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Abstract: In the tunnelling industry, a large share of the market is occupied by EPB (Earth Pressure
Balance) machines. To operate this kind of machine, a radical change in the rheological behaviour of
the excavated soil must be performed, and this is achieved by adding water, foam, and, eventually,
polymers. The stability of the foam is assessed through a half-life test. The main limitation of this
test is that only one value is used in the characterization of the foam degradation process, which is
insufficient to describe the whole evolution of the phenomenon. The results of more than 270 tests
were modelled through a five-parameter mathematical formulation that suited the experimental data.
The results show that the influence of concentration on the stability of the foam is not always present
and that the flow rate used during production bears an influence on the characteristics of the foam.

Keywords: tunnelling; foam; characterization

1. Introduction

The EPB tunnelling process is strictly linked with the quality of the soil conditioning
process. Conditioning is a complex task as discussed by Peila et al. [1], Thewes and
Budach [2] and Liu et al. [3] and many different parameters are involved both with reference
to the soil properties and to the chemistry of the conditioning agents [4]. Foam is the key
conditioning agent. Since the bubbles strongly interact with the soil grains and the foam
quality influences the conditioning process to a great extent, the assessment of the foam
properties presents a key issue in the development of the soil conditioning design.

In this paper a new procedure for the evaluation of foam stability is proposed. The
reference test currently available is focused on a single parameter to characterize the
stability of foam: its half-life time. Although its simplicity makes this test common and
easy to perform, the results are insufficient to completely characterize the behaviour of
foam in time and the output may be ambiguous. Maintaining the main structure of the test
and its simplicity, a new method for the data analysis is proposed in order to fully describe
the degradation process of foam in time.

1.1. Soil Conditioning

The addition of foam to soil radically changes its mechanical behaviour where it
becomes modified from solid-like to liquid-like in order to achieve several objectives.

From a geo-mechanical perspective, the conditioning aims to a reduction of both the
internal friction angle and cohesion of the soil [5] and to increase the workability of the
material as clearly shown in Figure 1.

As well known, foam is the most used conditioning agent, whose bubbles located
between soil grains reduce the internal friction of the soil allowing it to gain the aforemen-
tioned properties [6,7].

From a tunnel excavation perspective, correct conditioning is necessary to handle the
counterpressure in the excavation chamber, waterproof the screw conveyor, reduce wear,
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avoid segregation in the excavation chamber, prevent clogging on the metallic parts of the
TBM and in general to correctly manage the excavation activities [8-14].

(a) (b)

Figure 1. Behaviour of the same material. (a) Before the conditioning is added; (b) After the

conditioning is added.

Furthermore, a correct conditioning design has to aim also to reduce the environmen-
tal impact of the tunnelling process. Hence, an accurate assessment of the influence of
the foaming agent concentration on foam stability, and consequently on the stability of
the conditioned soil, is necessary to reduce the environmental risks described by Barra
Caracciolo et al. [15] and Firouzei el al. [16].

1.2. Foam Generation and Characterization

For the present research, the foam was produced with a generator whose scheme is
given in Figure 2 and which was also used previously in preliminary research [17,18].

Foaming agent

control valve
| Liquid generator

‘ Foaming agent | I>< l control valve
‘ Liquid generator I {><}
‘ Water l .

| Max. fl te = 15 I/mil ..
abar Jmin ‘ Mixing column }—-{ Foam
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Air flow

Prmax = 4 bar
control valve

Figure 2. Foam generation scheme.

To produce foam, air is insufflated in a solution of water and surfactant (liquid genera-
tor) and the streams of the two components are turbulently mixed through a mixing column
of internal diameter 80 mm and length 450 mm filled with glass beads of 5 mm diameter.

This generator operates with liquid generator flow rates up to 11.9 L/min and air flow
rates up to 7 Nm?3/h.
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The foam conditioning is usually characterized by three parameters [18,19]: liquid
generation concentration (¢s), Foam Expansion Ratio (FER) and Foam Injection Ratio (FIR)
defined by the following volumetric relationships valid at atmospheric pressure.

0
cr— sur factant % 100, )
Oliquid generator
(Y
FER = — Jom @)
Oliquid generator
4
FIR = L% + 100. 3)
Usoil

The equivalent relationships with dependence from pressure are given in Mori et al. [8]
and Wu et al. [20]. The present work has been performed at atmospheric pressure.

For the characterization of the soil conditioning, a key aspect is the stability of the
conditioned soil and, as its important constituent element, the stability of the foam itself.

Although the interaction with solid particles strongly influences the stability of a
foam [21-23], the three main degradation phenomena are present both when the foam is
mixed with the soil and when the foam is present alone.

In particular, the three degradation phenomena are the following ones.

The first degradation phenomenon is the drainage of the liquid phase. Being that the
liquid phase is the continuous one, a flow of liquid is present that travels from the thin films
to the Plateau’s borders due to pressure gradients and through the network of Plateau’s
borders due to the gravitational pull.

Particularly, the pressure gradients are present because of the variation of curvature
radius in the surface of the bubbles with a low liquid fraction. In fact, as the liquid fraction
(i-e., Viiguia/ Voam = ¢ = 1/FER [24]) decreases, the foam goes from a “keugelshaum” to a
“polyedershaum”, (respectively, a foam made of spheres and a foam made of polyhedra [25])
as shown in Figure 3.

< FER
Liquid fraction ¢ >
S
€
5

Keugelshaum

Figure 3. Scheme of foam aspects for different liquid volume fractions ¢. ® = 36% corresponds to a
FER = 2.7—from Langevin [26].

As given in Schramm [27], if we consider the Young—Laplace equation given below

2y
AP = R 4)
where AP is the difference between the pressure internal and external to a single bubble, v
is the surface tension and R is the radius of the bubble. Since the pressure Pg of the gas is
constant and the radius Rp in the Plateau’s border is greater than the radius Rp in the thin
film, as shown in Figure 4, it follows that the pressure Pg in the Plateau’s border is lower
than the pressure Py in the thin film.



Geosciences 2022, 12, 191

40f 10

Figure 4. Pressure differences across curved surfaces in a foam lamella (modified from Schramm, [27]).

As the liquid flows into the Plateau’s border the influence of the gravitational pull
becomes dominant over the one of pressure gradients.

The second degradation phenomenon is coarsening. Again, as effect of the Young-
Laplace equation, it is simple to determine that for two bubbles with radii R; and Ry, if
R; > R; the relationship between their internal pressures is P; < Pp. Thus, driven by this
pressure gradient, the gas diffuses from small bubbles to larger ones [28].

The third degradation phenomenon is coalescence. As effect of the increasing diameter
of the bubbles, due to the gas diffusion, and of the reduction of thickness of the thin
films, due to liquid drainage, adjacent bubbles tend to join as effect of the rupture of the
interposed lamella’s rupture [29].

Because of the interaction of these phenomena it is clear that, as described by Moll et al. [30],
the stability of a foam depends also on the energy density, i.e., dependent on the energy
input for unit of volume of foam. The stability of foam increases with the energy density,
due to the formation of a foam with bubble diameters with a smaller mean and narrower
distribution with lower pressure gradients and higher tortuosity of drainage paths.

1.3. Half-Life Test

Overall, especially in the tunnelling industry, the stability of foam is measured through
the half-life time. This test, applied to tunnelling, is given by EFNARC [31] and consists in
measuring the time (ts0) needed for a sample of 80 g of foam to drain half of its weight (40 g).

Several authors have previously focused on this kind of test to assess the stability of
foams [32-35].

Some relationships between surfactant concentration, viscosity of the liquid generator
and foam stability have been found. Sebastiani et al. [33] states that the half-life of foam
increases with the surfactant concentration. This evaluation was performed averaging five
tests on a foam with FER 12 considering a range between 0.75% and 2.5%. Moll et al. [30]
states that the viscosity of the liquid generator has a strong influence on the stability of
the foam but no reference, in positive or in negative, has been made on the possibility
that the concentration of the surfactant may influence the viscosity of the liquid generator.
Zhang et al. [36] show that adding starch to the liquid generator increases both the viscosity
of the liquid generator and the stability of the foam.

A limitation of this test is due to the scarce amount of data collected from each single
test and from the absence of a two-way relationship of the results. For example, as shown
in Figure 5, the test is unable to detect the difference from different kinds of foam that,
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despite having a degradation path different from each other, incidentally, drain 40 g of
liquid generation in the same amount of time for both samples.

80
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Figure 5. Two different foam decay processes (one described by the blue line and the other by the
orange one) that exhibit the same half-life time.

The new proposed approach represents an improvement of the current state of
the art because it studies the foam stability by considering and describing the whole
degradation process.

2. Materials and Methods

To study the evolution of the degradation of foam in time a dedicated apparatus has
been constructed.

In detail, this apparatus is composed of 3 funnels positioned above 3 recipients. Each
funnel is equipped with a porous stone that prevents the foam to fall in the recipient. All
the funnels and the recipients are connected to load cells with maximum load capacity of
1000 g. All the 6 load cells are linked to an Arduino mega 2560 processor equipped with an
LCD screen and a micro SD data logger. A scheme of the apparatus is given in Figure 6.

h A 4
I_I‘I_I

Figure 6. Scheme of the apparatus used for the test.

LCD

ll

The apparatus allows operators to perform 3 half-life tests at a time and to sample the
drained weight with a frequency of 10 Hz and precision of 0.01 g. After the production of
foam, it is collected in a recipient of known volume and, by measuring the net weight, the
FER is calculated. Then, 80 g of foam is poured directly in each funnel. The acquisition
of data starts at the moment foam has been placed in the funnel and stops when 65 g of
liquid has drained through the porous stone. This threshold corresponds to 80% of the
total mass and has been arbitrarily set taking in consideration both the extremely long time
needed to investigate the drainage of the last 20% of mass and that the extreme dryness
of the remaining foam is completely incompatible with the concept of soil conditioning,
hence of scarce interest in this study.
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For the production of foam, a liquid generator has been used a liquid generator made
of a solution of a surfactant agent commonly used in tunnelling.

To study the influence of variation on the flow rate and on the surfactant concentration
two different sets of tests were performed. For the first set, the production of foam was
performed with water at a temperature of 17.0 & 2.0 °C, at flow rates of 2.8 L/min and
8.5 L/min. The surfactant concentration cf was set at 2.0%. For the second set, the produc-
tion of foam was performed with water at a temperature of 17.0 & 2.0 °C, at a fixed flow
rate of 2.8 L/min. The surfactant concentration ¢; varied between 0.25% and 5.0%. In both
sets the FER was set to vary between 5 and 30. The temperature was set at 17.0 £ 2.0 °C
since this was the regime temperature of aqueduct water. The flow rates were chosen in
such way as to produce a wide range of FER.

For the specific chosen surfactant agent, the viscosities of a range of its aqueous
solutions were measured and subsequently found almost constant and independent from
the deformation rate in the considered range. Particularly, a quadratic relationship was
identified between the concentration of the surfactant and the viscosity of the liquid
generator as shown in Figure 7.
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Figure 7. Characterization of the viscosity of the liquid generator. (a) For all the concentrations tested
the viscosity has no dependence on the deformation rate (i.e., Newtonian liquid); (b) the viscosity
bears a quadratic relationship to the surfactant concentration.

3. Mathematical Formulation

From the obtained results, it is possible to see that the foam decay curve in time
develops following the shape shown in Figure 5. Thus, it was chosen to model it with an
asymmetric sigmoid, a function with five parameters and the following formulation.

©)

where w is the weight of drained liquid, expressed in grams, and ¢ is the time from the
start of the test, expressed in seconds.

For the 274 tests performed the 5 parameters were determined through an optimization
of least squared error.

To evaluate the goodness of the fit for multi-coefficient regression formulation, the
adjusted determination coefficient Rzadj was used.

The Rzadj was found to range between 0.99999 and 0.9999 for 81% of the tests, between
0.9999 and 0.999 for 17% of the tests and higher than 0.99 for the remaining 2%. Hence the
formulation is suitable to accurately describe the test.
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4. Influence of Concentration

The obtained results, given in Figure 8, show no influence of surfactant concentration
on the stability of foam. In fact, in terms of stability, there is no clear difference between the
tests performed with different liquid generator concentrations (ranging from 0.25% to 5%).
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Figure 8. Asymmetric sigmoid parameters vs. FER for different liquid generator concentrations (a—d).

This result may seem in contrast with the results of Sebastiani et al. [33] but no
information about the viscosity of the used liquid generator has been provided.

For all tests the parameter “a” was found ranging between 0 g and 1.3 g.

To be thorough, in Figure 9 the result of the value of half-life as defined by EF-
NARC [31] is given and no strong correlation with the surfactant concentration has
been found.
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Figure 9. Half-life time vs. FER for different liquid generator concentrations.
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Influence of the Flow Rate

Half-life tests were performed for several FER, using both foams produced with both
high and low liquid generator flow rates, respectively, 8.5 L/min and 2.8 L/min. The
results are given in Figure 10.

100 200 300 400 500
time (s)
FER with low flow rate 5 10 15 20 25 30
FER with high flow rate ~ --=---- S 10 ------- 15 20 25 ------- 30

Figure 10. Drained weight vs. time for different FER and for high flow rate generation (solid lines)
and low flow rate generation (dashed lines).

It is possible to observe that a marked difference of the stability of the foam is present
for low FER and this difference gradually decreases for higher FERs. For FER higher than
25 the two set of tests gave the same output. This result shows that, although the foam
generator and the liquid generator are identical, the way in which the foam is produced
has an influence on the properties of the foam.

This increase in stability may be linked to a greater energy dissipation in the mixing
column of the generator, that leads to a higher energy density in the foam. This last
statement, that a higher energy density leads to a greater stability of the foam, is in
accordance with Moll et al. [30].

5. Conclusions

A set of more than 270 half-life tests has been performed sampling the evolution of
drained liquid until 80% of the weight of the foam drained. The cumulative weight vs.
time is very well described by an asymmetrical sigmoid, a well-defined five-parameter
mathematical formulation, finding values of the adjusted determination factor (Rzadj)
always higher than 0.99.

The evaluation of the five parameters instead of the half-life time seems to be promising
and able to avoid problems connected to the traditional half-life test such as obtaining the
same output for two different observed phenomena.

The results reveal that the influence of concentration may not be as important as
previously thought, if not through an eventual increase of viscosity of the liquid generator,
and that there may be room to reduce the amount of used surfactant with clear environmen-
tal and economic benefits for the jobsites. Nonetheless, this hypothesis has to be further
verified with tests performed on foam-soil mixtures.

Furthermore, a strong influence of the flow rate and the dissipated energy involved
during the foam generation was observed.
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