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Abstract The weathering of rocks, especially the 
clay-rich rocks submitted to chemical attack or wet/
dry cycles, may impact negatively the slopes stabil-
ity. This study aims to characterize the alteration of 
a carbonated clay-rich material assimilated to a marl 
after the infiltration of polluted water as observed on 
Azazga site (Algeria) identified as a landslide area. 
The marl alteration was simulated in laboratory by 
wet/dry cycles and the level of material degrada-
tion was estimated using geotechnical tests (direct 
shear tests and fragmentation test) as well as phys-
ico-chemical measurements and microstructural 
observations by X-ray diffraction, mercury intrusion 
porosimetry, chemical analysis and scanning electron 
microscopy. The effect of wet/dry cycles with artifi-
cially polluted water was compared to cycles without 
pollutants. The tested carbonated clay-rich material 

composed by around 30.6% of quartz, 12.5% of car-
bonates and 45.1% of clays showed a higher degrada-
tion in contact with polluted water considered as an 
activator of the degradation. The soil porosity was 
evaluated with wet /dry cycles and it was estimated 
from 19.2 to 25% after the cycles. The degradability 
test (fragmentation test) agreed with the shear test 
results with a decrease of the cohesion c’ from 49.9 
to 31.5 kPa (while the friction angle remained close 
to 20°). Results were confirmed at micro scale with 
few mineralogical changes and with a higher parti-
cle aggregation in presence of pollutants resulting in 
rough surface while a microporosity around 30  μm 
appeared after cycles with or without pollutants, 
probably between disaggregated elongated grains or 
staked plans observed by SEM. In conclusions, wet/
dry cycles with water (without pollutant) were mainly 
responsible to the disaggregation of carbonated clay-
rich soil and pollutants reinforced such effect.

Keywords Marl · Carbonated clay-rich soil · 
Alteration · Pollution · Laboratory tests · Landslide

1 Introduction

Various weathering processes occur in carbonated 
clay-rich soil such as physico-chemical phenomena: 
cracking under freeze-thaw cycles or thermal vari-
ation, change of porosity under dissolution, miner-
alogical transformation under gas or water. Such 

S. Haddad (*) · B. Melbouci 
Laboratoire Géomatériaux Environnement et 
Aménagement, Université Mouloud Mammeri, 
15000 Tizi-Ouzou, Algérie
e-mail: sabrinahaddad0617@gmail.com

F. Szymkiewicz · M. Duc 
Université Gustave Eiffel, GERS/SRO, 5 boulevard 
Newton, Champs-sur-Marne, 77454 Marne-la-Vallée, 
France

O. Amiri 
GeM, Ecole d’ingénieurs de l’Université de Nantes, 
boulevard de l’Université CS 70152, 44603 Saint-Nazaire, 
France

http://crossmark.crossref.org/dialog/?doi=10.1007/s10706-022-02347-8&domain=pdf


1454 Geotech Geol Eng (2023) 41:1453–1472

1 3
Vol:. (1234567890)

processes usually decrease the mechanical strength 
of the material (Cafaro and Cotecchia 2001; Li et al. 
2018; Ogunsola et al. 2017; Saad et al. 2010; Serra-
trice 2017; Sousa et al. 2005). So, the stability of the 
soil especially in landslide area and the risk of rup-
ture caused by the material alteration depend on the 
degradation kinetic as well as the initial characteris-
tics of soils (friction angle, cohesion, density, etc.), 
the soil water content (degree of saturation, suction 
or pore pressure), the slope angle and the vegeta-
tion cover. Both climate change (rains) and anthropic 
activities (water infiltration or pumping) can also 
impact the site characteristics and then affect the 
slope stability (Li et al. 2018; Viville et al. 2012). The 
water circulations in soil mainly govern the rate of 
material weathering (Hausrath et al. 2011; Lofi et al. 
2012) and represent a major factor that triggers the 
ground movements (Aurelie 2010; Gabet et al. 2010; 
Pomerol et al. 2005). This is particularly true in clay-
rich soils characterized by a variable shear strength 
that depends on the soil mineralogy, its microstruc-
ture (density, porosity) and the soil water content. 
According to Guigo (1979), the montmorillonite-rich 
or illite-rich soils are able to retain great quantities of 
water, changing their rheological state from solid to 
liquid state. Such soils are known to be able to experi-
ence mass movements causing strong slope dynamic, 
especially in presence of high water content.

At microscale, the soil porosity plays a major role 
in the chemical weathering by allowing the penetra-
tion of harmful species. The size, morphology, con-
nectivity and the distribution of voids inside soils (or 
rocks) depend on the matrix compactness and the par-
ticles/minerals arrangement. Such parameters govern 
the water permeability (Emmanuel et al. 2015; Ogun-
sola et al. 2017; Tindall 1999; Tugrul 2004; Quénée 
1990). The pores size proves to be a more important 
parameter than the total pore volume according to 
Iniguez Herrero (1967). As stated by Mamillan and 
Bouineau (1982), materials with a high content of fine 
pores appear as less resistant to weathering because 
capillary phenomenon may occur, while materi-
als with higher 20% of porosity show usually the 
strongest mineralogical evolution according to Qué-
née (1990). Climatic, biological and mechanical fac-
tors may also contribute to increase the pore dimen-
sion by dissolution or their decrease by precipitation 
or filling after clay or fine particles transport during 
erosion process (Goodfellow et al. 2016). Change of 

compactness by mechanical alteration under swelling/
shrinkage cycles in presence of water (Hamès et  al. 
1987) or after freezing/thawing cycles or burst phe-
nomenon, impact also the pore structure as well as 
the salt crystallization in confined pore space (Good-
fellow et  al. 2016; Labus and Bochen 2012; Tindall 
1999). The long term chemical alteration by mineral 
hydrolysis, oxidation (notably iron-rich minerals and 
sulphur such as pyrite), by hydration or decarbonation 
modifies not only the porosity but also the soil min-
eralogy (Labus and Bochen 2012). In rocks, altera-
tion impacts above all the surface of discontinuities 
as well as the bridging cementation between grains 
(Li et  al. 2018) while in soil considered as particles 
arrangement with low cementation and most often a 
higher porosity compared to a rock porosity, the alter-
ation may concern the whole volume of the material. 
The dissociation of chemical bonds between miner-
als and ions (Clark and small 1982) accompanies the 
mechanical alteration and takes advantage of the soil 
or rocks cracking and their widening, to progressively 
reach the whole minerals.

Among rocks, marls are considered as soft rocks, 
composed mainly by quartz, carbonates and clays. 
The term marl concern usually material with a car-
bonate content between 30 and 75%. At lower con-
centration, the term carbonated clay-rich soil will be 
preferred. These carbonated materials may dissolve 
in contact with acidic water but also be submitted 
to erosion (particles pullout) as in a soil. Studies on 
Callovo-Oxfordian “Terres Noires” in France put 
in evidence a clear link between the carbonate con-
tent, the clay content (and its swelling potential) with 
the rate of the material disaggregation (Bufalo et al. 
1989; Chodzko and Lecompe 1992; Colas and Dumo-
lard 1988; Monnet et al. 2012). Depending on climate 
(Aurelie 2010), the temperature and the percolation 
kinetic, alteration depends also on the water pH and 
composition (Burnol et  al. 2006; Boukoffa 2018). 
Indeed, groundwaters are increasingly subjected to 
voluntary or accidental spills of polluted effluents, 
wastewater from discharges or landfills or chronic 
contamination from rainwater runoff in urban areas 
that concentrate air pollutants, leakage from pipes or 
buried sewerage systems and road leaching (Bower 
2002; Pitt et  al. 1999). Rainwaters (containing salt 
especially in coastal area) are often mixed with waste-
water from sewerage systems, and they bring chemi-
cal elements, which are source of alteration (Fifi et al. 
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2009). Therefore, the presence of pollutants in water 
usually impacts the soil properties especially the soil 
porosity and may accelerate its erosion or alteration 
(Molina Ballesteros et  al. 2010; Wells et  al. 2006). 
Not only the intrinsic properties of pollutants (solu-
bility, adsorption, degradability) impact the pollut-
ant migration, but also the environment properties 
(permeability, organic matter content, oxidation 
degree…) (Collin and Collin 2003). Indeed, physical 
(i.e. temperature), chemical (i.e. oxidation reaction) 
and biological (i.e. bacterial development) phenom-
ena control the pollutant migration in porous soil 
(Burnol et al. 2006; Melki et al. 2019; Mulliss et al. 
1997).

The mineralogical transformations during altera-
tion operate with the release or the adsorption of ele-
ments (Campy and Macaire 2003; Zhang et al. 2009), 
as during the dissolution of carbonated clay-rich 
soil where carbonates release for example calcium 
or magnesium in pore water. Such release interacts 
strongly with clays especially by ions exchange pro-
cess (Hounsounou et  al. 2016). Carbonated neofor-
mation may also precipitate, entrapping chemical ele-
ment such as heavy metals.

Many researchers such as (Chen and Ng 2013; Duc 
et  al. 2014; Goh et  al. 2014; Pires et  al. 2008; Tran 
2014), have contributed to the understanding of volu-
metric deformation and mechanical characteristics of 
soil during wet-dry cycles through odometer, triaxial, 
and direct shear tests. Indeed, they concluded that the 
hydromechanical behaviour of the soils was signifi-
cantly influenced by the history of the wetting–dry-
ing cycles. Effectively, the differences between the 
shear strength on the drying and wetting cycles of the 
first cycle were found to be greater than that of the 
next cycles. They also showed that wet–dry cycles 
could lead to a rearrangement of the soil particles, a 
modification of the pore system and also induce soil 
aggregation. Tisdall et al. (1978) showed that the sta-
bility of wetted aggregates decreased with increasing 
wet–dry cycles.

Many studies on clayey soils focused on defor-
mations caused by climate variations between hot 
and cold season simulated by cyclic water solicita-
tion (Duc et  al. 2014; Geremew et  al. 2009; Med-
jnoun an Bahar 2016; Tripathy et al. 2002). If cycles 
usually consist in partial drying except in the upper 
part of in  situ soil, most of wet/dry cycles applied 
in laboratories with complete drying and wetting by 

immersion imposes strong deformation and strong 
water gradient, causing various cracking patterns 
according to the drying kinetic and soil mineralogy. 
Cycle impact was mainly governed by the amplitude 
of the humidity change. Marly and clayey soils behav-
iour differ with the presence of carbonates which are 
at the origin of a cemented microstructure. If clayey 
soils develop their whole swelling potential as soon 
as the first cycles, marls usually show a slow evolu-
tion (delayed impact of wet dry cycle) until the total 
breaking of the cementation.

Finally, leaching/precipitation, erosion (particle 
displacement with water flow), clogging or swelling 
change the pore structure in soil and its permeabil-
ity as well as the soil mechanical strength or the pore 
pressure balance, which in turn can become unfavour-
able to slopes stability.

In this paper, a carbonated clay-rich soil from 
Azazga city in Tizi-ouzou region in Algeria was stud-
ied. The city is located at the top of a slope where a 
major landslide occurred in the past causing signifi-
cant damages. The rock massif at 20 m was composed 
by remoulded marl with various carbonates content 
(mainly calcite and dolomite) laying on a undisturbed 
marly layer, and in which the circulation of polluted 
and unpolluted water was suspected to be at the origin 
of physical and mechanical degradation on both the 
superficial and deep layers. The polluted waters come 
from unconnected sewerage network of Azazga city. 
Wastewaters may either run off down the slope caus-
ing erosion before their collect in ravines downstream 
or infiltrate in fractured soil and rock massif, which 
promotes the reactivation and progression of the land-
slide phenomenon. In both case, wastewaters contain 
chemical agents that may significantly contribute to 
erosion by soil particles dispersion or to alteration by 
chemical dissolution and/or precipitation processes. 
Such phenomenon was identified as a possible threat 
for the slope stability, which explains the subject of 
this study.

The present work aims to characterize the weath-
ering phenomenon of a marly material sampled at 
20–24 m depth (and designated in this paper with the 
term soil) under accelerated aging in the laboratory 
by applying wet/dry cycles with polluted or unpol-
luted water. Cycles want to simulate the climate con-
ditions in Azazga region in Algeria, where landslide 
occurred. Experimental tests put in evidence the role 
of pollutants in water and if such chemical elements 
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promote or not the soil degradation. After a geologi-
cal description of landslide site and its geology, the 
mineralogical and geotechnical characteristics of 
studied carbonated clay-rich soil were presented. 
Then, the soil degradation under wet-dry cycles with 
polluted or unpolluted water was observed at macro 
(at millimetre scale) and microscale (at micrometer 
to nanometer scale) using X-ray diffraction, mer-
cury intrusion porosimetry (MIP), scanning electron 
microscopy (SEM), parallel to direct shear test as 
well as degradability test measuring the crushing rate 
of soil. All the results are discussed to conclude on 
the potential role of pollutants as landslide activator 
in a carbonated clay-rich soil.

2  Materials and Methods

2.1  The Landslide Site Characterization

Azazga city is located at 20  km east of Tizi-Ouzou 
in Algeria, at altitudes of about 450 m above the sea 
level. In this region, a landslide occurred on a 10° to 
15° natural slope. According to Ameur (2014) and 
Djerbal et al. (2014) who provided a historical over-
view of Azazga landslide movements, the area expe-
rienced several ground instabilities since 1952. In 
last years, the long rainy period in 1974 and the long 
snowy period in 2012 were followed by strong reacti-
vations of the ground movement and the appearance 
of major disorders on construction (Fig. 1).

The main factors proposed to explain such 
phenomenon are related to the hydro-climatic 

characteristics of the region and the geomorphologi-
cal nature of the site as well as human activities.

A geological study based on geotechnical reports 
and the geological map of Azazga landslide area 
(Fig.  2) distinguished Cretaceous facies (flysch) in 
most of the region (LCTP 2004).

This formation was partially masked in west by 
Miocene facies and overlapped in east by Numidian 
facies. Also present, the red and green sub-Numid-
ian clays with decimetric sandstone banks from Oli-
gocene outcropped east and north-east of Azazga 
region. Parallel, the Numidian sandstones constituted 
the main reliefs of the Djebel Abed at eastern end of 
the region. Furthermore, some massive layers cut into 
panels by a system of faults, were visible in east of 
the city. These panels collapsed and Numidian screes 
composed by sandstone blocks with various sizes 
coming from the relief of the Djebel Abed, formed 
land of screes in the centre, north-eastern and south-
eastern of Azazga region. All the formations were 
characterized as allochthon (except screes) that is to 
say the materials have been moved from their original 
site of formation. They were displaced during or after 
their sedimentation and formed two tectonic units: the 
Azazga flysch unit composed of clay/marl-rich for-
mations with small sandstone layers, and the Numid-
ian unit consisting of Oligoceneous clays at the bot-
tom and Aquitanian sandstone at the summit.

In addition, a complex hydrology characterized 
the Azazga region, with the presence of a water 
table close to the surface, the presence of springs 
downstream of the slope accompanied by several 
watercourses and areas of stagnant polluted water. 
Laboratory tests showed that the saturation degree 

Fig. 1  Various damages caused by landslide in Azazga region on a a sewerage system in March 2012, b a house in March 2014, c a 
road with the appearance of subsidence in January 2019
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of soils sampled near the surface was close to 100%. 
In addition to this complex hydrology, intense rain-
fall affected the soil hydrology and contributed to the 
amplification of the gravitational ground movement 
despite the gentle slope characterizing the Azazga 
landslide.

Soil erosion due to the circulation of polluted or 
unpolluted water and the transport of fine particles 

into the massif was also detected. The phenomenon 
is responsible to the usual presence of fine particles 
after heavy rainfall in spring waters.

Finally, land movements and anthropic activities 
such as constructions significantly reshaped the slope 
in landslide area near Azazga (Djerbal et  al. 2014) 
which induced a negative impact on the slope stabil-
ity. The lack of sewerage and drainage systems in this 

Fig. 2  Location and geological map of Azazga site (Gélard 1979)
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area, the deviation of natural watercourses and the 
clogging of springs, the deforestation in recent years 
as well as the buildings of construction on unstable 
ground (which represented an overloading for the 
slope) were judged as harmful factors for the slope 
stability.

2.2  Geotechnical Characterization of Site Materials

After a geological and geotechnical investigation 
(LCTP 2004) to identify soils and estimate the depth 
and the shape of the landslide surface, boreholes were 
carried out on Azazga site. They showed the presence 
of six soil layers. Starting from the surface, a sandy 
silts layer was followed by a fine sand layer, a friable 
marly clay, a highly remoulded grey clay, a compact 
marly clay and the substratum composed by sand-
stone blocks. The soil layers had an unfavourable dip 
oriented in the direction of the slope, which favoured 
the ground movements. The Table  1 gives the geo-
technical characteristics of the different Azazga soil 
layers (LCTP 2004). 

The materials observed at the interface between 
remoulded clay and compact marly clay on Fig.  3 
showed a pronounced alteration with a great distur-
bance. The disturbed clay layer met at about 20  m 
depth presented fractures that could be mobilized 
in ground movements. The presence of remoulded 
zones located at the interface between the substratum 
and surface layers (LCTP 2003, 2004; LTPC 1987) 
was identified as weak zone. Such layer, probably 

remoulded due to the ground movement, was of first 
importance but it was however unusable for labora-
tory tests. In order to confirm the soil disturbance 
by climate wet/dry cycles and its role on the occur-
rence of remoulded area, samples were taken in three 
neighbouring cored samplings especially in compact 
marly clay layer.

2.3  Experimental Methods

The aim of the experimental program was to study the 
influence of pollutants in water used to perform wet/
dry cycles to alter Azazga carbonated clay-rich soil. 
These accelerated aging cycles were based on annual 
temperature and precipitation data recorded on site. 
Artificial polluted water was prepared to reach simi-
lar chemical properties as the polluted water collected 
at the bottom of the Azazga slope (ONA 2016). Con-
centrated polluted water contained 20 mg/L of phos-
phates, 40 mg/L of sulphates and 60 g/L of laundry 
detergents (bleaching water, shampooing, soap, floor 
wash). The low concentration of the applied solution 
(noted LC solution) was composed of 10% of concen-
trated polluted water, the medium one (MC) of 20%, 
and the high concentration (HC) of 30%. All the tests 
were applied on soil submitted to LC water and it was 
mentioned if HC or MC waters were applied in place 
of LC water.

The carbonated clay-rich soil samples were sub-
jected to a series of six cycles. Each cycle included 
a drying step in oven at 45 °C for 16 h and a humidi-
fication step by immersion at 5 °C for 8 h. The con-
ditions of the cycles were chosen close to the envi-
ronmental extreme conditions  (Fig.  4) under which 
the material can be submitted in term of temperature 
at surface and the short duration of each impacting 
step was compatible with the working hours (1 day 
for immersion and one nigh for drying). Under such 
cycles, the degradation is supposed maximum with 
strong water gradient in specimens.

After cycles, X-ray diffraction (XRD) analyses 
were performed on both intact and altered soil sam-
ples. Freeze-dried samples were crushed and grinded 
to pass an 80 μm sieve. XRD patterns were obtained 
by using a D8 advance diffractometer from Bruker 
(Cobalt anode, E = 35  kV, I = 40mA, no monochro-
mator, LynxEye detector). A continuous scan mode, 
between 3 and 80° 2theta, with a rate of 1 s per 0.01° 
2theta was selected. Diffractograms were exploited 

Fig. 3  Box showing the soil cores extracted between 21  m 
deep (first layer of the box) to 24 m deep (bottom layer of the 
box)
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with EVA program coupled with ICPdf2 mineralogi-
cal database. Quantitative mineralogy was done using 
Rietveld method (Topas software).

After cycles, environmental scanning electron 
microscope (Quanta 400 SEM from FEI) coupled 
with energy dispersive X-ray spectrometry (EDX 
from EDAX) allowed to observe the microstructure 
of marly soil and to estimate the sample degrada-
tion at microscale. The chemical composition in both 
intact and altered soil was estimated with EDX probe 
which gave an order of magnitude of the chemical 
content. SEM images were collected on fresh frac-
tured surface on air dried sample and back scattered 
electron mode was selected in low vacuum mode (no 
metal coating was applied before analysis).

In parallel, the mercury intrusion porosimetry 
(MIP) tests were carried out on freeze-dried sam-
ples before or after alteration by wet/dry cycles. They 
completed the SEM observations by quantifying the 
pore modification under wet/dry cycles. The applied 
pressure on mercury to intrude into pores ranged 
from 3.4 kPa at low-pressure up to 230 MPa in high 
pressure. Therefore, the corresponding pore diameter 
varied from 6 nm to 355 μm. The porosity lower than 
6 nm could not be reached by MIP so the measured 
total porosity was usually underestimated compared 
to the water porosity.

At macroscale (millimeter to pluri-millimeter 
scale), a degradability test (or fragmentation test) was 
carried out in accordance with the French standard 
NF P 94 -067  (AFNOR 1992). After crushing, two 
kilograms of 10/20 mm granular intact marly soil 

were submitted to four cycles of imbibition, either 
with distilled water or with polluted water for 8 h, fol-
lowed by a drying in oven for 16 h at 105 ° C. The 
particle size of the sample was measured by sieving 
before and after test.

Finally, direct shear tests were carried out, each on 
at least three cylindrical soil specimens submitted to 
three different vertical stresses. Each test specimen 
was cut manually in the core of a bored soil sam-
pling (test was performed on intact soil whose density 
and water content were given in Table 1). These test 
specimens underwent until six wet/dry cycles, either 
in distilled water or in polluted water. Each cycle 
involved a drying at 45 °C for 16 h and a wetting by 
immersion at 5 °C for 8 h. After cycles, the test pieces 
were subjected to direct shear tests at the same speed 
(in drained consolidated conditions), under 100, 300 
or 400 kPa normal stresses.

Table 1  Geotechnical characteristics of soils from Azazga site 
(LCTP 2004)

In italics, the layer where tested samples in this study were 
taken

Soil layer γd (kN/m3) γh (kN/m3) LL PI

Sandy silt 15.3 19.0 28.6 14.9
Fine sand 14.3 18.5 71.5 32.9
Friable marly clay 17.2 20.1 75.5 37.7
Remoulded clay (col-

luvion)
15.2 19.2 71.0 32.0

Compact marly clay 18.3 20.1 51.0 26.2
Sandstone blocks 19.0 20.1 – –

Fig. 4  Minimum and maxi-
mum temperature between 
2008 and 2017 in Azazga 
(ONM 2016)
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3  Results

3.1  Properties of Intact Carbonated Clay-Rich Soil 
from Azazga

Table  2 shows the geotechnical characteristics of 
intact carbonated clay-rich soil (before wet/dry 
cycles). Atterberg limits were measured using NF 
P 94-051 standard  (AFNOR 1993) and the soil was 
classified as very plastic clay (At) according to the 
USCS-LCPC classification. The dry unit weight of 
intact soil was γd = 18.5 kN/m3 and the correspond-
ing void ratio e was equal to 0.43 while the porosity n 
was estimated to be 30%. 

The mineralogical identification of clays in Azazga 
marly soil was performed on X-ray diffraction pattern 
obtained on oriented glass slides on Fig. 5 while the 
XRD powder pattern gave the soil minerals contents 
in Table  3. Results showed a predominance of clay 
minerals with the presence of montmorillonite (13.6), 
kaolinite (14.5%), illite (9.3%) and chlorite (7.7%) as 
well as quartz (30.6%). The total clay content repre-
sented 45.1% of the whole minerals. The XRD analy-
ses on oriented glass slides prepared with the fraction 
lower than 2  μm extracted from the decarbonated 
and Na-homoionised soil, confirmed on Fig.  5 the 

presence of kaolinite (with a peak at d = 7.07 Å that 
disappeared after heating at 550 °C), the presence of 
chlorite (with a remaining peak at d = 7.16 Å after 
heating at 550 °C and a peak at 14.1 Å whatever the 
glass slide treatment) and the presence of illite (with 
an invariant peak at d = 9.97 Å). 

The large peak at d = 11.97 Å on air-dried glass 
slide on Fig.  5 shifted toward higher d value close 
to d = 17 Å after contact with ethylene glycol. After 
burning at 550 °C, the initial peak at d = 12 Å disap-
peared and was correlated to the appearance of a peak 
slightly lower than d = 10 Å. Such behaviour con-
firmed the presence of swelling smectitic clay such as 
montmorillonite according to Brindley (1980).

Feldspars (albite and microcline) were also pre-
sent in low quantities in marly soil, while carbonates 
(dolomite and calcite) represented around 12.5%. 
Such phases are able to dissolve in presence of acidic 
water, which would induce a change in porosity and 
a lack of cohesion. Indeed, the carbonates play often 
the role of cement in marly soils. However, this rigid 
skeleton may be broken gradually by soil swelling/
shrinkage. Pyrite was also present in soil as well as 
gypsum in trace quantity. Gypsum can be formed 
by precipitation in salted soil but its origin here is 
more probably link to the oxidation of pyrite  FeS2 in 

Table 2  Geotechnical 
properties of the tested 
carbonated clay-rich soil as 
sampled on Azazga site

Characteristics γd (kN/m3) γh (kN/m3) LL PL PI Porosity n Void ratio e W (%)

Value 18,5 19,8
(unsaturated)

51 21 30 30% 0,43 33

Table 3  Mineralogical 
composition of Azazga 
intact marly soil. For such 
quantification, the Rwp was 
equal to 6.06

Rwp is a goodness of 
Rietveld fit that must be the 
closest to zero
*The sum of the quantities 
associated to crystalline 
phases is equal to 100% and 
the degree of crystallinity 
estimated to 76.6% was 
not considered in such 
calculation

Minerals Formula Mineral family Quantity (%)*

Quartz SiO2 Silicate 30.6
Calcite CaCO3 Carbonates 8.4
Dolomite CaMg(CO3)2 Carbonates 4.0
Montmorillonite (Na,Ca)0,3(Al,Mg)2Si4O10(OH)2 Clay 13.6
Chlorite (Fe,Mg,Al)6(Si,Al)4O10(OH)8 Clay 7.7
Illite (Al,Mg,Fe)2(Si,Al)4O10(K,H3O) Clay 9.3
Kaolinite Al2Si2O5(OH)4 Clay 14.5
Albite NaAlSi3O8 Feldspars 6.5
Microcline KAlSi3O8 Feldspars 1.8
Pyrite FeS2 Sulfur 0.4
Gypsum CaSO4.  2H2O Sulfate 0.4
Anatase TiO2 Oxyde 2.8
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contact with oxygen. The sulfuric acid produced by 
pyrite oxidation reacts with carbonates to form finally 
gypsum.

According to Guilloux et  al. (2005), both miner-
alogy and porosity allows the classification of argil-
laceous soil in terms of hardened soils or soft rocks. 
With a 30% porosity and a clay percentage lower than 
50%, the Azazga marly soil was classified at the limit 
between soils and soft rocks.

Azazga’s carbonated clay-rich soil was charac-
terized by a low level of swelling clays and the per-
centage of carbonates was around 12.5%. Such per-
centage could help to estimate the weathering rate 
of such soil. Indeed, Guilloux et al. (2005) proposed 
that marls with a carbonate content less than 10–20% 
associated with a significant clay fraction (at least 
30%) could be sensitive to water variation with a 
strong impact of water imbibition that induces swell-
ing in most of case. Indeed, the clay particles in great 
quantity were able to coat or wrap the fine carbonated 
particles, which reduced the number of carbonate-
carbonate bonds and favoured the soil disaggregation 
in presence of water. In addition, the non negligible 

soil porosity around 30% promoted the water circula-
tion in material and contributed also to reduce the soil 
mechanical resistance.

3.2  Effect of Wet/Dry Cycles with Polluted Water on 
Soil Mineralogy and Soil Chemical Composition

X-ray diffraction analyses on Fig. 6 was carried out on 
marly soil before and after 3 or 6 wet/dry cycles with 
polluted water. Patterns were normalized by using 
quartz peak at d = 3.34 Å considered as invariant peak 
(non reactive phase). Normalization consisted to mul-
tiply the intensity of each pattern, to reach the same 
height on the main peak of quartz at d = 3.34 Å. In 
this case, the other peak can be compared visually 
from a pattern to another.

As the polluted water composition was fixed at 
20  mg/L of phosphates, 40  mg/L of sulphates and 
60 g/L of laundry detergents, new precipitated phases 
were searched on patterns as well as the disappear-
ance of initial phases. A gypsum precipitation with 
a peak at d = 7.61 Å occurred clearly after wet /dry 
cycles while the soil before cycles contained only a 
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air dried oriented glass in black, on oriented glass slide put 

in contact with ethylene glycol under vapour form (at 55  °C 
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0.4–0.5% of gypsum/pyrite as shown in Table 3. The 
gypsum increase may be related to the natural hetero-
geneity of tested soil but more probably to a precipi-
tation during the air drying of soil, whose pore water 
contained dissolved calcium and sulphates coming 
from the polluted water. No other new phases were 
observed.

At the same time, the intensity of the main XRD 
peak associated to calcite (d = 3.03 Å) changed after 
contact with polluted water. As the concentration of 
polluted water increased (for the red curve on Fig. 6), 
the peak of calcite decreased gradually because of an 
enhanced dissolution of carbonates phase in contact 
with polluted water. The dolomite behaviour (peak 
at d = 2.91 Å) is not so clear considering the lower 
intensity of the peak, the possible variability of car-
bonate content from one tested sample to another, 
as well as the lower solubility of dolomite in acidic 

medium (dolomite dissolution required usually higher 
temperature to occur compared to calcite dissolution).

Furthermore, the shape of the clay peaks between 
6 and 11° 2θ seemed to be also impacted after cycles. 
The chlorite peak at d = 14.16 Å as well as the kao-
linite peak at d = 7.08 Å and the large peak associated 
to montmorillonite evolved. The higher intensity of 
peaks could be interpreted as a change of clay quan-
tity (because of heterogeneity between tested sam-
ples) but also to the level of clay sheet orientation in 
XRD sample holder. Indeed, the clay disorganization 
during the wetting during cycles could be followed 
by more oriented clay particles during the drying that 
acts as a compaction step. A higher orientation of 
clay particles may increase the peak height with simi-
lar clay content (especially for kaolinite, chlorite and 
montmorillonite but not for illite).
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To better see the effect of the pollutants, patterns 
were collected on marly soil after 6 wet/dry cycles in 
contact with medium (MC with 20% of pollutants) 
and highly (HC with 30% of pollutants) concentrated 
polluted waters compared to the low (LC with 10% 
of pollutants) concentrated water used in other tests. 
In this case the peak attributed to illite at d = 10.25 
Å seemed to decrease. Such change was not clearly 
explained by illite dissolution. Indeed, the pollution 
in water was not enough concentrated to dissolve effi-
ciently aluminosilicates but a change of clay sheet 
staking (by dispersion or disorganization) could be at 
the origin of the peak change. Furthermore, the main 
change appeared on the peak associated to montmo-
rillonite that shifted from d = 11.7 Å towards higher d 
value. Considering that XRD patterns were obtained 
at the same ambient relative humidity in air, the 
increase of montmorillonite interlayer could be inter-
preted by cations exchange. Indeed, a sodic montmo-
rillonite interlayer was around 12 Å compared to a 
calcic one at 14 Å. The nature of cations in interlayer 
and their ability to adsorb water as well as the relative 
humidity governed the d spacing of montmorillonite.

After wet/dry cycles, the change in chemical com-
position of marly soil was also searched by using ICP/
OES analysis applied on intact soil and on soil after 
3 or 6 cycles with polluted water. Major elements 
in Table 4 were quantified but no major change was 
observed. 

The total percentage in Table  4 corresponds to 
the sum of the chemical quantities measured by ICP/
OES added to the loss of ignition (LOI) obtained by 
sample calcination at 1000 °C (the loss of mass after 
heating corresponds to a water and  CO2 loss). A total 
value close to 100% indicated that no major elements 
were forgotten and that the sulphur S content should 
be low (less than 1%). Such composition agreed with 
the low quantities of gypsum/pyrite detected by XRD. 
However, a few other elements or trace elements 

under the detection limit of ICP/OES or not detected 
by such technique could be present in the samples. 
For example, EDX measurements coupled with SEM 
observations revealed the presence of a 0.3–0.5% 
chloride content in samples after cycles.

The calcium content slightly increased in Table 4 
after 6 wet/dry cycles, which could explain the 
change of montmorillonite peak on XRD patterns 
on Fig. 6. At the same time, the quantity of silicium 
decreased. The calcium released by carbonates dis-
solution observed by XRD remained in the soil pore 
water even after immersion and added calcium was 
probably brought by contact between soil and pol-
luted water. Concerning the Si content, the dissolu-
tion of a silicate mineral probably occurred in contact 
with polluted water. As the degree of crystallinity of 
initial soil revealed the presence of around 23–24% 
of amorphous phase in intact marly soil, the dissolu-
tion of amorphous silica is proposed to explain the 
Si increase. However, all these small changes could 
also be explained by a natural variation of carbon-
ates or silicates between the tested soil specimens. 
A mineralogical heterogeneity among the cored soil 
specimens at decimetre to meter scale could not be 
excluded.

Furthermore, even after 6 cycles composed by 6 
immersions in polluted water containing 20 mg/L of 
phosphates, 40 mg/L of sulphates and 60 g/L of laun-
dry detergents, the P concentration remained quite 
stable around 0.31–0.33%. No precipitated compound 
was formed with such element and adsorption on soil 
mineral surface did not occur. The non affinity of clay 
towards anionic species could explain such results. 
Indeed, clays are usually characterized by a perma-
nent negative charge and phosphorus was on nega-
tively charged form  (PO4

2−/HPO4
−) or neutral form 

 (H2PO4) according to the pH of the solution (as well 
as sulphates that could be on  SO4

2−/HSO4
−/H2SO4 

forms). The conditions were not in favour to pollutant 

Table 4  Chemical composition of marly soil before and after 
wet/dry cycles with polluted water (analysis by ICP/OES on 
totally dissolved material) where LOI (Loss on ignition) cor-

responds mainly to a loss of water or  CO2 at high temperature 
and  Corg corresponds to organic carbon measured by C/S ana-
lyser

SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 LOI Total Corg

Intact 48.8 17.1 6.7 0.034 2.4 7 0.50 1.3 0.9 0.33 14.1 99.2 0.26
3 cycles 49 18.1 7.2 0.026 2.2 5.1 0.64 1.2 0.9 0.31 13.9 98.7 0.57
6 cycles 45.1 16.7 6.6 0.037 2.3 8.4 0.66 1.2 0.85 0.32 16.7 99.0 0.73
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adsorption on clay surface and the low content of P 
or S limited the quantity of precipitated phases. How-
ever, the presence of theses pollutants in pore water 
impacted the ionic force and changed the electrical 
double layer width. The soil particles tended to be 
more aggregated/flocculated with lower particle dis-
persion. Such process may induce a fissuring inter or 
intra-aggregates which should contribute to the loss 
of soil cohesion as observed during the direct shear 
test and the degradability test.

Finally, a slight increase of the organic carbon con-
tent  Corg from 0.26 to 0.73 was observed after wet/
dry cycles in contact with polluted water in Table 4. 
Even if the concentration of laundry detergents was 
fixed to a high amount (close to 60 g/L), the organic 
compound uptake by compact marly soil specimen 
remained low considering the limited quantity of 
pore water that allowed the pollutant diffusion until 
a soil surface site of adsorption. Among compounds 
met in laundry detergents, anionic surfactants used 
as washing agents were present but even then, their 
negative charge probably contributed to lower their 
effect on soil, especially on clays (Amirianshoja et al. 
2013). However, their presence in pore water even at 
low content changed the surface tension, lowering 
the contact angle (which impacts the capillary phe-
nomenon—Akbulut et  al. 2012) and then impacting 
the pore suction and the force of interaction between 
particles.

3.3  Effects of Wet/Dry Cycles on Marly Soil 
Fragmentation

The grain size of crushed soil used for the standard-
ized degradability test was measured before and after 
the application of 4 wet/dry cycles. The structural 
evolution of marly soil can be observed by eye on 
Fig.  7. Before testing, the sample was mainly com-
posed of large elements but after four wet/dry cycles, 
the fine content increased. The soil degradation con-
sisted in a decrease of the blocks diameter, and the 
polluted water showed a stronger effect, compared to 
distilled water.

To be more quantitative, the Fig. 8 shows the parti-
cle size distributions of the marly soil obtained before 
and after the degradability test. The degradation 
induced smaller blocks of soil with the appearance of 
a 20 and 40% fraction less than 5 mm in contact with 
unpolluted water and polluted water respectively. 

Results confirmed that the degradation was greater 
in presence of polluted water, as expected with an 
increase of ionic force (in polluted water) that pro-
moted the soil flocculation/aggregation and its micro 
fissuring. Pollutants accelerated the soil degradation 
but water by itself was enough to strongly damage the 
structure of marly soil.

The soil degradation was also observed at micro-
scale by using SEM completed by porosity meas-
urements. The Fig.  9 shows the microstructure 
of intact soil that was mainly layered in one place 
(Fig.  9a and b) and more compact and uniform in 
another place (Fig.  9c and d). Layers presented 
some flat surfaces with low rugosity (secondary 
phases such as quartz and carbonates were embed-
ded in clay matrix). Clearly, the presence of such 
flat surfaces oriented towards the natural sedimenta-
tion plan favoured the soil disaggregation into piece 
of sheet.

After 6 wet/dry cycles in polluted water, the sam-
ple was totally disintegrated at macroscale (higher 
than the millimeter scale). At microscale (at microm-
eter scale), its structure was similar to that of intact 
carbonated clay-rich soil. It seems that the degrada-
tion process concerned only macroscale. However, 
the plane surface seemed to be rougher (Fig. 10a and 
b) as the particles/aggregates were more dispersed 
with a lower cohesion. The clay matrix had a lower 
action as cement between secondary phases such 
as quartz or carbonates, whose sizes were around 
5–10 μm diameter. No coarse particles (except aggre-
gates of small particles) were detected and gypsum 
on Fig.  10c was observed rarely and locally as well 
as small clustered pyrite particles in light grey on 
Fig. 10d.

3.4  Effect of Wet/Dry Cycles on Marly Soil Porosity

The soil porosity was measured on samples before 
and after wet/dry cycles either in distilled water or 
in polluted water. The Fig. 11 shows the evolution of 
the soil porosity explored by mercury intrusion poro-
simetry until 6/10 nm. As observed at microscopic 
scale with the degradability test. Figure  11 shows 
some changes on pore size distribution of marly soil. 
Intact sample presented a monomodal distribution 
of pore dimensions. Only nanopores between 6 and 
100 nm (centred around 20–25 nm) existed in intact 
soil. After wet/dry cycles, a bimodal behaviour was 
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observed on all samples after cycles in polluted or 
unpolluted water. Macropores (that could corre-
spond to fissuring between blocks observed by SEM 

on Figs. 9 and 10) appeared with a diameter around 
30  μm after contact with polluted and unpolluted 
water, respectively.

Fig. 7  Degradation of 
marly soil before and after 
four wet-dry cycles. a and 
c initial state, b state after 
wet/dry cycles with unpol-
luted water, c state after 
wet/dry cycles with (LC) 
polluted water

Fig. 8  Particles size distri-
bution curves on carbonated 
clay-rich soil before and 
after wet/dry cycles
with unpolluted or (LC) 
polluted water
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Fig. 9  SEM images of 
fresh fractured surface of 
intact marly soil (image 
in backscattered electron 
mode) showing a at low 
and b at high magnifica-
tion compact elongated 
aggregates oriented towards 
the flat betting of soil and 
with clear borders (plan of 
potential disaggregation). 
Observation c at low mag-
nification and d at higher 
magnification of compact 
surface composed by 
stacked clay-rich layers

Fig. 10  SEM observations 
of carbonated clay-rich soil 
after 6 cycles with (LC) 
polluted water (image with 
backscattered electrons 
mode). a and b Fresh 
fractured rough surface with 
a higher particle aggrega-
tion, c Local observation 
of isolated gypsum grain 
in disaggregated space and 
d local cluster of pyramidal 
pyrite particles in light grey



1467Geotech Geol Eng (2023) 41:1453–1472 

1 3
Vol.: (0123456789)

The effect at microscale on the pore size distribu-
tion seemed to be similar whatever the characteristics 
of water. However, in unpolluted water some addi-
tional pores between macro and nanopores occurred 
after 6 cycles compared to the distribution collected 
after three cycles. Such new pore population could be 
due to the thinning process of some initial macropo-
res after reorganisation/compaction during the drying 
steps. Such hypothesis was reinforced by the follow-
ing of the pore size distribution step by step after 1 
to 6 cycles on Fig. 12a. Such effect was not observed 
with polluted water and was confirmed by the collect 
of the pore size distribution on carbonated clay-rich 
soil put in contact with polluted water at medium 
and high concentration of pollutants on Fig.  12b. 
The higher the pollutant concentration was, the more 
numerous the macropores were after a few cycles. 
Indeed, the increase of the number of applied cycles 
seemed to decrease the macropores population after 6 

cycles because of soil particles reorganization (com-
paction effect of the drying step). Such behaviour was 
also observed on the cumulative mercury intrusion 
curves from which the total soil porosity in Table 5 
was determined. 

Table 5  The soil porosity measured by mercury intrusion 
porosimetry versus the number of applied cycles with polluted 
or unpolluted water (MC: medium concentrated polluted water 
and HC: highly concentrated polluted water)

Sample Porosity (%) (with 
unpolluted water)

Porosity (%) (with polluted 
water)

Intact soil 19.2
1 cycle 19.2 –
2 cycles 23.7 –
3 cycles 26.9 25.1 (22.3 MC) (26.9HC)
4 cycles 26.9 –
6 cycles 25.3 25.2 (18.9MC) (22.7HC)

Fig. 11  Pore size distribu-
tion obtained by porosim-
etry by mercury intrusion 
in marly soil versus the 
number of applied wet/dry 
cycles: a with unpolluted 
water, b with (LC) polluted 
water
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The volume of injected mercury increased with 
first cycles (that caused the soil disaggregation). The 
initial porosity on intact carbonated clay-rich soil was 
estimated close to 19.2% by MIP while the porosity n 
evaluated by geotechnical way was estimated to 30%. 
Such difference could be due to the soil heterogene-
ity but also to the size of the tested sample (less than 
1  cm3 for mercury intrusion porosimetry and 70–100 
 cm3 for geotechnical test) or more probably, to the 
fact that mercury could not explore all the porosim-
etry below 10  nm. After the initial increase of the 
total porosity, a decrease of the porosity was observed 
in Table 5 after 6 wet/dry cycles in both polluted or 
unpolluted waters.

3.5  Effect of Wet–Dry Cycles on Mechanical 
Properties

The direct shear tests (in drained consolidated condi-
tions) allowed to evaluate the strength characteristics 
of marly soil (via the friction angle φ’ and the cohe-
sion c’) after an increasing number of wet–dry cycles 
before test. The Fig. 13 shows the shear strain versus 
the shear stress curves before and after water degra-
dation by immersion, for a normal stress of 400 kPa. 
The curves from direct shear test did not show a rup-
ture peak, but in most case, a plateau appeared from a 
particular displacement. The observed shapes of the 
curves were similar for normal stresses of 100  kPa 
and 300  kPa. The maximum stresses measured on 
intact marly soil, corresponded to a ductile defor-
mation rather than a brittle failure. This behaviour 

agreed with tests conducted on remoulded soil speci-
mens that behaved as recent geological clay-rich 
formation.

The synthesis of the tests carried out is presented 
in Fig.  14, which shows that the most impacted 
parameter is the cohesion.

Based on Mohr-Coulomb criterion, the direct shear 
test allowed to evaluate the values of cohesion c’ and 
friction angle φ’ reported in Table 6. The intact marly 
soil presented a cohesion equal to 49.9 kPa combined 
with an average friction angle around 20.8°. Concern-
ing the soil samples subjected to wet/dry cycles with 
polluted or unpolluted water, the cohesion measured 
after cycles decreased with the number of cycles both 
with polluted or unpolluted water, while the friction 
angle kept almost the same value around 20°. The 
cohesion decreased from 49.9 to 45.5  kPa with dis-
tilled water while the polluted water induced a higher 
decrease until 31.5 kPa. Therefore, the effect of pol-
lutants in water clearly diminished the cohesion. Such 
result agreed with the results of the degradability test, 
the results of MIP and SEM observation: indeed, 
Figs.  11 and 12 show the appearance after a few 
wet/dry cycles of macropores that can be associated 
with the disaggregation of the matrix, and can there-
fore lead to a decrease of the cohesion. Furthermore, 
Fig.  10c, achieved through SEM observation clearly 
shows the same phenomena, with a clear apparition 
of cracks in the matrix that can be directly linked to 
a decrease of the soil cohesion. In presence of pol-
lutants as met in wastewater, an increasing number 

Fig. 13  Horizontal stress 
versus horizontal strain 
obtained during direct 
shear test before and after 
degradation under (LC) pol-
luted water effect (test for a 
normal stress of 400 kPa)
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of cycles favoured the ability of soil samples to be 
crushed. 

4  Conclusion

This study produced a multi-scale characterization 
before and after wet/dry cycles applied on a compact 
marly soil from Azazga landslide area. Results con-
firmed that the water circulation in ground remains 
the preponderant cause to explain the landslide reac-
tivation. In Azazga landslide area, the infiltration and 
percolation of polluted or unpolluted water along 
fractures probably act as a lubricant to promote the 
initiation or reactivation of landslide and such effect 
was enhanced by a specific soil degradation under 
wet/dry cycles combined with the presence of pollut-
ants in water.

As demonstrated by tests in this study, water with-
out chemical content (such as pollutants) was able 
to degrade the material mainly by disaggregation or 
fragmentation into blocks rather than by particles 
dispersion. The degradability tests at macroscale (at 
millimeter scale) showed after wet/dry cycles the 
appearance of a < 5 mm fraction and the diminution 
of the diameter of soil blocks. Such disaggregating 
effect caused by water and enhanced by pollutants 
was confirmed at microscale by SEM observations 
and by mercury intrusion porosimetry measure-
ments. A microstructure composed by oriented plans 
or grains with plane surfaces favoured the soil disag-
gregation by offering some preferential route to water. 
The appearance of macropores after only one wet/
dry cycle (with or without pollutants in water) agreed 
with such description. The water pollution led to 
changes in the microstructure and showed an increase 
in porosity from 19 to 25% depending on the number 
of drying-wetting cycles.

Contributing to the soil microstructure, water has 
also an effect on the soil mechanical characteristics 
by reducing the shear resistance. Indeed, if the fric-
tion angle of tested soil remained quite stable even 
after degradation at about 20°, the cohesion decreased 
from 49.9 to 31.5  kPa with the number of wet/dry 
cycles especially in presence of pollutants in water.

In comparison, the soil mineralogy (with around 
30.6% of quartz, 12.5% of carbonates and 45.1% of 
clays) was only slightly impacted by the presence 
of pollutants even if the polluted water contained 
20  mg/L of phosphates, 40  mg/L of sulphates and 

Table 6  Cohesion and friction angle from shear stress test of 
marly soil according to the number of cycles and the nature of 
water

Sample Cohesion 
c’ (kPa)

Friction 
angle φ’ 
(°)

Intact soil 49.9 20.8
Soil after 3 cycles in unpolluted water 46.1 19.1
Soil after 6 cycles in unpolluted water 45.4 20.2
Soil after 3 cycles in polluted water 36.1 20.0
Soil after 6 cycles in polluted water 31.5 18.8

Fig. 14  Evolution of the 
failure envelope of the soil 
linked to the numbers of 
applied cycles with unpol-
luted water or (LC) polluted 
water
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60  g/L of laundry detergents. No new phases were 
observed by XRD except gypsum precipitation. Few 
carbonates dissolved as well as amorphous silica, 
which explained the increase of the Si content after 
degradation. Furthermore, the cations composition 
in montmorillonite interlayer probably changed after 
contact with polluted water and a Ca increase could 
explain the shift of the d spacing related to the crys-
talline clay swelling and its ability to adsorb water 
during immersion or to shrink during the drying. 
In addition, the presence of pollutants in pore water 
acted actively on the electrical double layer width 
(effect of ionic species) and/or on the wettability of 
the pore surface (surfactant effect). Therefore, they 
played probably a major role on the change of micro-
structure conducting to an enhanced fragmentation in 
contact with polluted water.              
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