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Compressibility behavior of conditioned sandy clay considering the physical
degradation of foam: tunneling issue

Abstract

Surfactants in the form of liquid foam are commonly used for ensuring the fluidity of conditioned soil
during shield tunneling in mining zone. The compressibility can be significantly affected, depending on
the percentage of fine soil. Thus, this paper investigates the compressibility of foam-conditioned fine soil.
Oedometric tests as a function of the percentage of foam have been performed. Foam's stability was
analyzed, considering a laboratory soil made from 40% kaolinite and 60% of sand and mixed with a
foaming agent based on an anionic surfactant. Experimental results showed that the foam stability was
manifested through a reduction of the foam’s volume followed by liquid drainage, under loading and due
to the foam'’s physical degradation over time. The compressibility increases with the adding rate of the
foam in the soil. Therefore, consolidation and foam’s degradation over time are two factors that allow the
recovery of the compressibility property of conditioned soil.
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Abstract

Surfactants in the form of liquid foam are commonly used for ensuring the fluidity of conditioned soil during shield
tunneling in mining zone. The compressibility can be significantly affected, depending on the percentage of fine soil.
Thus, this paper investigates the compressibility of foam-conditioned fine soil. Oedometric tests as a function of the
percentage of foam have been performed. Foam's stability was analyzed, considering a laboratory soil made from 40%
kaolinite and 60% of sand and mixed with a foaming agent based on an anionic surfactant. Experimental results showed
that the foam stability was manifested through a reduction of the foam's volume followed by liquid drainage, under
loading and due to the foam's physical degradation over time. The compressibility increases with the adding rate of the
foam in the soil. Therefore, consolidation and foam's degradation over time are two factors that allow the recovery of the

compressibility property of conditioned soil.

Keywords: conditioned soil, foam, degradation, compressibility, excavation, mining

1. Introduction

uring tunneling with an earth pressure balance
(EPB) shield in the close mode requires liquid or

foam to be added (see, for instance, [1]). Adding foam
in the opening excavation acts as a lubricant agent and
facilitates the tunneling. In fact, surfactants in the form
of liquid foam are commonly used for ensuring the
fluidity of conditioned soil and reducing the potential
sticking of clay in the first stage of cutting head and
during transportation of the extracted soil to use
outside of excavated zone. Obviously, the environ-
mental aspect linked to the reuse of the conditioned
soil is of high interest, not only in mining excavation
works but also in tunneling for civil engineering works.
Several factors significantly affect tunneling per-
formance [2], such as the clogging of clay. Thewes
and Hollman (2013) [1] summarized the influence
relevant to the tendency of soil to cause clogging
and presented a classification diagram using the

physical properties of conditioned soil, mainly the
plasticity and consistency index.

The control of the water content remains a serious
practical problem in excavation engineering opera-
tions in many fields (mining excavation and infra-
structure tunneling). For more details, we can refer
to [1,3—6]. Such soils require additives having the
capability to reduce clogging and the consequences
of sticking. The conditioned soil must also be easily
transported by extraction screws, especially in
mining excavation, where this second stage is also
so important.

Most previous studies have focused on the effect
of foam on soil properties (physical and mechanical
properties) without considering the degradation and
evolution of the bubbles [7,8]. In fact, the physical
properties of the foam change over time (reduction
of the bubbles’ dimensions and gradual disappear-
ance of the film) under both the chemical potential
and mechanical loading.
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The space occupied by the foam does not have a
fixed geometry, unlike the standard case of a porous
medium [9]. In fact, the bubbles deform and
partially disappear when the fraction of liquid and
pressure change [10—12].

This complex phenomenon is studied in this paper
by examining foam stability according to two
different aspects, defined as physical and mechanical
stabilities. Due to the complexity of conditional nat-
ural soil studying, for which several variable param-
eters have interfered, laboratory soils were chosen.

Tests were performed using oedometric cells with
various foam rates. Adding to that, some micro-in-
vestigations of the conditioned soil have been carried
out by optical microscopic using different foam rates.
When the bubbles disappear, the drainage volume of
liquid has been used as a parameter to analyze the
role of foam degradation. Micro-investigations were
used to 1) explain the effect of foam on the soil
structure and 2) give an answer about gas bubbles
distribution in the soil matrix after immediately the
mixing phase considering the loading.

2. Overview of foam and foam-soil mixing
stability

Foam is defined as a dispersion of gas bubbles in a
liquid. The dimensions of the bubbles are in the
colloid size range [1-1000pm], [7]. Due to the
degradation of the foam bubbles, the foam has an
evolving character, even over a short duration.
Foam stability is governed by coarsening, coales-
cence, and drainage [8,13—16]. These three factors
are frequently coupled and involved simulta-
neously. It has been noted that they are expressed
differently in the case of foam mixed with soil [17].
The presence of the foam in the soil modifies the
structure of the soil by adding bubbles of gas sur-
rounded by a thin liquid film to the soil matrix.

The mineralogy and grain size distribution play an
important role in developing sticky behavior that re-
sults in wettability in some cases or clogging in other
cases. In fact, the non-cohesive soils cannot clog and
become sticky, while adding foam significantly re-
duces the friction mobilized between grains of such
soils. However, for cohesive soils mineralogy plays a
fundamental role because it is a key to facilitate and
promote clogging. It was shown that the more the
plasticity index is, the more the clogging risk happens.
It is the case, for example, for montmorillonite which
is due to its intracrystaline swelling, its clogging po-
tential is highest [1]. In the other hand, it was
demonstrated that the evolution of foam over time
depends on the foam's structure and the applied
external pressure. Understanding the physical and

mechanical mechanisms of the foam permits to
characterize the foam life and the foam degradation.

Moreover, the foam was characterized by a
permeability related to its surface tension, the vis-
cosity of the solution, and the hydrostatic pressure
[18]. This characteristic of the liquid foam gives the
advantage of being able to saturate the soil-foam
mixture as a composite formed of foam incorporated
in the soil matrix.

The response of the foam depends on the applied
stress. If submitted to high pressure, bubbles are
rearranged, and the foam can flow as a non-New-
tonian viscous fluid. If the applied stresses are low,
the bubbles are deformed, which increases the area
of liquid/gas interfaces (see, e.g., the review work of
[15,19].

Experimental tests carried out by [20] have
revealed a semi-empirical relation that expresses
the yield stress o as a function of the mean radius of
the foam bubbles R:

Us:ay£<¢ - ¢c)2 (1)

where ¢ is the gas volume fraction in the foam, ) is
a constant between 0.5 and 1 depending on the foam
quality, T surface tension, and ¢. = 0.64 gas volume
fraction, which limits the elastic behavior of foam.

Wau et al. (2018) [15] studied the microscopic and
macroscopic evolution of only foam, confined in a
chamber and subjected to different pressures. Their
results showed that the bubbles were compressed
and rearranged to give smaller bubbles with reduced
volume. The evolution of the bubble diameters is
important at the beginning of each loading. When
the pressure reaches 2bars, the bubbles become
quasi-incompressible in the liquid, with a much
smaller deformation. The evolution over time of the
foam shows that the bubbles under significant
pressure evolved less rapidly than the bubbles at
atmospheric pressure. The evolution over time is
reflected by the phenomena of coalescence and
drainage, which lead to the increase in the size of the
bubbles and the weakening of the liquid film pro-
tecting the bubbles. The bubbles crash when the
liquid film becomes extremely thin and the pressure
in the bubbles equals atmospheric pressure.

In soil-foam mixing, the soil particles prevent the
evolution of the foam due to the low porosity, which
increases their stability compared with foam alone
[7]. Solid particles can be used to increase foam
stability [19]. Fameau and Salonen (2014) [19] showed
that drainage is strongly slowed down by the pres-
ence of the particles, as they can start aggregating in
the foam network. Surfactants serve to minimize the
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interaction between the fine particles and the bub-
bles, and thus, they avoid crushing the bubbles.
These surfactants constitute the liquid film that
protects the bubbles. Nanoparticles are usually used
to establish foam stability and ensure that the
different types of industrial foam can be used for as
long as possible [21]. Consequently, the foam is used
by the EPBs to facilitate the digging operation, and
the soil particles mixed with the foam during the
excavation procedure provide foam stability. Finally,
the evolution of the compressibility and several other
mechanical properties of the excavated soil depends
on the evolution of the injected foam.

In the case of conditioned sand, the foam in the
soil is considered a two-phase system, where the
interstitial pressure depends on the pressure on the
foam. Hajialilue-Bonab et al. (2014) [8] considered
stable foam's gas bubbles with higher pressure than
that of water. If the water pressure became greater
than the pressure in the bubbles, the bubbles
became deformed and partially crushed, resulting in
a foam liquid production. In addition, Psomas (2001)
[7] showed that the compressibility and shear of the
soil-foam mixture were highly affected by the foam
bubbles' deformability.

Peila (2014) [2] studied different cases of clay soil
characterized by different initial natural moisture
water content. The author has demonstrated that
based on the slump test, a well-conditioned slump
was obtained with low initial water content, small
percentage of lubricating polymer (concentra-
tion=0.1%), and standard foam. However, these
percentages are still not really fixed and depend
significantly on the plasticity of the soil. From a
practical point of view, the authors pointed out that
the use of a foaming agent was necessary to give the
conditioned soil the desired consistency to properly
transmit the pressure and decrease soil permeability.

However, in coarse granular soils, the advantages
of a foam agent use in EPB tunneling are the
reduction of friction, and, therefore, the reduction of
the driving torque which results in the reduction of
the wear and tear of the cutter [22—24]. Psomas
(2001) [7] investigated the effect of foam on
compressibility and soil shear from oedometric and
Casagrande shear box tests on sandy soil. The
author showed the friction angle reduction and the
increase of the compressibility coefficient.

Recently, Peila (2014) [2] studied clay samples
constituted by clay clumps and powdered material,
conditioned by foam with and without polymers.
The author mentioned that, for conditioned soils, the
stiffness vanished at small strains and increased
again at higher strains. It was also demonstrated that
the use of a standard foaming agent was necessary to

give the conditioned soil a desired consistency,
necessary for excavation. However, for the clay with
high plasticity (40—50%), the author showed a
beneficial role of the added polymers with foam
compared to only foam, which led to an effective and
useful mixing.

Since state of the art established by Milligan et al.
(2000) [3] about the performance of conditioning soils,
many laboratory tests using newly developed devices
to study the foam behavior alone and its mixing with
soils have been developed [23,25—28]. In the same
sense, other authors have developed reduced models
of tunneling [2,29,30] and studied, particularly, the
choice of optimal conditioning amount and the role of
the type of conditioning product. The positive effect of
the optimum conditioning parameters on the effi-
ciency of the screw conveyer was shown from the
effect on the tank cell pressure, the screw conveyor
cell pressure and the torque meter on the screw
evolution (see, for instance [29]). Results showed that
the pressure in the tank, using the optimal condi-
tioning material, showed a regular trend of pressure
equal to the theoretical value. Considering condi-
tioned dry soil, the measured pressure for the screw
torque was higher than the one obtained from the
optimum conditioning soil at a field water moisture
content (see, for instance Vinai et al., 2018, [26]).

In situ, the choice of foam type and the additive
percentage depend mainly on the type of soil and the
characteristics of the TBM [31]. Types of additives
include special anti-clogging agents to avoid clog-
ging problems, anti-abrasion additives for the cutter
head and its tools, as well as for the extraction screw.

Naturally, the evolution of physical, hydraulic and
mechanical properties of in situ soil is well complex
to study, from the moment when the mineralogy, the
presence of water and the GSD of soil are the main
factors conditioning the success of adding-foam [7,8].
For the guidelines on the reuse of excavated soils
(published by the Swiss Agency for the Environ-
ment, Forest and Landscape [32]), the excavated soil
was well affected by the conditioning foam and often
considered solid waste, which cannot be used in civil
works without specific treatment.

3. Experimental study: conditioned soil and
foam characterization

3.1. Soils properties

In the first part, three types of soils (A, B, C) were
formed by the mixture of clay (Kaolinite: Polwhite
KL) and sand (Hostun HN31) at different mass rates
in order to evaluate the conditioning performance of
the foaming agent on the sandy-clay mixture. The
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physical properties of the selected soils are summa-
rized in Table 1.

Figure 1 shows the grain size distributions (GSD)
of the selected soils. As can be observed in Fig. 1,
these “soils models” are classified as fine soils which
need conditioning with foam during the digging
process using an EPB machine (according to the
chart published by [33]). On the other hand, ac-
cording to the diagram presented by [24], risks
associated with soil conditioning can be empirically
evaluated based on limit liquid (W), plastic limit
(W,) and natural water content (W,). Depending on
the natural water content in the range of 0—30%, and
using the chart presented by [1], the structure's state
of soils A and B varied from very stiff structure to
very soft structure, which can present a risk of clog-
ging. Consequently, as we can have expected, adding
foam potentially will reduce the soil viscosity. How-
ever, for soil C, the risk of clogging can be neglected.
Then, in this case, the role of adding foam is
considered only to improve its workability and to
reduce its permeability during excavation. Other-
wise, despite the need for foam, the objective of this
paper is limited to measuring the effect of foam
adding on the compressibility of retained soil type.

In this experimental study, all the samples, from
soil A, B and C were prepared at a fixed initial water
content corresponding to the optimum moisture
content obtained by standard Proctor tests (AFNOR
NF P-94-093).

3.2. Performance of foam conditioning agent used
in soils

Firstly, a generation of foam was done according
to the following methodology: Firstly, 100 mL solu-
tion was prepared in a graduated container with a
concentration of surfactant Cy=3%. Then, this so-
lution was mixed with a stirrer at a speed of
2000 rpm to reach a foam of FER=10 (foam vol-
ume =1L in a graduated container).

Although, habitually the slump cone test is per-
formed on fresh concrete. It has also been widely
used in the tunneling industry. It provides a simple

Table 1. Geotechnical main data of soils used for tests.

Soil A Soil B Soil C
Sand (%) 40 60 80
Kaolinite (%) 60 40 20
Solid specific 26.75 26.5 26.7
weight (KN/m?®)
Liquid Limit w; (%) 28.54 22.90 17.1
Plasticity limit w,, (%) 16.84 15.4 14.6
Optimum moisture 15.5 12.3 10.8
content W,, (%)
Permeability (m/s) 6.67-10™ 3.32:107° 8.7-1077

and quick procedure for quality control, both in the
laboratory and on the working site during mining
excavation and tunneling [26,34]. The typical test
procedure is as follows (ASTM 143C): The soil is
mixed with the desired amount of foam and water in
a mixer, and then poured into slump cones. After
1 min without stroking or mixing the soil, the cone is
lifted. The fall value and global behavior of the mix
are then observed [26]. Guidelines for foam injection
ratios based on experience from job sites were
published by the European Federation of Specialist
Construction Chemicals and Concrete Systems [31].
Three parameters were defined and summarized, as
follows [24,35]:

e foam injection ratio (FIR)

Ve
FIR=— (% 2
7 (%) @

e foam expansion ratio (FER)

Ve
FER=—
- )

e surfactant dosage (Cy)

Vst
Vst + Vw

Cr= (%) (4)

where V| is the surfactant solution volume, Vr is the
foam volume, V, is the conditioned soil volume, V
is the volume of the surfactant, and V,, is the volume
of water. FER and C; define the quality of the foam
produced, while FIR is a rate which defines the
quantity of foam injected into the soil.

Extensive studies have been carried out to inves-
tigate foam viscoelastic behavior (see, for instance,
[20]).

The selection of the foam type and the additive
depends mainly on the type of soil and the charac-
teristics of the TBM. In this study, CLB F5™/AC
foaming agent was chosen to condition a sandy-clay
soil. As represented by the supplier company
(CONDAT), a foaming agent is used in order to
reduce the adhesion of clay to tools, to reduce tool
wear and replacement frequency. It is also largely
preferred to avoid the costly use of the polymers
and the resulting pollution risk of soil and water-
table. The produced foaming characteristic is influ-
enced by the surfactant concentration C; and foam
expansion ratio FER. In this study, Cof 3% and FER
equal to 10 were used for generating a foam with the
properties recommended by excavation companies
([7], see Fig. 2). The Crand FER values were kept the
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(b)

Fig. 1. Evaluation of the risk in conditioning soil; a) particle size distribution curve of the used soils and application range of EPB tunneling,

b) classification diagram to evaluate the clogging of soil [1].

same for all tests, while different FIR values were
considered.

Mixing the foam with the soil is ensured using a
cement paste mixer (Fig. 2). The mixing operation is
stopped when the foam is perfectly homogenized
with the soil. Typically, the mixing process takes
3min to check the integration of the foam's gas
bubbles into 2 kg of soil. After this, a series of slump

tests were carried out using a mini-slump cone
(heightt H=15cm; bottom cone diameter,
D; =10 cm; upper cone diameter, D, =5 cm). Typi-
cally, the value of an adopted slump cone is in the
range of 3—6cm to satisfy the conditioned soil
workability. Evidently, this range does not depend
on the type of surfactant, and it allows for main-
taining a condition that is neither too fluid nor too
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Soil-foam mixing

Foam generation

Fig. 2. Mixing process of the sample soil with foam.

stiff [30,34,35]. The variation of the slump value ac-
cording to the FIR percentage was carried out
(Fig. 3). The results of slump tests showed a slump
value varied in the range of 3—6 c¢m, for FIR values of
140—160% for soil types A and B. However, soil C
requires a lower FIR value of 90—120% to satisfy the
desired consistency in the EPB machine. An FIR
value of 150% was chosen as the optimum value for
obtaining more adequate soil properties during
excavation in EBM tunneling. (It was also selected
following EFNARC, 2005).

Aiming to reserve this study to the soils having
the clogging risk, only compressibility of soil has
been the interest of this paper. In addition, this
paper focuses on the role of main parameters such
as FIR, external loading and physical degradation
over time. Consequently, only the results concern-
ing soil B as a “soil model” are presented here. The
efficiency of adding foam in terms of degradability
and evolution of the mechanical properties as a
function of lifetime of the foam was investigated,
and the associated results are discussed in the
following.

3.3. Physical characterization of the conditioned
soil B and evolution of the foam concentration
during the mixing procedure

The FIR parameter defines the volume percentage
of the foam injected into the selected “soil model”
before the kneading operation. This mechanical

operation can lead to the degradation of a significant
part of the foam. Thus, a parameter S, has been
defined for associating the FIR parameter with the
volume percentage of the foam in the soil after the
conditioning operation. In this study, this parameter
was measured in the case of saturated samples with
a total volume of V;, expressed as

Veo
Sg-,O = Vit (5)

where Vo is the volume of the foam gas bubbles
generated in the soil after the conditioning proced-
ure under atmospheric pressure. The foam's gas
bubbles are considered “particles” with different
properties than those of solid particles. The measure
of the volume of the foam bubbles involves satu-
rating a total volume of the soil-foam mixture (V)
with weight W, with water. After being kept in an
oven for 24 h at 105°, the weight of the dry sample is
measured.

The total volume of a saturated soil-foam mixture
is given by Eq. (6):

V=V, +V,+V, (6)

After oven drying, the weight of the water
phase (W,,) and the solid weight (W) were deduced,
assuming the weight of the gas bubbles covered by
the liquid would be negligible. Next, V; and V,,
could be computed by Eq. (7) and Eq. (8),
respectively:
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Fig. 3. Influence of foam addition on the slump behavior of soil (mini-slump test) (from a) to c) slump test procedure (d) slump value function of FIR
for soil A, B and C.

v Wi 7) The results show a zero S, for FIR less than 50%

Ty, due to the total degradation of the foam during the

kneading operation (Fig. 4). Following this, a linear

Vw:@ (8) generation of bubbles of the foam function of the
Yw initial foam concentration was demonstrated.

where v, and v, represent the density of the solid
grains and the density of the water, respectively.
Finally, the sum V,; of the foam volume and foam
liquid was deduced using Eq. (9):

3.4. Micro-investigation of conditioned soil after
mixing (optical microscope — OM-observations)

Injected into the soil, the foam bubbles are
Va=Vi — (Vi +Vy) (9)  distributed throughout the matrix randomly. These
bubbles influence the specific weight of the soil. The
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Fig. 4. Evolution of the volume percentage of foam gas bubbles in the soil (Sy) as a function of FIR.

volume of bubbles in the soil-foam mixture varies as
a function of the FIR. Optical microscope observa-
tions were carried out (Figs. 5 and 6). The micro-
scope used was an Axio Imager (ZEISS, France),
with image processing performed using the Axio-
Vision software. Because the particles of kaolin are
much smaller than the average size of sand grains
(Fig. 5 a, b), the kaolin particles are more distilled in
the mixture, and the overall density of the materials
tends toward that of kaolin, which is more signifi-
cant compared with the density of sand. Figure 5b
shows that the grains of sand were locally included
in the dry clay and randomly distributed with a low
volume percentage. In the humid case, the clay
particles attached and covered the sand particles
due to the intergranular cohesive forces; mainly, the
clay particles were observed on the sample surface.

The effect of foam on the conditioned soil struc-
ture was analyzed by microscopic observations on

conditioned sand alone, conditioned kaolin, and the
conditioned sand-clay mixture. To clearly observe
the foam in the soil, the observations were made on
the conditioned sample with the retained value as
an optimal FIR (FIR =150%). Different observations
were conducted under the same conditions at at-
mospheric pressure (without any loading). The
samples were prepared for an FIR of 150%, and the
observations were made just after the mixing oper-
ation to avoid a large number of bubbles being
crushed over time. In the case of conditioned sand,
foam gas bubbles occupied the intergranular pore
by adapting their shape and size (Fig. 6a). The foam
gas bubbles’ diameter was similar to the sand par-
ticle diameter. In the case of conditioned kaolin, the
foam was distributed in the matrix as spherical in-
clusions with different sizes. The size of the bubbles
was generally lower than in the case of the foam in
the sand. In addition, in the case with the

Fig. 5. Photos of (a) dry sand (5 x magnification), (b) dry sand-clay mixture, 40% kaolin +60% sand (10 x magnification).
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Fig. 6. Effects of foam on soil structure (D: foam gas bubble diameter): (a) conditioned sand (FIR =150%, 5 x magnification), (b) conditioned kaolin
(FIR = 150%, 5 x magnification), (c) conditioned sandy-clay mixture (FIR =150%, 10 x magnification).

disposition between the sand grains, the foam
bubbles were larger than those distributed in the
kaolin mixture (Fig. 6b). For the sandy-clay mixture,
the foam was principally distributed in the clay part
(Fig. 6¢). In the conditioned soil type, the undis-
solved gas bubbles of the foam were considered as a
discontinuous porosity distributed in a saturated
soil matrix. In fact, as it was mentioned in the pre-
vious works published by [36,37], “the gas bubbles
produced by foam are extremely different from the
conventional gas, which fits inside the normal void
space without affecting the soil skeleton. The foam
is distributed in the soil mixing as air bubbles that
are totally covered by an extremely thin liquid film.
The bubbles are typically wider than the normal
void space in the clay soil and cannot be considered
occluded in the pore-water”.

4. Results and discussion: compressibility of
the conditioned soil and the role of the foam's
degradation

Oedometric tests were performed on soil B
conditioned with different percentages of FIR on
cylindrical samples of 72 x 20 mm in size (Fig. 7).

Naturally, this set of tests was also performed on
saturated samples without foam mixing. Foam
injected into the soil first affected the initial void
ratio of the soil due to the foam gas bubbles created
in the soil. In fact, the initial void ratio varies from
0.54 for unconditioned soil to 1.15 for soil condi-
tioned with FIR =150% (Fig. 8a). This important in-
crease in the initial void ratio was confirmed by the
microscopic observations, which showed a large
volume of foam gas bubbles inclusions distributed
in the matrix as a function of the foam's rate. The
evolution of dimensions of gas bubbles during the
consolidation affected the compressibility of the
conditioned soil.

Oedometric results show a significant effect of the
FIR on soil compressibility. A large variation in soil
compressibility depending on the FIR was observed.
Soil compressibility increased by increasing the
percentage of FIR due to the behavior of the bub-
bles, which became much more compressible in the
mixture.

The compressibility of the foam bubbles is added
to the compressibility of the soil. Obviously, for
conditioned soil, the compressibility of the mixing
depends on the rearrangement of the soil particles
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Fig. 7. Photo corresponding to the first step of the sample's disposition before cedometric compressive loading.

and foam bubbles. It was found that the compress-
ibility coefficient (Eq. (10)) increased, and the
oedometric modulus decreased as a function of the
FIR (Eq. (11)).

Ae

CC_A(lg ) (10)

Figure 8b shows the evolution of the drained
oedometric modulus function of the FIR. The
decrease of the oedometric modulus function of the
FIR was significant. This decrease was affected by
the low stiffness of the gas bubbles in the foam
incorporated into the soil.

AO’I (1 + 80)
Ae

As shown in Fig. 8b, the consolidation of the
bubbles included in the soil first occurred as soon as
the load was applied, followed by the consolidation
of the soil matrix. The increase in the compress-
ibility index by increasing the percentage of the
foam was evidently due to the compressibility of the
foam bubbles. This effect of foam on the

Eoed = (11)

compressibility index has been confirmed by many
previous works [6,7,36].

It is to mention that the drainage of foam-liquid
and water was issued by an orifice in the oedometric
cell, and the solution (water + generated liquid from
the degradation of foam) has been drained.
Thereby, the drained foam-liquid volume was
evaluated to characterize the stability or the degra-
dation of the foam during the oedometric
compressive loading. Otherwise, the bubbles of
foam which interact with fine particles and cannot
be drained, are reduced in diameter, highly resist
applied pressure and remain in the mixed soil-foam.

To link the mechanical response and degradation
of the foam bubbles during the consolidation stage
(stability evolution of the foam), the evolution of the
foam volume percentage under the consolidation
stage was measured using the same procedure as in
Eq. (9). The decrease in the volume of foam under
the consolidation stage showed an important
“crushing” or disappearance of the foam bubbles.
This volume tended to zero after the loading of
200 kPa (Fig. 9). A relationship between the pressure
of the gas bubbles in the foam and the S, parameter
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Fig. 8. Oedometric test on conditioned soil (a) Void ratio versus the effective vertical stress (b) Compressibility index and oedometric modulus of
conditioned soil.

can be formulated based on Boyle's gas law. In fact, V. —v Paim (12)
considering an ideal gas law, Boyle's law states that &= "8%p 4 p

the volume and pressure of an ideal gas at constant

temperature are inversely related, as described in Voo Patm S Patm (13)

Eq. (12). Combining Eq. (5) and Eq. (12) provides the 8P =y, (P+Pam)  *(P+Pam)

theoretical evolution of the volume percentage of

gas bubbles in the conditioned soil, as given in Eq. ~ where S, is the theoretical evolution of the volume
(13): percentage of gas bubbles in foam under isotropic
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Fig. 10. OM observations of foam structure evolution (FIR=150%) as a function of vertical stress under oedemetric path: (a) consolidation

stress = 0 kPa, (b) consolidation stress = 27 kPa, (c) consolidation stress = 52 kPa.
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Fig. 11. Consolidation settlement evolution during time for different FIR.

applied pressure P and V, , is the theoretical volume
of gas. At the end of the consolidation state, result-
ing in zero interstitial water pressure (u,) in the
specimen, the pressure in the foam gas bubbles
should incur the effective isotropic stress trans-
mitted to the solid skeleton. Then, during the
consolidation, the volume of gas bubbles in the
foam changes in such a way that the pressure P
tends toward the effective stress. The theoretical
evolution of the volume percentage of the foam
(parameter S,,) in conditioned soil with different
initial FIRs was compared with the measured
experimental evolution (Fig. 9). The results showed
a significant difference between the experimental
and theoretical evolutions of foam in the mixture
under consolidation. This difference is due to the
gas bubbles' disappearance, accompanied by the
liquid drainage produced during the consolidation
[6,15].

Otherwise, the evolution of foam in the soil under
the consolidation stage is similar to the evolution of
foam alone under applied pressure, as described by
[15]. This results in the “crushing” of the bubbles,
with a decrease in the size of the bubbles and the
liquid drainage resulting in foam volume reduction.
In the soil-foam mixture, the bubbles’ “crushing”
was more significant due to the rearrangement of
the solid particles. The foam volume reduction
occurred rapidly under consolidation. Optical mi-
croscope (OM) observations of consolidated,
conditioned soil (FIR=150%) showed the bubble
distribution for two vertical stresses (Fig. 10a). As
shown in Fig. 10b, a significant reduction in the

foam volume was observed under the first load
applied (27 kPa). It was also noted that the foam
bubbles evolved and vanished immediately when
they were exposed to atmospheric pressure.

The evolution over time of the settlement shows
that the tested samples were instantly compressible,
with a significant displacement. Thus, a large set-
tlement of conditioned soil occurred mainly at the
first loading increment (27kPa; Fig. 11). Under
loading, the bubbles’ volume reduction occurred,
and small bubbles were formed. Thus, during the
time AT, a landing was observed (during AT, a cu-
mulative settlement remained constant). In this
stage, it seems that the confined small bubbles be-
tween solid particles supported the transmitted
forces before they disappeared. To ensure the
reproducibility of the results, several tests were
carried out on different samples with the same FIR.
The average evolution of the vertical displacement
of the mixture according to the FIR is represented in
Fig. 11.

The deformation of the gas bubbles in the mixture
can be expressed as a function of settlement due to
the foam volume reduction under consolidation and
soil settlement evolution. Considering the settle-
ment of the solid phase under loading as indepen-
dent of the foam phase, soil settlement in the
mixture can be deduced from unconditioned soil
settlement and expressed by Eq. (14):

Vs
b, = 75 Bexp (14)
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Fig. 12. Effect of foam degradation on conditioned soil settlement; (a) effect of the compressibility of foam gas bubbles on the conditioned soil set-

tlement, (b) liquid drainage under the consolidation function of FIR.

where Vs=V,,; is the volume of dry soil in the
mixture, and V is the total volume of the mixture.

The settlement due to the foam volume reduction
can be deduced from Fig. 12 (Eq. (15)):

Va, - Va,av
5f:0T (15)

where V,( is the volume of foam at atmospheric
pressure and V,, ,, is the volume of foam under the
applied vertical stress, o,. The settlement of the

mixture can be deduced from the addition of the
two terms (Eq. (16)):

5soil+foam = 65 + 5f (16)

Fig. 12a gives the evolution of the experimental
settlement of the mixture (Omixture) compared with
the settlement obtained by Eq. (16). The results
show a significant difference between the settlement
corresponding to the sum of settlements of the two
phases and the measured settlement of the mixture.
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This difference can be explained by the volume of
the liquid drainage generated following the bub-
bles’ volume reduction. Liquid drainage due to this
difference is then deduced using Eq. (17) (Fig. 12b):

Vliq = (6soi1+foam - 6mixture) A (17)

5. Conclusion

This study is devoted to characterizing the effect
of foam on the compressibility of fine soil. The
performed experiments investigated the role of
foam volume reduction and liquid drainage. The
behavior of the bubbles generated by foam differs
when compared to the conventional air encountered
in the unsaturated soil thanks to the rheological and
hydraulic characteristics of liquid foam.

Through this study, several findings are
revealed. Experimental tests on conditioned soil
have shown that foam injected in the soil leads to
an increase in the compressibility of the condi-
tioned soil due to its high compressibility. From
the cdometric tests conducted on the foam alone
and on the conditioned soil with different FIR, it
was shown that the liquid drainage volume can be
deduced. The liquid drainage associated with the
foam volume reduction implies a decrease in
compressibility.

On the other hand, during the time without
loading, compressibility reaches its initial value at
the final stage of the physical degradation of the
foam.

This study opens multiple perspectives. For
example, the study must be conducted on natural
soil in tunneling and particularly in mining exca-
vation with all its complexity [38]. It is also impor-
tant to study the chemical degradation of the
surfactant and its relationship with this physical
degradation of the foam.

The knowledge of the behavior of the soil-foam
mixture and their evolution over time allows the
control of the embankments coming, eventually,
from mining excavation and promotes the possibil-
ity of the reuse of soil in other civil engineering
works [39].
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