that the addition of NP to

the clayey soil causes more cracks, compared to the soil

alone. It can justify the appearance of the new inclined

angle cracks in soil–NP combination by the decrease in the

plasticity of the samples, as a function of NP addition and

Fig. 12 The variation of Dq of the studied samples. a at 1 curing day,

b at 28 curing days

Fig. 13 Variation of the maximum deviatoric stress of the treated

soils at various hardening times. a 1 day, b 7 days, c 28 days
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increase in the maximum dry density. This causes a

decrease in the void ratio, which limits the possibility of

specimens’ compaction. Increasing the confining pressure

transforms the failure mode from ductile faulting to ductile

flow (no cracking), by changing the nature of the existing

microcracks in the soil matrix. The high confining pressure

of 200 kPa closes the microcracks in the sample’s structure

of clayey soil and soil–NP combination.

According to Table 7, the failure modes of the soil

samples stabilized by lime and lime–NP combination,

mainly depend on the curing time and the confining pres-

sure. For 1 day of hardening, under a confining pressure of

50 kPa, the samples showed a brittle-fault behavior when

they were sheared with an inclined plane of failure that

higher than p/4. This behavior is the result of short-term

reactions of lime-stabilized soil when the chemical reaction

causes the flocculation of particles, that increases the

friction angle and decreases the soil plasticity. When the

confining pressure increased to 200 kPa, the samples

deformed in a ductile manner, with small cracks, indicating

that the high confining pressure (200 kPa) cannot close all

the microcracks in the structure of the sample.

After short-term reactions of lime–soil and lime–NP–

soil, based on cation exchange and flocculation of particles,

long-term reactions are realized. Cementitious compounds

are formed at the base of reactions between calcium, alu-

mina and silica in NP soil. These reactions caused the

formation of calcium silica hydrates, calcium aluminate

hydrate and calcium aluminasilicate hydrate, that transform

the soil from a ductile state, with plastic deformation

behavior, to a brittle state with a brittle failure mode. Vitale

et al. [6] noted that new mineralogical phases are formed

with the increase in hardening time, the new cementitious

compounds produced, and the microstructural reorganiza-

tion of the treated soil affects the macroscopic behavior of

samples.

The samples stabilized by lime and lime–NP combina-

tion deform as brittle-faulting mode, even with increasing

the confining pressure to 200 kPa. This result can be

explained by the pozzolanic reaction products and the

cementing of soil particles that cause a hard and resistant

behavior. In fact, a high concentration of microcracks is

produced during sample failure, requiring a high confining

pressure to close all microcracks in the samples and

transform the soil behavior from brittle to ductile.

According to Hatibu and Hettiaratchi [35], a soil with a

high concentration of microcracks would be very brittle

and would require an application of high confining pressure

to completely close the microcracks and suppress brittle

behavior.

5.2.3 Maximum Deviatoric Stress Evaluation

The effect of lime, natural pozzolana and their combina-

tions on the maximum deviatoric stress variations of the

stabilized soil is shown in Fig. 13. Regarding the use of NP

as an additive alone, a marginal increase in maximal

deviatoric stress was observed for samples treated with

10% and 20% NP. This increase is caused by the soil

texture modification and the increase in their maximum dry

density. This type of volcanic material needs a chemical

activator to be able to react and develop pozzolanic reac-

tions [12].

Fig. 14 Effect of curing time to the maximum deviator stress for

different confining pressures. a 50 kPa, b 100 kPa, c 200 kPa
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The use of lime, as a stabilizer, produced an important

increase in maximal deviatoric stress, with increasing both

lime content added and curing period. Similar observations

were reported by Cai et al. [50] and Sivapullaiah et al. [51].

The pozzolanic reactions between lime, SiO2 and Al2O3

available in clay soils, cause the formation of cementing

agents, which develop a significant strength gain.

A considerable increase in the shear strength of clayey

soils, stabilized with lime, combined with different NP

contents, was obtained in parallel with increasing confining

pressure and curing time. Indeed, the addition of NP to

lime-treated soil provides a better result for maximal

deviatoric stress of treated soil, compared to the use of lime

or NP alone. As shown in Fig. 13 with a confining pressure

of 200 kPa after 28 days of hardening, the maximal devi-

atoric stress of a sample treated with 6% lime, combining

with 10% and 20% NP, increased by 23.8% and 27.4%,

compared to the soil treated with 6% lime only. The

significant increase in the maximum deviatoric stress for

soils, treated with the combination of lime and NP, com-

pared to that treated with lime only, is probably due to the

increase in maximum dry density of the samples. When the

NP is added, there is an increase in the Si and Al content in

samples, which increases the pozzolanic reaction and lime

content, as a function of curing time.

5.2.4 Effect of Curing Time

Figure 14 depicts the results of the effect of curing time on

the maximal deviatoric stress under different confining

pressures for unstabilized and stabilized soils with lime,

natural pozzolana and their combination.

The following observations were noted:

• The maximum deviatoric stress for clayey soil and

treated soil with NP, stayed constant with the curing

Fig. 15 Mohr circles for different studied combinations at 28 curing time
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time because there is no chemical reaction between the

clay soil and the NP [11].

• The addition of lime to clayey soil produced a

considerable increase in the maximum deviatoric stress,

with an increasing curing period. For the same spec-

imen treated with 6% of lime under 200 kPa confining

pressure, the maximum deviatoric stress increased from

701 kPa at 1 day to 1920 kPa at 28 days.

Table 6 Failure pattern of natural soil and soil–NP combination

Table 7 Failure modes of clay soil treated with lime and lime–NP combination
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• The combination of lime and NP gave a higher result

for the maximum deviatoric stress of soil that increased

with increasing curing time. Under a confining pressure

of 200 kPa for 7 and 28 days of hardening, the

maximum deviatoric stress of soil treated with 6%

lime and 20% NP increased by 64% and 200%

respectively, compared to that of treated soil after

1 day of hardening.

5.2.5 Variation of Shear Strength Parameter

Figure 15 shows the qualitative aspect of the variation of

Mohr circles for different cure times of 1, 7 and 28 days.

However, Fig. 16 shows the results of the shear parameters

extracted from the Mohr circle.

The cohesion of soil was almost constant when the NP

added. The cohesion of natural soil and soil with 10% of

NP is equal to 105 kPa. This value increased slightly with

the addition of 20% NP to obtain a cohesion of 114 kPa.

Adding a NP content with a percentage of less than 20%

has practically no effect on the variation in cohesion. If the

NP content is higher than or equal to 20%, the cohesion

increased slightly. This increase can be explained by the

increase in the maximum dry density and by the modifi-

cation of soil structure. An increase in the friction angle

was observed with the increase in NP content. The addition

Fig. 17 XRF analysis of specimens, a clay soil, b soil treated with 6% lime at 28 days, c soil treated with 6% lime and 20% NP at 28 days
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of 10% and 20% of NP increased the friction angle from 14

to 15.7� and 16.12�, respectively. This increase can be

explained by the modification of the soil structure (larger

particle) due to the large difference between particle size

distribution of soil and NP (Fig. 7). On the other hand, the

internal friction angle of the NP is higher than that of the

soil. No increase in shear parameters was observed during

the increase in curing time for soil combined with NP. This

is due to the inactive type of NP used, so it cannot react

chemically without a cementitious addition. Harichane

et al. [12] observed the same behavior when the effect of

the same type of NP on two different types of soil stabi-

lized with lime was studied.

Figure 16 clearly shows that there are three factors that

have considerable influence on the shear parameters vari-

ation of stabilized clayey soil with lime and lime–NP

combination. These factors are lime content, NP content

combined with lime and curing time. Increasing lime

content caused a considerable increase for shear parame-

ters. For soil stabilized with 6% lime at 1 day of hardening,

the cohesion and the friction angle increased from 105 kPa

and 14� to 145 kPa and 23�, respectively. These results

increased greatly with the increase in curing time. After

28 days of hardening, cohesion and friction angle increased

to 350 kPa and 35.53�. The increase in the percentage of

NP, combined with lime, increased the samples cohesion.

The addition of 10% and 20% of NP increased the cohesion

of the soil stabilized by 6% lime, after 25 days of hard-

ening from 350 to 450 kPa and 500 kPa. Conversely, the

variation of the friction angle of stabilized soil by lime,

combined with various NP contents, had values varying

between 31.5 and 36�, where the maximum value was for

the soil stabilized with 6% lime and 10% NP.

To explain the variation of the shear parameters and the

chemical reaction responsible for this variation, Sivapul-

laiah et al. [46] suggested that flocculation of particles

increases the friction angle value, whereas cementation of

particles increases the value of cohesion. Furthermore,

higher cohesion values after 28 days of curing by the

pozzolanic reaction produced with time [51]. The relation

between increasing cohesion and lime content, generated

by the formation of flocs, the soil particles become strongly

bonded (aggregation/flocculation). Therefore, the treated

soil behaves as a coarse-grained soil [12].

The shear strength parameters increased with the

increase in lime and NP contents, in accordance with the

increasing curing time. First, short-term reactions, such as

cation exchange and particle flocculation, occur when the

soil stabilized with lime or with lime–NP combination.

Cation exchange causes the production of new chemical

bonds between particles to form larger aggregates. This

chemical bond increases the cohesion of the treated soil.

Due to flocculation and the fabrication of micro-ports, the

friction angle of the stabilized soil has increased. Second,

with increasing curing time, pozzolanic reactions occur (C–

S–H, C–A–H, C–A–S–H). Particle cementation is one of

the results of long-term reactions, which is the cause of the

strong increase in cohesion at later stages of curing time. It

makes the soil hard and brittle with rough surfaces, which

increases the friction angle. To explain the increase in

shear parameters with increasing NP content, there are two

types of influence. The first one is the effect on the physical

properties of soil. Soil becomes denser with a more resis-

tant soil structure. The second one is the effect of NP on the

chemical properties of soil stabilized with lime, an addi-

tional pozzolanic reaction was produced between lime, Al

and Si found in the NP.

5.3 Microstructural Assessment of Stabilized Soil

The mineralogical and microstructural aspect of clayey soil

samples, before and after treatment with lime, natural

pozzolana and their combination, was studied using a

scanning electron microscope (SEM). The objective of

these microstructural studies was to determine the struc-

tural changes caused by treatment with the various addi-

tives used. The XRF results showed a majority of Si and Al

with Ca content and traces of Fe, K and Mg in soil at their

natural state (Fig. 17). The high percentage of Si and Al is

due to the clay mineral components. From Fig. 18b, the

addition of NP to the clayey soil modified their texture. The

soil becomes denser with a more solid and resistant

structure.

Figure 18 shows the effect of 20% NP addition on the

microstructural form modification of the clayey soil before

and after treatment with 6% lime at 1 day and 28 days of

hardening. The SEM micrography of untreated compacted

clayey soil (Fig. 18a) clearly shows that the soil has a

discontinuous structure and large cracks, due to the drying

of water, and the aggregates of clay plates are assembled

with a largely mutual contact.

The micrographic photos in Fig. 18c–h represent the

modification of the structure of soil stabilized with lime

and lime–NP combination. To understand the stages of the

soil during chemical stabilization, the reaction between the

soil and lime or lime–NP split into two stages, according to

the hardening time (short term and long term). When the

lime reacted with the clay particles, a porous fabric was

created, with an agglomeration effect, forming larger par-

ticles and causing an increase in the size of micro-pores.

cFig. 18 SEM micrographs of studied samples, a clay soil,

b L0P20%NP, c L6P0 at 1 day, d L6P20 at 1 day, e L6% at 28 days,

f L6P20 at 28 days, g and h macro-hydrated gel for treated soil with

L6 and L6P20 at 28 days, respectively
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The dissolution of lime in clayey soil, in the presence of

water, caused a considerable increase in pH value because

of liberating calcium cations Ca2? and hydroxyls cations

(OH)-. These cations are instantly adsorbed and interca-

lated in clay minerals and replace a part of their constituent

cations. The cation exchange leads to a modification of the

surface electric charge density of clay particles and con-

sequently changes the texture of the clay soil and improves

their consistency. This behavior has been found by several

researchers. According to Vitale et al. [6], in the short term,

a significant change in the arrangement of clay particles has

been detected when the treated soil is more flocculated than

the untreated soil. Jha and Sivapullaiah [13] reported that

the addition of lime to the studied soil produced several

aggregated soil particles with variable size and shape.

Micrographic photos (e) and (f) in Fig. 18 show the

microstructure modification of the treated clay soil after

28 days of hardening. The reactions at long-term led to

form an alumina and silica hydrate gels (Eqs. 2–4) (ce-

mentitious reaction products of lime stabilization) covering

the clayey surface. This process is called pozzolanic

reaction. The dissolution of lime in the mixture (liberation

of Ca2? and OH-) allows the saturation of the calcium

solution, with an elevation of pH. Calcium reacts with

alumina and silica in the soil to form calcium silica

hydrates (C–S–H), calcium aluminate hydrate (C–A–H)

and calcium aluminate silicate hydrates (C–A–S–H) [52].

Ca OHð Þ2þSiO2 ! C� S� H gel, ð2Þ

Ca OHð Þ2þAl2O3 ! C� A� H gel, ð3Þ

Ca OHð Þ2þSiO2 þ Al2O3 ! C� A� S� H gel: ð4Þ

From Fig. 18g and h, the cementing materials for the

stabilized soil with lime, combined with NP are superior to

those stabilized with lime only. The Si and Al reacted with

Ca for soils treated with lime–NP are higher than those

obtained when lime has been added only. This indicates the

formation of new additional phases of cementation when

adding NP. Al Swaidani et al. [23] concluded that a for-

mation of additional new cementing phases was produced

when adding NP. The same behavior was observed by

Harichane et al. [12].

6 Conclusion

The main objective of this paper is to study the effect of

lime, natural pozzolana and their combination on the

compaction parameters, shear strength, shear parameters

and the microstructural modification for the different

studied combinations. Based on test results, the following

conclusions can be drawn:

• The pH value increases with increasing lime content for

lime-stabilized clayey soil, with and without NP

addition. This increase in pH is a sign of the start of

the chemical reactions between soil–lime or soil–lime–

NP.

• The addition of NP to the clayey soil slightly increases

their maximum dry density when the optimal moisture

content has remained almost constant. The addition of

lime or lime–NP combination to the clay soil decreases

their MDD and increases the OMC. The soil stabilized

by lime–NP combination is denser compared to the soil

stabilized by lime only.

• The stress–strain curves, of clay soil and the combina-

tion of soil with NP, have a hyperbolic form (peakless).

Peaks in the stress–strain curves were observed when

soil is stabilized with lime or lime–NP combination.

The peak shape, represented by Dq, increases with

increasing lime or lime–NP content and the curing

period, and decreases with increasing confining

pressure.

• Ductile failure mode was observed for natural soil and

soil–NP combination samples. This failure mode trans-

forms to a brittle failure when the soil stabilized with

lime or lime combined with NP. A significant effect has

been observed on the variation in failure modes of

stabilized soils, as a function of increasing confinement

conditions.

• A marginal increase in maximal deviatoric stress was

observed for soil–NP combination samples. The use of

lime, as a stabilizer, produced an important increase in

maximal deviatoric stress, with increasing of both lime

content added and curing period. The addition of NP to

lime-treated soil provide a better result for maximal

deviatoric stress of treated soil compared to using lime

alone.

• The shear strength parameter of clayey soil increased

slightly when NP is added. No increase in shear

parameters was observed during the increase in curing

time. A significant increase was observed in cohesion

and friction angle of soil stabilized by lime and lime

combined with NP. This increase is based on the lime

content, the NP content combined with lime and the

time of curing.

• The microstructural reorganization of lime or lime–NP-

stabilized clayey soil and the creation of new cemen-

titious products completely changes the behavior of

soil. The geotechnical behavior of the treated samples is

based on the microstructural reorganization of soil

particles at short-term and the formation of cementi-

tious compounds at the long-term reactions.

• The addition of natural pozzolana, alone, to the studied

soil, did not lead to a significant variation in their

geotechnical properties, since the type of pozzolana
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used does not themselves have binding properties.

Thus, the use of this type of pozzolana on soil

stabilization is only viable with other compounds acting

in synergy.

• The combination of two local materials, such as natural

pozzolana and lime, can effectively improve the

mechanical properties of the fat clay soil and help to

increase land availability for construction projects. In

this research, the better soil strength behavior was

observed for samples treated with a combination of

20% natural pozzolana and 6% lime.

Acknowledgements This research was sponsored by the General

Directorate for Scientific Research and Technological Development

(DGRSDT) of the Algerian Minister of Higher Education and Sci-

entific Research. The authors thank the head of civil engineering

department and the laboratory engineers of Belhadj Bouchaib

University of Aı̈n-Temouchent in Algeria and Sakarya University of

Adapazarı in Turkey for their contribution to the laboratory tests and

the carrying out of this research.

Data availability The data used to support the findings of this study

are available from the corresponding author upon request.

Declarations

Conflict of Interest The authors have no competing interests to

declare that are relevant to the content of this article.

References

1. Davis LE (1952) Electrochemical properties of clays. Clays and

Clay Miner 1(1):47–53. https://doi.org/10.1346/ccmn.1952.

0010106

2. Cernica JN (1995) Geotechnical engineering: soil mechanics.

Wiley, Californie

3. Dembicki E, Kisielowa N, Nowakowski H, Osiecimski R (1980)

Compactage des fonds marins sableux à l’explosif, vol 1. Col-
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