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Natural climatic phenomena and human activity frequently cause disorders in the masses of fine-grained
soils characterized by very significant volume variation as soon as the conditions of their equilibrium are
modified. A better description of the behaviour of fine-grained soils can be seen with respect to drying-
wetting cycles. This paper presents a series of laboratory test results obtained on a heavily overconsoli-
dated expansive clay, for which significant damages frequently appear in road and motorway infrastruc-
tures, in urban public utilities, as well as in civil and industrial low-rise structures. The effects of
compaction and drying-wetting cycles on the mechanical parameters of this clay are analyzed to estab-
lish a predictive model of the soil movement following the in-situ water table variation. Comparative
analysis between the deformability and strength characteristics of the clay in intact and compacted states
are then presented. Tests results show that the values of the geotechnical parameters derived from these
tests are depending on some experimental aspects such as the compaction energy, drying time, initial
deformability and soil saturation. In all cases, the behaviour of intact and compacted clay samples is gov-
erned by the same laws of compressibility and consolidation, shrinkage and swelling as well as shear and

failure.

© 2017 Published by Elsevier Ltd.

Introduction

Swelling soils are present worldwide and indexed in several
countries [24]. These soils cover an important part of Algerian arid
and semi-arid regions, which are delimited by the Tellian Atlas in
the North and the Saharian Atlas in the South and extend from East
to West until the bordering Maghreb countries. Some characteriza-
tion studies of soils located in these zones have been carried out,
among which the works of Derriche and Kebaili [8] on In-
Aménas clays, Hachichi and Fleureau [14] on Oran clays, Djedid
et al. [10] on Tlemcen clays, and Medjnoun et al. [27] on Médéa
clays. These studies confirm the expansive character of the soils
and measure the extent of damages caused to civil and industrial
structures in such sites. In Algeria, urban works are nowadays
booming due to a population growth amplified by a considerable
economic and social development. This is the case of the province
of M’sila, inter alia, of which the urban fabric extends towards vir-
gin zones often less favorable than those already urbanized. This
extension transforms villages into cities and cities into metropo-
lises, which require the construction of new road and rail
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networks. The rapid development and the high demand for the
natural deposits of good quality are becoming more and more rare
and we have often recourse to problematic soils which do not
always meet regulatory requirements: the expansive clays are a
typical example. Existing road construction standards require the
physico-chemical and mechanical properties of such soils to be
identified. Thus, their use could be considered in construction of
embankments and subbase layers with a secure margin [23].
Intact and compacted expansive soils have been the subject of
many experimental researches for several decades. It was con-
cluded that the behaviour of natural stiff clays and natural marls
or compacted fine-grained soils can be described by responses
characterized of different forms, but the behaviour laws which
characterize them seem to be sufficiently similar so that we can
extrapolate some aspects from one soil to another [26,24]. How-
ever, the constitutive parameters of the laws of soil behaviour
depend on the validity criteria of oedometric and triaxial tests
results [17]. Damages affecting the geotechnical structures can be
explained by the mechanical behaviour of compacted soils and
by variations of hydric conditions that they undergo at their
boundaries. Corresponding deformations can be attributed to creep
related to the viscosity of intact or compacted materials, to
swelling-shrinkage related to the presence of expansive clayey
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minerals, and to the effect of hydric fluctuations, which induce
deformations of unsaturated compacted materials.

The behaviour of highly-compacted highly-swelling clays has
already been the subject of numerous theoretical and experimental
investigations over the last three decades [4,12,15,6,20,28,32,5,33
,42,40,34,13,37,36,41,44]. These research studies focus mainly on
the characterization of barriers in the framework of nuclear,
domestic or industrial waste storage likely to pollute the ground-
water. Their purpose was to select the natural deposits whose
materials have the appropriate physicochemical and mechanical
characteristics to the construction of engineered barriers. Obtained
results highlight the influence of the temperature on the hydric
behaviour of tested soils. It will retain especially that the local
hydration of the barriers and the highly heat generated by the
radioactive wastes modify the transport coefficients and induce
swelling or shrinkage strains. However, some aspects of the beha-
viour of heavily overconsolidated expansive natural clays located
on surface are not yet clearly established for their valorization in
road construction. Therefore, this paper aims at characterizing
the physical and mechanical properties of an overconsolidated
expansive clay from Sidi-Hadjrés city (Province of M’sila, Algeria),
which can play an important role in the variation of its volume
in order to establish a predictive model of the soil movement fol-
lowing a hydric variation of the site. Some aspects, such as the
compaction energy, drying time, initial deformability and satura-
tion of tested soil samples are firstly presented and discussed.
Their compressibility and consolidation, swelling and shrinkage,
and shear and failure characteristics are then presented and ana-
lyzed. Also, the comparative analysis between these characteristics
in intact and compacted states is performed.

Brief description of Sidi-Hadjrés clay

The clay samples come from Sidi-Hadjrés city (Province of
M'sila, Algeria), where important disorders frequently appear in
road and motorway infrastructures, in urban public utilities, as well
as in civil and industrial low-rise structures. The city is located in a
semi-arid zone characterized by low precipitations rates and a sig-
nificant variation in temperature between the winter and summer
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Fig. 1. Typical meteorology of the province of M’sila (Algeria).

seasons (cold and wet winter and hot and dry summer, see Fig. 1).
Khemissa et al. [18] indicate that the geology of this zone includes
clays formations characterized by high volume change when the
conditions of their equilibrium are modified (natural climatic phe-
nomena due to a prolonged drought period, human activity by the
modification of the groundwater level due to excessive pumping,
configuration of constructions in their environment).

The sampling was carried out starting from four boreholes at a
depth of 6.5 m by means of a 100 mm diameter sampler. Visual
examination of soil samples and qualitative analysis of their phys-
ical properties made it possible to establish a geotechnical profile
starting from the surface with a topsoil crust of 30 cm of thickness
surmounting a thick marl layer, which is more or less altered at
depth with gypsum interbeddings. The boreholes did not indicate
the presence of any groundwater table.

Fig. 2 shows the evolution of main geotechnical parameters
with depth for the tested soil samples This figure seems to indicate
that the soil mass can be considered as homogeneous with depth.
Table 1 gives the variation ranges and average values of the main
geotechnical parameters of the tested soil samples between 1.3
and 1.7 m of depth. Table 2 gives their chemical composition.
According to the Unified Soil Classification System, these soil sam-
ples can be described as highly plastic clay (CH), very consistent
with important activity based on its clayey fraction (A. > 0.6) due
to presence of calcic montmorrillonite. The geochemical analysis
conducted on this natural clay shows that the dominating ele-
ments are silica (46.63%), alumina (13.92%), carbonates (13.35%),
ferrite (5.66%) and magnesia (2.81%). X-ray diffraction analysis
illustrates that the main crystalline phases are quartz (21%) and
calcite (79%), while the secondary phases are dolomite, feldspars
and plagioclases. The oriented spectra technique shows that the
clayey phase consists of kaolinite (10%), muscovite-illite (10%),
montmorillonite (25%) and sepiolite (55%). Its montmorillonite
content being high, this highly plastic marly clay is thus sensitive
to water content and is likely to undergo significant volumetric
strains (shrinkage or swelling according to the variations of water
content). Various identification methods of expansive soils are
based on the evaluation of their shrinkage or swelling potentials
starting from the measurement of their physical parameters.
Fig. 3 presents various classifications of Sidi-Hadjrés clay according
to its swelling potential [35,7,43,3] and shrinkage potential [2].
These classifications are all in good agreement and conclude that
the Sidi-Hadjreés clay is characterized by high-to-very-high shrink-
age and swelling potentials.

Experimental program and testing procedures

In addition to identification conventional tests of Sidi-Hadjrés
clay, the experimental program comprises Proctor compaction
tests, California bearing ratio tests, oedometric compressibility
and consolidation tests, swelling and shrinkage tests, ultrasonic
tests, unconfined compression tests, and direct shear tests. These
conventional tests require the following comments:

e Standard Proctor test (SPT) and modified Proctor test (MPT)
aim, inter alia, to examine the impact of compaction energy
on the mechanical properties of reconstituted clay and, conse-
quently, help choosing the energy which is most appropriate
to it.

California bearing ratio tests were achieved before (unsoaked
CBR) and after (soaked CBR) imbibition of soil samples in order
to know the short and long terms bearing capacity of the recon-
stituted clay and, consequently, check the durability with
respect to drying-wetting cycles resulting from a probable vari-
ation of the groundwater table.
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Fig. 2. Geotechnical profile of Sidi-Hadjrés clay.

Table 1

Geotechnical parameters of Sidi-Hadjrés clay.
Parameters Variation ranges Mean values
Depth, z (m) 1.30-1.70 1.50
Natural water content, Wyq (%) 18.0-23.0 209
Specific unit weight, ys (kN/m>) 27.1-28.4 27.8
Humid unit weight, y;, (kN/m?) 17.2-214 19.8
Dry unit weight, 74 (kN/m?) 14.4-18.6 16.8
Degree of saturation, S, (%) 57.4-91.1 80.9
Liquid limit, wy (%) 67.2-86.7 78.0
Plastic limit, wp (%) 25.3-36.6 30.4
Plasticity index, Ip (%) 34.2-65.3 49.9
Consistency index, I, (%) 1.16-1.28 1.21
Methylene blue value, MBV (%) 7.4-12.0 9.5
Clay content, Cyim (%) 17.7-71.9 49.6
Clay activity, Ac 0.60-5.95 1.65

Table 2
Chemical composition of Sidi-Hadjrés clay.

Constituents Variation ranges (%) Mean values (%)

Si0, 41.24-51.84 46.63
Al,03 11.06-15.12 13.92
Ca0 9.56-14.66 11.35
Fe,04 4.02-6.22 5.66
MgO 2.14-3.69 2.81
K,0 1.45-2.81 1.98
SO5 0.03-5.48 0.79
Na,O 0.13-1.12 0.40
cl 0.00-0.37 0.03
Loss of ignition 7.80-19.68 13.25

e Oedometric compressibility and consolidation tests aim at
determining the compressibility and consolidation parameters
of both intact and compacted clays and, therefore, derive their
overconsolidation ratio values in order to control the most
appropriate compaction energy to reconstitute the soil by com-
paction with a performance comparable to the intact soil. They
were performed by using oedometers on test specimens of 60
mm in diameter and 20 mm in height, in accordance with the
French LPC test methods [25,11]. These testing methods were
chosen because of their simplicity of implementation and the
experience acquired in the Algerian geotechnical laboratories
during several decades. In addition, an analysis of the variability

of the results of oedometric tests on a homogeneous series of

natural clay specimens confirmed the validity of these test

methods [19]. The principle of oedometric compressibility and
consolidation tests is described as follows:

- An incremental compressibility test consists in subjecting a
previously saturated soil specimen to a system of loads
applied successively in 24 h-increments according to loading
and unloading rates which depend on the in-situ soil precon-
solidation state. The soil saturation is achieved by supplying
water, the level of which will be maintained approximately
constant throughout the test. If the soil swells during its sat-
uration, it will gradually be loaded so that no movement can
occur. The interpretation of the test results is based on the
exploitation of the compressibility, permeability and consol-
idation curves. The compressibility curve represents the
variation of the soil void ratio measured at the end of each
loading increment as a function of the logarithm of the effec-
tive vertical stress, from which the following compressibility
parameters are derived: preconsolidation pressure ¢’p, com-
pression index C, swell index C;, in-situ void ratio e,, com-
pression ratio C./(1 +e,) and overconsolidation ratio OCR =
o'plo’'ve; where o'y, is the effective overburden pressure.
The consolidation curve represents, for a given loading level,
the variations of the soil specimen height as a function of the
square-root-of-time (Taylor’s method), from which the fol-
lowing consolidation parameters are derived: coefficient of
consolidation c,, vertical permeability coefficient k,, time
too corresponding to 90% of primary consolidation. The per-
meability curve represents the variations of the soil vertical
permeability coefficient as a function of the logarithm of the
effective vertical stress corresponding to the stresses greater
than the soil preconsolidation pressure, from which the fol-
lowing permeability parameters are derived: variation rate
of the soil permeability C, initial permeability coefficient
kv, and void ratio e, corresponding to vertical permeability
coefficient k, =1 m/s.

- Acreep test follows the same procedure as the compress-
ibility test described above, but the test specimen is sub-
jected to only one load kept constant until stabilization of
the deformations. It takes as many creep tests as loading
levels corresponding to stresses greater than the precon-
solidation pressure. The interpretation of the creep test
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Fig. 3. Classification of Sidi-Hadjrés clay according to its swelling and shrinkage potentials.

results is based on the exploitation of creep curves repre-
senting the variations of the test specimen height under
applied loads as a function of the logarithm-of-time
(Casagrande’s method), from which the time t;¢o corre-
sponding to 100% of primary consolidation and creep
index C,. will be derived.

e Swelling tests aim at determining the swelling parameters of
intact and compacted clay and, therefore, to check the com-
paction effect on the corresponding swelling potential. They
were performed in accordance with the French CEBTP method
and the French AFNOR standard [31] by means of conventional
oedometers. The execution mode of these tests and their inter-
pretation are explained by several authors [9,38,1,45]. The prin-
ciple of these two types of swelling tests is described as follows:
- A swelling test according to the CEBTP method, called “free

swelling test”, is a direct result of the traditional oedometric
test procedure. It is carried out by loading a single test spec-

tion of the logarithm of the applied effective stress, from
which the swelling pressure g, corresponding to the initial
void ratio e; is derived. It is also based on the exploitation
of swelling curves representing, for a given load, the varia-
tions in the test specimen height as a function of the
logarithm-of-time, from which the secondary swelling rate
Cys and the time t;go corresponding to 100% of primary swel-
ling (the time between primary and secondary swelling) are
derived. These curves characterize the kinetic of swelling.
They show shapes similar to the consolidation curves, but
in the opposite direction. They include a primary swelling
phase followed by a secondary swelling phase. The primary
swelling phase is due to the migration of water into the test
specimen from its ends (diffusion process more or less slow
depending on the load, the nature and the material state).
The secondary swelling phase is such that the direction of
the deformation is opposite to that of the loading (the kinet-

imen with several loading levels. The test specimen is first
subjected to imbibition under weight of the piston. Once
the swelling phenomenon is stabilized, the loading is carried
out in levels at a suitable loading rate until the deformation
is stabilized under each stage. The swelling pressure corre-
sponds to the load which it is necessary to bring the test
specimen back to its initial height. By analogy with the con-
struction of an oedometric diagram, the interpretation of the
free swelling test results is based on the exploitation of the
curve representing the variations of the void ratio as a func-

ics of the secondary swelling is generally very slow accord-
ing to the considered loading level). Let us simply note
that the swelling amplitude, known as free swelling, is the
maximum deformation undergone by the test specimen
without loading (an initial load of 5-10 kPa depending on
the soil consistency is applied to the test specimen to restore
its initial state in-situ). In the case of medium to high swel-
ling soils, the free swelling test may cause a structural
change during the swelling before returning to zero strain.
This is why it tends to overestimate the swelling pressure.



M. Khemissa et al./ Transportation Geotechnics 14 (2018) 157-168 161

- A swelling test according to the AFNOR standard, called
“swelling test in parallel”, consists in using several test spec-
imens of the same material in different oedometric cells.
Each test specimen is loaded in its natural state up to an
appropriately chosen axial stress according to a predeter-
mined rate of load increase. The swelling of each test speci-
men is obtained by carrying out its imbibition under stress
until stabilization of the deformations. A load kept constant
is therefore applied to each test specimen. The axial defor-
mation corresponding to each of them is first measured
without adding water and then with added water. By defini-
tion, the swelling pressure is the one corresponding to zero
deformation. However, this technique has the disadvantage
of testing simultaneously test specimens of possibly hetero-
geneous materials. It is mainly used in the case of compacted
materials, for which it is easier to prepare similar specimens.
The interpretation of the test results of the “swelling test in
parallel” is based on the exploitation of the curve represent-
ing the variations of the soil void ratio as a function of the
logarithm of applied effective stress, from which the swel-
ling pressure o, corresponding to a zero deformation and
the swelling factor Rg are derived. It is also based on the
exploitation of the swelling curves identical to those corre-
sponding to the free swelling tests described above.

e A desiccation tests aim at determining the shrinkage parameters
of intact and compacted clay and, therefore, to check the com-
paction effect on the corresponding shrinkage potential. They
were performed in accordance with the French AFNOR standards
on disturbed [29] and undisturbed [30] specimens. The principle
of the desiccation tests on undisturbed specimens consists in
allowing an undisturbed soil sample to dry freely and gradually
and to periodically measure the variation of its height and mass.
The execution mode of these tests and their interpretation are
explained by several authors [9,38,1,45]. The interpretation of
the desiccation test results is based on the exploitation of the
shrinkage curve representing the variations of soil compaction
as a function of its water content, from which the desiccation
parameters are derived: effective limit shrinkage wgg, linear
shrinkage factor R, and natural water content Wy,

Unconfined compression tests were performed on cylindrical

soil samples (10 cm in diameter and 11 cm in height) by using

a hydraulic press, where continuous increasing loads are

applied until the failure point of the material. The strain rate

was chosen sufficiently high and equal to 1.6 mm/min to ensure
that no drainage can occur during the tests.

e Non-destructive ultrasonic tests make it possible to determine
the ultrasonic wave celerity in both intact and compacted clay
samples. They give therefore an important indication on their
deformability and verify the compaction performances on their
elasticity moduli. They cannot represent the real behaviour of
intact or compacted soils considered as macro-porous and
micro-cracked materials (i.e. discontinuous, heterogeneous
and anisotropic materials).

e Direct shear tests were performed on saturated and unsaturated
soil samples by using a shear box similar to Casagrande shear
box. After a possible phase of saturation, the test specimens
were consolidated isotropically at various confining pressures
(50, 100, 200, 300, and 400 kPa), and then sheared until soil fail-
ure. The shear velocity was chosen equal to 1 mm/min for the
undrained tests (CU-tests) and to 0.6 mm/min for the drained
tests (CD-tests). It should be noted that the saturation of the test
specimens was carried out by immersion in the water for 24 h
under the only piston pressure of the shear box.

Experimental procedures followed in each type of test and
interpretation techniques of the corresponding test results were

in accordance as much as possible with usual Algerian geotechnical
standards [16] derived from the French geotechnical standards
mentioned above (LPC methods, CEBTP method, AFNOR standard).
The test specimens were cut out in samples of intact and com-
pacted clay. Compacted soil samples were made starting from
the necessary quantity of finely crushed dried soil, then humidified
at the optimum water content w,, (i.e. maximum unit weight y4.-
max) corresponding to a given standard or modified Proctor density.
The paste was remixed thoroughly before its compaction and dried
at the room temperature ranging between 20 and 25 °C during 7,
14 and 28 days in plastic bags to prevent any possible moisture
change.

Test results and discussion

To restrict hereafter the discussion only to representative and
significant experimental data dealing with characterization param-
eters of intact and compacted clays, a preliminary qualitative anal-
ysis of all mechanical test results obtained on used soil samples is
necessary. Some outcomes can therefore be commented as follows:

e Fig. 4 shows the typical standard and modified Proctor com-
paction curves of Sidi-Hadjrés clay. Their peaks correspond to
the maximum dry density (i.e. the optimum water content)
obtained for the considered compaction energy. It can be
observed that the modified Proctor compaction test gives a
higher maximum dry unit weight 4 max (i.e. 2 lower optimum
water content w,p,) than the standard Proctor compaction test.
It can also be noted that the saturation line (SL) corresponding
to 75% of soil saturation joins the optimum water content for
various compaction energies. The saturation line corresponding
to 100% of soil saturation is the envelope of the compaction
curves. Experience shows moreover that the compaction mode
can also have a considerable influence on the orientation of the
soil structure and therefore on its swelling.
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Fig. 4. Typical Proctor compaction curves of Sidi-Hadjrés clay.



162

Fig.

M. Khemissa et al./ Transportation Geotechnics 14 (2018) 157-168

1000 - 917.8
g 7%
b 750 A %
%
% 500 A 447.9 %
= 305.9 %
». o
: /
: 7
O T T é 1
7 14 28
Drying time, t, (days)

5. Drying effect on the compressive strength of the clay compacted at the

standard Proctor density.

e The drying time is also a determining parameter of deformabil-

ity and strength characteristics of the compacted clay. Fig. 5
shows the distribution histogram of compressive strength at
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various drying times (7, 14 and 28 days) of the clay samples
compacted at the standard Proctor density. It can be noted that
the compressive strength of the clay increases with increasing
drying time. It can be assumed that the drying of the test spec-
imens is accompanied by a shrinkage of the soil. This shrinkage
results in a tightening of the soil’s grains and, consequently, a
reduction of its void ratio, hence the increase of its unconfined
compressive strength. It should be noted that the unconfined
compression tests carried out on soil samples on the same
day of their reconstitution yield no results. As a consequence,
only the test results corresponding to soil samples of the same
age after a given drying delay can be compared.

The saturation of intact and compacted soils can affect their
resistance and deformability properties. Direct shear tests were
therefore performed on soil samples saturated before consolida-
tion and shearing as well in drained as in undrained conditions.
Fig. 6 shows the drained and undrained direct shear curves and
the corresponding failure envelopes (direct shear curves peaks)
obtained on soil samples compacted at the standard Proctor
density. The degree of saturation corresponding to unsaturated
soil samples used in shear tests varies between 64.1 and 74.6%
with an average value of 69.6%. It remains constant because
there has been no supply or loss of water from the specimens
subjected to the shear tests. These curves confirm the saturation
effect of the clay on its shear strength. They show moreover
that, for both drained and undrained shear conditions, the sat-
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Fig. 6. Soil sample saturation effect on the drained and undrained shear strength of the clay compacted at the standard Proctor density.
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urated soil samples (SAT) are characterized by lower shear
strength values than those of unsaturated soil samples (UNS).
It will be noted that, at the last point of each shear curve, the
relative deformation of the corresponding test specimen
reaches 13%. The standard used in this study recommends stop-
ping the direct shear test when the shear stress has become
constant, or if it continues to grow when a relative deformation
of about 10% has been reached. At this deformation level, the
soil failure is therefore occurred. Also, it can be noted that,
unlike the cohesion, the internal friction angle does not seem
to be affected by the saturation of the soil sample.

Fig. 7 shows the oedometric compressibility and consolidation
curves obtained on an intact soil sample. These results seem
to show that the adopted LPC methods apply well for studying
the oedometric compressibility and consolidation behaviour of
this natural clay. However, the corresponding compressibility
and consolidation parameters values depend on the considered
depth and the applied loading level (for loading levels lower
than the swelling pressure, there is no measurable settlement
because the soil continues to swell). The parameters that are
obtained call for some remarks. The initial and in-situ void
ratios values are substantially equal (e;=0.60 and e,=0.61
respectively). These results seem to indicate that the soil has
not disturbed. They testify the good storage of the used soil
samples, which retained the same in-situ and laboratory
geotechnical properties. The overconsolidation ratio OCR=
13.1 confirms that it is a stiff natural clay. The compression ratio
C./(1 +e,)=0.14 confirms that it is not very compressible. The
coefficient of consolidation ¢, varying between 2.72 x 108
and 6.12 x 108 m?/s and the corresponding permeability coef-
ficient k, varying between 4 x 107" and 18 x 10~'2 m/s show
that it has a very low permeability. These test results indicate
that this plastic clay is therefore heavily overconsolidated and
has a low permeability. Its overconsolidation seems to be due
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to a shrinkage phenomenon resulting from a more or less
intense desiccation.

Fig. 8 shows the oedometric creep curves for various loading
levels surrounding the soil preconsolidation pressure obtained
on intact soil samples corresponding to two different boreholes
and depths from the same site. These results seem also to show
that the adopted LPC methods apply well for studying the oedo-
metric creep behaviour of this natural clay. The creep index c,,
varying between 0.001 and 0.004 does not show a significant
influence of the time effect on the behaviour of this stiff natural
clay that seem therefore less sensitive to creep.

Fig. 9 shows the oedometric swelling curves obtained on intact
soil samples by two different French testing methods (CEBTP
method and AFNOR standard). These results show that the val-
ues of the swelling parameters depend on the testing method.
The values of the preconsolidation pressure and the free swel-
ling amplitude obtained by the AFNOR method (o', = 437 kPa
and & = 63.6%) are higher than the on obtained by the CEBTP
method (0", =425 kPa and &g = 54.0%). While the values of the
secondary swelling rate and the time corresponding to 100%
of primary swelling obtained by the AFNOR method (Cys=
0.029 and tj00 = 2959 min) are lower than the on obtained by
the CEBTP method (C,s=0.076 and t;go=4096 min). These
results are in good agreement with the conclusions given by
several authors ([39,14,22], etc.). In all cases, according to
Komornik and David [21] and Seed et al. [35] classifications,
the swelling pressure values higher than 300 kPa and the free
swelling values higher than 25% correspond to a very high
swelling potential for this clay. Corresponding values also con-
firm the previous classifications based on the physical
parameters.

Fig. 10 shows the desiccation curves also obtained on intact soil
samples taken from two different boreholes and two different
depths from the same site. These results show that the values
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Fig. 7. Oedometric compressibility and consolidation test results obtained on an intact soil sample.
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Fig. 10. Oedometric desiccation test results obtained on intact soil samples.

of the effective shrinkage and the limit linear shrinkage factor
are also in agreement with previous identification test results.
However, these values increase with the natural water content
and with the considered depth. In all cases, high swelling and
shrinkage potentials values can be explained by the high plas-
ticity of this natural clay.

Only the performed tests regarding the deformability and
strength characteristics of the clay in intact and compacted states
and their comparative analysis are presented and discussed
hereafter.

Compressibility and consolidation characteristics

Fig. 11 shows the oedometric compressibility curves obtained
on three soil samples: an intact soil sample and two others recon-
stituted by compaction at the standard and modified Proctor den-
sities. Fig. 12 shows the corresponding oedometric creep curves
under the 1200 kPa and 2400 kPa loading levels. Comparative anal-
ysis of the compressibility and consolidation characteristics of Sidi-
Hadjrés clay leads to the following comments:
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Fig. 11. Oedometric compressibility curves obtained on intact and compacted soil samples.
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e In the loading phase, the compressibility curves of intact and
compacted test specimens are characterized by a settlement
which begins to appear only after a few loading levels exceeding

the overburden pressure during which the soil continues to
swell (four loading levels in the case of the intact soil sample).
In the unloading-reloading phase, these curves are character-
ized by highly accentuated slopes to which correspond high val-
ues of the swelling index. Final unloading curves that intersect
the initial loading curves thus show the expansive nature of the
soil. Linearizable sections of the compressibility curves also
confirm the existence of two domains limited by the soil pre-
consolidation pressure for both intact and compacted soil sam-
ples: the overconsolidated domain (corresponding to low loads
where deformations are small and reversible) and the normally
consolidated domain (corresponding to high loads where defor-
mations are more important and largely irreversible).

In the overconsolidated domain where the loading levels are
lower than the soil preconsolidation pressure, the consolidation
and creep curves do not make it possible to distinguish the pri-
mary and secondary consolidation phases (see Figs. 7 and 8 for
the intact soil sample, for example). However, their shape indi-
cates a slight soil swelling (more or less important depending
on the considered loading level) making it possible to define the
pressure to be applied to soil in order to prevent it from swelling.
In the normally consolidated domain where the loading levels
are higher than the soil preconsolidation pressure, these curves
clearly show the primary and secondary consolidation phases
(Fig. 12). However, linearizable sections of the consolidation
and creep curves corresponding to secondary consolidation
phase are characterized by steep slopes and, consequently, by
low secondary compression ratio values (i.e. low creep index
values).

Corresponding compressibility and consolidation parameters
values depend on the soil compacity state. Experience also
shows that the preconsolidation pressure increases with depth,
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but not the compression and recompression indices. The com-
parison can therefore be made in terms of the soil overconsolida-
tion ratio. The overconsolidation ratio value of the soil sample
compacted at the modified Proctor density (OCR = 19.5) is then
higher than that for the soil sample compacted at the standard
Proctor density (OCR = 9.2), but both constitute an envelope for
the intact soil sample (OCR = 13.1). This can be directly attribu-
ted to the compaction energy: a high compaction energy overes-
timates the OCR-value and vice versa. Furthermore, the
compression index values show that the intact soil sample (C,
=0.223) is more compressible than the soil sample compacted
at the standard Proctor density (C. = 0.212), which is more com-
pressible than the soil sample compacted at the modified Proc-
tor density (C. = 0.154). On the other hand, the swelling index
values of the intact (C;=0.037) and compacted soil samples at
standard (C; = 0.037) and modified (C; = 0.038) Proctor densities
confirm the swelling character of this natural clay. Also, the very
low creep index values (0.0016 < Cge < 0.0045) and the time cor-
responding to the end of the primary consolidation (17 min <
t100 < 234 min) suggest that the load applied to the soil is the
only one that can have significant influence.

Moreover, these results confirm the conclusions made earlier
that this clay remains heavily overconsolidated, with a low perme-
ability and little sensitive to creep after its reconstitution by com-
paction at the standard and modified Proctor densities.

Shrinkage and swelling characteristics

Fig. 13 shows the free swelling and shrinkage curves obtained
on three soil samples: an intact soil sample and two others recon-
stituted by compaction at standard and modified Proctor densities.
Comparative analysis of the shrinkage and swelling characteristics
of Sidi-Hadjrés clay leads to the following comments:

e Free swelling curves have similar shapes for both intact and
compacted clays. They show two successive swelling phases: a
primary swelling phase characterized by an increasing deforma-
tion rate and a phase of secondary swelling with a substantially
constant deformation rate. Corresponding swelling parameters
values depend strongly on the soil compacity: the compacted
clay is less expansive than the intact clay (& = 63.6% and Cys =
0.029), and more true for compaction at the modified Proctor
density (er =19.0% and Cys = 0.008) than for compaction at the
standard Proctor density (&g = 19.6% and Cys = 0.014).
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e Desiccation curves also show similar shapes for both intact and
compacted clays. Corresponding desiccation parameters values
also depend on the soil compacity: the intact clay samples (wgg
=16.9%) are more retractable than the compacted clay samples,
and more true for compaction at the modified Proctor density
(wge = 15.3%) than for compaction at the standard Proctor den-
sity (Wge = 14.3%).

These results show that the clay is governed by the same swel-
ling and shrinkage laws in both intact and compacted states. How-
ever, they show that the compacted clay is less sensitive to
swelling-shrinkage cycles than the intact clay.

Shear and failure characteristics

Fig. 14 shows the ultrasonic wave celerity measurements
obtained on three soil samples: an intact soil sample and two
others reconstituted by compaction at the standard and modified
Proctor densities. Fig. 15 shows the corresponding drained direct
shear test results. Comparative analysis of the shear and failure
characteristics of Sidi-Hadjrés clay leads to the following
comments:
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Fig. 14. Celerity of ultrasonic waves obtained on intact and compacted soil samples.
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Fig. 13. Free swelling and shrinkage curves obtained on intact and compacted soil samples.
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Fig. 15. Drained direct shear test results obtained on intact and compacted soil
samples.

e Compared to intact soil samples, the celerity of ultrasonic waves
depends on their compacity (i.e. on their compaction energy). It
will be noted that the celerity values of ultrasonic waves deter-
mined on soil samples compacted at the modified Proctor den-
sity (U. = 1052.9 m/s) are higher than those determined on soil
samples compacted at the standard Proctor density (U, = 715.8
m/s): the higher is the compaction energy, the better is the soil
compacity (i.e. its dry density). But, the highest celerity values
are obtained on intact soil samples (U.=1583.1 m/s). These
results seem to indicate that the compaction of clayey soils at

the modified Proctor density is more efficient than that at the
standard Proctor density. It should also be noted that the higher
is the compaction energy, the less deformable is the clay.

The drained direct shear curves and the corresponding failure
envelopes obtained on the intact and compacted soil samples
confirm the compaction energy effect on the shear strength of
the clay. They show moreover that the soil samples compacted
at the modified Proctor density are characterized by a quasi-
similar behaviour to that of intact soil samples. The drained
shear curves describe a typical behaviour of stiff soils character-
ized by increasing shear strength followed by a more or less
pronounced peak according to the level of the considered nor-
mal stresses. It will be noted that the shear strength values of
soil samples compacted at the standard and modified Proctor
densities constitute an envelope for the intact soil sample.

Summary and conclusions

This paper aims at characterizing the laboratory behaviour of
soil samples come from the Sidi-Hadjrés city (Province of M’sila,
Algeria). The choice of this urban site was justified because of its
extension towards hazardous zones, where significant damages
frequently appear in road and motorway infrastructures, in urban
public utilities, as well as in civil and industrial low-rise structures.

Based on the results obtained on these soil samples, a compar-
ative analysis was carried out between their strength and deforma-
bility characteristics in both intact and compacted states. The main
conclusions are as follows:

o The tested soil was identified as a highly plastic marly clay. Var-
ious classifications based on the geotechnical properties show
that this natural clay is characterized by a very high swelling
potential. The swelling of this clay is partly due to its mineralog-
ical structure (high montmorillonite content) and variations in
its water content (desiccation-humidification cycles).

e The test results show that the geotechnical parameters values

derived from tests performed on this clay are in good agree-

ment, but depend on some experimental aspects already veri-
fied on others clayey soils, such as:

- the compaction energy: the higher it is, the better is the

shear strength of the clay and vice versa;

- the drying time: the older is the clay, the better is its shear
strength;

- the initial deformability has the effect of reducing the shear
strength of the clay;

- the degree of saturation of the clay affects its shear strength:
the saturated clay is less resistant to shear than the unsatu-
rated clay.

The compressibility and consolidation characteristics show that
this highly plastic natural clay is heavily overconsolidated, with
a low permeability and not very sensitive to creep. Its overcon-
solidation is due to the phenomenon of shrinkage resulting
from a more or less intense desiccation.
The shrinkage and swelling characteristics show that this heav-
ily overconsolidated natural clay is characterized by very high
values of swelling pressure and free swelling, as well as by very
high conventional and effective shrinkage values. These values
confirm the different classifications based on the physical
parameters, but they strongly depend on the test method
considered.

The shear and failure characteristics show that this heavily

overconsolidated expansive clay is characterized by a typical

behaviour of stiff clays.
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e For a given overconsolidation ratio, the macroscopic behaviour
of intact and compacted clays is governed by the same laws of
compressibility and consolidation, shrinkage and swelling, as
well as shear and failure.

In addition, these results will be used to accumulate knowledge
for better understanding the macroscopic behaviour of heavily
overconsolidated expansive soils. For practical applications, the
obtained data will be used to determine the parameters for calcu-
lating geotechnical structures.
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