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Abstract 13 

Earth pressure balance shield (EPBS) is the excavation technique responding to the technical 14 

construction complexity of the future line 16-1 of the Grand Paris Express project. Its principle is 15 

based on the capacity of the excavated ground to transmit the forces needed to counterbalance the 16 

earth and water pressures of the working face. Additives are injected into the soil; on the cutting 17 

wheel, in the excavation chamber and/or in the screw conveyor. Their role is to assure the soil 18 

conditioning by modifying the soil’s workability and its hydromechanical and rheological parameters. 19 

Therefore, the soil conditioning produces a plastic medium able to transmit the pressure to maintain 20 

the front face. In addition, as a second objective, the additives aim to overcome uncertainties in the 21 

soil.Depending on the case, the additives can reduce the clogging, internal friction, abrasiveness, and 22 

permeability of the soil. The additives can include water, surfactant, polymer and bentonite. The 23 

combination of water and surfactant with or without polymer produces the foam. In order to increase 24 

the excavation perfomance, laboratory prelimenary tests are performed to deduce the optimal foam 25 

parameters. Since no test measuring the foam characteristics is standardized yet, this article sums up 26 

the tests mostly used in foam characterisation; half-life measurements, rheological tests, 27 
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microstructural observations. As for the conditioned soil, slump test is frequently used by the 28 

tunnelling industry to recommend the optimal soil conditioning parameters in terms of workability. 29 

This test has been adapted in this study and the results are verified by rheological tests, then compared 30 

to the real foam injection data used for the project and their effect on mechanical parameters. For a 31 

specific type of excavated soil, the quality (type) of foam recommended by the laboratory work falls 32 

into the same choice of additive choice based on in-situ tunnelling excavation data. These findings are 33 

explained by the foams characteristics. Therefore, a correlation between foam and the conditioned soil 34 

(sandy soil with silt and low percentage of clay) with foam is deduced at different levels : micro, meso 35 

and macro (real) scales.  36 

 37 

Keywords: earth pressure balance shield, foam, soil conditioning, flow behavior, microstructure, in-38 

situ 39 

1. Introduction  40 

The urban population increase, followed by transportation problems, shows the need not to only 41 

construct subways but also to build them in an efficient way. In order to accelerate the excavation and 42 

enhance the security in highly dense urban areas, the conventional excavation techniques were 43 

developed to mechanical ones. The earth pressure balance machine took place in 1974 (Quebaud, 44 

1996). The technique is based on the ability of the excavated soil, placed in the excavation chamber, to 45 

transfer the forces needed to counterbalance the earth and water pressures on the face of the machine. 46 

For these reasons, the earth pressure balance excavation technique was firstly used for fine grained 47 

soil. The advantage of this type of soil is its ability, by the addition of water when needed, to modify 48 

the soil consistency by building a plastic paste capable to transfer the required forces needed to 49 

stabilize the cutting face (AFTES, 2000). This texture is not common due to soil heterogeneity in most 50 

applications. In the case of soil with a high presence of clay, clogging problems on the cutting wheel 51 

will be induced (Ball et al., 2009, de Oliveira et al., 2019), as for a soil with high permeability, water 52 

spewing will be faced (Huang et al., 2019, Borio and Peila, 2010). Especially in such cases, the EPBS 53 

face stability can no longer be maintained, the soil needs to be treated. These uncertainties were 54 

overcome by combining tunneling and chemical industries, which leads to discover an effective way of 55 
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soil treatment known by soil conditioning. This type of soil treatment can be provided by the addition 56 

of additives in particular surfactants and/or polymers. The conditioning agent mostly used in soil 57 

conditioning by EPBS is foam that includes water, surfactants with or without polymers. The main role 58 

of foam is to change the soil hydro-mechanical and rheological parameters in order to meet the texture 59 

requirements for EPB machine. For general purpose, this is done by the presence of the foam bubbles 60 

that increase the pore volume of the soil-foam matrix, creating a more compressible material. In the 61 

case of clayey soil, the polymer is injected into the foam. They build a steric barrier that to avoid 62 

reagglomeration effect of clays. In the case of porous soil, there is a risk of segregation; water binding 63 

polymers can be used to dry out (liquid) soils. 64 

Researchers tended to study foam characteristics related to foaminess, stability and rheology 65 

(Guillermic, 2011, Thewes and Budach, 2010, Denkov et al., 2020, EFNARC, 2005). Recently, 66 

microscopic studies had been performed to follow the foam bubble diameters (Wu et al., 2018, Tao et 67 

al., 2019) and to deduce the effect of polymers on the foam characteristics (Zhao et al., 2021; Li et al., 68 

2022). Their results showed that the properties of the foam might significantly change in function of 69 

the parameters of its generation such as the type of foam generator, type of the conditioning agent, 70 

pressure, foaming agent concentration and foam expansion ratio. 71 

Until now, no specific norm can be found to characterize the foam, but recommendations are given by 72 

researchers especially EFNARC (2005). However, there are still limited findings on the relationship 73 

between the foam characteristics and their ability to affect the soil microscopic and rheological 74 

parameters. In the framework of Grand Paris Express project, line 16-1, several foaming agents were 75 

used to meet the large need of soil conditioning among several tunneling machines. This paper sums 76 

up, in its first part, the foam tests mostly used in the tunnel industry and investigates the characteristics 77 

of two industrial foaming agents used on the Grand Paris Express project, line 16-1. It allows to 78 

deduce a correlation between the foam physical characteristics related to the presence or not of anti-79 

clay polymer.  80 

After revealing the foams aspects, the procedures of soil conditioning and the determination of the 81 

optimal soil-foam ratio take place. Some researchers have conducted well known tests on conditioned 82 

soil samples specifically slump test by a standard cone (Quebaud, 1996, Jancsecz et al., 1999, Vinai et 83 
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al., 2008, Peila et al., 2009, Thewes et al., 2010, Budach, 2011, Martinelli et al. 2017, Kim et al., 84 

2021), rheology test by a rheometer or a viscometer, (Vennekötter, 2012, Galli, 2016, Freimann et al., 85 

2018, Hu and Rostami, 2021), compressibility tests by the use of a Rowe cell (Psomas, 2001, 86 

Penaduarte, 2007) or a self-designed compression device (Budach 2011, Tao et al., 2019, Wang et al., 87 

2021) and shear tests by the use of direct shear box apparatus or a self-designed shear test device 88 

(Psomas, 2001; Tao et al., 2019). On a larger scale, findings in this field were related for example to 89 

building a large-scale model of screw conveyor apparatus able to extract the spoil from a pressure 90 

chamber in a similar way as in EPBS (Vinai et al., 2008). The literature studies did not limit the 91 

conditioned soil characteristics investigations to the initial stage of foam injection, but also extended 92 

their researches to study the long-term evolution of the conditioned soil’s hydro-mechanical 93 

characteristics in function of time (Djeran-Maigre et al., 2018, Carigi et al., 2020).  94 

These findings rely on an important quantity of soil that is not always possible to provide at the 95 

beginning of the project or that can be not representative to the soil heterogeneity along the tunnel 96 

lining. Despite the previous research results, current practices show that trial and error is still adapted 97 

by pilots to inject foam into the excavating machine. This is due preliminary tests limitations, such as 98 

the non-taken into account of foam characteristics and soil heterogeneity in the preliminary laboratory 99 

and the difficulty of performing tests on conditioned soil under pressure, important to replicate the 100 

conditions of the excavation chamber. If the soil (for lab measurements) is not well selected, then the 101 

results in terms of the correlation between soil type and foaming agent will be distorted.  102 

The first objective is to recommend a type of foaming agent for soil geology by linking between the 103 

foam physical characteristics, composition (related to the presence of anti-clay polymer) and the 104 

characteristics of soil (sandy soil with silt and low content clay in the case of this study). The second 105 

objective is to deduce, as a first approach, an interval of quantities of foaming agent to inject into the 106 

soil. This is done by a sequence of simple or quick known test methodologies (with low quantity of 107 

material) from the literature. 108 

The type of foam and the first set of optimal foam parameters needed for a certain type of soil are 109 

deduced by the physical characteristics investigations of foams, the slump tests on soil-foams then 110 

verified by rheology tests and microstructural observations for soil-foams. Afterwards, the quantities 111 
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are compared to the real volume of foams injected by the EPB machine while excavating the future 112 

line 16-1 of the Grand Paris Express project. The article is therefore not limited to the correlation 113 

between the characteristics of foams but it also deduces the correlation between these characteristics 114 

and the soil rheology at different scales. The physical characteristics of the foam and the flow behavior 115 

of conditioned soil represent the micro and meso scales of the study. These results, deduced from 116 

laboratory work, are compared to real excavation data that reflects the real scale of this study. 117 

2. Case study: site description, soil and conditioning agents  118 

The Parisian metro development is essential to follow up the current and future increase of population 119 

expansion. In France, the Grand Paris Express is a project under construction, aiming to pursue the 120 

population growth by creating 4 new metro lines of a 200 km in total: line 15, line 16, line 17 and line 121 

18, in addition to the extension of the existing line 14. Among these lines, the future line 16-1 operated 122 

by Eiffage Génie Civil will be our center of this study.  123 

 124 

2.1 Site description  125 

The work on line 16-1 consists on constructing 19.3 kilometers of tunnel, 18 ancillary structures and 5 126 

stations. This tunnel will be excavated using several tunnel boring machines TBMs. The type of the 127 

excavation machines depends on the type of soil to be excavated. An example of the geological 128 

section encountered by a TBM of this future line of the Parisian metro, is shown on Figure 1. It can be 129 

easily observed that three types of soil appeared on the TBM alignment: Calcaire Saint-Ouen (SO), 130 

Sable de Beauchamp (SB) and Marnes et Caillasses (MC). Several surveys are performed to 131 

characterize the soils; it shows an overall ‘sandy – clayey’ characteristics that require the use of earth 132 

pressure balance machine excavation technique. For this project, 6 EPBSs having 3 different diameters 133 

7.75 m, 8.92 m and 9.87 m, were chosen. These EPBSs launched progressively at the end of 2019 are 134 

therefore in charge to excavate the line 16-1 with a high security and minimum settlement. Each of 135 

them excavates at different proportions of soil types. The high excavation requirements need the 136 

monitoring of the excavation parameters on short and long terms. For this reason, a TBM monitoring 137 

software is installed in each EPBS. The software projects the following excavation data on the screens 138 
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: advance rate of the tunneling machine (mm/min), cutting wheel rotation (rpm), torque (kN.m) and 139 

energy of the cutting wheel (MJ/m3), excavation chamber pressure (bar), foam and water injection 140 

volumes (l/m3), screw conveyor rotation speed (kN.m), etc. Therefore, the parameters’ instantaneous 141 

follow up is assured not only by the pilots located in the cabin but also by the technical responsables 142 

from their office. As for long term, at the end of each excavation ring, having a 1.5 to 2 m of length, 143 

the data is saved in the monitoring software system and can be extracted for further analysis. This 144 

point is detailled in paragraph 5. The parameters’ values variations are directly linked to the 145 

characteristics of the encountered soil. The basic geological characteristics of the different type of 146 

soils must be known. In the following paragraph, the characteristics of the most common soil in the 147 

line are presented. 148 

  149 
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R: Remblais (Backfills) 
AM: Alluvions modernes (Modern Alluvium) 
MPH: Marnes à Pholadomyes (Marls with Pholadomyes) 
SV: Sables verts (Green Sands) 
SO: Calcaire de Saint-Ouen (Saint-Ouen Limestone) 

SB: Sable de Beauchamp (Beauchamp Sand) 
MC: Marnes et Caillasses (Marls and Stones) 
CG: Calcaire grossier (Coarse Limestone) 
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2.2 Soil  153 

Among the different types of soil encountered in the project, Sable de Beauchamp, mostly faced by the 154 

tunneling machines, will be the highlight of the study. At the beginning of the project and before 155 

excavation takes place, Sable de Beauchamp soil samples are extracted from the site and then 156 

characterized in the laboratory of INSA Lyon. The particle size distribution of the soil is shown in 157 

Figure 2. The soil characteristics are summarized in Table 1.  158 

 159 

Figure 2: Particule size distribution of Sable de Beauchamp 160 

The density of the soil taken into account is 2.1 Mg/m3, this density is used to estimate the soil 161 

volume. The methylene blue value and plasticity index indicate a low clay percentage of the soil and 162 

subsequently a low adhesion tendency. According to the French classification GTR, this soil is 163 

classified as B5 (LCPC-SETRA, 2000). The comparison of the particle size distribution of Figure 2 164 

with that shown in EFNARC (2005); Shi et al. (2021); Lovat (2012) indicates that the soil requires 165 

foam to improve workability and minimize the torque. Therefore, foam is injected on the cutting 166 

wheel of the machine, the excavation chamber and/or the screw conveyor, to increase the workability 167 

of the medium, which will ensure a sufficient flow of material in the excavation chamber and the 168 

screw conveyor, and therefore guarantees the safety of the excavation. 169 

 170 
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Table 1 : Physical characteristics of the soil 171 

soil characteristics Sable de Beauchamp 

initial water content (%) 17 
soil density (Mg/m3) 2.1 

passing 80 µm sieve (%) 31 
methylene blue value 0.3 

Liquid Limit 19 
Plasticity Limit 12 
Plasticity Index 7 

consistency index 0.3 
 172 

2.3 Conditioning agents 173 

Due to the high demand on foam, several providers were chosen to sufficiently supply the six EPBSs. 174 

Each foaming agent has its own composition that will have its own characteristics and will affect in a 175 

specific way the microstructure of the soil. Due to the industrial confidentiality, no tests could be 176 

performed to examine the chemical composition (presence or not of polymer) of the provided 177 

materials. Based on the technical sheet, the conditioning agents used in this study are divided into two 178 

categories; with or without anti-clay polymers. The first type of conditioning agent is symbolized by 179 

“A”, this type of additive has both surfactants and anti-clay polymers within his composition. The 180 

second type of conditioning agent is given the name of “B”, this agent is mainly formed from 181 

surfactants and polymer with lubrication effect. The characteristics of both additives and their effects 182 

on low clay content soil will be investigated within this study. 183 

3. Foam characteristics  184 

3.1 Parameters 185 

Foam is a bubbly medium formed from the dispersion of gas into a liquid. It has been used for 186 

different industrial purposes (Quebaud 1996): fire department (firefighting), cosmetics (shampoo, 187 

razor gel…), beverages (beer...), petroleum (enhanced oil recovery), sanitary (soap…)…  188 

Independently to its application domain, foam is mainly produced from three main components: water, 189 

air and foaming agent based on surfactants (Figure 3). In the case of tunneling, surfactants have two 190 

main roles: the first one is to modify the interface gas-water properties in order to create stable foam 191 

bubbles and the second one, is to act on the soil grains once mixed with foam in a way to enhance the 192 
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soil characteristics. The amount of foaming agent, water and air to be incorporated into the foam are 193 

indicated by the following parameters:   194 

 195 

 196 

Figure 3 : Foam composition schema 197 

 198 

- Surfactant concentration ��	�%�, represents the amount of foaming agent in the foam 199 

 ���%� � 	100 ∗ ��

	��	���	�������	�����	/	��

	��	���	�������	
�������   (1) 200 

- Foam expansion ratio ���,  characterizes the amount of air introduced into the foam 201 

��� � 	������	��	���	����	/	������	��	���	�������	
�������	  (2) 202 

The transition from foaming solution to foam is based on air injection. This step can be assured by 203 

several techniques: foam generator or high-speed stirrer as defined by EFNARC (2005). The foam is 204 

generated by the use of a foam generator that functions as follow: In the first step, the water and the 205 

foaming agent are sent each at a specific flow. The flow is regulated in function of the desired ��. 206 

These two foaming solution components are fed together with a stream of compressed air through a 207 

foam generator, which contains turbulators. The whirling and turbulent flow through the turbulators 208 

causes the foaming solution to foam. The foam is introduced into the existing support medium in the 209 

excavation chamber through openings in the cutting wheel, excavation chamber and screw conveyor, 210 

if needed (Thewes and Budach, 2010). 211 

To generate the foam in this research, initially, the water is placed in a beaker, followed by the 212 

foaming agent, hence constituting the foaming solution. The high-speed stirrer of Rayneri brand is 213 

placed in contact with the foaming solution. It is switched on at 100 V, until the foam volume reaches 214 
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50% of the total desired volume. At this stage, the high-speed stirrer voltage is increased to 150 V.  215 

Once the foam volume reaches the total desired volume, the foam generation ends. 216 

The foam characteristics highly depends on the type of foam generator and the pressure under which 217 

the foam is generated (Jancsecz et al. 1999, Thewes and Budach, 2010, Wu et al. 2018, Tao et al., 218 

2019). The technique of generation by the use of a high-speed stirrer under atmospheric pressure is 219 

adapted in this research.    220 

 

 

Figure 4: Foam generation in the laboratory 221 

The concentration ��	was chosen equal to 1.5% and	��� equal to 10; based on the mean 222 

recommended values by suppliers before the beginning of the excavation. These foam parameters 223 

values are refined in function of the results of tests performed on conditioned soil with foam.  224 

Each foam generated at a specific concentration and expansion ratio has its own identity in terms of 225 

viscosity, life spans and bubble diameter. These mechanisms will be studied thoroughly in this article 226 

by the mean of several tests performed under atmospheric pressure: (i) density observation and half-227 

life measurement to determine the stability of the foams, (ii) microstructure observation to follow the 228 

foam bubbles diameters, (iii) rheology test to determine the rheological behavior and the viscosity of 229 

each foam. The tests results allow deducing a correlation between the physical properties of foam and 230 

the presence or not of anti-clay polymer.  231 

3.2 Foam stability 232 

The generation and the life span of the foam are the result of several mechanisms that tend either to 233 

produce and stabilize this foam or to destroy it (Cantat et al., 2010). The mechanisms responsible of its 234 
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degradation are gravity, bubble coalescence and/or coarsening (Guillermic, 2011, Denkov et al., 2020, 235 

Wu et al., 2018). This paragraph describes the physical degradation of foam due to gravity by the use 236 

of two tests: evolution of foam density over time and measurement of foam’s half-life.  237 

3.2.1 Foam volume evolution 238 

The aim of this method is to describe the physical degradation of the foam volume within time. The 239 

principal of the test is to follow the volume of foam placed in a closed cylinder in function of time. 240 

This method has been also used in Djeran-Maigre et al. (2018) and El Souwaissi et al. (2020). Initially, 241 

each of both foams is generated at �� � 1.5% and ��� � 10, placed in a covered 2 l cylinder having 8 242 

cm of diameter and 54 cm of height. The volume evolution of each foam with time is captured by the 243 

use of a camera and the photos are reported on Figure 5. In the case of the foams used, 3 phases are 244 

distinguished while volume degradation. The first phase ‘liquid’, which is formed from the liquid 245 

drainage of foam due to the gravity effect, this phase is directly observed after few minutes from foam 246 

placement into the cylinder. The second phase ‘dense phase’ identified by small foam bubbles that 247 

gives a whitish color to the foam. The third and last phase ‘light phase’ where the foam bubbles are 248 

large enough, according a grey color to the foam. In the case of foam generated from foaming agent B, 249 

these three phases are easily distinguished. In this case, the volume of the dense phase is followed and 250 

reported on Figure 5 by the use of the equation (3). The method only follows the dense (white) phase 251 

of the foam since the foam lamellae adhere on the sides of the cylinder. 252 

���� � �����	� �!�� 
		   (3) 253 

���� : temporal evolution relationship, "��� : volume of foam at time t, "# : volume of foam at at=0 254 

"$: volume of liquid foaming solution corresponding to zero change 255 

However, in the case of foam generated from foaming agent A, the foam drains rapidly limiting the 256 

follow up of the evolution of the dense phase within the time. 257 
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Figure 5 : Foam volume observation with time 258 

The experimental points from the degradation of the foam B follows Weibull equation from t=0 to 259 

t=36h, with the following parameters: % = 0.035 and &=3 : 260 

���� � exp	*�+%��,-   (4) 261 

Since the volume degradation data fits the Weibull equation, the half-life can be deduced by the use of 262 

the Weibull half-life function ���2�//,/%. The half-life of the foam in function of the volume 263 

degradation is equal to 25 hours. The foam degradation phenomena before mixing with the soil can be 264 

observed in standstill period related to maintenance, long ring installation…  where the foam generator 265 

is filled by the foam. For this reason (among others), the foaming agent volume after a standstill is 266 

always higher than that injected during continuous excavation. 267 

The same foaming product was used in previous work with different foam concentration and foam 268 

expansion ratio, results showed a similar degradation behavior with close values of % and &. 269 

Therefore, for the same type of foam, despite the slight modification of the foam parameters, it will 270 

follow the same degradation behavior (exponential) with close parameters.  271 

3.2.2 Half-life measurements from liquid drainage 272 

The half-life parameter from liquid drainage indicates the time required to recover half of foaming 273 

solution mass, which was initially used to generate the foam. The method followed to measure the 274 

foam half-life is that described in EFNARC (2005): A mass of 80 g of foam generated from 2 different 275 

foaming agents is placed in a Pyrex™120mm Diameter Glass Büchner Filter Funnel. As shown on 276 
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Figure 6, the filter funnel is formed from an upper disc of 120 mm diameter and 1 l of capacity, a filter 277 

with pore size varying between 100 and 160 µm and a stem with 19 mm diameter and 120 mm height. 278 

Underneath the filter funnel, fixed on a tripod, a balance connected to a PC was placed. By this mean, 279 

the mass of the foaming solution resulted from foam drainage was collected and saved each 5 seconds. 280 

The mass of the foaming solution collected in function of time is shown on Figure 6:  281 

  

(a) (b) 

 282 

Figure 6: Half-life measurements (a) filter funnel (b) variation of foam-drained liquid in function of 283 

time of two foaming agents 284 

The foam half-life measurements are performed twice on each type of foam. Foam generated from the 285 

foaming agent A has a half-life equal to 6.8 ± 0.5 min, smaller than the half-life of foam generated 286 

from B, which is equal to 22.7 ± 2 min. By the use of the table of foam stability classification based on 287 

half-time (Sebastiani et al., 2019), foam generated from A is defined as a foam with moderate stability. 288 

As for foam generated from B, its half-life indicates that is highly stable. Since in most cases, the foam 289 

is directly injected into the soil, this criterion does not give a preference of foaming agent. 290 

In general, both tests showed that foaming agent B is more stable (higher half-time value) than A. In 291 

the first method, the liquid is quickly drained and the foam volume was followed; in the second test, 292 

this liquid drained velocity was quantified. The two foam stability techniques do not determine the 293 

same meaning of half-life. However, both stability measurement techniques give the same result as 294 

stability tendency. 295 
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3.3 Rheological parameters 297 

The rheological parameters of the foam, in particular its viscosity, shear stress and their evolution with 298 

the shear rate, are newly introduced in the case of foam studied in EPBS. In this study, the rheological 299 

tests on foams were conducted by the use of an Anton Paar rheometer MCR52 having a Peltier cooling 300 

system. This system allows maintaining the temperature while performing the test in order to eliminate 301 

any temperature effect. The tool used is the coaxial cylinder CC27 with a corresponding cup of a 26.7 302 

mm diameter. The steps performed to conduct the tests are resumed as follow: Both foams are 303 

generated with the following parameters �� = 1.5% and ��� = 10. Then, 25 ml of the generated foam 304 

is placed in a CC27 and tested under a logarithmic ramp profile with shear rate increasing from 1 to 305 

500 s-1. In order to avoid the degradation mechanism of foam within the test, each second a 306 

measurement is recorded, which lead to limit the duration of the test to 100 s. The test is conducted at 307 

20°C. The flow and viscosity curves of foams are shown on Figure 7.  308 

  

(a) (b) 

Figure 7 : Characterization of the viscosity of the foam a) shear stress versus shear rate b) viscosity 309 

versus shear rate 310 

By comparing the results, two categories of foam viscosities are distinguished. The first category is the 311 

one including foam A with low viscosity compared to the viscosity of foam B, the second category is 312 

the higher viscosity of foam B. Independently of these differences, both foams have a similar flow 313 

behavior: the shear stress of both foams increases when the shear rate increases, the viscosity 314 

decreases with the shear rate. This behavior also known as pseudo-plastic flow behavior indicates that 315 
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each of the two foams is a shear-thinning fluid. It can be explained by the destruction of the air 316 

bubbles of foams and the films between them while resisting to the shear movement.    317 

3.4 Microstructural observations 318 

The objective of the microstructural study on foams is to correlate the bubble size with the physical 319 

characteristics of the foam. In the case of this study, microscope ZEISS (Axio Imager M2m) is used to 320 

follow the microstructural behavior of the foam. It can zoom between 25 to 500 times and transfer the 321 

light in two ways: reflection mode or transmission mode throughout the sample. 322 

The protocol adapted is initially based on generating each foam at �� = 1.5% and ��� = 10, then 323 

placing it in 1 mm thickness tube with a lamella on the top. This structure is then positioned under the 324 

microscope functioning at 25x zoom with light transmission mode. By the use of AxioVision software, 325 

foam microscope images are visualized, recorded with elapsed time of 15 s for 60 min and then 326 

analyzed. The data analysis is based on measuring the bubbles diameters, dividing them into intervals 327 

and representing them on a histogram. This protocol was performed on both foams, each generated at 328 

�� = 1.5% and ��� = 10. Only photos captured at initial stage (t=0) are analyzed in this study. 329 

  
(a) Foam A (b) Foam B 

 330 

Figure 8 : Foam bubbles at t=0 for (a) foam A (b) foam B 331 

Visually the photos captured at t=0 (Figure 8), showed that foam A has more uniform bubbles, 332 

whereas the foam B has some large bubbles but an overall are smaller ones. In order to quantify these 333 

results, bubble’s diameters are measured and divided into intervals: (0.05-0.15), (0.15-0.25), (0.25-334 

0.35), (0.35-0.45), (0.45-0.55) mm. Larger foam diameter bubbles are taken in the counting but not 335 

presented The mean bubble diameter of foam A is equal to 195 µm, higher than the mean bubble 336 
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diameter of foam B equal to 178 µm. The number of bubbles of foams generated from foaming agents 337 

A and B is respectively: 372 - 435 bubbles for a surface of 5350 x 4250 µm.   338 

The percentage of foam bubbles’ diameters in function of the diameters interval is shown, for each 339 

foam, on the histogram (Figure 9). A similar method of analysis was performed by Tao et al. (2019). 340 

 341 

Figure 9: Bubble percentage distribution in function of bubble diameter 342 

The main conclusions are summarized as follow:  343 

- percentage distributions of bubbles for both foams follow an exponential equation  344 

��0� � 1exp	�+%0� 345 

with different parameters:  346 

foam A: y = 58.996exp.(-0.296x)   with R² = 0.9639 347 

foam B: y = 74.771exp.(-0.387x)   with R² = 0.9601.  348 

The x is equal to 20 multiplied by the mean value of each class minus 1. 349 

- two categories of foam’s bubble diameters are distinguished: case B with smaller diameter and 350 

number of bubbles, yet more dispersed; and case A with bigger and more uniform bubble size.  351 

This indicates that the foam B has lower diameter bubbles that can fit into the same volume 352 

cylinder in comparison to foam A. Therefore, the smaller and more heterogeneous bubbles of 353 

foam B, create a longer drainage path than foam A. 354 
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4. Soil foam tests 355 

The foaming agent type and quantity to inject into the soil should be chosen carefully. The effect of 356 

foam on the soil is a main concern since it highly depends on both characteristics of soil and foam. In 357 

order to provide a first approach for the optimal foam parameters to inject into the soil, slump tests are 358 

performed. The study is followed by rheological test and microstructure analysis performed under 359 

atmospheric pressure aiming to (i) quantify the flow behavior by calculating its viscosity and (ii) 360 

deduce the distribution of foam bubbles into the soil. The physical characteristics of foams determined 361 

from the first part, associated to the optimal foam parameters and the soil-foam microstructure allow 362 

correlating between the foam’s physical characteristics and the soil properties.  363 

4.1 Flow behavior approach 364 

4.1.1 Slump test  365 

The slump test by the use of the standard cone is highly used by the tunneling industry due to its 366 

advantages as a quick and easy index test able to give a general idea of the optimal soil workability for 367 

EPBS excavation. However, the slump test has limitations that is related to the fact that it gives 368 

qualitative results of workability. In addition, the slump has limitations such as the incapacity to detect 369 

the clogging potential of clayey soil and incapacity to measure the water permeability when used for 370 

the cohesionless soil. The protocol followed to perform the slump test on conditioned soil is mainly 371 

that adapted for the concrete (ASTM C143/C143M). The norm consists into pouring three layers of 372 

sample while compacting each. The cone is then lifted and the slump is measured. In the case of 373 

conditioned soil samples, an important number of researchers avoids the compacting step in order not 374 

to disturb the foam bubbles. The suitable range of slump for adequate workability of the support 375 

medium in an EPBM varied broadly between 100 and 250 mm. For example, Peila et al. (2009) 376 

performed slump tests on various types of cohesionless soil without compacting the sample, the 377 

optimal slump in their research varied between 140 and 200 mm. Vinai et al. (2008) performed slump 378 

tests on medium-grain sands with varying amounts of silt without samples compacting and for their 379 

work, the optimal slump value varies between about 150–200 mm. Quebaud (1996) followed the exact 380 
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methodology of performing slump test on concrete by compacting the conditioned soil,  aiming to an 381 

optimal slump value of 120 mm. Jancsecz et al. (1999) did not explain the protocol followed for slump 382 

test, but suggested a suitable slump value between 200–250 mm. Martinelli et al. (2017)  performed 383 

slump tests on granular conditioned soils. The slump fall ranging from 15 to 25 cm was used as 384 

reference value in their research. Peron and Marcheselli (1994) performed slump tests on gravel sand. 385 

They aimed for slump between 5 and 15 cm. Williamson et al. (1999) performed slump test for 386 

granular soils with fines and coarse grained soils. They suggested a slump value of 210 mm. In the 387 

case of Boone et al. (2005) the material amounts were adjusted to obtain a slump of between 8 and 10 388 

cm in the case of soil consisting of gravel, sand, and cobbles. 389 

Wei et al. (2020) performed slump tests on clay-sand-gravel mixed while compacting. They aimed for 390 

slump between 100 and 200 mm. This high variability of optimal slump values depends on the type of 391 

soil and the foam injection ratio. It can also be noticed that researches who performed slump tests 392 

while soil compacting recommended a smaller slump value in comparison to those who did not 393 

compact the samples. Unfortunately, this point cannot be assured since a large number of researchers 394 

did not share their slump test protocol.  395 

In order to recommend the optimum foam-soil parameters, the procedure followed in this research is 396 

based on performing slump test on conditioned soil with various Foam Injection Ratio �2� (%). 397 

�2�	�%� � 100 ∗ 	������	��	����	/	������	��	��	
���	
���	��	3�	�0������4    (4) 398 

The first step of the protocol consists on preparing the soil. The soil used is the Sable de Beauchamp 399 

with a water content maintained to its initial value 17 ± 0.5% that excludes the influence of water 400 

content on soil flow behavior. The similarity in the type the Sable de Beauchamp used is verified by 401 

performing methylene blue value measurements on several samples and by checking the texture of the 402 

soil (color and water content). 403 

The second step consists on foam generating by the use of a high-speed stirrer. Directly after foam 404 

generation comes the third step that includes soil-foam mixture at various ratio by the use of a 405 

concrete mixer. In the last step, conditioned soil is immediately poured into the standard cone, lifted 406 

and the slump value is measured. For these types of tests, the samples are not compacted once placed 407 

into the cone in order not to disturb the bubbles. By the use of this protocol, two series of tests, each 408 
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with a different foaming agent, are performed. Due to the high volume required to conduct a slump 409 

test, one to two tests per �2� are performed. The results showing an increase of the slump value as a 410 

function of �2�, are the mean to validate each measurement. The first series of tests are conducted on 411 

the soil conditioned with foaming agent A, generated at �� = 1.5% and ��� = 10, then mixed with the 412 

soil at  �2� = 30%, 40%, 45%, 50%, 60% and 70%.  The slump tests (Figure 10) show an increase in 413 

the slump values with the increase of foam injection ratio, which reveal the effectiveness of the foam 414 

A on the studied soil. The slump increase is less significant at FIR=45%. This indicates that at this 415 

point the soil-foam matrix is saturated with foam.  416 

FIR=45% FIR=50% FIR=60% FIR=70% 

 

   

Figure 10 : Slump variation in function of FIR in the case of conditioned soil with foam A, generated 417 

at cf=1.5% - FER=10 418 

 419 

A second series of tests are also conducted on conditioned soil samples consisted from Sable de 420 

Beauchamp mixed with foaming agent B, generated at �� = 1.5%, ��� = 10, at �2� = 45 – 60%. In 421 

the case of �2� = 45%, the texture of the conditioned soil was dry and no slump was recorded. In the 422 

case of �2� = 60 % a small slump of 67 mm was obtained (Figure 11 (a)). 423 

FIR=60% FIR = 40% FIR = 45% FIR = 60% 

 

  
 

 

(a) (b) 
Figure 11 : Slump tests at various FIR in the case of foaming agent B generated at: (a) cf=1.5% - 424 

FER=10 (b) cf=2% - FER=8 425 

The results indicate the exigency of foam parameters modifications. The �� is increased to 2% and the 426 

��� is decreased to 8 in order to generate more dense foam. With these new parameters, foam B is 427 
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generated and mixed with the soil at different injection ratios: 40% – 45% and 60%. The increase of 428 

�2� from 40% to 60% slightly increased the slump values (Figure 11 (b)). The results show more 429 

adequate flow behavior to the EPBS.  430 

 431 

Figure 12 : Slump in function of FIR variation 432 

As mentioned previously, the upper and lower limits of slump for optimal conditioned soil texture are 433 

considered between 100 and 250 mm. These values are highlighted on Figure 12. Consequently, in the 434 

case of foaming agent A, the recommended foam parameters based on slump tests are �� = 1.5% - 435 

��� = 10 and �2� = 45-60%. In order to fulfill the soil texture requirements for EPB machine, the 436 

foaming agent B is recommended to be generated at �� = 2%, ���=8 and mixed with the soil at �2� = 437 

40-60%. 438 

4.1.2 Rheological parameters  439 

The rheological test by the use of the rheometer has an advantage over the slump test as its capacity, 440 

with a small quantity of soil, to measure the rheological parameters: viscosity, shear stress allowing to 441 

deduce the yield stress. In the case of this study, the aim of the rheological test is to verify the effect of 442 

the foam on the flow behavior of the soil and to deduce the optimal viscosity value. The rheological 443 

tests are performed by the use of Anton Paar MCR52 rheometer with a plate-plate system having a 444 

rough surface, which reduces the wall slip effect. The advantage of this method is related to the small 445 

volume required to conduct the test (< 10 ml). The gap is recommended to be chosen equal to 1 mm 446 

(Mezger, 2017). One of the main conditions in a rheological test is to choose the gap between the 447 
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plates larger than one fifth of the maximum grain diameter (Galli, 2016); therefore, the soil must be 448 

sieved to 200 µm. The methodology consists on applying a shear rate to measure the rheological 449 

parameters: viscosity and shear stress. 450 

Similar to the slump test the first step consists on sample preparation. Three samples are prepared; 451 

reference soil and two conditioned soil samples. Initially the soil is sieved at 200 µm, which reflects 452 

72% of the soil weight percentage. The soil is then hydrated to reach a water content equal to 17%. At 453 

this stage, the soil represents the first sample ‘reference sample’. The second and third type of samples 454 

to be tested are formed from the reference sample mixed with (i) foam A, generated at �� = 1.5%, 455 

���=10, at �2�=60% and (ii) foam B, generated at �� = 2%, ��� = 8, at �2� = 60%, respectively. 456 

These values represent the upper limit of the optimal foam parameters deduced from the slump tests. 457 

The choice fell on these foam parameters since they produce low viscous conditioned soil paste; easier 458 

to manipulate by the rheometer. The second step involves the rheological parameters measurements. 459 

For that, each of the three prepared samples is placed in contact with the plate-plate system following 460 

an increase in the shear rate from 1 to 500 s-1. By the mean of the Peltier system, the temperature is 461 

maintained to 20°C. Each test on conditioned soil is conducted twice. The mean variation of the 462 

viscosity and shear rate in function of the yield stress are represented on Figure 13. Based on the 463 

viscosity curves (Figure 13 (a)) the soil mixed with foams generated, each time, from foaming agent A 464 

and B shows a viscosity decrease in comparison to the unconditioned soil viscosity. This observation 465 

can be explained by the foam integration into the soil grains, reducing the interaction between the 466 

grains and therefore decreasing its viscosity. In addition, the viscosity curves of soil conditioned with 467 

both foams shows similar viscosity values, these results are in agreement with those deduced by the 468 

slump tests that also showed similar flow behavior reflected by similar slump values.  469 

 470 
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(a) (b) 

Figure 13 : Soil with foam (a) viscosity curve (b) flow curve 471 

The flow curves (Figure 13 (b)) are initiated by a decrease in the shear stress with the shear rate 472 

increase. This mechanism is observed in the case of clay, sand with foam (Galli, 2016) and can be 473 

related to the sample heterogeneity. In rheological measurements, the sample is usually supposed 474 

homogeneous and the local shear rate is derived from assuming that the globally imposed shear rate is 475 

distributed accordingly throughout the sample (Møller et al., 2006). In the case of this study, the 476 

sample is formed from real soil with high heterogeneity, which is identified on the flow curves by a 477 

decreased region corresponding to an unstable regime. Although this method of rheological 478 

measurement requires a low volume of material but it has limitation related to the inhomogeneous 479 

repartition of the shear stress in the sample. Galli (2016) initially used a CC27 with low volume of 480 

material and observed the decrease of the shear stress at the beginning of the shear rate increase. The 481 

researcher than used the ball measuring system that requires higher volume of material (500 ml) but 482 

gives satisfactory results of the flow and viscosity curves. 483 

4.2 Microscopic analysis 484 

The viscosity depends on the inner structure of the material, its outside forces and the ambient 485 

conditions. The objective of the microstructural analysis is to investigate the inner structure aiming to 486 

understand the effect of each foaming agent on the soil particles. As in the case of foam, the 487 

microscope Axio Imager M2m of ZEISS with image processing AxioVision software are used to 488 

perform and visualize the structure of the soil-foam samples. The tests are performed on two samples: 489 
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Sable de Beauchamp at it natural water content 17% conditioned with foaming agent A and B 490 

respectively, at the optimal foam parameters. The sample is then placed on a microscope lamella and 491 

subjected to transmission light allowing the observation of its inner structure. The microscopic 492 

observation are taken under a 100x optical zoom, sufficient to observe the structure. The initial photos 493 

taken are presented on Figure 14. 494 

 495 

  

(a) (b) 

Figure 14 : Conditioned soil SB microstructure: (a) with foam A, (b) with foam B 496 

The photos clearly project the structure underlying the conditioned soil with foam. The foam is 497 

symbolized by air bubbles placed between the humid soil grains. The bubbles take an oval shape that 498 

does not allow following the foam bubbles diameters within the soil-foam mixture. A qualitative 499 

description of soil conditioning mechanism can be deduced as follow: The air bubbles integrate into 500 

the soil grains, spread out the particles and create a plastic sample. The density of grains is higher than 501 

water which squeeze the foam bubbles. In addition, the captured photos show that the bubbles in foam 502 

A are more evenly distributed into the soil while comparing them to the bubbles of foam B. Despite 503 

that, both tested conditioned soil samples have the same flow behavior manifested by the similar 504 

slump and viscosity, the foam bubbles repartition is not the same in the sample. Therefore, for the 505 

same type of soil, the repartition of the bubbles highly depends on the type of foam even for similar 506 

flow behavior. It should be recalled that the foam generated from foaming agent A is more fluid than 507 

foam generated from foaming agent B, which indicates that foam A integrates more easily into the soil 508 

structure, allowing to be homogeneously distributed. 509 
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5. Site approach  510 

An additional advantage of this research is the ability to compare daily the laboratory results with the 511 

real excavation data of line 16-1 of Grand Paris Express project. This complex project is followed in 512 

details at each aspect. For some duration of time, the 6 EPBSs of several teams were working 24 h / 7 513 

days. As mentioned above, the following up is possible to be conducted by the different teams, and not 514 

limited to the pilot, by the use of the TBM monitoring software where all the excavation data are 515 

saved. These collected data can be developed and analyzed in different ways. This section presents a 516 

first and general approach to analyze the excavation data. The target of the first part of the site 517 

approach is to describe the methodology adapted to choose the excavation parameters needed to 518 

achieve both objectives of the following parts. The second part aims to describe the strategy followed 519 

to recommend one foaming agent based on the excavation data analysis. The third part has as 520 

objective to compare the types and quantities of foaming agents deduced from the laboratory and used 521 

in-situ. 522 

Choice of the excavation data  523 

The foam data are saved in function of the three foam parameters ‘��, ���, �2�’ and as volume of 524 

foaming agent injected in 1 m3 of excavated soil. Since each of the foam parameters used in the 525 

tunneling machines varies considerably in function of the ring number and given that the study aims to 526 

monitor the quantity of the foaming agent, the choice of the first set of parameters fell on following 527 

the volume of foaming agent injected in 1 m3 of excavated soil. The second parameter to follow is a 528 

main concern, it should be chosen among a large list of parameters. As mentioned previously, one of 529 

the purposes of foam injection is to improve the flow behavior of the soil on the cutting wheel, which 530 

reduces the cutting wheel power and therefore increases the advance rate. Subsequently, the second set 531 

of parameters to choose, based on those affected by the foam injection, are cutting wheel torque, 532 

cutting wheel energy and advance rate. This analysis is not performed on the 6 EPBSs, only 3 are 533 

selected based on two requirements: (i) having the same diameter (ii) excavating more than 500 m in 534 

Sable de Beauchamp. Among these 3 EPBSs, the first one consumed foaming agent A while 535 
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excavating 980 m in Sable de Beauchamp and the other two EPBSs used foaming agent B with a total 536 

drive of 800 m.  537 

Recommendation of a foaming agent based on the excavation data analysis 538 

In order to recommend a foaming agent among two, the three mechanical parameters are presented in 539 

function of foaming agent volume variation (Figure 13). The volume of foaming agent added is 540 

significantly influenced not only by the �2�’  but also by the �� and ���. Therefore, the method 541 

adapted represents a first approach to analyze the excavation data in function of the volume of 542 

foaming agent. The target is to compare the effect of foaming agent on the soil in order to recommend 543 

one. On Figure 15 (a), it can be noticed that the data are overlapped, yet divided into two sections; the 544 

left one includes the largest number of rings where the foaming agent quantity varies between 0.4 and 545 

0.9 l/m3. The right region includes a small amount of rings with high foaming agent quantity (> 1 l/m3) 546 

which is explained by a highly clay soil. Table 2 resumes the values of chosen excavation parameters 547 

in function of foaming agents A and B 548 

Table 2 : Values of excavation parameters in function of foaming agents A and B 549 

 Foaming agent A Foaming agent B 

Volume of foaming agent 0.75 ± 0.25 0.94 ± 0.3 

Cutting wheel torque 5610 ± 610 5140 ± 960 

Cutting wheel energy 21 ± 3 27 ± 7 

Advance rate (mm/min) 49 ± 5 29 ± 8 

 550 

In the case of the two EBPMs that use foaming agent B, the variation of the cutting wheel energy in 551 

function of the foam volume quantity are presented on Figure 15 (b). It can be noticed that, contrary to 552 

the precedent case, the values are distributed more widely and only one section is identified when 553 

foaming agent B is used. Subsequently, in order to excavate the different drives, a different amount of 554 

foaming agent is needed for the same type of soil. The injection of foaming agent A needs less foam 555 

injection to maintain approximatively a similar torque with a lower energy and a higher advance rate. 556 

Therefore, the foaming agent A is more efficient to excavate Sable de Beauchamp, in comparison with 557 
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the foaming agent B. The choice of the foam is consistent with the one deduced in the laboratory 558 

work.   559 
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1 TBM using foaming agent A with excavation 

drive of 980 m 

2 TBMs using foaming agent B with a total 

excavation drive of 800 m (550 m + 250 m) 

 
 

(a) (b) 

Figure 15 :  EPBS mechanical parameters variation in function of (a) volume of the foaming agent A, 560 

(b) volume of the foaming agent B 561 

 562 

Comparison between the quantities of foaming agents, laboratory and in-situ  563 

Before comparing the recommendations of foaming agents deduced by the laboratory and by the in-564 

situ tests, one should keep in mind the difference between the initial conditions of the laboratory tests 565 

and the EPBS functioning. The laboratory tests were performed at specific conditions. In the 566 
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laboratory, the foam generation, mixture and tests are performed under atmospheric pressure. On the 567 

EPBS, the foam generation, injection with the soil and mixture in the excavation chamber are 568 

performed under pressure. The texture of the soil-foam is in the excavation chamber also under 569 

pressure.   570 

The initial plan was to compare, for similar conditioned soil texture, the optimal foam quantities 571 

deduced in paragraph 4 with the foam quantity used during soil excavation. In order to identify the 572 

texture, a certain quantity of in-situ conditioned soil extracted from the screw conveyor, was collected 573 

and subjected to a slump test. Unfortunately, it was not possible to go further in the initial plan since 574 

the real conditioned soil samples were sticky and no bubbles were seen with the bare eye; the foam 575 

bubbles have been deteriorated with time and under pressure extraction from the screw conveyor. For 576 

this reason, the comparison between both results will not be limited to the mean quantities of foaming 577 

agent but will be expanded to include their percentage of occurrence within the excavation drive and 578 

the mechanical parameters values. 579 

Firstly, to compare the in-situ foam data with the laboratory work, the optimal soil-foam parameters 580 

deduced from this latter are represented in function of the Treatment Ratio (Tr) defined as volume of 581 

foaming agent in l of 1 m3 of soil, by the use of the equation (5). The equation (5) is deduced from 582 

substitution of the foam parameters relationships while taken into account that the volume of in-situ 583 

soil to be excavated equal to 1.  584 

�5�������	5����	 6� �78 9 � 	������	��	�������	�����	 6� �78 9 585 

                                                                       � ���%� ∗ 1	��7� ∗ �2�	�%�	/	�10 ∗ ����       (5) 586 

By applying equation (5), the optimal volume of foaming agent in l for 1 m3 of soil can be deduced 587 

from the laboratory work. This quantity mainly varies between 0.67 and 0.90 l/m3 in the case of 588 

foaming agent A that is larger than the quantity needed of foaming agent B, that varies between 1 to 589 

1.5 l/m3. Secondly, these quantities of foam recommended by the laboratory work and injected into the 590 

EPBSs in function of their percentage of occurrence within the excavation drive, are presented on 591 

Figure 16 and compared together. The interval of foaming agent quantities injected into the soil in the 592 
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tunneling machines is large, as the EPBS passes through several types of Sable de Beauchamp; from 593 

low to high quantity of clays with or without sandstone. The quantities of the soil with foam deduced 594 

from the laboratory research for foaming agent A fall into the interval of the injected foam quantities 595 

on the EPBS, that range between 0.6 and 0.9 l/m3, giving a mean advance rate of the machine of 49 596 

mm/min and a mean cutting wheel energy of 21 MJ/m3. As for foaming agent B, it can be noticed that 597 

the volume of foam injected on the EPBSs, mainly varying between 0.4 and 1.2 l/m3, falls partially 598 

into the optimal interval deduced by the laboratory work. This can be explained by the lower advance 599 

rate of the machine (29 mm/min) and the higher energy consumed (27 MJ/m3) when using foaming 600 

agent B in comparison with foaming agent A. Consequently, based on both laboratory work and in-601 

situ excavation data analysis, foaming agent A is recommended to be used when the EPB machine 602 

excavates into Sable de Beauchamp.  603 

 

(a) 

 

(b) 

Figure 16 : Foaming agents quantity recommended and used (a) foaming agent A (b) foaming agent B 604 

6. Discussions  605 

A multiscale investigations consisting of micro, meso and macroscopic (real) scales are performed on 606 

foam and soil-foam mixtures. They allow to correlate between foam physical and chemical 607 
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characteristics, and to project them on the soil-foam tests results in order to deduce their effect on the 608 

soil. Before going into details, one should mention that several main differences between both 609 

laboratory test methods and the in-situ parameters challenge this study. As mentioned previously, the 610 

laboratory tests use a high-speed stirrer to generate foam under atmospheric pressure. The quality of 611 

the foam is therefore different than the one extracted from the in-situ foam generator. In addition, the 612 

soil-foam mixture and tests are performed under atmospheric pressure, while all these mechanisms 613 

occur under excavation pressure in the case of EPBS. The laboratory limited the investigation on 614 

specific foam parameters while on the EPBS the foam parameters varies widely. The foam parameters 615 

value difference also have a significant effect on the quality of foam, therefore on its quantity to inject 616 

into the soil. Not to mention the scale effect between the laboratory and the excavation machine. At 617 

the stage of this study, the recommendation of a foaming agent for sandy soil with silt is deduced. The 618 

comparison of the quantities cannot be conclusive.  619 

The relationships deduced in this research are summarized and interpreted within this paragraph. 620 

Foam 621 

The micro investigations performed by the use of the microscope and the mesoscopic studies 622 

conducted by the foam half-life measurements and the rheology tests, differentiate foam into two 623 

categories:  624 

Category I: foam based on surfactants and anti-clay polymers showing a medium stability, low 625 

viscosity and bigger foam mean diameter as physical characteristics; 626 

Category II: foam based on surfactants and polymer with lubrication effect. This category is 627 

reflected by a foam with high stability and viscosity, and lower sized foam bubbles 628 

percentage.  629 

Both foam categories have common physical characteristics that are linked chemically to the presence 630 

of the surfactants. These similarities are explained as followed: 631 
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- the surfactants are responsible of the thin film persisting between the foam bubbles cells 632 

independently of the foam stability category;  633 

- both stability tests due to the gravity, performed on the two foams, show that the liquid 634 

drainage is generated initially and as result the foam volume degrades ; 635 

- both flow behaviors follow a pseudo-plastic fluid mechanism: the foam evolves under shear 636 

rate destroying the bubbles and creating a more fluid texture. 637 

Despite these similarities, the values of the physical characteristics of foams (half-life, viscosity and 638 

mean diameter of foam bubbles) are not identical. These differences can be explained by the following 639 

mechanisms:  640 

- the presence of anti-clay polymer can be responsible on increasing the mean diameter of foam 641 

bubbles, therefore reducing the stability of the foam and its viscosity. ; 642 

- the higher bubble size of foam decreases its stability; due to the gravity effect, the higher sized 643 

bubbles diameters produce a shorter path for liquid to drain; 644 

- the correlation between the bubble size of foam and its viscosity is negative; higher sized 645 

bubbles tolerate smaller shear stress, in other terms they require a lower shear rate to break.  646 

The previous works also showed that the polymer can have an effect on the characteristics of foam 647 

(Zhao et al., 2021; Li et al., 2022). Zhao et al. (2021) results show that the mean bubble radius 648 

decreases with the addition of anti-clay agents at 0 bar but increases at a pressure of 1 bar or 2 bar. 649 

The anti-clay agents weaken the stability of foam, and optimal concentrations of anti-clay agents 650 

for different test pressures proposed by Zhao et al. (2021). 651 

Soil with foam  652 

The meso scale, reflected by the slump and rheological tests conducted on conditioned soil with both 653 

foaming agents, show higher slump values and lower viscosity with optimal foam injections. These 654 

observations reflect the positive effect of the foam on the soil manifested by the flow improvement of 655 

the excavated material. This mechanism is related to the foam bubbles that insert the soil, slide 656 

between the grains, spread them out and hence create a pulpy compressible texture. However, the 657 
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quantity needed to obtain the same conditioned soil texture depends on the type of the foaming agent, 658 

the surfactant concentration and the foam expansion ratio. The meso scale results also showed that the 659 

slump of soil conditioned with foaming agent A is higher than that conditioned with foaming agent B 660 

at the same foam injection quantity. The foaming agent A is therefore recommended following the 661 

laboratory work. Based on the excavation data (macro scale), the injection of lower quantity of 662 

foaming agent A in comparison of foaming agent B in Sable de Beauchamp at a specific geological 663 

characteristics, show an improvement in the advance rate and a reduction of the energy. The foaming 664 

agent A is also recommended based on real excavation data. Recalling the characteristics of foaming 665 

agent A, it has medium stability with low viscosity. The medium foam stability is therefore sufficient 666 

for the sandy silt soil. 667 

In order to understand the mechanism behind the variation in quantity between both foaming agents 668 

once mixed with soil, these observations are projected to the microscopic scale. The results show more 669 

evenly distributed bubbles in soil-foam matrix in the case of foam A in comparison to the foam B. 670 

Similar results were observed in the microstructure of foam alone. Therefore, the soil mixture with 671 

foam, changes the shape of the bubbles but not their characteristics. In addition, the microstructure of 672 

conditioned soil captured some large soil lumps that are related to the initial presence of clay particles 673 

into the soil that hindrance the effect of foam. In the case of the soil-foam B, this phenomenon is 674 

easily identified by the non-homogenous mixture observed by the microscope. Whereas, in the case of 675 

foaming agent A with smaller bubbles’ diameter, the soil lumps are less detected. Consequently, when 676 

foam based on surfactants and polymers with lubrication effect (case of foaming agent B) is mixed 677 

with soil, it reduces the viscosity and enhances the workability of the mixture with no clay spreading. 678 

Whereas, in the case of foam generated from foaming agent A having surfactants and anti-clay 679 

polymer, the foam is able to enhance the workability of the mixture and to spread out the clay 680 

particles. Subsequently, one can distinguish between the role of the surfactants alone, from the role of 681 

surfactants combined with anti-clay polymer. The role of surfactant is purely related to the lubrication 682 

effect. This is not only shown on the flow behavior tests but it is also reflected on the real scale by the 683 

higher energy and lower advance rate. However, the anti-clay polymer changes the physical 684 
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characteristics of the foam by generating a homogeneous foam bubble with low viscosity able to easily 685 

integrate the soil particles and separate those that can agglomerate together, resulting an excavation 686 

with lower energy and higher advance rate.  687 

7. Conclusions 688 

This research reflects a three-level approach study: micro, meso and macro, performed on foam and 689 

soil-foam mixtures. On the one hand, this analysis correlates between the physical characteristics of 690 

foams and on the second hand, it explains their effects on soil conditioning. The soil is a sandy soil 691 

with silt and the foam is based on surfactant with polymers (lubricant polymer or anti-clay polymer). 692 

This article presents the methodology to adapt to correlate between the soil and foam physical 693 

characteristics. Therefore the methodology presented can be applicable on other types of soil and 694 

foams. The main conclusion at each of the three scales is the following:  695 

- The micro study performed by the use of the microscope, deduces the role of each of the 696 

surfactants and anti-clay polymers in the foam and the foam-soil matrix. The foam bubbles 697 

can be generated with surfactants alone, once anti-clay polymers are added to the surfactants, 698 

they monodisperse the foam bubbles and slightly increase their diameters. Once the foam is 699 

mixed with soil, the anti-clay polymers conserve the monodispersed foam bubbles by 700 

homogeneously dispersing the soil particles. ; 701 

- These findings explained the meso results from the tests performed on foam and soil with 702 

foam mixture by the use of the standard cone and rheometer respectively: a foam based on 703 

surfactants and anti-clay agents with higher bubbles induced a less viscous foam with lower 704 

stability in function of time. Once mixed with soil, the lower viscous foam with uniform 705 

bubbles slips more easily into the soil and distributes homogenously the bubbles by dispersing 706 

the clay, and therefore creating a pulpy homogeneous soil-foam mixture; 707 

- The real (macro) study is the analysis of the excavation data. The results recommend the use 708 

of foaming agent A over the foaming agent B, and confirm the confidence from the laboratory 709 

tests (slump and rheology tests) as a key indicator to deduce the optimal soil-foam ratio. 710 
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The laboratory study is therefore able to highlight on the importance of the preliminary studies and to 711 

promote their use by tunneling teams. It is not sufficient to perform only foam investigations or 712 

conditioned soil tests, but performing both investigations and correlating between them are 713 

recommended to compensate the soil heterogeneity. In the case when it is not possible to extract a 714 

large quantity of soil, the properties of the soil retained from the core sample investigations combined 715 

with the foam’s physical characteristics can be used to deduce the most convenient foam to inject 716 

within the soil.  717 

8. Outlook 718 

 719 

As for the future work, several condition of tests can be ameliorated, such as : 720 

- studying the soil heterogeneity by increasing the mixtures between several types of soil 721 

encountered on the TBM alignment such as mixtures between Sable de Beauchamp and Calcaire 722 

Saint-Ouen (SO) or Marnes et Caillasses (MC). This way assures a larger comparison interval with 723 

the in-situ data and allows to deduce the extent of the developed methodology. 724 

- integrate the variation of the foam parameters ��, ��� and �2� in this study.  725 

- analyzing the nano scale and molecular interactions between soil grains, water, surfactants and 726 

polymers. The extension of the methodology to the molecular and nano scale allows a better 727 

understanding the relationship between the soil and foam, which permits the tunnellers to develop 728 

choose the foaming agent for each type of soil.  729 

- study the long term characteristics of the excavated materials (hydro-mechanical and rheological 730 

characteristics) allow their distribution in the adequate fields of valorization. 731 
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