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ABSTRACT: This paper provides an overview of recent experimental results regarding the influence of 
pressure on foam and foam-conditioned sands. A series of experimental investigations were performed 
using pressurized chambers and a foam capture device to investigate the fundamental and engineering 
properties of foam and foam-conditioned sand. Foam development experiments reveal significant energy 
losses through the bead-filled generator and foam transport pipe. Energy loss in the generator increases 
with foam/air velocity, pressure and generator length. The hydraulic gradient in the foam transport pipe 
increased sharply with a decrease in pipe diameter, affiliated with a decrease in foam bubble size. An inves-
tigation of foam stability showed that foam and air volume loss with time is insignificant during signifi-
cant liquid volume loss. During this period of time, air bubbles are coalescing to form bigger bubbles yet 
very little air (e.g. less than 2–3%) is released to the atmosphere. The corresponding engineering properties 
of foam, such as compressibility, elasticity and plastic strain accumulation do not change appreciably. 
Foam was also found to be much less time-varying under higher pressure, largely due to smaller, more 
uniform bubbles. A series of conditioned sand experiments under pressure confirmed the role of relative 
density of conditioned soil in assessing the efficacy of conditioning. The transition pressure, above which 
the foam governs behavior and below which the soil governs behavior, increases with increasing foam. 
Shear strength and abrasivity increase rapidly at chamber pressures above the transition.

Pena Duarte (2007), Meng et al. (2011). These will 
be referenced further throughout this paper.

In this paper, we begin with an analysis of EPB 
TBM foam generation systems, considering the 
pressure and velocity fields of liquid, air and foam 
as they are formed and transported into the for-
mation soil. The results of a laboratory study of 
foam generation are presented, both in terms of 
fluid pressure and velocity behavior and in terms 
of foam properties, including bubble size and dis-
tribution. The paper then presents some results 
from an investigation of foam stability under pres-
sure, i.e. the persistence of desired foam behavior 
with time. The results of laboratory testing of the 
mechanical behavior of foam-conditioned sand 
under pressures from 1–5 bar is then presented. 
Finally, the paper summarizes the importance of 
assessing conditioned soil efficacy on board the 
TBM in its pressurized environment.

2 EPB PRESSURE ENVIRONMENT

A basic tenet of EPB TBM (or EPBM) tunneling 
is to counterbalance the geostatic stresses in the 

1 INTRODUCTION

Soil conditioning for Earth Pressure Balance (EPB)  
TBM tunneling has been a topic of considerable 
interest for nearly two decades. A significant body 
of literature exists that details the extensive stud-
ies conducted on soil conditioning in cohesive 
and cohesionless soils. A thorough review of the 
experimental literature is provided in Budach & 
Thewes (2015). The majority of published labo-
ratory studies on conditioned soil behavior have 
been performed under atmospheric conditions, e.g. 
Quebaud et al. (1998), Bezuijen et al. (1999), Pso-
mas & Houlsby (2002), Vinai et al. (2008), Thewes 
et al. (2012), and Peila (2014), to name a few.

Also of major interest is the behavior of condi-
tioned soil under pressure. After all, conditioning 
agents are injected as liquid or foam into a pres-
surized environment, and the conditioning agents 
and soil are mixed and processed under pressure 
until the muck is discharged onto a conveyor belt. 
A number of studies have explored the behavior of 
conditioned soil under pressure, e.g. Maidl (1995), 
Bezuijen et  al. (1999), Bezuijen & Schaminée 
(2001), Houlsby & Psomas (2001), Psomas (2001), 
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ground, including the effective stress, changes to 
which induce ground deformation, and pore water 
pressure, to prevent inflow of excessive water into 
the chamber. A simple geostatic stress regime 
surrounding a future opening is illustrated in 
Figure 1a for a vertical 2D plane. The hydrostatic 
pore water pressure increases linearly with depth 
below the groundwater table with a gradient equal 
to the unit weight of water. The vertical effective 
stress also increases with depth, with a gradient 
equal to the submerged or buoyant unit weight of 
the soil. The lateral earth pressure in the ground 
prior to excavation is estimated by the coefficient 
of lateral earth pressure at rest Ko. For normally 
consolidated to slightly over-consolidated soil, Ko 
is less than unity. For heavily over-consolidated 
soils, Ko can exceed unity. The lateral effective and 

pore water pressure distributions in the y direction 
(into the page) are usually similar to those shown 
in the x direction.

Figure  1b shows the general schematic of an 
EPBM including the cutterhead, excavation cham-
ber, bulkhead, and screw conveyor. The counter-
balancing pressures provided by the EPBM are also 
shown. The excavation chamber is kept filled with 
conditioned soil. This soil is mechanically pressu-
rized by the combined control of EPBM advance 
rate and screw conveyor discharge rate. The pres-
surized soil in the excavation chamber counterbal-
ances the geostatic pore water pressure and lateral 
effective stress, presuming there is negligible load 
on the cutterhead. To prevent water ingress, the 
chamber soil must have a pore fluid pressure that 
equals or exceeds the formation pore water pres-
sure or it must have sufficiently low permeability.

It should also be mentioned that the cutterhead 
often provides some resistance to lateral effective 
stress, the magnitude of which is influenced by the 
lateral earth pressure coefficient during engage-
ment as well as the soil conditioning. When condi-
tioned soil is hydraulically connected between the 
excavation chamber and the tool gap, the force on 
the cutterhead has been shown to reduce signifi-
cantly (e.g. Bezuijen et al. 2005).

The face support pressure provided by the EPBM 
has received the most attention in practice and in 
the literature. Equally important to deformation 
control is the shield annulus pressure and the annu-
lus grout pressures (e.g. Mooney et al. 2016a). The 
excavated diameter, formed by tools that protrude 
around the rim of the cutterhead, is larger than 
the shield. The shield is also slightly tapered from 
front to rear (tail) to help with steering. The result-
ing annulus can vary from 20–100 mm depending 
on tool length and taper. To counter the geostatic 
effective stress and pore water pressure around the 
shield, this annulus must be filled with conditioned 
soil and/or bentonite slurry and pressurized. 
Ground arching makes it difficult to estimate the 
actual effective stress state. Also important is the 
grouting that occurs in the annulus surrounding 
the placed pre-cast concrete liner segments.

3 EPBM FOAM GENERATION

3.1 Plumbing and geometry

Figure  2  shows a generalized layout and geom-
etry of a foam generation system for a metro-size 
EPBM (6.5–7.5 m diameter), with the caveat that 
system details vary across TBMs. Foam genera-
tion begins with compressed air tanks, surfactant 
and polymer containers and diluted surfactant 
and polymer tanks. Surfactants are the key ingre-
dient to generating foam. Various polymers are 

Figure 1. (a) Geostatic stresses acting on the outline of 
a future opening, and (b) counter-pressures provided by 
EPBM.
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sometimes used to bind or disperse soil and may 
be included directly in the foam liquid line prior to 
the foam generator or added to the foam transport 
line after the foam has been generated. Air and 
foaming solution flow separately and are metered 
at flow rates needed to achieve the desired foam 
injection ratio and foam expansion ratio, both of 
which are described below.

The compressed air and foaming solution flow 
lines merge immediately upstream of the foam 
generator unit (sometimes called the foam gun). 
Foam generators can vary in diameter and length, 
and often include fillings such as beads, tubes, or 
steel wool to create an environment that promotes 
foam bubble generation. The foam created in the 
generator travels to a rotary fluid joint at the rear 
of the excavation chamber, i.e. the bulkhead wall. 
The foam flows through the rotary fluid joint in 
dedicated channels and then flows to ports in the 
face of the cutterhead.

For a metro-size EPB TBM, there are generally 
4–7 ports at the cutterhead face that deliver foam 
to the soil in the tool gap. There are often addi-
tional ports in the excavation chamber and in the 
screw conveyor. Each cutterhead port has a one-
way valve to allow foam flow when desired and 
to prevent pressurized groundwater and soil from 
flowing into the foam pipes. When foam is to be 
delivered through a desired port, the foam pressure 
must exceed that of the formation water. This pres-
sure differential opens the valve and allows foam 
flow. There are a variety of valve configurations 
used to accomplish this.

Figure  2 is labeled with pressures p, volumetric 
flow rates Q, and velocities v at various critical loca-
tions. These are defined at six key cross-sections 
(a - f ) of each generator/foam line in Figure  3. 
The complex behavior throughout this system is 
described in detail by Mooney et  al. (2017) and 

summarized here. At the upstream end, the pressure 
losses within the pipes carrying single phase air and 
liquid are generally negligible compared to those 
incurred downstream, even for cases where the single 
phases must travel tens of meters from their source 
containers. The air and liquid merge at the genera-
tor or immediately upstream of the generator and 
flow through the porous media (beads, steel wool, 
tubes) in a multi-phase fashion. Significant energy 
loss occurs during multiphase flow through this 
porous media as foam is created. Upon exiting the 
generator, foam flow also induces significant pres-
sure losses as it is delivered through the pipe joining 
the generator to the cutter head. Foam is a com-
pressible and non-Newtonian fluid with an effective 
viscosity that is typically orders-of-magnitude larger 
than that of water (Wenzel 1970). Due to this large 
viscosity, foam flow through pipes is characterized 
by much larger pressure drops than for single phase 
flows or non-foam multiphase flows.

The pressure at a given location in a foam gen-
eration system is primarily set by the downstream 
conditions. The pressure environment begins at the 
cutterhead where the pressure pw is determined by 
the depth below the groundwater table. Moving 
upstream, the pressure at the outlet of the foam 
generator can be expressed as pw plus the pressure 
drop required to deliver foam from the generator to 
the cutterhead. Similarly, the pressure at the inlet 
of the foam generator can be determined by add-
ing the pressure drop across the generator. With 
knowledge of the geometry of the foam generation 
system, e.g. pipe lengths, etc., one can estimate 
pressure losses and then determine the desired pair 
and necessary pcomp. The primary difficulty is pre-
dicting the pressure drops across the generator and 
the pipeconveying foam to the cutterhead. Consid-
ering these pressure losses, and that foam flow is 
pressure driven, it is important to design a foam 

Figure 2. (a) Schematic of a generalized foam generation system in a TBM and (b) photo of a metro-size EPB TBM 
cutterhead (after Mooney et al. 2017).
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generation system that has sufficient supply pres-
sures – pcomp. and psol. Naturally, with consideration 
to Figure 3, pcomp.> p p p p pair

a
foam
b

foam
d

foam

f

w> > > > .
For completeness, the two commonly used gov-

erning foam parameters are the foam expansion 
ratio FER and the foam injection ratio FIR. The 
FER is the volumetric ratio and/or volumetric flow 
ratio of foam to foaming solution (Eq. 1), while 
the FIR is the volumetric ratio and/or volumet-
ric flow ratio of foam to excavated soil (Eq. 2). 
The volumetric flow rate of excavated soil can be 
represented by the product of advance rate (AR) 
and excavated area (Aexc). FIR is conventionally 
expressed as a percentage.

FER FER FER p p
Q

Q
p w

foam

sol

= = = =( )
.

 (1)

FIR FIR FIR p p

Q

Q

Q

A AR

p w

foam

exc

foam

exc

= = =

= =
⋅

×

( )

100  (2)

Broadly speaking, the total FIR varies from 
20–70% (EFNARC 2005) and can vary with soil 
and groundwater conditions. FER values can vary 
from 5–20 depending on soil types and groundwa-
ter conditions, e.g. the desire for a wet foam and 
less air introduced or a dry foam. While seldom 
clear during reporting, these FIR and FER values 
are generally calculated and reported at the pres-
sure they are delivered into, e.g. pw for cutterhead 
injection, pexc for excavation chamber injection, 
and psc for screw conveyor injection. For simplic-
ity here, we will focus on the most critical and 

common foam injection—through the cutterhead. 
Because the groundwater pressure is not measured 
on the TBM, the excavation chamber pressure pexc, 
most often at springline, is used as a proxy for pw. 
A subscript p is sometimes used (FERp, FIRp) to 
clearly indicate that these values reflect the in-situ 
pressure (e.g. Mori et al. 2015).

3.2 Foam flow mechanics

The mass flow rates of air ɺmair ,  solution ɺmsol ,  and 
foam ɺ ɺm mair sol+ ,  are set by the mass flow control-
lers. Quantifying the pressures p, volumetric flow 
rates Q, and flow velocities v, is complicated by the 
porous media, multiphase flow, and air compress-
ibility. For the single-phase flows of air and solu-
tion upstream of the generator (location a), the 
velocities are computed per Eq. 3, where A is the 
cross-sectional area of the respective pipe, and ρ is 
the mass density (e.g. kg/m3) of the air or solution.

v
Q

A

m

A
v

Q

A

m

A
air
a air

a
air

air
a sol

a sol
a

sol

sol
a

= = = =
ɺ ɺ

ρ ρ
.  (3)

Within the foam generator (location c), the cross 
sectional area is reduced by the presence of fillings 
and there is uncertainty as to whether the liquid 
and air travel with different velocities and pressures. 
We take the pressure measured at the inlet and out-
let of the foam generator to be characteristic of 
both the liquid and gas, e.g. p psol

b
air
b=  and we esti-

mate the pressure at location c as p p pc b d= +( ) / .2  
Following the convention for multiphase flow 
through porous media (Bear 1972), we compute 

Figure 3. Flow parameters and plumbing dimensions of a foam generation system on a TBM (after Mooney et al. 
2017).
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separate superficial velocities for the air vair
c ,  and 

liquid vsol
c ,  as in equation 3, where A is taken to be 

the cross sectional area of the pipe containing the 
porous media. Though the liquid solution is con-
sidered incompressible, the local air density is com-
puted from the local pressure using the ideal gas 
law. As a result, the volumetric flow rate Qair and 
velocity vair increase considerably across the gen-
erator due to the downstream pressure loss. With 
the formation of tightly packed bubbles separated 
by thin liquid lamella, there is uncertainty as to 
whether the two phases in a foam actually flow with 
different velocities. Consequently, we also compute 
an effective foam flow rate Q Q Qfoam

c
air
c

sol
c= +  and 

a superficial foam velocity v Q Afoam
c

foam
c= / .  Finally, 

we characterize the volumetric flow rate and veloc-
ity at the inlet and outlet of the foam transport pipe 
joining the foam generator to the pressure chamber 
using an identical procedure, where A is then set to 
the cross sectional area of the tube.

4 LABORATORY INVESTIGATION OF 
FOAM BEHAVIOR UNDER PRESSURE

4.1 Experimental setup

A laboratory foam generation system used to 
investigate foam generation is shown in Figure 4. 

Compressed air and foaming solution are metered 
via mass flow controllers similar to a TBM system. 
Typical TBM supply pressures were duplicated, 
and in fact broadened to examine such an influ-
ence. Pipe diameters were scaled down because 
field volumetric flow rates are too high for labo-
ratory testing. However, great care was taken to 
simulate the range of air and foam flow veloci-
ties observed on TBMs. Velocity is the important 
parameter because flow regime and energy loss is 
primarily velocity-dependent and not volumetric 
flow dependent. The exception comes with pipe 
surface area that varies with diameter. We employ 
a variety of foam generator sizes in the experimen-
tal setup generator fillings, including 1 and 3 mm 
beads, steel wool, and perforated tubes.

A novel foam bubble capture device and digital 
microscope was developed to capture and image 
the foam immediately downstream of the foam 
generator. This allows for the detailed analysis 
of bubble size and bubble size distribution (see 
Mooney et al. 2016b). A pressure chamber is used 
to mimic the pressurized environment that foam 
is deposited into in a tunneling environment, 
whether it is the formation water in front of the 
cutterhead or the excavation chamber. During 
foam generation in the laboratory, the chamber 
pressure is set and held constant at levels from 1–5 
bar (absolute pressure).

Figure 4. Schematic of laboratory foam generation system and foam testing devices (pressure chamber and foam 
capture device) and laboratory foam generators with different filling materials. Not to scale). 
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A series of foam generation experiments was per-
formed with the system shown in Figure 4. Three 
excavation chamber pressures were simulated – 1, 
3 and 5 bar (absolute pressures, i.e. 1 bar = atmos-
pheric pressure). At each chamber pressure pch, the 
air flow velocity vair

a  was varied over 4–5 different 
values. The foam generator was 200 mm in length 
and 25 mm in diameter; 3 mm beads were used for 
filling material. The foam transport pipe length 
from the exit point of the generator to the cham-
ber was 1.0  m long and 6  mm internal diameter, 
the same diameter as the air and solution supply 
lines. The foaming solution included a commercial 
surfactant with 5% concentration. The FER was 
fixed at 15, and according with Eq. 1, was calcu-
lated using each chamber pressure.

4.2 Pressure and velocity

Figure 5 shows the pressure regime along the sys-
tem for three experiments with a consistent average 
generator superficial air velocity vair

c =( )0.5 m/s  
yet at different values of pch. The chamber pressure 
pch is prescribed and held constant through the use 
of a back pressure regulator. Figure  5 illustrates 
that the pressure drop through the 200  mm long 
generator p pfoam

b
foam
d−( )  and through the 1  m 

long foam transport pipe p pfoam
d

ch−( )  are consid-
erable. The pressure drop across the generator was 
on the order of 1–2 bar.

Figure  6a shows the pressure loss along the 
20  cm long generator as a function of vair

c  for a 
series of 14 experiments. As expected, pressure loss 
increases with these respective velocities. The pres-
sure loss also increased when chamber pressure 
grew to 5 bar. Downstream pressure influences 
pressure throughout the system, hence the elevated 

pressures in the generator noted in Figure 6a. As 
described in Mooney et al. (2017), foam generation 
occurs due to snap-off, when a bubble is squeezed 
by constrictions in the generator’s porous media 
into one or more smaller bubbles, and rupturing 
of lamella (liquid film), called lamella division. 
Pressure loss is also influenced by the length of the 
generator.

Figure 6b illustrates the generator pressure loss 
as a function of generator length (each case 25 mm 
generator diameter filled with 3  mm spherical 
beads). As would be expected, the pressure drop 
increases with generator length, though not lin-
early. Pressure losses reached 3 bar for the 400 mm 
long generator.

The significant pressure loss in the foam trans-
port pipe in Figure  5 is strongly related to pipe 
diameter. Figure  7  shows the pressure loss as a 
function of three internal pipe diameters: 6, 9 and 
12  mm (keeping all other system parameters the 

Figure  5. Absolute pressure throughout generation 
system as a function of downstream constant chamber 
pressure. Here, vair

c = 0.5 m/s,  25  mm diameter, 20  cm 
long foam generator and 6 mm diameter, 1 m long foam 
transport pipe.

Figure 6. (a) Pressure drop across the foam generator 
as a function of pch and vair

c . Average pressure in the 
generator is shown above each data point. Here, 25 mm 
diameter, 20 cm long foam generator and 6 mm diameter, 
1 m long foam transport pipe. (b) Pressure drop in gen-
erator as a function of generator length (all cases 25 mm 
diameter, 3 mm beads, chamber pressure = 1 bar).
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same). What is evident from Figure 7a is that the 
hydraulic gradient of foam in the transport pipe 
is strongly influenced by three parameters, namely 
pipe diameter, foam velocity and chamber pres-
sure. The larger diameter leads to greater surface 
area and therefore greater accumulated friction 
force. The increase in hydraulic gradient with 
increased pressure is explained by foam viscos-
ity. Foam viscosity increases with decreased bub-
ble size (Kroezen & Wassink 1987) that occurs at 
higher transport pipe pressure. Figure 7b presents 
the same data in an interesting way. Each of the 
three pipe diameters are delivering generally the 
same Q foam

e  albeit using much different velocities. 
Figure 7b shows the benefit of larger diameter in 
reducing pressure loss.

4.3 Foam bubble size

For each of  the 14 experiments described ear-
lier, foam was captured, imaged and analyzed 
to characterize bubble size. The bubble capture 
process is described in detail in Mooney et  al. 

(2016b) and Wu et  al. (2017). The foam was 
captured immediately downstream of  the foam 
generator shown in Figure  4. A backpressure 
regulator was used to maintain the bubble cap-
ture device pressure equal to p foam

d .  While bubble 
characteristics are best reflected by a bubble size 
distribution histogram, a simplified mean bubble 
diameter is shown in Figure 8a as a function of 
pch and vair

c .  The average generator pressure pair
c  

is shown above each data point. Figure 8a shows 
that both air velocity and pressure have a signifi-
cant influence on bubble size. Some additional 
results in Figure 8b show the influence of  genera-
tor bead size on foam bubble size. Smaller beads 
have smaller pore sizes that leads to smaller bub-
bles through the snap-off  and lamella division 
mechanisms (described in Mooney et  al. 2017). 
In addition, the external pressure of  the liquid 
and the capillary pressure difference have a sig-
nificant contribution in governing the size. The 
initial bubble radius generated through the pores 
influences the capillary pressure of  the bubbles, 
which in combination with the pressure of  the 

Figure 7. Pressure drop along the 1 m long foam trans-
port pipe versus (a) v foam

e  and (b) Qfoam
e  as a function of 

foam transport pipe diameter (6, 9, 12 mm) and chamber 
pressure (1, 3 bar). In all cases, foam generator is 25 mm 
diameter, 20 cm long, and beads are 3 mm.

Figure  8. (a) Average bubble diameter measured at 
the generator outlet as a function of vair

c  for different 
chamber pressures (3  mm beads, 20  cm length foam 
generator, 1  m long, 6  mm diameter foam transport 
pipe); (b) average bubble diameter as a function of bead 
diameter (pch = 1 bar).
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liquid causes inter-bubble gas diffusion, leading 
to variation in bubble size  (Stevenson et al. 2010).

5 FOAM STABILITY UNDER PRESSURE

An examination of foam stability under various 
levels of pressure was undertaken. Here we define 
foam stability as the persistence of desired engi-
neering properties of foam. The properties of foam 
that matter include elasticity (given repeated cycles 
of load/unload), compressibility (e.g. ability to 
absorb volumetric flow changes while resulting in 
low chamber pressure fluctuations), and minimal 
plastic deformation, or foam volume loss. In tun-
neling practice, the common measure of foam sta-
bility has been predicated on foam liquid drainage, 
and specifically reported as the half-life of foam. 
The widely-used funnel test recommended by 
EFNARC (2005) is performed only under atmos-
pheric pressure and measures the time it takes for 
50% of the liquid to drain from the foam. The half-
life (or liquid drainage) method is widely used in 
characterizing foam stability for soil conditioning 
in tunneling (Quebaud et al. 1998, Milligan 2000, 
Psomas 2001, Thewes et al. 2012). The motivation 
behind our study was to examine the time depend-
ent behavior of foam and foam properties under 
different levels of pressure to better understand 
liquid drainage and to determine if  liquid drain-
age is indeed a good measure of foam stability. The 
test setup shown in Figure 4 was used to perform 
the study. Some seminal results are provided here. 
The complete study and detailed presentation is 
provided in Wu et al. (2017).

5.1 Liquid, foam and air volume loss

Figure  9 presents the time dependent liquid vol-
ume, foam volume and air volume loss recorded 
during testing under 1, 3 and 5 bar pressures 
(absolute). These tests were performed in the pres-
surized test chamber (Figure  4). The foam was 
prepared with surfactant concentration cf   =  5% 
and FER  =  20. Similar results were found at 
FER  =  10 (not shown here). These results reveal 
two interesting findings. First, liquid loss is greatly 
slowed by increased pressure. The liquid half-life 
increased from 28 minutes at atmospheric pressure 
to 52 minutes at 3 bar pressure. Second, the foam 
volume loss and air volume loss at all pressures is 
negligible over this period of time, e.g. 2–5% loss 
of  foam volume and less than 1% loss of  air vol-
ume after 60 min. This indicates that liquid drain-
age is not causing the collapse and disintegration 
of bubbles.

Bubble capture at these pressures and with time 
reveals what is happening. Figure 10 shows foam 

images at t = 0 (creation of foam) and t = 30 min 
for 1, 3 and 5 bar chamber pressure, as well as the 
cumulative bubble size distributions at these times. 
Examination of each image pair and the distribu-
tions reveals a considerable increase in bubble size 
with time. This is due to coalescence and coarsen-
ing, both caused by gravity-driven liquid drainage 
(e.g. Fameau & Salonen 2014). Coalescence is the 
rupturing of the thin liquid film that separates two 
adjacent bubbles, while coarsening is the process 
of the growth of large bubbles at the expense of 

Figure 9. Time dependent liquid, foam and air volume 
losses with time and chamber pressure. The foam was 
prepared with cf = 5% and FER = 20, 3 mm beads.
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smaller bubbles and is driven by the diffusion of 
gas from smaller to larger bubbles.

As was described earlier and clearly shown in 
Figure  10, higher pressure leads to the forma-
tion of smaller bubbles and more uniform bubble 
size distribution. Coarsening occurs at a slower 
rate in foam bubbles with more uniform size as a 
result of reduced gas diffusion. Liquid drainage is 
also slower in foams with smaller bubbles to the 
increased path length. This in turn slows coales-
cence and coarsening.

5.2 Foam behavior with time

The results in the previous section show that sig-
nificant liquid drainage is occurring from the foam 
lamella but the foam and air volumes remain intact. 
This indicates that foam bubbles are not bursting or 

collapsing; rather, they are growing in size. These 
findings raise the question of degradation of foam 
properties that matter to EPB soil conditioning. 
To address this, compressibility, cyclic loading and 
permeability tests were performed on foam over 
time and at different pressures. Permeability tests 
are not presented here and are better discussed in 
the context of conditioned soil permeability as a 
function of pressure.

The cyclic compressibility of FER = 10 and 20 
foam over time and under different pressures are 
presented in Figure 11. Cfoam is defined as the per-
cent volume change of foam (∆Vfoam/Vfoam) divided 
by the pressure change ∆p, as shown in Eq. 4. Cfoam 
was determined by cycling the chamber pressure 
1 bar. The foam was cycled up to twelve times. 
Also shown in Figure 11 is the compressibility of 
air Cair that follows the ideal gas law (assuming the 

Figure 10. Foam bubble images and cumulative bubble size distributions at formation (t = 0) and t = 30 min for foam 
created at 1,3,5 bar pressure. The foam was prepared with cf = 5% and FER = 20, 3 mm beads.
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temperature is constant during the test), as shown 
in Eq. 5, where pch is the absolute air pressure in the 
chamber. The pressure dependent Cfoam increases 
slightly with time, mainly due to foam liquid loss 
with time that reduces the incompressible liquid 
fraction of the foam. Consequently, the volume 
fraction of air increases, resulting in an increase in 
Cfoam. For similar reasons, the FER = 20 foam has 
slightly higher compressibility than the FER = 10 
foam. In all cases, Cfoam should be less than and 
approach Cair. Observed deviations in this are likely 
a result of measurement resolution and imprecise 
application of 1.0 bar cyclic pressure (performed 
manually).
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6 CONDITIONED SAND BEHAVIOR

The goal of this investigation was to extend the 
broad knowledge of conditioned soil behavior at 
atmospheric pressure to behavior under pressure 
as it would exist in the EPB TBM.

6.1 Testing method and procedure

Foam is introduced into the void space of soil dur-
ing injection and mixing, and serves to expand the 

grain structure of the soil. The modification of soil 
behavior in terms of increased compressibility and 
decreased friction/shear strength occurs as a result 
of this expansion of the grain structure. Labora-
tory testing to characterize conditioned soil behav-
ior (compressibility, shear strength, abrasivity, 
etc.) was carried out using a pressurized test cham-
ber (Figure  12). The device, shown in Figure  12, 
is described in detail in Mori et  al. (2015, 2017). 
Testing involved the application of a total vertical 
stress via a rigid top platen and external spring to a 
4 L sample of conditioned soil within the chamber. 
The loading is undrained in that excess pore pres-
sure induced during loading cannot dissipate (no 
drainage allowed). The axial deformation of the 
specimen incurred during one-dimensional load-
ing is recorded. At desired axial stress/pressure lev-
els, torsional shear testing is performed with a vane 
shear device to estimate the shearing resistance of 
the conditioned soil. In addition, abrasivity testing 
can be performed via mass loss of a stainless steel 
disk rotating within the pressurized environment.

A poorly graded medium grained sand (SP) was 
used for all conditioned soil tests. The D10, D50 and 
D90 for the sand are 0.2, 0.6 and 2.0 mm, respec-
tively. The coefficients of uniformity and curvature 
are 2.8 and 0.9, respectively, per ASTM standards. 
The sand exhibited minimum (emin) and maximum 
(emax) void ratios of 0.60 and 0.85, respectively, 
according to ASTM D4253 and D4254.

6.2 Behavior under pressure

The introduction of foam creates an atmospheric 
void ratio and dry density above emax and below 
the corresponding minimum mass dry density 
ρd-min. Accordingly, the volumetric compression 
that occurs with increasing total vertical stress 
follows closely with the compression of foam, 
itself  following the theoretical compression of air. 
This response is shown in Figure 13 as eair. When 
e reaches and dips below emax, e deviates from eair 
as grain to grain contact begins to control the 
behavior of the conditioned soil. This influence 
of the void ratio state e compared with emax was 
first recognized by Maidl (1995) and Bezuijen et al. 
(1999). This behavior is further illustrated by the 
compressibility C of  the conditioned soil, reported 
as percent volume reduction per bar of pressure 
increase, shown in Figure  13b. Also shown in 
Figure 13b is the FIR, illustrating that the actual 
fraction of foam by volume decreases from 85% at 
atmospheric pressure to 20% at 5 bar pressure, due 
to the compression of air.

Vane shear torque and plate abrasivity test 
results are presented in Figure  13c. Vane shear 
torque, a measure of shear strength, remains very 
low (negligible) until σvt = 2.8 bar when it begins 
to increase rapidly. This behavior is a direct result 

Figure  11. Time-dependent compressibility of foam 
prepared at 1, 3 and 5 bar pressure and FER = 10 and 
20. The foam was prepared with cf = 5% and FER = 20, 
3 mm beads.
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of the development of intergranular stress when e 
dips below emax. A similar result is evident in mass 
loss during abrasivity testing (200 rotations of 
12.5 cm diameter stainless steel disk over 15 min-
utes, approx. 13 rpm).

6.3 Behavior as a function of foam injection ratio

A series of tests was conducted to capture the 
compressibility and torque behavior over a range 
of atmospheric pressure FIRs (FIR0 in Figure 14). 
The actual FIR or FIRp decreases with pressure. 
The influence on dry density is shown in Figure 14a 
where higher FIR0 yields a lower dry density at all 
pressures. Therefore, as the pressure increases, the 
dry density trends toward ρd-min where grain-to 
grain contact initiates and thereafter controls soil 
behavior. A comparison of Figures 14a and b show 
that torque begins to increase significantly when 
ρd nears or exceeds ρd–min. The so-called ‘transition 
pressure’ where this occurs is influenced by FIR0. 
The transition stresses for FIR0  = 80 and 120 are 
approximately 3.0 and 4.0 bar, respectively, and are 
supported by torque and compressibility response. 
Further, the transition pressures for FIR0  =  160 
and 200 are greater than the 4.8 bar limit of our 
testing. Therefore, torque remains low and com-
pressibility remains that of foam through testing 
up to σvt = 4.8 bar for these values of FIR.

The observed transition stresses for each FIR0 
are shown in Figure  15a. The conditioned sand 
exhibits foam-controlled behavior when the work-
ing chamber pressure is below this transition stress 
and soil-controlled behavior when the working 
chamber pressure is above this transition stress. 

Figure 12. Pressurized Test Chamber (PTC) used to characterize conditioned soil shear strength, compressibility and 
abrasivity.

Figure 13. Change in engineering properties of condi-
tioned sand with pressure. (a) void ratio and dry density 
change with vertical applied stress (b) compressibility 
and FIRp with stress; (c) torque and abrasivity (via mass 
loss) with vertical stress.
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Figure  14b shows that the FIRp at each of these 
transition stresses is constant (45%), as would be 
expected. This shows that, for the soil and foam 
investigated, the FIRp must be  >45% to create 
foam-governed behavior. With knowledge of the 
anticipated formation pore pressure and chamber 
pressures for a project, as well as the maximum 
void ratio for anticipated soils, the appropriate 
atmospheric FIR0 can be determined to ensure 
such behavior over all anticipated pressure ranges. 
The desirable FIRp is soil-specific and foam spe-
cific (e.g. surfactant concentration, FER).

7 TBM MONITORING OF FOAM 
CONDITIONED SOIL BEHAVIOR

The pressurized vessels describe above have been 
adopted into field EPBM operations to character-
ize foam and conditioned soil behavior under pres-
sure. The pressurized chamber and bubble capture 
device shown in Figure  4 can and have been 
plumbed directly into pressurized foam lines. This 
enables EPBM and project engineers to directly 
determine whether the foam generator is produc-
ing foam with desirable properties. The advantage 
of direct connection is this mimics the true field 
case where foam never experiences atmospheric 
pressure.

The pressurized test chamber described in 
Section  6 has been used on EPBMs to evaluate 
the behavior of TBM-conditioned soil captured 
from the conveyor belt. The disadvantage of this 
approach is that the conveyor muck is at atmos-
pheric pressure on the conveyor belt and the foam 
has experienced 30–60  minutes of degradation, 
when accounting for the time for material flow. 
However, per the results of foam stability testing 
above, the foam will have retained its engineering 
properties during this time, e.g. elasticity, com-
pressibility, volume. The conditioned soil can be 
re-pressurized to the pressure level in the excava-
tion chamber, and tested. Such pressurization and 
testing of conveyor belt muck regularly along the 
alignment provides a valuable relative indication 
of conditioning effort, and whether modifications 
need to be made to the conditioning recipe.

Finally, it should be mentioned that the ideal 
measure of EPBM conditioned soil behavior and 
performance is through direct measurement of 
muck behavior in the cutterhead tool gap, the exca-
vation chamber and the screw conveyor as well as 
through the interpretation of EPBM parameters. 
A number of publications have addressed such 
measures, e.g. Guglielmetti et  al. (2003), Bezu-
ijen et  al. (2005), Dobashi et  al. (2007), Dobashi 
et al. (2013), Bezuijen & Talmon (2014), Maidl & 
Stascheit (2014), Mosavat & Mooney (2015), to 

Figure 14. Engineering properties of conditioned sand 
across different pressures for FIR0  =  80, 120, 160, and 
200: (a) dry density; (b) torque; (c) compressibility.

Figure  15. (a) Transitional stress, below which 
conditioned soil performs with foam-like behavior 
and above which conditioned soil performs with soil-
like behavior, plotted for each FIR0; (b) FIR p at the 
transitional stress.
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name a few. The presentation and analysis of con-
ditioned soil from EPBM measurements deserves 
an extensive presentation beyond the page limits 
of this paper.

8 CONCLUSIONS

This paper provides an overview of recent experi-
mental results regarding the influence of pressure 
on foam and foam-conditioned sands. Foam devel-
opment experiments reveal significant pressure 
drops and energy losses through the bead-filled 
generator and foam transport pipe. Energy loss 
in the generator increases with foam/air velocity, 
pressure and generator length. The hydraulic gra-
dient in the foam transport pipe increased sharply 
with a decrease in pipe diameter, affiliated with a 
decrease in foam bubble size.

An investigation of foam stability showed that 
foam and air volume loss with time is insignificant 
during significant liquid volume loss. During this 
period of time, air bubbles are coalescing to form 
bigger bubbles yet very little air (e.g., less than 
2–3%) is released to the atmosphere. The corre-
sponding engineering properties of foam, such as 
compressibility, elasticity, plastic strain accumula-
tion, does not change appreciably. These results 
raise the question of whether the liquid loss is an 
appropriate measure of foam stability. Foam was 
also found to be much less time-varying under 
higher pressure, largely due to smaller, more uni-
form bubbles.

A series of conditioned sand experiments under 
pressure confirmed the role of relative density of 
conditioned soil, i.e., void ratio e compared to max-
imum void ratio emax, in assessing the efficacy of 
conditioning. The transition pressure, above which 
the foam governs behavior and below which the soil 
governs behavior, increases with increasing atmos-
pheric FIR0. Shear strength and abrasivity increase 
rapidly at chamber pressures above the transition.
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