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In Earth Pressure Balance (EPB) tunnelling, soil conditioning through foam injection is critical for successful
excavation. However, a significant knowledge gap exists between methodologies used to assess foam stability
and those employed to evaluate conditioned soil stability. This study addresses this gap by investigating the
stability of foam-aggregate mixtures under controlled laboratory conditions, progressively adding solid particles
of a reference soil to foam and evaluating temporal stability changes. The experimental investigation examined
various particle concentrations and size distributions to understand their influence on foam stability mecha-
nisms. Results confirm that particle inclusion significantly enhances foam stability, with stability increasing
exponentially with solid fraction (my) and decreasing according to a power law with particle diameter. These
effects become significant for solid fractions exceeding 50 g per 125 g of liquid generator and for particles smaller
than 0.25 mm in diameter. The study demonstrates that contributions from different granulometric fractions
compound linearly, and foam-solid mixture stability can be expressed as an exponential function of total particle
surface area. This relationship explains why finer particles exhibit greater stabilizing effects. While some
behavioral aspects were partially anticipated in literature, previous research did not fully account for larger
particle diameter effects. Despite promising findings, the study could not completely bridge the gap between
foam stability and conditioned soil stability, as the minimum achievable Foam Injection Ratio (FIR) remains an
order of magnitude higher than typically used for soil conditioning. Nevertheless, this research successfully
narrows the existing knowledge gap and provides valuable insights into solid fraction roles in foam stabilization.
The findings enhance understanding of foam-soil mixture behavior, contributing to improved soil conditioning
strategies and more effective EPB tunnelling operations. This work establishes a foundation for future research
aimed at completely connecting foam stability and conditioned soil stability assessment methodologies.

1. Introduction

In EPB tunnelling, a key aspect for the correct management of the
excavation is soil conditioning, which consists in the mixing of foam and
other conditioning agents with soil to temporally modify its behaviour
and make it suitable to be excavated with this technology (Vinai et al.,
2008; Budach and Thewes, 2015; Mori et al., 2018). Being the newly
acquired properties temporary due to the instability of foam, to achieve
a holistic design approach, it is important to evaluate also the time-
stability of conditioned soil to optimise the interplay between the
excavation phase, the excavated soil management on the jobsite and its
reuse after the used foam and conditioning agents have been bio-
degraded (Firouzei et al., 2020; Peila et al., 2022; Onate and Murt,
2022).

An important factor for the successful use of EPB technology is the
stability of the foam used in the soil conditioning process, which must
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remain stable for a sufficient period to: ensure homogeneous mixing
with the soil, allow for adequate pressure transmission at the face, and
preserve the conditioned soil's workability throughout the excavation.
To evaluate these aspects, despite being important the stability of the
foam itself, it is more important to assess the stability of foam mixed
with soil.

From these considerations arises the necessity to further study the
time-stability of conditioned soil. Concerning this research field, some
authors focused on the stability of the conditioned soil as a whole, often
limitedly on particular soils with fixed grain size distribution (Peila
et al., 2008; Riviera et al., 2014; Oggeri et al., 2014; Pedraza Pena et al.,
2015; Djeran-Maigre et al., 2018; Wu et al., 2018; Zumsteg et al., 2018;
Carigi et al., 2020; Luo et al., 2022; Carigi et al., 2023; Wu et al., 2024),
while several other researchers focused on the stability of the foam by
itself. Some of these latter researches belong to the field of EPB
tunnelling, while many other researches are developed in scientific
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fields different from tunnelling (EFNARC, 2005; Wierenga et al., 2009;
Zhang et al., 2015; Jones et al., 2016; Li et al., 2022; Grossmann et al.,
2020; Moll et al., 2020; Zhao et al., 2021; Carigi et al., 2023; Chen et al.,
2024).

Between these two classes of researches a scientific gap is present
since, despite several authors investigated the behaviour of foam-solid
particles mixes, it never concerned the research field related to tunnel-
ling and soil conditioning. More in detail, Li et al. (2022) produced
foams both with a thixotropic polymer and silica nanoparticles (7-40
nm) and then performed an analysis of their stabilities. They found that
as the concentration of the aforementioned particles increases there is an
increment of foam stability. Instead, the foamability, the volume pro-
duced with fixed conditions, reaches a maximum for a specific concen-
tration of particles and then decreases. Hunter et al. (2009) studied the
interaction between surfactants and silica nanoparticles highlighting
that the interaction between surfactants and particles to stabilise foams.
Horozov (2008) performed an extensive research on super-stabilized
foams through the addition of silica nanoparticles and found that the
stability of foams is strongly dependent on shape, size, concentration
and hydrophobicity of the solid particles. Moreover, AlYousef et al.
(2018) performed stability tests on foams produced with surfactants and
silica nanoparticles finding a significant stability increment. Concerning
the methods used by these researchers, Hunter et al. (2009), Horozov
(2008)) and AlYousef et al. (2018) produced the foam by manually
shaking a glass tube with the foaming solution inside. This method
produces foams significantly different from the ones used in tunnelling,
since the method used by these authors enables the production of foams
with FER, Foam Expansion Ratios (i.e. the ratio between the volume of
foam and the volume of the liquid used to produce it), much lower than
the one used in tunnelling, leading to an impossibility to directly transfer
the knowledge aquired with these researches to the field of tunnelling
without further tests and validation of the results.

Fameau and Salonen (2014) discussed the role of particles of
different type and origin on the stability of foams. They found that hy-
drophobic particles mainly de-stabilize foams while hydrophilic parti-
cles have a stabilizing effect. The authors focused on the effect of
nanometric particles and did not analyse the effect of micrometric or
millimetric ones. These results cannot be directly applied to the case of
EPB conditioning since a relevant part of the particles constituting soil
have equivalent diameter in the range of millimetres and micrometres.

Zhang et al. (2015) studied the stability of foams in which particles of
starch were added and found that it affected both stability and foam-
ability. In particular, as the viscosity increases due to the starch addition
the stability increases as consequence of the reduction of drainage in
foams. Moreover, the foamability reduces as the starch concentration
increases because the higher viscosity reduces the amount of incorpo-
rated air for a standard mixing energy. Also, the starch molecules adsorb
some of the surfactant reducing the effective concentration and,
consequently, the foamability. These results, being obtained for starch
particles, need to be validated for soil particles.

Pena Duarte (2007) tried to approach the problem by using actual
soil, measuring the half-life time of both foams and conditioned sands.
By using sands coarser than 1 mm, the author found that for this very
specific case the foam stability was not significatively influenced, a
result that cannot be generalised to conditioned soils due to the absence
of all the soil fractions smaller than 1 mm. A similar research was
developed by Wu et al. (2020) that performed stability tests on foams-
sand mix by using a soil with a grain size distribution roughly span-
ning between 5 mm and 0.1 mm. In this case the author, despite
assessing the shortcoming of the previous author, analysed the stability
through the dimensional distribution of bubbles in time using a micro-
scope while drainage measurements were not involved in the tests.

Recently, Schroer et al. (2023) achieved the production of a foam
with solid particles for EPB applications using a specifically designed
foam generator, starting from a high-density bentonite slurry. This foam
was used to expand the applicability field of EPB tunnelling but no
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specific investigation about foam stability was carried out and the di-
mensions of used particles is consistently smaller than 75 pm.

In summary, these experimental studies, provide valuable insights
into the mechanisms governing foam-particles mixtures stability but are
often conducted outside the specific context of EPB tunnelling. They
show that the presence of solid particles can significantly influence foam
performance, depending on particle size, concentration, shape, and
surface properties, as well as the rheology of the foaming solution.
However, differences in foam production methods and test conditions
pose a strong limit to the direct applicability of these findings to the
tunnelling field. Hence, further research is needed to assess foam sta-
bility under conditions comparable to those encountered during EPB
tunnelling.

To fill the gap, in this research the authors tried to understand the
change in stability of a mix of foam and actual soil particles ranging from
micrometres to millimetres. To achieve this result, for each grain size
these particles were added in various quantities to understand how each
of these types of particles influences the stability of foam. In the end,
different types of particles were added together to simulate the presence
of a soil. Differently from what happens in EPB-TBM, the soil was added
during the production of foam since to mix sub-millimetric particles
with foam, it is needed too much mixing energy and time to obtain a
homogenous material, that would in turn dramatically change the
properties of the foam itself and confounding the contribution of the
presence of soil particles with the one of the energetic mixing. By
generating foam with soil particles already in it, the authors aim to
understand the contribution of different particles classes to the overall
stability of conditioned soil. Due to the extension of the tests conducted,
investigations on the role of shape of grains and their hydrophily were
not considered in this study but could be part of future development.

2. Materials
2.1. Foam

The foam used in the experimental campaign was produced from a
foaming solution consisting of water and a commercial surfactant agent
at a volumetric concentration ¢f = 1.0% (v/v). According to the safety
data sheet, the surfactant product is composed of:

- 5-chloro-2-methyl-2H-isothiazol-3-one and 2-methyl-2H-isothiazol-
3-one (cc > 0.0002% — <0.0015%) CAS 55965-84-9;

- Alcohols, C12-14, ethoxulated, sulfates, sodium salts (cc > 10% —
<20%) CAS: 68891-38-3.

2.2. Aggregates

For the production of different grain size fractions, to be mixed with
the foam, the reference soil shown in Fig. 1 was dried out in oven at
110 °C accordingly to UNI EN 933-1 and divided through sieving at 20,
10, 5, 2, 1, 0.5, 0.25, 0.125 and 0.075 mm.

In the following, each fraction will be referred as fy, where x is the
size of the upper sieve’s mesh through which the soil passed by (e.g. f 25
is the fraction passing at 0.25 mm and retained at 0.125 mm).

On the passing at 0.425 mm the Atterberg’s limits (UNI EN ISO,
2018) have been performed and the material resulted non-plastic since
was not possible to roll a tread at any water content as specified by the
norm.

3. Methods
3.1. Half-life test modified procedure
To reach a more detailed characterization of the foam decay process,

the half-life time test (EFNARC, 2005) has been modified as described in
Carigi et al. (2022) and the resulting data were analysed.
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Fig. 1. Grain size distribution of the reference soil.

To describe the whole degradation process of the foam, a continuous
sampling of the weight of the drained foaming solution was applied. The
used device (Fig. 2) has 3 funnels, each one equipped with a porous
stone with high permeability that do not affect the drainage speed, and
below each funnel, a bucket to collect the drained liquid was placed.
Each funnel and each bucket is equipped with a 0.1 g-precision load cell
(LC) and all of them are connected to an Arduino Mega 2560® processor
to acquire data with a frequency of 10 Hz. Also, a micro-SD data logger
and an LCD screen were installed. In Fig. 3 a scheme of the device is
given.

The data log starts as 80 g of foam are inside the funnel and stops
when the weight of drained liquid reaches 65 g, (i.e. 80% of the total
mass). A stop at higher thresholds was found not useful since, for high
amount of drained liquid, the foam drifts away from relevant conditions
for tunnelling applications and would greatly increase the required time
to carry out the tests and the analysis.

To ensure that there was no delay between the start of degradation of
foam and the start of drainage, the porous stones were preventively
saturated before each test. To prevent their clogging, due to the presence
of solid particles included in the foam samples, a non-woven fabric
(NWF) disk was interposed between the foam and the porous stone
(Fig. 4).

Furthermore, this method represents an improvement with respect to
the current standards (EFNARC, 2005) but differently from the on-site
conditions, it conduces the test at atmospheric pressure.

3.2. Foam production
3.2.1. Method A

The generator used for the foam production was already used for
numerous researches already carried out at Politecnico di Torino (Vinai

et al., 2008; Peila et al., 2007; Peila et al., 2013; Carigi et al., 2022. In
Fig. 5 a picture and a scheme of the foam generator are shown. The
generator operates with a maximum liquid flow of 11.9 1/min and max
air pressure of 4 bar. Given that the stability of foam depends on the flow
rate (Bahrami et al., 2024), it was set at 5.6 L/min and kept constant
while, to regulate the FER, the air flow rate was changed through needle
valves.

The foam generator is equipped with a foam gun (internal diameter
78 mm, length 450 mm, filled with glass fragments of mean diameter of
5 mm). This foam gun is very similar to the type commonly used in EPB-
TBMs (Fig. 5).

After the production of foam, for foam and sand or gravel mixtures,
the mixing phase can follow the foaming phase, both adding foam to soil
or soil to foam, but this approach cannot be used for fine particles. In
fact, fine soil forms lumps that are not distributed homogeneously in the
foam (Fig. 6) or should be mixed with very high energy and for long
time, changing the structure of the used foam. Hence, for the production
of the foam, another procedure has to be followed (Method B).

3.2.2. Method B

To produce foam with dispersed particles the stirrer shown in Fig. 7,
equipped with the impeller shown in Fig. 8, is used.

The following procedure was used for foam production for all the
samples:

1. Production of 125 g of foaming solution with 1% concentration of
Product A (123.5 g of water gently mixed with 1.25 g of Product A);

2. Pre-foaming phase for 5 s. The helix reaches 1100 rpm with static
mixing (Fig. 9a);

Fig. 2. Left: Modified half-life time device; Right: Porous stone.
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3. Progressive solid particles addition for 40 s. If no solid is added, to
create a reference foam without particles, the mixing at 1100 rpm for
40 s was carried out anyway;

4. Acceleration of mixing for 5 s. The helix reaches 2200 rpm;

Fig. 6. Foam with clay lumps.
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Fig. 5. Foam generator. Left: foam gun; Centre: foam generator; Right: foam generator scheme.

6. Oscillatory mixing phase (Fig. 9b) for 90 s + 10 s at 2200 rpm with
frequency of vertical oscillations of 0.5 Hz;
7. Start of the half-life test.

For each solid fraction fy described in Chapter 2.2 a set of samples of
foam are produced. To produce each sample, 125 g of foaming solution,
was mixed with the following quantities my: 0.1 g,0.5g,18,5g,10 g,
20 g, 50 g, 100 g. In particular, 100 g was set as a limit due to the
physical limitation in the production of homogeneous foam with greater
quantities. To produce 80 g of foam to put to test, it was chosen to use
125 g of foaming solution to grant sufficient foam production to ease the
transfer from the mixing bucket and the half-life time funnel in a short
time to avoid the start of the decay process during the transfer.

Then, an additional set of samples was produced by using 100 g of a
mixed solid fraction obtained by with combinations of different pro-
portions of fp125 and foo75 (100-0%, 80-20%, 60-40%, 40-60%,
20-80%, 0-100%) to test the effect of the compresence of different solid
fractions on the half-life time.

3.2.3. Validation of the mixing approach

To verify the equivalence between the two foaming methods
(Method A and Method B), a set of calibration tests was carried out on
foams without solid particles produced using the two methods. Also, this
phase included both tests carried out with and without the NWF to assess
its presence influence.

5. Mixing at 2200 rpm for 10 5; As first step, the half-life time trend as function of FER was
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Fig. 7. Used high speed stirrer.

determined on samples produced with Method A. Then a second set of
tests on foam samples produced with Method B were performed. Given
the narrower range of FER achievable with Method B compared to
Method A, a target FER equal to 15 was aimed during the samples
production and an actual average FER of 14.37 was reached. For both
types of foam, were carried out tests both with and without NWF.

Fig. 10 shows that, around the target FER, the generation method has
no sensible influence on the half-life time. Also, the presence of NWF
seems to slightly reduced the half-life time coherently for the two foam-
production methods, hence all the tests were performed using the NWF
in the setup to prevent the clogging of the porous stones.

Tunnelling and Underground Space Technology incorporating Trenchless Technology Research 173 (2026) 107621

Moreover, to verify the homogeneity of the solid fraction across the
produced volume of foam, a sample was produced and, then, the ob-
tained foam was divided in 4 subsamples. By drying and weighting the
samples, the solid fractions were compared obtaining the results are
shown in Table 1.

Between the 4 samples, the maximum difference was of 0.2% in the
solid percentage. Hence, the production method gives good homoge-
neity to the sample.

Given the results shown in Fig. 10 and Table 1 the Method B was
considered suitable to the scope of this research.

3.2.4. Drained mass normalization

As different solid fraction increases, the composition of the foam is
obviously modified leading, for 80 g-samples of foam-aggregate
mixture, to have a minor liquid fraction. Hence, the half-life time
should not refer to 40 g anymore.

Another issue to face to define a threshold at which set the half-life
time has to be considered that not all of the total amount of the foam-
ing solution used to produce the foam is available for drainage. In fact, a
part of the liquid fraction is adsorbed on the surface of solid particles.
Some tests were conducted to estimate the amount of liquid fraction
adsorbed by the solid fraction at very long times and using the maximum
solid fraction tested (myx = 100 g). It was found that the mass of adsorbed
liquid is at least one order of magnitude smaller than the total amount of
water present in the 80 g sample. In Fig. 11 is reported a scheme of the
outcomes of a long-time test. Given the relatively small quantity of
adsorbed liquid, for simplicity the half-life time was considered the time
required to drain half of the liquid mass of the sample of 80 g of foam-
aggregate mix (Fig. 11). It should be noted that this is true for this
specific kind of soil particles and may be not true for more active kinds of
soils.

3.2.5. FER comparison across different datasets

When the solid fractions dimension and mass added to the foaming
solution change, the FER obtainable with Method B, for constant mixing
time, changes too. This phenomenon was already described by some of
the cited authors.

To consider the variability of FER obtained with the same procedure
applied to foaming solutions for different type and quantity of particles,
the £ 10 s variability at point 6 of the Method B was introduced to
produce a set of different FERs, and then to proceed with the evaluation
of half-life time through linear interpolation at a target FER. This FER
was chosen by averaging of the ones obtained for all test sets, with the

Fig. 8. Impeller used for the production of foam (modified from Todaro et al. 2019).



A. Carigi and C. Todaro

a)

e

Tunnelling and Underground Space Technology incorporating Trenchless Technology Research 173 (2026) 107621

b) :

Fig. 9. Mixing methods: a) Static mixing used for Phases 2 to 5, b) Oscillatory mixing used in Phase 6.
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Fig. 10. Comparison between half-life time of samples produced with different generation methods and different test apparatus configurations.

Table 1
Homogeneity of a sample generated with the procedure.

Sample ID Foam weight (g) Solid weight (g) Solid percentage (%)
1 48.69 21.17 43.5
2 49.92 21.65 43.4
3 46.93 20.48 43.6
4 36.64 15.91 43.4

exclusion of the series obtained with 100 g of fj o075 and fy 125. These two
series were excluded because they were strongly diverging from the FER
range of all other series, as shown in the following.

SF

LF

50%
LF

For these set of data obtained with 100 g of fj 75, instead of an
interpolation, the data were linearly extrapolated from the available
data despite the inherently higher uncertainties. No other options were
given since there was no range of superposition of FERs with the other
series.

3.2.6. Viscosity

To verify if the hypothesis of Zhang et al. (2015) applies to this
context, i.e. that the presence of solid particles increases the viscosity of
the foaming solution, some viscosity tests have been carried out on for
different mass of solid particles. In this work, with the term “viscosity”
the authors refer to the dynamic viscosity. However, hereinafter the only

<10% LF
(adsorbed liquid)

t

Fig. 11. Relationship between solid fraction (SF) and liquid fraction (LF) for the definition of half-life time of foam-aggregate mixtures.
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word “viscosity” has been used for streamline the reading.

The viscosity of 1.0%-solutions of Product A, additioned with solid
particles (fy.500, f0.250, f0.125 and £y ¢75) was measured using a rotational
viscometer Fungilab shown in Fig. 15.

The viscosity was measured using an LCP spindle for low viscosities
(Fig. 12) at 100 rpm and a temperature of 22 + 2 °C.

4. Results
4.1. Viscosity

On foaming solutions with particles fg 500, fo.250 and fo.125 the vis-
cosity test gave no suitable results because the sedimentation occurred
in a time span shorter than the one needed to carry out viscosity tests.
The viscosity test on the solution made with fy 75, was carried out
successfully. A quadratic relationship between the solid fraction mass my
and viscosity was found in the range 0-100 g of solid mass added to 125
g of foaming solution (Fig. 13), proving the dependence of viscosity on
my. Hence, according to the hypothesis of Zhang et al. (2015), with my
increasing should be expected a reduction of FER obtained with the
same foaming method and conditions.

4.2. Foamability of single fraction foams

Using the procedure described in chapter 3.2.2 (Method B) to pro-
duce foam, the tests shown that the FER of the resulting foam depends
on the solid fraction following a quadratic law. Using the fraction fg o7s,
an increment of FER was measured up to my = 20 g and, then, a
decrement of FER for higher quantities of solid fraction. This behaviour
shows an analogy to the results, described by Li et al. (2022), on foams
produced using nanometric particles. The following tests on foams
produced with higher diameter fractions shown a change of the
behaviour: the concavity of the curve progressively reduced and then
reversed its sign for the fraction fy 500 (Fig. 14). The trend of the single
coefficients of the quadratic law obtained for different mass fractions are
shown in Fig. 15, Fig. 16 and Fig. 17 as function of the solid particle
diameter showing a linear correlation between the coefficient of the
quadratic law and the solid fraction. In Fig. 14 is also plotted as refer-
ence the FER 14.43 obtained using the Method B in absence of solid
particles as described in Chapter 3.2.3.

4.3. Half-life time of single fraction foams

To evaluate the half-life time at a target FER of samples of foam
produced with soil particles, due to the different foamability of the
mixes, Method B was used to achieve a variety of FER. Then, the test
results was analysed at the average FER, which is 12.46. In the evalu-
ation of the average FER the samples prepared with 100 g of f ¢75 and

Tunnelling and Underground Space Technology incorporating Trenchless Technology Research 173 (2026) 107621

fo.125 where excluded due to the observed strong reduction of the
foamability. For each series of data, the half-life time was linearly
interpolated (Fig. 18 and Fig. 19), with the only exception of 100 g of
fo.125 and fp 75 that were it was linearly extrapolated (Fig. 20 and
Fig. 21).

As shown in Fig. 22 the half-life time values decrease when particles
with bigger fraction diameter fy are used and increases when the solid
fraction my is raised. More in detail, an exponential relationship be-
tween the solid fraction and the half-life time was found. Moreover, the
exponents of the aforementioned relationships vary with a power law
with the diameter of the particle fraction, as shown in Fig. 23. Increasing
the diameter of the particles, the exponent tends to 0 and the expo-
nential trend asymptotically tends to the value of foam half-life time
without particles (Fig. 22). This result generalises the findings of Pena
Duarte (2007) that found no influence on half-life time of foams added
with millimetric diameter.

Similarly, a trend showing a power law relationship between the
half-life and the particle diameter of the solid fraction (fy) for all the
considered values of solid masses (my) (Fig. 24). Again, for my that tends
to 0, the half-life time tends to the one of foam without particles. Also,
for fixed solid fraction my, as the diameter of solid fraction fy increases,
the half-life time tends asymptotically to the one of foam without par-
ticles. Although the underlying physical mechanisms driving this
behaviour remain unclear, the half-life exhibits an exponential depen-
dence on my and a power law dependence on f;.

4.4. Foamability of foams produced with multiple solid fractions

As highlighted in Section 3.3.2, foamability is influenced by both the
particle size fy and the solid fraction my. This chapter presents the results
of foam production experiments using mixtures with varying pro-
portions of fj 125 and fy g7s.

Considering the very small impact of the biggest used fractions on
foamability, fo 500 and fp 250 were excluded from this section of the
study. As shown in Fig. 25, a linear relationship emerges between the
percentage of the solid fraction fy o75 and the total solid fraction my.
Notably, the R? value exceeds 0.9 when calculated using the average
values for each percentage of f( o7s. This indicates a strong consistency
in the linear trend relative to fy g75.

4.5. Half-life time of foams produced with multiple solid fractions

A linear correlation has been observed between the half-life time and
the percentage of the f ¢75 fraction relative to the total solid fraction my,
as depicted in Fig. 26.

Lastly, Fig. 27 illustrates the relationship between foamability and
half-life for all tests conducted with varying proportions of fj ¢75 and
fo.125, merging the results of Fig. 25 and Fig. 26. This analysis also

T o

20.0 mm
\
89.0 mm e 1.5 mm
200 mm 4
26.0 mm

Fig. 12. Rotational viscometer and LCP spindle.
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revealed a linear trend (Fig. 27), allowing the definition of a linear
relationship connecting the three variables: half-life, foamability, and
fraction proportions.

4.6. Relationship of half-life time and total surface of the solid fraction

All the conducted tests were further analysed by examining the
relationship between the total surface area of the aggregates in the mix
and the foam stability. The total surface area of the aggregates was
calculated using the following equation, assuming, for simplicity,
spherical particles:

S=nes=ne4z(d/2)* = nrd? (3.1)

where S represents the total surface area, n is the number of solid par-
ticles, s is the surface area of a single particle, and d is the particle
diameter. For simplicity, the sieve diameter at which the particles pass
was used instead of the actual particle diameter. The number of parti-
cles, n, is defined as:

n=—=—1"~ =" e — 3.2
where V is the total volume of the solid particles in the mix, v is the

volume of a single particle, ys is the specific weight of the solid, and m is
the mass of the solid fraction.
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interpolation in order to be at constant FER.

Substituting n into Equation (3.1) yields:

S:E.i ﬂd2:6_m
dy,

P . (3.3)

Using Equation (3.3), a relationship was found between the total
surface area of the solid fraction and the half-life of the foam-aggregate
mix, as shown in Fig. 28.

5. Discussion

The tests revealed that foams produced by incorporating soil parti-
cles, with varying granulometric fractions (fy) and solid fractions (my),

exhibited differences in foamability and stability. Figs. 14 through 21
illustrate the influence of soil particles on the foamability of the foaming
solution. This relationship follows a quadratic law and a trend of its
polynomial coefficients relative to particle diameter was found.

For small particles, foamability initially increases with an increase in
the solid fraction (my), reaches a peak and then declines. Conversely, for
larger particles, the trend is reversed: foamability initially decreases and
then rises as my increases beyond a certain value. Although the exact
mechanisms driving this behaviour remain unclear, a theoretical model
is proposed to explain these observations.

The foaming process is strongly influenced by surfactant concen-
tration. As my increases, more surfactant is adsorbed onto the solid

10
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surface (Phenomenon 1), reducing the available surfactant concentra-
tion and, consequently, foamability. Additionally, smaller particles
reduce surface tension, as demonstrated by AlYousef (2018) (Phenom-
enon 2), counteracting the effect of surfactant adsorption. Moreover,
fine particles increase the viscosity of the liquid phase, lowering the
efficiency of air incorporation into the foam (Phenomenon 3). Lastly, as
particle diameter increases, it is hypothesized that their influence on
turbulence enhances the dispersion of air within the medium (Phe-
nomenon 4), as illustrated in Fig. 29.

The interaction of these four phenomena varies in intensity as my and
fy change, as qualitatively illustrated in Fig. 30.

The results obtained at the target FER revealed the influence of

11

particle diameter and solid fraction on foam half-life time. Specifically,
as the solid fraction (my) increases, the half-life time of the foam rises
exponentially. Conversely, as the diameter of the solid particles in-
creases, the half-life time decreases, following a power law. The effects
of the solid fraction became significant for myx values exceeding 50 g and
particle diameters smaller than 0.125 mm.

Additionally, an exponential relationship was observed between the
half-life time of foam-aggregate mixtures and the total surface area of
the aggregates in the mixture. For tests involving two fractions com-
bined in varying proportions, it was found that their contributions to
both time stability and foamability are linearly dependent on the
quantity of each fraction.
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It is also important to acknowledge that in actual EPB-TBM opera- a reduction in bubble size. Smaller bubbles usually exhibit higher sta-
tions, the mixing of foam and soil occurs within the excavation chamber bility due to reduced drainage rates and increased resistance to coales-
under pressurized conditions. While the present study was conducted at cence (Wu et al., 2018). Consequently, the stability results obtained in
atmospheric pressure, the effect of higher pressure on foam stability is this study at atmospheric pressure can be considered a conservative
generally positive. According to Boyle’s law, increased pressure leads to estimate (or a lower bound) of the actual performance in the excavation

12
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Fig. 29. Phenomenon 4: During the mixing, the solid particles collide with air bubbles and contribute to separate them in smaller and more stable bubbles.
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Fig. 30. Qualitative representation of the interplay of different phenomena (Ph.) on foamability.

chamber. Although the absolute values of half-life time might increase
under pressure, the observed trends regarding the interaction between
particle size (fy), solid fraction (my), and foam stability are expected to
remain valid and representative of the relative influence of soil prop-
erties on conditioning.

Considering the average FER used in the tests (12.46), the amount
and density of the foaming solution (wj; = 125 g and yjg = 1 g/cm®,
respectively), a solid fraction (my) ranging from 0.1 g to 100 g, and using
a soil bulk density (yp) of 18 kN/m® as a reference, the FIR was calcu-
lated as:

';EFER
FIR(%) = "

b

¢ 100 3.4

This yields to FIR values ranging from 3-10%0%-to 3-10%%, as

13

schematically shown in Fig. 31. Hence, the tests were conducted with a
FIR that was two orders of magnitude higher than the typical values used
in soil conditioning and the tests were performed at atmospheric pres-
sure. Due to this gap, the validity of these findings is constrained to this
FIR range and higher FIR values, for which no distinction exists between
the foam-aggregate mixture and pure foam. On the other hand, for FIR
values below the lower limit, it is unlikely that the exponential increase
in stability continues, as drainage would become so minimal that
evaporative effects could no longer be neglected.

6. Conclusions
This study investigated the stability of foam-soil mixtures to bridge

the gap between pure foam analysis and conditioned soil behaviour in
EPB tunnelling. The experimental results confirm that the inclusion of
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particles in foam significantly enhances its stability. Specifically, sta-
bility was found to increase exponentially with the solid fraction (my)
and decreases according to a power law as the particle diameter in-
creases. The stabilizing effect becomes particularly pronounced for solid
fractions exceeding 50 g (per 125 g of foaming solution) and for particle
diameters smaller than 0.25 mm.

A key finding of this research is that the contributions of different
granulometric fractions to stability are additive. Consequently, the sta-
bility of foam-solid mixtures can be expressed as an exponential function
of the total surface area of the particles. This correlation underscores the
dominant role of finer particles in extending foam half-life.

Furthermore, the study highlights the complex influence of solid
particles on foamability. The results suggest a dual mechanism involving
alterations in surface tension and liquid phase viscosity. While previous
literature hinted at these effects for fine particles, this research expands
the understanding to include the behaviour of larger particles diameters,
which were previously underexplored.

Although a discrepancy remains between the Foam Injection Ratios
(FIR) achieved in this laboratory setup and those typical of on-site soil
conditioning, this work successfully narrows the experimental gap. By
quantifying the stabilizing role of specific solid fractions, this study
provides a robust foundation for future research aimed at fully pre-
dicting the time-stability of conditioned soil in EPB applications for
different types of soils.
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