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Abstract

The landslide problem in the city of Constantine (Algeria) is mostly due to clayey soil, which is covering the whole area.
Therefore, all the structures and foundations built over such soil are quite vulnerable. The sensitivity of this soil increases
during the rainfall season, which might reach an extreme magnitude and cause damage to the structures. To understand
some aspects of the failure of the mentioned soil and its mechanism, a large campaign of geotechnical characterization was
undertaken using samples from the area. The specific gravity, Atterberg limits, and coefficient of lateral earth pressure at
rest were determined. Samples were tested in triaxial stress path cells over a range of stresses, with the test being either
stress- or strain-controlled, leading to sliding phenomena under different stress levels. The clays can be classified as over-
consolidated soils. The test program and the characterization study indicated that Ko is directly related to the stress history
of the soil and also dependent upon the state of the sample before the test (i.e., undisturbed or disturbed). The clay minerals
in the Mio-Pliocene landslide zones in Constantine are mostly montmorillonite and kaolinite, which have the lowest
frictional resistance. As the montmorillonite content increases, the angle of internal friction decreases. The present study
focuses on the critical state analysis since all the behavior problems of these tested samples show a peak shear strength,
which is characteristic of over-consolidation materials that could lead to instability in this area.
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1. Introduction

Landslides occur around the world and can significantly harm people and properties. The damage increases as the
built environment spreads into hillside regions. The majority of the Northern—Western Constantine area in Algeria,
including over fifteen sites, faces this problem. In that area, clayey formations are affected by the swelling and sliding
phenomena. The loss of strength is frequently cited as one of the causes of sliding. According to DeGroot (2003) [1],
Benaissa et al. (1989) [2], Belouar et al. (2004) [3], Lafifi et al. (2008) [4], and Ykhlef et al. (2014) [5], the distribution
of different strengths within a slope may have a significant impact on the time to slope failure. To understand landslide
events and to consider proportionate geotechnical countermeasures, a proper calculation of the strength parameters and
their spatial distribution within a slope is fundamentally necessary [6]. In the case of Constantine, the issue is mostly
caused by at least these factors:

e The seasonal rainfall in the area for which the greatest magnitude is recorded by Paulsen et al. (1999) [7].
Consequently, the water content of the soil significantly varies, and the swelling and sliding that occur in such
soils are at their highest, according to Khemissa (2016) [8] and DeGroot et al. (2019) [9].

e The deposits of clay are characterized by several specific features. Shear strength and vulnerability of the soil
structure to instability, when loaded and wetted, are two key distinguishing characteristics.
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The majority of issues that impact structures and foundations in the Constantine area are caused by the Mio-Pliocene
geological formations. These formations cause instability and settlement issues. As reported by Gasparre et al. (2011)
[10], trials conducted all around the world demonstrate that most disaster scenarios could be avoided if straightforward
and cost-effective construction norms are followed. According to this perspective, clay formations are anticipated to be
susceptible to creating disaster in the Constantine region, as shown in Figure 1.
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Figure 1. Location map of study area

In general, the structure and density (or void ratio) of soil determine its strength. In saturated soil, these factors are
correlated with water content. The procedures used for sample preparation and testing must also be taken into account
when determining laboratory strengths, according to Skempton (1969) [11], Kézdi (1988) [12], Atkinson (1993) [13],
Scott (1994) [14], and Terzaghi (1996) [15]. It is crucial to understand how the shear strength changes as the strain
increases. According to Jamiolkowski et al. (1985) [16], the mechanical behavior of samples under compression must
be investigated to comprehend the mechanism of a landslide. However, it is difficult to investigate the stress-strain
relations directly in the field. Hence, determining the mechanism of a landslide might be done according to the findings
of laboratory analysis.

The present work deals with determining the strength parameters of clayey soils in the Constantine landslide area
and studying their variability with depth. A common consolidated undrained (CU) stress path cell triaxial test with pore-
pressure measurement was used. In addition, some physical features were determined and used for soil classification
and description. For this purpose, undisturbed and disturbed samples representing several parts of the mentioned area in
Constantine were collected and tested in the geotechnical laboratory of the University of Mentouri Constantine 1
(Laboratory of Soil Mechanics and Structure, LMSS). It proposes some triaxial test results that aim to appreciate the
influence on the limit and state behavior of clayey soils and to report what we can draw from the experimental data
available on the city of Constantine (Algeria).

The variation range of geotechnical characteristics of this natural clay, as well as their mean values, are shown
in Table 1. Therefore, it is crucial to recognize these soils and comprehend their mechanical characteristics because
of the potential risk posed to engineering projects founded on sliding and collapsing soils. This study is the first
attempt to fill the knowledge gap on these clays in Constantine and to help the Algerians with future construction
on such soils.
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Table 1. Geotechnical properties of some specimens in the area of Constantine

Deseription e ok es T FUE e e sme Gia )
Flom grey fissured silty clay (britle certainly desiccated) 56 60 25 35 *0.90 2696 33501 3217 25° 058 053 0.614
Grey silty clay with some rootlets (soft) - Undisturbed 6.1 74 31 43 049 269 5194 39.071 275° 054 0.48 0.57
Soft grey peaty clay (lots of peat inclusion) - Undisturbed 4.7 167 71 96 *0.64 2372 79.38 11415 19.5° 0.67 0.62 0.72
Firm grey silty clay (Brittle and desiccated) - Undisturbed 9.0 63 27 36 *0.85 2.696 48.12 37.65 255° 0.9 0.54 0.62
Soft river alluvium sandy clay Undisturbed 7.2 33 17 16 047 2663 25 16.73 27° 0.55 0.49 0.58
Uniform stiff grey fissured clay Disturbed 262 73 20 47 069 2702 2650 3438 155° 0.73 0.68 0.83
Stiff orangey brown clay 1 110 30 80 0.71 2.759 43.0  40.07 13° 0.77 0.72 0.88

2. Experimental Procedure

Several specimens of clay soils in the Constantine area were subjected to an experimental study. Their behavior
was determined using stress path cell triaxial tests, as shown in Figures 2 and 3, following different stress or strain
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Figure 2. General arrangement for the stress path cell with pressure control system

Figure 3. The set of stress path cell apparatus
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These tests allow a fairly accurate description of the soil behavior and are conducted on specimens to which the
concepts of continuum mechanics can be applied. This indicates the notable success of the test, in which the effective
stress or followed strain courses are known. The literature of geotechnical engineering publications, such as Cheng et
al. (2018) [17], exposed the research test results on equipment's laboratory tests. The specific gravity, Atterberg limits,
and coefficient of lateral earth pressure at rest were measured. In a triaxial test that was either stress-controlled or strain-
controlled, samples were put under different stresses that caused sliding phenomena at various stress levels. Both the
undisturbed or disturbed samples were placed between two filter papers and porous discs at the top and bottom, and then
they were put on the pedestal. On one side of the sample, a piece of filter paper was used to separate the small druck
transducer from the clay specimen.

Figure 4. Boreholes and specimen from Constantine area

It was discovered to offer a smoother pore water pressure response and prevent smearing on the face of ceramic. The
junction for the pore pressure transducer was then embodied in a specific pore pressure sheath, which covers the sample.
The upper portion of the stress-path cell was installed on the lower portion once all connections had been established.
Then, the test was started after the cell was filled with de-aired water. The drains were open, and the five recording
devices started to work before applying any pressure. The constant temperature of the test was 18 to 20 °C.

Firstly, the samples were consolidated under an effective overburden pressure. The back pressure through the volume
change unit was set to a minimum value of 2.5 bars to dissolve any air that might have been trapped while setting up the
sample. To maintain a constant cross-sectional area of the sample during K, consolidation, both cell pressure and ram
pressure were gradually changed. This was achieved by monitoring the water being expelled from the specimen and the
vertical displacement. The tests were executed at pressures ranging from the effective overburden pressure to the full-
scale capacity of the air supply compressor (9 bars), Skempton (1961) [18], and Dai et al. (2022) [19].

The time duration between successive increments of pressure was roughly 10 to 12 hours to allow equalization of
pore pressures. The consolidation was considered finished (90%) when the variation of the volume change did not
exceed 0.2 cm3 per 24 hours, or when the pore water pressure transducer reduced to the back-pressure value. At this
stage, the K, part of the test was considered to be completed. After closing the drainage, a shearing test including
measurements of the pore water pressure under an undrained state was conducted. This was accomplished by
maintaining the cell pressure while gradually raising the ram pressure until failure, as is customary.

The total time to carry out the full K, consolidation and shear was approximately two weeks for each specimen. The
shear strength of both undisturbed and disturbed clay samples with various pollution durations was assessed using a
stress-path cell triaxial apparatus which was controlled digitally, for the consolidated-undrained triaxial shear test. These
samples were tested with the shear rate regulated at 0.1% per minute. Axial and volumetric strains were at their highest
points at 5 and 15%, respectively. The consolidated undrained (CU) triaxial compression test with pore pressure
measurement was carried out employing a strain-controlled loading device at a rate of 0.05% per minute. This made it
possible to calculate the shear strength parameters of saturated material in terms of effective stress. The result of the X-
Ray diffraction on the undisturbed specimen is given in Figure 5, Athmania et al. (2009) [20] and Xu et al. (2019) [21].
The former mineral of the undisturbed clay includes quartz, montmorillonite, kaolinite, and illite, Stevenson & Gurnick
(2016) [22] and Ducasse et al. (2020) [23].
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Figure 5. X-ray diffraction of undisturbed clay [20]

The following methodological process is shown in the flowchart of this research (Figure6).
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Figure 6. Flowchart of the research methodology

3. Test Results
To determine the coefficient of earth pressure at rest and the effective strength parameters, the tests using the stress-

path cell were executed on the following samples from Constantine city, as it is shown in Figure 1
o Four undisturbed samples out of U4 cores from the University site.
e One undisturbed sample from Emir Abdelkader Mosk’s site.

e One remolded clay from the Ciloc site.

e One remolded clay from the Boussouf site.

All 7 samples were 38 mm in diameter and 84 mm in length. The properties of the seven samples tested in the
laboratory are given in the following figures: The relationship between the stresses and strains is shown in Figures 7 to

10.
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Figure 10. Percentage moisture content versus effective mean stress of the testing samples
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Except for sample Il (Figure 7), a recognizable straight-line trend is visible between the effective horizontal and
vertical stress. In the former case (Emir Abdelkader Mosk), the few points which varied significantly from the straight
line were recorded shortly after a rise in the all-around cell pressure when the pore pressure response was considerably
lower (i.e., Ac > Au).

The ratio o'n / o'y then returned to the K, line after roughly 8 hours. Figure 10 shows the volumetric strain versus log
p' relationship for all tests. It also indicates that the samples follow the virgin consolidation curves through the loading
sequence. The overconsolidated pressure could be determined for all the samples of the region except the sample of
Boussouf which be due to the sampling procedure. This is mainly caused by the breaking structure of the clayey particles.

The desiccated zone would have a higher overconsolidated ratio. The desiccated zone would have. The relationship
between stress/strain is shown in Figures 7 to 10 for the undrained triaxial test stage to failure as it is discussed by Jelinek
et al. (2002) [24] and Ozbay & Cabalar (2016) [25]. The large strains were due to the fact that the tests were stress
controlled through the ram piston.

The attempt to show a relationship between K, and the plasticity index gave a scatter of values that did not confirm
the close relationship previously mentioned by Bjerrum (1954) [26], Zhu & Wang (2019) [27], and Silva et al. (2022)
[28]. The exception related primarily to the undisturbed alluvial clays from University’s site and was attributed to the
presence of organic material. A decent linear relationship between K, and ¢' is shown in Figure 11 and this agrees better
with the formula proposed by Brooker & Ireland (1965) [29], for cohesive soils. The samples from the site of the
University which departed completely from the graph were recovered.
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Figure 11. Results of Ko versus ¢' for all tests in Constantine area reproduced from Chandler (1972) [30]

It is worth mentioning that all samples which were tested in the stress path cell from the Constantine area were found
to lie on the Brooker’s and Ireland curve.

4. Analysis and Discussion according to Critical State Analysis

A series of ten consolidated slow drained and undrained tests on 38 mm diameter undisturbed samples from a site in
the Constantine area, were analyzed according to the critical state model. The Constantine area includes deposits of
weathered clays of the Mio-Pliocene series. A first behavior appreciation of these tested samples is presented in Figure
7. A peak shear strength is observed, which is the characteristic of over-consolidation and occurred at 7% - 10% axial
strain. With increased strain rate, strength reduced as it is shown in Figure 7. Both peak and final shear are followed
through the effective stress path plots in Figure 9. In Figure 9, a fairly consistent relationship between the consolidation
and failure lines is visible; although departures from a smooth curve in both cases occur with a minor variation in the
moisture content. However, it was found that a better curve fit could be achieved, if moisture contents at the start and
failure were given as a ratio of the initial moisture content, as it is shown in Figure 12.
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Figure 12. Percentage clay consolidation line and failure points for normalized moisture content

Furthermore, plotting specific volume against log p’ for both consolidation and failure points provided parallel lines
with the same slope (A = 0.09) and both values of N = 2.272 and I' = 2.252 as it is shown in Figure 13. This linearity
agrees properly with the critical state theory of Yin et al. (2013) [31] and Hamidi et al. (2015) [32].
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Figure 13. Constantine’s normal consolidation and critical state line in specific volume versus Log p’

The main clay minerals in the Mio-Pliocene landslide zones of Constantine are montmorillonite and kaolinite, which
have the lowest frictional resistance among clay minerals. As the montmorillonite content increases, the internal angle
of friction decreases and becomes a residual angle which can create landslides in this area (Figure 11).

Figure 14 shows the critical state line for both the Hvorslev surface and Roscoe surface in the g' - p' plane. The best
straight-line fit was drawn passing between the peak and final values, back plotted through the origin. This defines the
critical state line. It was also possible to trace the Hvorslev surface and the Roscoe surface in the g' - p’ plane at failure
for three samples.
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Figure 14. Deviator stress versus mean effective stress for Constantine’s samples

Critical state theory is a concept related to the state-boundary surface inside which sample behavior is confined. This
was obtained by normalizing both the deviator and the mean effective stresses by the equivalent pressure (pe’). The
value of equivalent pressure was then calculated as the specific volume varied or stayed constant for each test, either
drained or undrained, applying the following equation stated by Rampello et al. (1997) [33]:

’ N-V
Pe = &XP (T) @)
It was observed that most samples lie in the slightly over-consolidated part of the boundary state as it is shown in
Figure 15. The zero effective stress condition, as described by Carey & Petley (2014) [34], and Yin et al. (2021) [35], is
represented by a "tension cut off" that is drawn in the q/p’ plane with an inclination of q'/p' = 3 across the origin to help
define the failure behavior. The path followed by both drained and undrained tests had roughly the same curved shape

in the plane g'/p'e - p'/p'e. However, most samples tend towards the critical state line from both parts of the state boundary
surface.
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Figure 15. Critical state in the g’:p’ plane for Constantine’s samples

The critical state line is bounded to the left by the Hvorslev surface which started from the tension cut-off with ¢ =
0.33 and a slope m = 0.38 and bounded to the right by the Roscoe surface which in fact must commence from the normal
consolidation line. Since soil (in general) is unable to withstand tensile stresses, the tension failure began from the origin
and traveled to the Hvorslev surface with a slope of 3. These three surfaces formed the complete state boundary surface
as it is shown in Figure 15. It was impossible to directly determine the over-consolidation ratio of the tested samples
because in each case it varied considerably due to the weathering effects with depth. By comparing to the other published
works by Abdelhamid and Krizek (1976) [36], Mesri et al. (1993) [37], and Qiu et al. (2020) [38], tested samples were
found to lie in the landslip materials classification (Figure 16). The degree of weathering of this material is evident
therefore.
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Figure 16. Moisture content versus undrained compression

5. Conclusions

The purpose of the present experimental investigation was to learn more about the mechanism of induced landslides
in the Constantine area. To determine the mechanical characteristics of clay under stress path cell loading, some triaxial
undrained and drained tests were carried out on undisturbed and disturbed samples. Axial strain, excess pore pressure,
and shear strength have been discovered by interpreting test results from the stress path.

The study provides a better understanding of some aspects of the failure mechanism and the soil behavior in the
landslide area of Constantine. The test program and the characterization study undertaken indicate that K, is directly
related to the stress history of the soil and also dependent upon the state of the sample before the test (i.e., undisturbed
or disturbed). Additionally, the results indicate a linear relationship between K, and ¢’ at stress levels over any over-
consolidation pressure. This concurs with the studies of other authors. However, unlike the prior works, no correlation
between K, and the plasticity index (PI) was found. It was impossible to make any precise determination of K, values
for material in an over-consolidated state. This applies to some degree to the early stages of the tests reported here. The
difficulties surrounding K, measurements of over-consolidated materials have been proved in this study.

Landslides and slope failure are frequently caused by rainfall and groundwater tables in clay deposits and clay bed
regions around the northwest of Constantine city. The clay primarily contains some mineral substance that is easy to
weather and has low permeability, while the water leads to a decrease in the shear strength of the expansive clay.

The study was accomplished in critical state analysis because all the problems related to the behavior of the tested
samples showed a peak shear strength. This is the characteristic of over-consolidation material that could cause
instability in this area. Moreover, it was possible to retrace the Hvorslev surface in the g' - p' plane at failure for three
samples. The tests were performed in the Laboratory of Soil Mechanics and Structure (LMSS) of the University of
Mentouri Constantine 1, for the first time. The purpose of this experiment is to find out more about how a triggered
landslide happens in the area around Constantine. In order to determine the mechanical characteristics of clay under
stress path cell loading, a number of triaxial undrained and drained tests have been carried out on undisturbed and
disturbed samples. Axial strain, excess pore pressure, and shear strength have been discovered by interpreting test results
from the stress route.
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