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ABSTRACT 

Earth pressure balance tunnel boring machines (EPB TBMs) are used for the excavation 

of tunnels in soft ground beneath the water table to minimize surface settlements by 

counteracting earth and water pressures. To guarantee effective EPB TBM face support and 

performance, it is necessary to understand the mechanical behavior of foam-conditioned soil 

under realistic pressure conditions. This dissertation investigates the behavior of foam-

conditioned soil under applied total pressures. The effect of total stress, effective stress, and key 

soil parameter void ratio on the shear strength and compressibility of foam-conditioned soil is 

examined. The test results show that the vane shear strength and compressibility are mainly 

influenced by the void ratio and effective stress, which starts to develop below a certain e/emax 

ratio. Further tests were performed to determine if muck collected from the belt conveyor of an 

EPB TBM can be used to assess the behavior of conditioned soil in the excavation chamber. The 

study found little to no relationship between the measured muck shear strength and TBM torque. 

It was concluded that the collected muck is not a representative sample of the conditioned soil in 

the chamber. This was attributed to the deterioration of foam over time, and the extended time 

the soil is transported and mixed in the screw conveyor. 

In addition, this thesis investigates if apparent density can be used to assess the soil 

conditioning performance and the soil behavior in the excavation chamber of an EPB TBM. It 

was found that apparent density evaluation methods can be used to identify air pockets and 

plugging issues in the excavation chamber of an EPB. Furthermore, the study investigates if 

conditioned soil from the face fills and pressurizes the gap between the EPB shield exterior and 

the surrounding ground. The study showed that the pressures in the shield gap mainly follow the 

bulkhead pressure, which indicates that conditioned soil from the face fills and pressurizes the 

shield gap. It was found that the shield pressures are mainly influenced by the soil type, soil 

conditioning, bulkhead pressure, and the grouting pressure. 
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CHAPTER 1 - 

GENERAL INTRODUCTION 

For tunnels excavated in urban areas beneath the water table in permeable soil, both 

water inflow and surface settlements must be carefully controlled. Slurry tunnel boring machines 

(TBMs) or earth pressure balance tunnel boring machines (EPB TBMs) can be used to balance 

the pore water pressure and the lateral earth pressure at the face. For slurry TBMs this is 

achieved by supplying and pressurizing bentonite slurry in the chamber behind the cutterhead (2 

in Figure 1-1). The excavated soil is mixed with the bentonite slurry and this mix is pumped out 

of the TBM. The soil and slurry need to be separated on the surface, so that the bentonite slurry 

can be reused as support medium. In general, slurry TBMs are only used in coarse-grained 

ground, since coarser soil can be separated easier from the bentonite slurry than fine-grained soil. 

In EPB TBMs, face support is accomplished by creating a soil body behind the cutter 

head of the TBM (2 in Figure 1-2). The excavation chamber behind the cutter head is kept filled 

with excavated, conditioned soil and maintained under pressure. Soil conditioners like foam, 

polymers, and/or bentonite are injected into the face (through the cutterhead) and into the 

excavation chamber. The conditioners are adjusted to maintain target mechanical and 

 
Figure 1-1. Schematic of Slurry TBM (EFNARC, 2005) 
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hydrological properties of the soil body, including permeability, compressibility and friction. 

Reduction of permeability prevents water inflow while reduced friction improves tool wear, 

reduces cutterhead torque and improves material flow. 

This study aims to advance the understanding of conditioned soil behavior under pressure 

by using conditioned soil testing methods and TBM data analysis methods. First, it examines the 

effects of total stress, effective stress, and key soil parameter void ratio on the behavior of foam-

conditioned soil. Then, it investigates if muck collected from the end of the screw conveyor/start 

of the belt conveyor of an EPB TBM can be used to evaluate the conditioned soil behavior in the 

excavation chamber. Furthermore, the study explores the use of apparent density evaluation 

methods for the assessment of soil conditioning performance and soil behavior in the excavation 

chamber of an EPB TBM. Finally, it evaluates the influence of different soil conditions, 

bulkhead pressures, and tail void grouting pressure on the pressures along the shield exterior of 

an EPB TBM. 

Contractors often adjust the soil conditioning parameters according to the additive 

supplier’s suggestions, especially when problems arise. The suppliers’ suggestions are usually 

based on the expected soil types per tunnel section, which can deviate significantly from the 

actually encountered soils types. Problems like increased water inflow into the excavation 

chamber frequently lead the contractor to increase the bentonite and/or polymer injections 

 
Figure 1-2. Schematic of EPB TBM (EFNARC, 2005) 
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without completely understanding the effect of soil conditioning on the soil behavior. This can 

lead to plugged openings in the cutterhead and excavation chamber. Although researchers have 

investigated the influence of soil conditioners on the behavior of soil, realistic pressure 

conditions have not been taken into account and, therefore, a gap between research knowledge 

and field application remains. 

Several empirical (Williamson et al., 1999; EFNARC, 2005) and theoretical (Maidl, 

1995; Bezuijen, 2012) methods to determine the required foam volume for soil conditioning have 

been introduced. Furthermore, the effect of foam volume and void ratio on the conditioned soil 

behavior under pressure has been investigated by several researchers (Bezuijen et al., 1999; 

Bezuijen and Schaminée, 2001; Houlsby and Psomas, 2001; Psomas, 2001; Pena Duarte, 2007; 

Meng et al., 2011). However, these studies mainly concentrated on the influence of total stress 

on the behavior. The influence of effective stress or pore pressure has not been considered. 

The studies also focused on the conditioned soil behavior when the soil was in a state 

above its maximum void ratio, which might not always be achievable in EPB tunneling. The 

behavior of conditioned soil transitioning from above to below the maximum void ratio, where 

effective stress starts to develop, has not yet been investigated. Furthermore, the tests on 

conditioned soil are normally performed either ahead of time in the planning phases of EPB 

tunneling projects with samples collected from exploratory borings or shaft excavations, or as 

independent research projects without connection to a specific tunneling project. Conditioned 

soil tests are rarely performed during an ongoing project and if they are, samples are often sent to 

laboratories for testing. However, continuous testing on site could help to adjust the soil 

conditioning program to the actual encountered conditions in a timely manner. 

The effect of soil conditioning and the behavior of conditioned soil can also be 

investigated by analyzing TBM data collected during a tunneling project. One of the parameters 

that can be potentially be used to assess the soil conditioning performance is the apparent 

density. The apparent density is the vertical gradient of the bulkhead pressures calculated from 

the horizontally measured bulkhead pressures and the vertical distance between the pressure 

sensors. Although several researchers have performed empirical and theoretical studies on 

apparent density (Guglielmetti et al., 2003; Bezuijen et al., 2005; Alavi Gharahbagh et al., 2013; 

Mosavat and Mooney, 2015), the effectiveness of apparent density as a soil behavior and soil 
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conditioning performance evaluation tool, specifically to identify air pockets and plugging 

issues, was not assessed. 

Another parameter that is potentially influenced by the conditioned soil behavior is the 

pressure distribution along the shield exterior of the EPB TBM. Properly conditioned soil will 

fill the gap between the TBM shield and the surrounding ground and will prevent ground from 

converging into the shield gap. However, only a few studies (DiPonio et al., 2012) have analyzed 

in-situ measured shield pressures of EPB TBMs without bentonite injection into the shield gap. 

Neither has the effect of soil conditions, bulkhead pressures, grouting pressures, and other TBM 

parameters on the shield pressures of an EPB TBM been analyzed in detail. 

1.1 Purpose of the Study 

The purpose of this study is to advance the understanding of conditioned soil behavior 

under pressure taking both in-situ conditions and machine data into account. It aims to further the 

research of Maidl (1995) and Bezuijen et al. (1999) that first recognized the importance of void 

ratio on the behavior of foam-conditioned soil. In contrast to previous research, this study will 

examine conditioned soil behavior from fundamental principles, specifically in the context of 

effective stress. A simple and field-portable testing method for measuring foam-conditioned soil 

behavior of soils transitioning from above to below the maximum void ratio is introduced. Two 

types of tests were performed in a pressurized testing chamber to analyze the influence of total 

and effective stress and void ratio on the vane shear strength and compression of two conditioned 

sands. A total pressure was applied mechanically to allow pore pressure and effective stress to 

develop freely in the sample. Furthermore, the study will examine whether material sampled 

from the end of the screw conveyor/beginning of the belt conveyor can be used to analyze the 

behavior of conditioned soil in the excavation chamber and its influence on TBM performance. It 

investigates which types of on-site tests are beneficial for understanding the ground, the soil 

conditioning process, and the overall TBM performance during the project. 

In addition, the study aims to assess conditioned soil behavior using machine data 

collected during EPB tunneling projects in Seattle, WA. Specifically, the apparent density is 

analyzed to evaluate the effectiveness of soil conditioning. The effect of plugging issues, 

formation of air pockets in the excavation chamber, and operational parameters on the apparent 
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density is explored to evaluate if apparent density can be used to identify the formation of 

plugging issues or air pockets. 

Finally, the study intends to show that there is communication between the face, chamber 

and the shield gap, and that conditioned soil from the face fills and pressurizes the gap. The 

influence of different soil types, bulkhead pressures, and tail void grouting pressures on the 

shield pressures is analyzed using regression analysis. The analysis uses shield pressure data 

collected during the N125 project in Seattle, WA, during a majority of which no bentonite slurry 

was injected into the shield gap. 

With the motivation to further the understanding of conditioned soil behavior under 

pressure, the study will address the following research questions: 

 What influence does the void ratio and effective stress have on the behavior of 

conditioned soil under pressure? 

 Can material sampled from the end of the screw conveyor/beginning of the belt 

conveyor be used to analyze the behavior of conditioned soil in the excavation 

chamber? 

 Is there a relationship between apparent density and conditioned soil behavior? 

Can apparent density be used to identify plugging issues or air pockets in the 

excavation chamber? 

 Is there communication between the face and the shield gap which allows 

conditioned soil to fill and pressurize the gap? Is there a relationship between the 

bulkhead pressures, the shield gap pressures, and the grout injection pressures of 

an EPB TBM? 

1.2 Thesis Organization 

The thesis is primarily a compilation of papers and is composed of seven chapters. 

Chapter 2 presents the background to the study and reviews the relevant literature for the 

research. Earth pressure balance tunneling and soil conditioning is detailed. Results of technical 

research on conditioned soil tests, TBM performance, apparent density, and shield pressures is 

presented. Chapter 3 presents the paper titled “Laboratory Tests to Determine the Relationship 

between Pressure and Foam Conditioned Sand Behavior” that was prepared for publication in the 
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Tunnelling and Unground Space Technology journal and is currently under review. The paper 

investigates the influence of effective stress and void ratio on the behavior of foam-conditioned 

soil. Chapter 4 is titled “EPB Muck Testing and Its Relationship to TBM Operational 

Parameters” and investigates if muck collected from the belt conveyor can be used to assess the 

soil behavior in the excavation chamber of an EPB TBM. Chapter 5 presents the paper titled 

“Apparent Density Evaluation Methods to Assess the Effectiveness of Soil Conditioning” that 

was submitted for publication in the Tunnelling and Underground Space Technology journal and 

is currently under review. The paper relates apparent density with plugging issues and the 

formation of air pockets in the excavation chamber. Chapter 6 presents the paper titled 

“Evaluation of the Pressures along the Shield Exterior of an EPB TBM” that was prepared for 

publication in the Tunnelling and Underground Space Technology journal. The paper 

investigates the relationship of bulkhead, shield, and grouting pressures and evaluates the 

influence of other factors, like soil types, on the shield pressure distribution. Chapter 7 

summarizes and discusses the findings of the study and presents the conclusions. Moreover, 

suggestions for further research are provided.
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CHAPTER 2 - 

BACKGROUND AND LITERATURE REVIEW 

This chapter discusses the background to this research project. First, an overview of EPB 

TBMs and their application is given. Second, soil conditioning for EPB tunneling is introduced 

and the relationship between foam soil conditioning, void ratio, and pressure is discussed. Third, 

different approaches for the soil conditioning parameter design are reviewed. Fourth, conditioned 

soil test methods relevant to this research study are introduced and the effect of soil behavior on 

the TBM performance is discussed. Fifth, bulkhead pressure gradient studies that have been 

completed to date are presented. Finally, the state-of-the-art TBM shield gap pressure studies are 

discussed. 

2.1 Earth Pressure Balance TBM Tunneling 

Earth pressure balance tunnel boring machines (EPB TBMs) are shield TBMs that are 

mainly used for the excavation of tunnels in soft ground beneath the water table to reduce or 

prevent surface settlements by applying pressure to the excavation face. The main components of 

a typical EPB TBM are displayed in Figure 2-1: (1) the cutterhead, (2) the working or excavation 

chamber, (3) the pressure wall or bulkhead, (4) the screw conveyor, (5) the thrust arms or thrust 

jacks, (6) the tail sealant or tail brushes mounted on the inside of the tail end of the shield, (7) the 

concrete segments, and (8) the annulus grout. 

An EPB TBM generally has three operation modes: excavation mode, ring build mode, 

and waiting mode. During the excavation mode, the hydraulic thrust jacks of the EPB TBM push 

the machine off the installed concrete segments and press the rotating cutterhead, which is 

equipped with various cutting tools, against the in-situ soil face to scrap off soil. The excavated 

soil moves through openings in the cutterhead and is collected in the excavation chamber behind 

the cutterhead. The excavation chamber is kept filled with the excavated soil and pressurized to 

support the face by counteracting earth and water pressures (see Figure 2-2). The necessary face 

support pressure is achieved through a combination of excavated soil mass and the thrust applied 

against through the bulkhead. Furthermore, the mass of soil in the chamber can be regulated by 
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the controlling the intake and outflow of material, through the cutterhead and screw conveyor, 

respectively. The resulting pressure is normally measured by several earth pressure sensors 

installed on the bulkhead and kept above a calculated target pressure. A screw conveyor 

transports the soil from the excavation chamber to a conveyor belt or to muck cars, which take 

 
Figure 2-1. Schematic of an EPB TBM with the following components: (1) cutterhead with 

cutting tools, (2) working chamber or excavation chamber, (3) pressure wall or bulkhead, 

(4) screw conveyor, (5) thrust arm or thrust jack, (6) tail sealant or tail shield brush, (7) 

segments, and (8) annulus grout (EFNARC, 2005) 

 
Figure 2-2. Pressure of the supporting soil paste in the excavation chamber of an EPB 

TBM counteracting the water and earth pressure at the face 
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the material out of the tunnel. The screw conveyor enables a controlled pressure reduction of the 

muck from the pressure in the chamber to atmospheric pressure at its end. While the TBM 

advances forward, grout is injected out of the tail of the shield into the annulus between the 

concrete segments and the ground. The annulus between the concrete segments and the 

surrounding ground is filled with grout to prevent settlements. Tail shield brushes are installed 

on the interior of the tail shield and filled with sealant grease to prevent the inflow of grout 

through the gap between shield and segments into the shield. During the ring build mode, when 

the TBM is not advancing forward, concrete segments are installed within the tail shield of the 

machine and form the permanent lining of the tunnel. Waiting mode is enabled whenever 

excavation or ring building mode is not enabled, i.e., during machine maintenance. 

Before the introduction of chemical soil conditioners in 1994, EPB TBMs were mainly 

used in fine grained soils with a minimum fines content (< No. 200 sieve) of 30%, since these 

soils have a preferable consistency for the excavation with EPB TBMs (Herrenknecht et al., 

2011). To achieve the desired face pressure control, the excavated soil needs to have certain 

hydrological and mechanical properties (e.g., low hydraulic conductivity, good flowability, etc.). 

This can be achieved by using EPB TBMs only in fine grained soils or by mixing the soil with 

conditioners, which is a common practice in recent years and extends the application range of 

EPB TBMs to coarser grained soils (see Figure 2-3). In Figure 2-3, area 1 shows the original 

application range for EPB TBMs and areas 2 to 4 show the extended application ranges for 

coarser soils, that are achieved by adding different soil conditioners. Today, foam is also added 

to fine grained soils (area 1) to reduce their stickiness. The soil conditioners are primarily 

injected into the in-situ soil face through several ports on the cutterhead. The soil is then mixed 

with the conditioners by the rotation action of the cutterhead. The conditioners can also be 

injected into the excavation chamber directly, where the soil is continuously mixed by metal 

mixing bars installed on the back of the cutterhead and the bulkhead. The topic of soil 

conditioning for EPB tunneling is further discussed in the following section. 
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2.2 Soil Conditioning for Earth Pressure Balance Tunneling 

A variety of soil conditioners are used in EPB tunneling, including foam, bentonite-

slurry, and polymers. Soil conditioners are used to achieve the desired mechanical and 

hydrological properties of the soil: low permeability, low internal friction, low adhesion, 

increased compressibility and elasticity, and low abrasivity. Low permeability is necessary to 

counteract the water pressure at the face and prevent water drainage and surface settlements. 

Low internal friction and adhesion ease the material flow from the cutterhead to the belt 

conveyor and reduce the power draw of the TBM. Increased compressibility and elasticity allow 

the soil to maintain pressure even during in- and outflow volume fluctuations. Low abrasivity 

increases the life of cutting tools and all other surfaces in contact with the soil. Soil conditioners 

can be injected at the face, in the excavation chamber, and in the screw conveyor of the TBM. 

 
Figure 2-3. Application range of earth pressure balanced tunnel boring machines (adapted 

from Thewes et al., 2010) 
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The most common soil conditioners are described in the following paragraphs (after Langmaack, 

2000). 

Foam transforms soil into a paste with the desired mechanical, and hydrological 

properties. It reduces the soil’s permeability, friction, adhesion, abrasivity, and increases 

its compressibility and elasticity. Foam is produced by dispersing pressurized air in a 

surfactant solution. Surfactant reduces the surface tension of the water and, therefore, 

reduces the strength of the water bond between two soil particles. It also introduces 

electrostatic repulsion that can counteract the electrostatic attraction between two soil 

particles. 

Polymers stabilize foam and can be divided into water-binding types and soil-structuring 

types. Water binding polymers bind water in too liquid soils, while soil structuring 

polymers adjust the soil behavior and prevent sedimentation in coarse soils. 

Bentonite slurry is made by dispersing the natural clay mineral bentonite, which has a 

high water absorption ability, in water. The resulting slurry is thixotropic, which means 

that its viscosity decreases with increasing applied stress. Bentonite slurries lubricate, 

improve the soil’s plasticity, and decrease the permeability of coarse grained soils. 

Clay dispersion additives reduce the clogging potential of sticky clays by separating the 

soil particles. When used in combination with foam, they increase the foam’s dispersion 

ability. 

Anti-wear additives reduce the soil induced wear on cutterhead, cutting tools, screw 

conveyor, and other TBM surfaces that are in contact with the soil. They are mainly used 

in highly abrasive soils and rocks. 

This study will mainly concentrate on the use of foam as a soil conditioner in EPB 

tunneling. Several parameters can be adjusted when conditioning excavated soil with foam: 

surfactant concentration, foam expansion ratio, and foam injection ratio. The definitions of these 

terms and their formulas are given below. 

Surfactant concentration (Cf) is the concentration of surfactant in the surfactant solution, 

which is a mix of surfactant and water. 
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 = �� + � = ��� % (2-1) 

where VSf is the volume of surfactant, Vw is the volume of water in the solution, and VL.is 

the surfactant solution volume. 

Foam Expansion Ratio (FER) is the ratio of foam volume to surfactant solution volume. 

 � = ��� = �� + ��� = + ��� (2-2) 

where VF is the volume of foam, VA is the volume of air, and VL is the volume of the 

solution liquid used to produce the foam. 

Foam Injection Ratio (FIR) is the ratio of injected foam volume to in-situ volume of the 

excavated soil. 

 � = �� ∙ % = �� + �� ∙ % (2-3) 

where VES is the in-situ volume of the soil excavated while VF is injected. VES can be 

calculated from the advance rate and the diameter of the EPB TBM. 

2.2.1 Soil Conditioning Foam, Pressure, and Void Ratio 

Foam normally contains a large amount of air in form of air-filled surfactant bubbles. 

Since the volume of air is pressure dependent, a relationship exists between FIR, FER, and 

pressure. Boyle’s law, which is based on the ideal gas law, states that the volume and pressure of 

an ideal gas at constant temperature are inversely related, Equation (2-4). The relationship 

between FIR, FER, and pressure according to Boyle’s law is shown in Equations (2-5) through 

(2-9). 

The pressure in an EPB TBM normally decreases from the face towards the end of the 

screw conveyor, where it reaches atmospheric conditions. Therefore, FIR and FER are exposed 

to different pressure conditions throughout the TBM, which could transform the conditioned soil 

from a viscous state under pressure to a very liquid state at atmospheric conditions depending on 

the values of FIR and FER used. The consistency of the conditioned soil under all pressure 
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conditions should, therefore, be considered in the foam parameter design. While a more liquid 

consistency in the excavation chamber might be desired to reduce torque, decrease cutter wear, 

and increase productivity, it might not be ideal for building a pressure plug in the screw 

conveyor or for transport on a belt conveyor. However, the mixing action in the screw conveyor 

can help to destroy foam bubbles in the conditioned soil allowing the entrapped air to escape 

separately from the soil. This can reduce the FIR and FER of the conditioned soil and increase its 

viscosity again. 

 � , = � , +  (2-4) 

 � = � ,�� = �� + � ,�� = + � ,��  (2-5) 

 � = + � ,�� = + � ,  +�� = + � − +  
(2-6) 

 � = + ( � − ) +
 (2-7) 

 � = � ,� = � ,� � ,� , = � ,� � ,��� ,�� = � ��  (2-8) 

 � = � ��  (2-9) 

where VA,0 is the volume of air at atmospheric pressure, VA,p is the volume of air at 

pressure p, patm is the atmospheric pressure, p is the gauge pressure, FER0 is the foam 

expansion ratio at atmospheric pressure, VF,0 is the volume of foam at atmospheric 

pressure, VL is the volume of surfactant solution used to produce the foam, VA,0 is the 

volume of air at atmospheric pressure, FERp is the FER at pressure p, FIRp is the FIR at 

pressure p, VF,p is the volume of foam at pressure, and FIR0 is the FIR at atmospheric 

condition. Figure 2-4 shows an example for the change of FER and FIR with increasing 

pressure p. 
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Researchers (Bezuijen et al., 1999; Maidl, 1995) often assume that the conditioned soil 

behavior is ideal for EPB tunneling when the soil is in a state above its maximum void ratio. 

Above a soil’s maximum void ratio its particles are not in contact with each other and, therefore, 

no effective stresses are expected. A certain FIR is necessary to reach this void ratio by adding 

foam and the value can be calculated from the in-situ soil’s density, water content, specific 

gravity, and maximum void ratio/porosity. The FIR has to be achieved under the pressure 

conditions present in the excavation chamber of the TBM to result in the desired soil behavior. 

Equations (2-10) through (2-12) display the derivation of the desired FIR under pressure.  

 = �� = − +  (2-10) 

 = � ,� = � � + �− � = � � + �− �= � � + − �− � = � + −−  
(2-11) 

 � = − − ∙ % (2-12) 

where n is the porosity of the in-situ soil, VV is the volume of voids, VES is the total in-situ 

volume of the excavated soil, ρ is the in-situ density, w is the water content, GS is the 

 
Figure 2-4. Example for the theoretical decrease of FER and FIR 

with increasing pressure p 
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specific gravity, emax is the maximum void ratio, VV,max is the volume of voids at emax, VS 

is the volume of soil solids, FIRp is the desired foam injection ratio at pressure p, and Vw 

is the volume of pore water. The pore water replacement factor αw indicates the 

percentage of pore water that is replaced by foam. If the pore water is completely 

replaced with foam (Vw = 0) then αw = 0 and if no pore water is replaced then αw = 1. The 

pore water replacement depends on the permeability of the in-situ soil and the foam 

injection pressure (Bezuijen, 2012). 

The following section presents a sample calculation to determine the minimum FIRp 

desired at the pressure present in the chamber. It is assumed this desired FIRp is reached when 

the soil is at its loosest state (i.e., at its maximum void ratio). The resulting FIR0 and void ratio e 

at atmospheric conditions are also presented. The sand’s in-situ density ρ, water content w, 

specific gravity GS, and maximum void ratio emax (determined according to ASTM D4254-16) 

are shown in Table 2-1. The desired FERp at pressure, the expected water replacement factor α, 

and the chamber pressure p are also shown in Table 2-1. 

Table 2-1. Summary of parameters used in the 

foam volume calculation example 

Property Value 

ρ (g/cm3) 1.86 
w (%) 9.5 
GS (g/cm3) 2.65 
emax (-) 0.78 
FER (-) 5 
αw (-) 0.625 
p (bar) 2.5 

 

= − + = − .+ . . = % � = − − = − . ( . − . . . ) = % � = + ( � − ) + = + − + . =  

� = � �� = . = % 



16 

= �� = � + −− = . + . − . .− . = .  

Figure 2-5 shows the resulting conditioned soil volumes at 2.5 bar chamber pressure and 

at atmospheric conditions, using the in-situ volume of the excavated soil as 100% baseline. As 

can be seen from this sample calculation, the difference between volume of foam under pressure 

(FIRp = 40%) and volume of foam at atmospheric pressure (FIR0 = 120%) can be quite 

significant. This difference will result in two different muck consistencies, which should be 

considered during the soil conditioning parameter design. However, the foam bubbles could get 

destroyed on the way from the face to the end of the screw conveyor and the air could escape 

into the surrounding ground or through gaps in the machine. This would reduce the air volume 

VA and the FIR, which would increase the soil’s viscosity at the end of the screw conveyor. 

2.2.2 Soil Conditioning Parameter Design Studies 

Several methods have been proposed to estimate the foam volume required to achieve the 

desired soil behavior for EPB tunneling. The first reference to void ratio in the determination of 

 
Figure 2-5. Comparison of conditioned soil at a pressure of 2.5 

bar (@ FIRp) to conditioned soil at atmospheric pressure (@ 

FIR0). The in-situ soil is given as a volume baseline of 100%. 

VS is the volume of solids, Vw is the volume of water, VL is the 

volume of surfactant solution, VA is the volume of air. 
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foam volume was made by Maidl (1995). He states that to achieve the desired soil behavior the 

soil needs to be above the maximum porosity nmax of its coarse grain fraction (determined per 

German standard DIN 18126 with fines removed), Equation (2-13) and Figure 2-6. This can be 

achieved by adding foam to the soil to supplement the soil’s water and fines content, Equation 

(2-14). Maidl calculates the required foam volume VF according to Equation (2-15), in which the 

pore water Vw and the fine grained particles V200 are taken into account. Maidl assumed that the 

fines are void filling material for the coarse grained fraction and do not influence the soil 

behavior. 

 � + � = − � >  ∙ � (2-13) 

 � + � + � = − � >  ∙ � (2-14) 

 � % = ∙ � − � − �� ∙ % (2-15) 

where V200 is the volume content of fine soil particles, Vw is the volume content of pore 

water, VcG is the volume content of coarse soil particles, nmax is the porosity of VcG at its 

 
Figure 2-6. (a) Volume of saturated soil, (b) volume fractions of saturated soil, (c) soil at its 

loosest state with nmax > Vw + V200 (1) and nmax ≤ Vw + V200 (adapted from Maidl, 1995) 
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loosest state (determined per German standard DIN 18126), VF is the necessary foam 

volume, V is the volume of the soil at nmax, and VES is the volume of the excavated 

material. 

Maidl states that the volume fractions of the soil can also be displayed in a ternary 

diagram (after Kézdi, 1969) to determine the soil’s state in relation to nmax, Figure 2-7. The limit 

line indicates the maximum porosity nmax of the coarse grain fraction of the soil, which is 50% 

for both soils displayed as circled numbers in Figure 2-7. Soil 1 is at a state above nmax with a 

fines content of 35% and a water content of 30% (i.e., V200 + Vw = 65% > nmax = 50%). Soil 2 is 

at a state below nmax with a fines content of 25% and a water content of 5% (i.e., V200 + Vw = 30% 

< nmax= 50%). Adding foam to soil 2 would count towards its water fraction on the diagram and 

could bring the soil’s porosity to above nmax. 

 
Figure 2-7. Ternary diagram showing (1) a soil above the nmax limit line 

and (2) a soil below the nmax limit line  (adapted from Kézdi, 1969) 
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Furthermore, Maidl suggests that the necessary VF is also influenced by foam 

deterioration, pore water replacement, and pressure changes that lead to foam compression and 

expansion. 

Maidl and later Budach (2011) conducted pore air compression tests up to 4 bar on 

conditioned coarse-grained soils with no fines content. They found that conditioned soil follows 

the compression of air in the foam above nmax of the soil (per DIN 18126). They mixed soil with 

foam at atmospheric conditions, and compressed the mix in a clear cylinder with compressed air. 

Maidl used one sand soil mixed with two different types of foam for his compression tests. He 

found that the compressed air used for compression can get incorporated into the soil during the 

test, which results in a larger mix volume after unloading than before the compression. Budach 

performed the compression test on nine different sand soils with varying FIR, FER, and Cf to 

determine their influence on the compressibility. He concluded that the FIR has the most effect 

on the compressibility of a conditioned soil. Maidl’s and Budach’s set-up did not allow 

compression of the soil beyond its maximum porosity and, therefore, the influence of effective 

stress could not be taken into account. Furthermore, since only coarse-grained soils were used for 

the tests, they did not confirm that nmax of the coarse-grained fraction and not overall nmax should 

be considered in the foam volume calculations (Equation 2-15). 

The Japanese contractor Obayashi proposed an empirical relationship for foam volume 

VF as a percentage of excavated soil volume (Equation 2-16) based on the soil’s coefficient of 

uniformity Cu through a correction factor α (see Table 2-2), and the percentage of soil grains 

passing the No. 200 (0.075 mm), No. 40 (0.420 mm), and No. 10 (2.0 mm) sieves, represented 

by X, Y, and Z, respectively (Williamson et al., 1999). Williamson et al. state that Equation 

(2-16) is based on the assumption that the soil’s grain size distribution needs to meet certain 

particle size criteria to be flowable, and that deficient particle sizes in the grain size distribution 

of silty sands and gravely soils can be supplemented with foam. Although not specifically 

mentioned by the authors, it is assumed that the foam volume in Equation (2-16) is calculated for 

the expected chamber pressure. They further state that a minimum foam volume VF of 20% 

should be used for silty sands and gravely soils and a minimum of 30% should be used for 

cohesive soils to reduce their stickiness. 
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 � % = [ −  . + − .  . + − .  . ] (2-16) 

where VF is equal to the FIR, X is the percentage passing the 75 μm sieve (No. 200), Y is 

the percentage passing the 420 μm sieve (No. 40), Z is the percentage passing the 2 mm 

sieve (No. 10), and α is a correction factor based on the uniformity coefficient Cu. If the 

expression in one of the nested parenthesis results in a negative number, zero is to be 

used instead. 

Bezuijen et al. (1999) suggested that the porosity of the foam-conditioned sand in the 

excavation chamber has to be higher than the maximum porosity of the sand to reduce friction on 

the cutterhead. They implemented a lab test setup to investigate this hypothesis and to determine 

other foamed sand properties under more realistic pressure conditions than was used in previous 

research. The setup consisted of a cylindrical chamber, a lid equipped with a screw conveyor, 

and a rotor that could be pushed into the soil while injecting foam. The rotor, the space between 

rotor and lid, and the lid are supposed to simulate the cutterhead, excavation chamber, and 

bulkhead, respectively. A total stress of up to 350 kPa was applied by pushing rotor and lid onto 

the soil. The authors compared the amount of foam necessary to achieve the desired soil behavior 

with and without water replacement. They found that more foam is needed if the water in the 

sand is replaced by foam. Their test results also showed a relationship between the shear strength 

and the porosity of the foam-conditioned sand. These and later tests performed with the same test 

setup (Bezuijen and Schaminée, 2001) indicated that the torque increases significantly when the 

porosity of the sample is decreased towards the maximum porosity. 

Houlsby and Psomas (2001), Psomas (2001), and Pena Duarte (2007) use a Rowe cell to 

determine the compression behavior of foam-conditioned sand and found that the conditioned 

Table 2-2. Values for the correction factor α 
dependent on the uniformity coefficient Cu 

(Williamson et al., 1999) 

Cu Range α 

<4 1.6 
≥4 & ≤15 1.2 
≥15 1.0 
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soil was stable (i.e., the foam bubbles do not collapse) at void ratios higher than the sand’s 

maximum void ratio, even under total vertical stresses up to 230 kPa. Shear box tests showed 

that the linear trend between soil density and friction angle described by Bolton (1986) could be 

extended above the soil’s maximum void ratio for foam-conditioned sand, see Figure 2-8. 

Bolton’s correlation states that the friction angle decreases linearly with increasing void ratio up 

to the void ratio at which a relative density of approximately 20% is reached, and then remains 

constant up to emax. The tests performed on conditioned sand showed that the friction angle 

decreases further with increasing void ratio of the foamed soil at e > emax approaching friction 

angles below 10° at e/emax > 2. 

EFNARC (2005) suggests soil-specific foam volume ranges at chamber pressure, 

reported as foam injection ratio FIR (another term for VF), Table 2-3. In addition, specific foam 

types and polymer additives are suggested for each soil type. The suggested FIRs vary 

considerably for each soil type, e.g., 30-60% for sandy gravels. According to Thewes and 

Budach (2010), the EFNARC recommended FIRs are “roughly oriented” to the maximum void 

ratios of the different soil types. 

 
Figure 2-8. Friction angle of fine sand and foamed fined sand over a range of 

void ratios (Houlsby and Psomas, 2001) 
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Meng et al. (2011) used a pressurized vane shear apparatus to investigate the viscoplastic 

parameters, yield stress and viscosity, of conditioned sand. A vertical total stress of up to 

400 kPa was applied to the bottom surface of the conditioned soil sample through a gas bag 

placed inside the device. Their study showed that conditioned sand acts like a viscoplastic fluid 

with shear-thinning properties and that the viscoplastic parameters increase with increasing 

pressure and decrease with increasing FIR. The only parameters taken into account in this study 

were the FIR, the applied total pressure, and shear rate. The influence of effective stress or the 

sand’s geotechnical properties on the viscoplastic parameters was not taken into account. 

Bezuijen (2012) presents a theoretical calculation method for the determination of the 

foam volume required to achieve the soil behavior desired for EPB tunneling. Although he does 

not differentiate between total porosity and porosity of coarse grains only, his approach is similar 

to Maidl’s (1995). Bezuijen also takes the pore water replacement by foam into account and 

Equation (2-17) shows the calculation of the resulting water flow q due to the excess pore water 

pressure. It takes the in-situ soil permeability k, the piezometric head difference ∆ϕ, and the 

tunnel radius R into account. Equation (2-18) shows the relationship between advance speed v, 

the desired FIR at pressure, the water flow q, the porosity of the soil before excavation n, and the 

desired porosity of the soil after excavation nmax, which should be at or above the maximum 

porosity of the soil. The expression 
+ −

 gives the ratio between the soil volume after 

excavation (v + vFIR -q) and the soil volume before excavation (v). By combining Equations 

(2-17) and (2-18) the desired FIR can be calculated according to Equation (2-19). 

 = �∆�  (2-17) 

Table 2-3. Ranges of suggested FIR for different soil types 

(modified after EFNARC, 2005). 

Soil FIR (%) 

Clay 30-80 
Sandy clay - silt 40-60 
Sand – clayey silt 20-40 
Sand 30-40 
Clayey gravels 25-50 
Sandy gravels 30-60 
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+ � − = −−  (2-18) 

 � = �Δ� − + −−  (2-19) 

Furthermore, Bezuijen calculates the effective FERm in the chamber, considering that 

pore water will be added to the liquid fraction of the foam reducing its FER. However, part of the 

pore water will not enter the chamber due to excess pore pressure acting on the face, that is 

caused by foam injection (see Equation 2-17). This expelled amount of water can be accounted 

for by the dimensionless factor αew shown in Equation (2-20), which is the first term of the FIR 

formula in Equation (2-19). Equation (2-21) shows the calculation of the effective FERm as total 

volume of foam divided by the liquid components of the foam. This calculation takes into 

account the pore water volume of the in-situ soil, represented by its porosity n, the expelled 

water volume αew, the added foam volume FIR, and its original FER. 

 = �Δ�  (2-20) 

 � = − + �− + �/ � (2-21) 

2.3 Behavior of Foam-conditioned Soil 

This section introduces testing methods that are used to determine the behavior of foam-

conditioned soil and summarizes the related research done to date. Furthermore, the effect of soil 

behavior on the TBM performance is discussed and related studies are summarized. 

2.3.1 Tests to Assess the Behavior of Foam-conditioned Soil 

Several different tests are used by researchers to assess the behavior of foam-conditioned 

soil. These tests include slump tests, shear strength tests, compression tests, mixing tests, screw 

conveyor tests, and abrasivity tests. Most of the tests can only be performed in a laboratory 

setting and several of the tests require a complicated laboratory set-up. A summary of the testing 

methods and selected literature is presented below. 
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Slump tests are used to determine the workability and plasticity of the conditioned soil. 

The test is standardized for the use with concrete (ASTM C143/C143M-15a, 2015), requires 

minimal equipment, and is field portable. However, it can only be used under atmospheric 

conditions and does not allow to take chamber pressure into account. The testing device 

generally consists of a slump cone, a tamping rod, and a flat base plate, see Figure 2-9. Quebaud 

et al. (1998) performed slump tests on two granular soils to determine the conditioning 

parameters necessary to reach the desired slump of 120 mm. They found that the required FIR 

decreases with decreasing FER or increasing Cf. Peila et al. (2009) performed slump tests on four 

different granular soils to evaluate the influence of grain size distribution, water content, and FIR 

on the slump and assess if slump tests can be used to characterize the soil behavior. The authors 

concluded that the slump test is suitable to characterize the soil behavior and that each soil has a 

specific range of FIR and water contents that results in a suitable mix with a slump of 140-

200 mm. 

Shear strength tests are used to determine the shear strength of the conditioned soil which 

can also be used as a measure for the soil’s plasticity and flowability. The most common types of 

shear tests presented in the literature are shear box tests and vane shear tests. Psomas (2001) used 

 
Figure 2-9. (a) Photo of a slump cone and (b) schematic of a slump cone 

(dimensions in mm) 
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a direct shear box (Figure 2-10b) to determine and compare the shear strength of conditioned and 

unconditioned sands under a variety of applied normal pressures. The author concluded that the 

addition of foam decreased the shear strength of the sands under all pressures. Pena Duarte 

(2007) used a modified shear box (Figure 2-10a), that was able to measure pore pressure, on four 

types of sands to determine the shear strength of the foam-conditioned soils. He showed that an 

increase in FIR can increase the void ratio and pore pressure, which leads to a decrease in shear 

strength. Zumsteg et al. (2012) used a vane shear apparatus (Figure 2-10c) to evaluate the 

influence of soil conditioners on the shear strength of several clays. The device was able to 

change the applied shear rate and was set up to apply a confining air pressure directly on top of 

the soil. Their results showed that the shear strength decreases with the use of conditioners, but 

increases with increasing shear rate and pressure. 

Compression tests are used to evaluate the compression behavior of conditioned soil. A 

certain compressibility of the soil is desired to allow for a better control of face pressures in an 

EPB TBM. Bezuijen et al. (1999) used a elaborate testing set-up (Figure 2-11a) with a rotor, 

built-in foam injection, and a screw conveyor to evaluate the compression behavior of 

conditioned soil under total applied stress (see also under Section 2.2.2). The authors found that 

the compression behavior of the soil is partially governed by the gas in the mixture and partially 

by grain-to-grain contacts. Psomas (2001) used a Rowe cell (Figure 2-11b) to perform 

compression tests on fine and coarse sand conditioned with foam, polymers, and bentonite. A 

Rowe cell is a cyndrical chamber that applies total stress through a diaphragm onto a soil under 

drained or undrained conditions. The tests showed that the addition of foam increased the initial 

void ratio and compressibility of the soils. Pena Duarte (2007) used a MAP consolidator (Figure 

2-11c), that is a modified version of the Rowe cell, to perform compression tests on two 

conditioned sands. The apparatus allows the measurement of expelled gas, expelled water, and 

pore pressure. The test results showed that the sands are stable at void ratios above the soils 

maximum void ratio, meaning that the applied pressure does not destroy the foam bubbles. They 

also showed that most test results followed Boyle’s law for the compression of air in the mixture. 

Mixing tests are used to determine the change in power consumption of a mixer due to the 

addition of foam to the soil. Quebaud et al. (1998) performed mixing tests with a vertical paddle 

mixer (Figure 2-12, page 28) to evaluate the mixing behavior of soil and foam. They observed  
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Figure 2-10. (a) Shear box used by Pena Duarte (2007), (b) shear box used by Psomas 

(2001), and (c) vane shear apparatus used by Zumsteg et al. (2012) 



27 

 
Figure 2-11. (a) Compression testing device used by Bezuijen et al (1999), (b) Rowe cell 

(Head, 1986) used by Psomas (2001), (c) and MAP consolidator used by Pena Duarte (2007) 
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power reduction of over 50 % when adding foam to soil. Bezuijen et al. (1999) used the same 

test set-up as described in the “Compression tests“ section (Figure 2-11a) to measure the torque 

while mixing sand with foam. They found that a lower porosity of the sand leads to a higher 

torque. 

Screw conveyor tests are used to assess the behavior of conditioned soil in a screw 

conveyor. Merritt and Mair (2006) used a instrumented, laboratory screw conveyor connected to 

a pressurized soil tank to investigate the flow behavior of conditioned clay soils through a screw 

conveyor (Figure 2-13a). They showed that soil conditioning can help reduces the required screw 

conveyor torque. Peila et al. (2007) employed a laboratory screw conveyor device to assess the 

behavior of conditioned sands (Figure 2-13b). Peila et al. also found that soil conditioning 

reduces the torque of the screw conveyor and allows for a better pressure transmission 

throughout the soil. 

Abrasivity tests evaluate the abrasivity of conditioned and unconditioned soil to estimate 

the possible wear of cutting tools. Nilsen et al. (2007) introduced the NTNU Soil Abrasion Test 

(SAT) that uses a cutting tool pressed onto a rotating steel disc supplied with dry soil to 

determine the abrasivity of the soil (Figure 2-14a, page 30). They showed that the test can be 

used to classify the soil abrasivity and compare the abrasivity of different types of soils. 

Jakobsen et al. (2012) introduced a cylindrical testing chamber to test the abrasivity of 

conditioned soil under applied air pressure (Figure 2-14b). The device is equipped with a cross 

shaped rotor that pentrates the soil while its torque is measured. Jakobsen et al. showed that soil  

 
Figure 2-12. (a) Paddle mixer used by 

Quebaud et al. (1998) 
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Figure 2-13. (a) screw conveyor device used by Merritt and Mair (2006) and (b) screw 

conveyor device used by Peila et al. (2007) 
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Figure 2-14. Abrasivity test devices used by (a) Nilsen et al. (2007a), (b) Jakobsen et al. 

(2012), (c) Peila et al. (2012), and (d) Gharahbagh (2013) 
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conditioning reduces the abrasivity of the soil. Peila et al. (2012) used a cylindrical chamber 

equipped with a rotating wear disc to evaluate the abrasivity of conditioned soil (Figure 2-14c). 

The authors found that foam reduces abrasivity of the soil and the torque measured during 

testing. Gharahbagh (2013) developed a testing device with a rotating propeller and a soil 

abrasion index to evaluate the abrasivity of soils under applied air pressure (Figure 2-14d). The 

author analyzed the influence of various factors on the abrasivity including pressure, wear tool 

material hardness, grain size and shape, and soil conditioning. The test results showed that soil 

conditioning reduces while pressure increases abrasivity and torque. 

Permeability tests are used to determine the change in soil permeability due to soil 

conditioning. Bezuijen et al. (1999) used the same test set-up as described in the “Compression 

tests“ section (Figure 2-11a, page 27) to determine the permeability of foam-conditioned sand 

under pressure. They found that the permeability decreases with increasing replacement of pore 

water with foam. Borio and Peila (2010) used a constant head permeameter (Figure 2-15a) to 

evaluate the permeability of two granular soil with and without conditioning. The authors 

showed that the permeability increases with increasing applied water pressure and decreases with 

increasing FIR and decreasing FER. Budach (2011) used a constant head permeameter (Figure 

2-15b) to evaluate the permeability of coarse grained soils. The results show that the 

permeability of foam-conditioned soil is lower than the permeability of unconditioned soil, but 

increases with time due to foam drainage. The results also indicate that the permeability can 

increase with increasing FIR and Cf depending on the soil type. However, no clear relationship 

between FER and permeability was found. 

2.3.2 Relationship between Soil Behavior and TBM Peformance 

Advance rate is one of the parameters that can be used as a measure of TBM 

performance. The advance rate of the TBM is generally increased by the operator until a certain 

torque limit is reached. A reduction in the required torque can, therefore, increase the achievable 

advance rate and the overall TBM performance. Torque is mainly a function of the shear strength 

of the soil (both conditioned and unconditioned), the friction between the soil and the cutterhead, 

the pressure in the excavation chamber, and the thrust applied to the face. Soil conditioners can 

help reduce the shear strength of soil as well as the friction between soil and cutterhead, thus 

reducing the required torque. Several physical and empirical models (Krause, 1987; Hitachi-
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Zosen, 2010; Shi et al., 2011; Wang et al., 2012; Godinez et al., 2015) have been proposed to 

estimate the required torque and most take soil behavior in the form of shear strength and friction 

into account. The effect of soil conditioners on the soil behavior was not well considered. 

However, in-situ tests performed on muck collected from the belt conveyor could potentially 

estimate the conditioned soil behavior in the TBM, which could be used to validate the torque 

models (Godinez et al., 2015). Furthermore, the conditioned soil behavior could be directly used 

as a measure for the soil conditioning performance and to improve the TBM performance. The 

state-of-the-art torque models are presented below. 

 
Figure 2-15. (a) Permeameter used by Borio and Peila (2010) and (b) 

permeameter used by Budach (2011) 
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Krause (1987) introduced an empirical torque model that estimates the torque as a 

function of the TBM diameter D and a constant  (Equation 2-22). The range of the constant  (9 

kPa to 25 kPa) was based on torque data recorded on previously completed projects. The soil 

behavior was not taken into account in this model. 

 � =  (2-22) 

The torque model used by Hitachi-Zosen (2010) splits the torque T into six components: 

cutting torque, T1, friction torque on frontal surface of cutterhead, T2, friction torque on circular 

surface of cutterhead, T3, agitation torque due to mixing bars in the excavation chamber, T4, 

sealing torque, T5, and rotational bearing torque, T6, Equations (2-23) through (2-30). Torque 

components T1 through T4 are all a function of the soil behavior. 

 � = ∙ � (2-23) 

 = � ∙ � ∙  . + .  + �′ ∙ � ∙ + �� ∙  (2-24) 

 = � ∙ �  (2-25) 

 � = ∙ ∙ − ∙ �  (2-26) 

 � = ∙ ∙ ∙ �  (2-27) 

 � = ∑ � ∙ ∙ ∙��
�=  (2-28) 

 � = � ∙ ∙ ∙ ∑ � ∙  (2-29) 

 � = + �  (2-30) 

where 

B … cutterhead width 
c … cohesion of soil 
Db … diameter of bearing 
Dm… diameter or width of mixing bar 
Ds … diameter of contact face of seal 
es …  coefficient of deformation of seal 
Fc … cutting resistance of soil 
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Fr … radial load on bearing 
FT … thrust force 
k’… fracture stress of soil 
kc … coefficient of cutting resistance of soil 
Lm… length of the mixing bars 
Nd … number of cutters on same path 
Nr … rotation speed of cutterhead 
Ns … number of lips of a seal 
R … cutterhead radius 
Rm … distance between mixing bar and center 
tc… cutting thickness 
v … advance speed 
zc, xc … projected lengths of the cutting edge 
δc… cutting angle 
 … opening ratio of cutterhead 

μb … coefficient of friction of bearing 
μk … coefficient of friction between soil and cutter or cutterhead 
μs … coefficient of friction between seal and steel 

The physical torque model proposed by Shi et al. (2011) assumes that torque is composed 

of eight components: the six components proposed by Hitachi-Zosen (2010) plus friction torque 

on back surface of cutterhead, T7, and shearing torque on cutterhead openings, T8. However, the 

equations used by Shi et al. (2011) to calculate the torque components differ from the equations 

used by Hitachi-Zosen (2010). Equations (2-31) through (2-38) show the calculation of the 

torque components used by Shi et al. (2011). The authors state that only T2, T3, T4, T7, and T8 

have a significant influence on the total torque and that the rest accounts for only 1% of the total 

torque. T1, T2, T3, T4, T7, and T8 are a function of the soil behavior. 

 � = ∑[ + − �� sin � tan �] � tan ��
�=  (2-31) 

 � = �� −  (2-32) 

 � = + ��  (2-33) 

 � = ∑ − � sin � � � ���
�=  (2-34) 

 � = � � �  (2-35) 
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 � = � � + � �  (2-36) 

 � = �� − Δ  (2-37) 

 � = �  (2-38) 

where 

B… cutterhead width 
bc … width of cutter 
c … cohesion of soil 
D … diameter of cutterhead 
Dm … diameter or width of mixing bar 
FCH … force due to cutterhead mass 
ps … pressure applied on sealing rings 
FT … thrust force 
fΔp … coefficient accounting for pressure difference between front and back of cutterhead 
G … shear modulus of the soil 
H … overburden depth 
K0 … coefficient of lateral earth pressure at rest 
kq … coefficient related to shear area 
Ri … distance between cutter i and cutterhead center 
Lm … length of mixing bar 
N … number of cutters 
Nm … number of mixing bars 
Nr … rotation speed of cutterhead 
Ns … number of sealing rings 
Rm … distance between mixing bar and center 
Rb … radius of rotational bearing 
Rs … radius of sealing ring 
RT … distance between acting point of thrust and center 
v … advance speed 

c … circular angle between two adjacent cutters 
 … in-situ soil unit weight 

δc … cutting angle 
 … cutterhead opening ratio 
i … Rotational angle of cutter i 

μb … coefficient of friction of bearing 
μm … coefficient of friction between chamber soil and mixing bar 
μk … coefficient of friction between soil and cutterhead 
μs … friction coefficient between sealing material and steel 
φ … friction angle of soil 
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Wang et al. (2012) modified the model presented by Shi et al. (2011) by considering that 

the actual pressure is not the earth pressure at rest, but will be somewhere between active and 

passive earth pressure depending on the penetration per revolution. Godinez et al. (2015) added a 

shear strength reduction factor to the model developed by Shi et al. (2011) to account for soil 

conditioning and disturbance due to cutting. Furthermore, Godinez et al. included the arching 

effect in the earth pressure calculations. The authors used data collected during the U230 EPB 

tunneling project in Seattle to estimate a shear strength reduction factor for each encountered soil 

type. They adjusted the shear strength reduction factor in their modified Shi et al. model until a 

best fit for the torque recorded during each soil type was achieved. Godinez et al. (2015) found 

that the torque reduction due to the shear strength reduction factor was between 65-85%. 

2.4 Bulkhead Pressure Gradients and Apparent Density 

The vertical gradient of bulkhead pressure is the pressure gradient between two 

horizontal pressure sensor levels on the bulkhead of an EPB TBM. The gradient can be used as a 

potential indicator for the conditioned soil behavior in the chamber and is often called apparent 

 
Figure 2-16. Typical arrangement of six pressure sensors on the bulkhead of an EPB TBM 

and the gradient of the bulkhead pressures. 
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density of the conditioned soil. Figure 2-16 shows a typical arrangement of earth pressure 

sensors on the bulkhead of an EPB TBM. The pressure sensors measure the horizontal total 

stress at different locations in the chamber. The vertical pressure gradient is the ratio between the 

pressure difference d x (where x is oriented in the direction of tunneling) between two sensors 

and their vertical distance dz to each other.  

Mosavat and Mooney (2015) proposed a relationship between the vertical gradient of 

bulkhead pressure, the conditioned soil unit weight, the pore fluid unit weight, and the lateral 

earth pressure coefficient. In theory the pressure p (p = x) measured by the bulkhead pressure 

sensors is a total pressure that is composed of lateral effective earth pressure x' and pore fluid 

pressure  as shown in Equation (2-39). The vertical effective stress z' is related to the 

horizontal effective stress x' through the coefficient of lateral earth pressure K (Equation 2-40). 

It is assumed that the pores in the soil are filled with both air and a liquid (composed of water 

and liquid additive components). Therefore, the pore pressure u reflects both pore air and pore 

liquid pressure. 

 = � = �′ +  (2-39) 

 = � = �′ +  (2-40) 

Equations (2-41) and (2-42) show the calculation of the vertical gradient of bulkhead 

pressure ∇. In these equations, K is the coefficient of lateral earth pressure, f is the unit weight of 

the chamber fluid (weighted average of air and liquid in the soil voids), ' is the effective unit 

weight of the conditioned soil, and  is the soil’s total unit weight. Equations (2-41) and (2-42) 

assume that K is constant over the vertical depth of the chamber. The relationship between the 

apparent density ϱ and the vertical gradient of bulkhead pressure ∇ is shown in Equation (2-43). 

g is the gravitational acceleration, ρ is the total density of the material in the chamber, and ρf is 

the density of the fluids. 

 ∇= � = K �′ +  (2-41) 

 ∇= ′ + = ( − ) + = + −  (2-42) 
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 = ∇ = � = + −  (2-43) 

In the case that K = 1 the apparent density ϱ equals the actual density ρ of the conditioned 

soil in the chamber. If the excavated material inside the chamber is well-conditioned with 

negligible effective stress and shear stress, then K = 1 is a reasonable assumption. However, the 

topic of K for conditioned soil in the chamber of an EPB TBM is not discussed in the literature. 

Therefore, the actual earth pressure coefficient and the actual density of the conditioned soil in 

the chamber is unknown.  

Guglielmetti et al. (2003) first introduced apparent density as a measure to ensure the 

excavation chamber is filled with material. The authors suggest to keep the apparent density 

above a certain limit so that the conditioned soil is able to transfer effective stress to the in-situ 

soil at the face. This is necessary to provide the required support and to prevent ground loss at 

the face. Guglielmetti et al. use the apparent density as an “index of fullness” and a green and red 

light in the TBM to indicate if the chamber is filled (green) or not (red). Furthermore, the authors 

indicate that soil conditioning in general reduces the density of the material and that apparent 

density can help to control the conditioning better. This method was implemented on the Metro 

project in Porto, Portugal, in addition to an active control of the face by injecting bentonite slurry 

into the chamber. 

Bezuijen et al. (2005) calculated the vertical gradient of the bulkhead pressures for the 

Botlek rail tunnel project in the Netherlands. The pressure gradient in combination with the 

average bulkhead pressure defines the ability of the TBM to counterbalance the earth pressure at 

the face. They compared the vertical gradient of bulkhead pressure to the in-situ soil gradient, the 

unit weight of the conditioned soil in the chamber, and the water unit weight. They found that the 

gradients can be higher than the in-situ soil gradient, but can also be lower than the water unit 

weight and generally decrease during standstill due to foam injection. Bezuijen at al. concluded 

that the vertical gradient is not necessarily representative of the conditioned soil density in the 

chamber. The authors assumed that the yield stress of the muck as well as the adhesion between 

the muck and the cutterhead and bulkhead material have an influence on the vertical gradient. 

They simplified the resulting pressure gradient to Equation (2-44). 
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 =  ±  �
 (2-44) 

where 
dpdz is the vertical pressure gradient, ρ is the total muck density, g is the gravitational 

acceleration, a is the yield stress of the muck, and L is the depth of the excavation chamber. In 

this equation, term 
τaL  is added or subtracted depending on the direction of the muck flow in the 

chamber. 

Mosavat and Mooney (2015) examined the vertical gradients of bulkhead pressure during 

the early stages of the SR99 project in Seattle. The project used a 17.5 m diameter EPB TBM 

with pressure sensors installed at six elevations on the excavation chamber bulkhead. They 

compared the vertical pressure gradient to the unit weight of soil samples taken from the belt 

conveyor and found that the gradient is 10-20% lower than the muck unit weight. Furthermore, 

they discovered a spatial variation of the vertical gradient of bulkhead pressure. The gradient at 

the top of the chamber was generally lower than at the bottom of the chamber. The authors also 

proposed a relationship between the vertical pressure gradient, the chamber soil density, and the 

lateral earth pressure coefficient, that was presented earlier in this section. They theorize that the 

lateral earth pressure coefficient is below unity when the measured conveyor sample unit weight 

is higher than the vertical bulkhead pressure gradient. During tunneling in mainly granular soils 

the conveyor sample unit weights were similar to the vertical bulkhead pressure gradients, which 

suggests that the lateral earth pressure coefficient equals unity and that the gradient serves as a 

measure of muck unit weight. Like Bezuijen, Mosavat and Mooney (2015) presented data to 

illustrate differences in chamber pressure magnitude and gradient depending on whether muck 

was flowing upward or downward. They were not able to rationalize the difference. 

Alavi Gharahbagh et al. (2013) suggest that a foam pocket will form at the top of the 

excavation chamber of an EPB TBM when the soil in the chamber is over-conditioned with foam 

and foam bubbles start to migrate upwards. This pressurized foam pocket can counteract the face 

pressure temporarily until the foam bubbles disintegrate and the contained air dissipates into the 

surrounding ground. During tunneling this is less of a problem than during standstills, because 

foam is constantly added to excavation chamber and helps to maintain pressure. The formation 

of an air pocket and the subsequent dissipation of the pressurized air can lead to: support 

pressure drops, water and muck flow into the chamber, overexcavation, surface settlements, and 
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blowouts through screw conveyor and to surface. The authors used apparent density to identify 

the existence of an air pocket in the excavation chamber of the University Link Light Rail 

Tunnel project in Seattle, WA. They suggested that an apparent density below the density of 

water indicates an air pocket in the chamber. Alavi Gharahbagh et al. used a port through the top 

of the bulkhead and a ball valve to bleed the accumulated air from the chamber. Another method 

suggested was to reduce the amount of injected air into the chamber by modifying the foam 

injection and expansion ratios. 

2.5 Pressures along the EPB TBM Shield 

The cutterhead of an EPB TBM is normally equipped with overcutters, which excavate 

the soil with a diameter larger than the front shield’s diameter. The shield of an EPB TBM is also 

often shaped like a truncated cone, with the diameter decreasing from the front to the tail shield. 

Due to the overcutters and the shield’s conical shape, a gap between the extrados of the shield 

and the surrounding ground is created during tunnel excavation. The overexcavation and/or 

conicity are necessary for stirring the TBM around curves. The conditioned material from the 

face flows into the shield gap and pressurizes the surrounding ground. Additionally, grout can 

travel from the segment annulus into the shield gap. The pressure in the shield gap depends on 

the pressure of the material at the face and the grouting pressure behind the tail shield. A too low 

pressure in the shield gap can lead to a collapse of the surrounding ground and, consequently, 

surface settlements. 

Bezuijen (2007) and Bezuijen and Talmon (2009) estimated the pressure distribution and 

flow in the shield gap of a slurry TBM using a theoretical calculation model. For calculation 

purposes, it was assumed that both bentonite slurry and tail void grout are Bingham fluids, that 

the flow is governed by the fluids’ yield stresses, that the surrounding ground behaves linear-

elastic, and that the flow is symmetrical around a conical TBM shield. If no liquids (i.e., 

bentonite slurry or tail void grout) flow into the shield gap, the surrounding ground would relax 

onto the shield. The effective stress of the ground would then decrease from the face towards the 

tail because of the conical shape of the shield according to Equation (2-45) (Verruijt, 1993). 

However, if liquids flow into the gap with known pressures, the change in soil radius and, 
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therefore, shield gap width can be calculated from the the difference between soil and liquid 

pressure, Equation (2-45). 

 ∆� = ∆��  (2-45) 

where ∆  is the pressure change, ∆R is the radius change, R is the excavated tunnel 

radius, and G is the shear modulus of the surrounding ground. If bentonite slurry or tail 

void grout flow into the shield gap, their pressure would decrease along the flow path 

depending on their yield stress and the gap width (Equation 2-46). 

 ∆ = ∆ �� (2-46) 

where ∆p is the pressure change due to the flow, αF is a coefficient, ∆x is the length 

increment along the TBM, s is the gap width between TBM shield and soil, and  is the 

yield stress of the grout or bentonite. αF can be either 1, for friction only between soil and 

bentonite or grout, or 2, for friction also between the TBM and grout or bentonite. 

Equations (2-45) and (2-46) allow for an incremental calculation of gap deformation and 

pressures along the length of the shield. The pressure of the fluid and ground at the beginning of 

an increment ∆x is used to calculate the gap width of this increment using Equations (2-45). This 

gap width is then used to calculate the fluid pressure for the next step according to Equation 

(2-46). Bezuijen (2007) presents three possible flow scenerios in the shield gap depending on the 

grouting and face pressures (see Figure 2-17): 

1. Grout flows from the tail towards the face, and bentonite flows from face towards 

the tail. The fluids will meet somewhere along the shield, which is the point with 

the lowest pressure along the shield. This situation can only occur if volume loss 

occurred. 

2. Bentonite flows from the face towards the tail pushing the grout towards the tail. 

The lowest pressure along the shield is at the tail. This pressure is equal to or 

higher than the grout pressure and prevents grout from flowing into the gap. 
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3. Grout flows from the tail towards the face pushing the bentonite towards the face. 

The lowest pressure along the shield is at the face. This pressure is equal to or 

higher than the face pressure and prevents bentonite from flowing into the gap. 

The authors conclude that the gap width and, therefore, the volume loss are not only 

influenced by the tapering of the shield but also by the pressures of bentonite and grout (see 

Figure 2-18, page 43). A high grout pressure can actually lead to a negative volume loss 

(heaving). At the time of writing the paper, Bezuijen and Talmon (2009) were working on 

 
Figure 2-17. Flow direction and pressure distributions behind the 

shield (adapted from Bezuijen, 2007) 
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implementing the in-situ measurement of pressures along the TBM shield. To the author’s 

knowledge, the pressures along the shield of a slurry TBM have not yet been measured.  

Di Mariano et al. (2009) used a three-dimensional finite element model to numerically 

simulate the southern part of the Metro Line 9 EPB TBM excavation in Barcelona, Spain. During 

this part of the project, bentonite was continuously injected into the gap between shield and 

surrounding ground. The authors conducted a parametric study to analyze the influence of face 

pressure, shield pressure, and grouting pressure on the volume loss and ground movements 

during excavation. This study compared simulated ground movements to actual in-situ measured 

ground movements and found a good correlation between the two. Furthermore, their study 

 
Figure 2-18. Pressure distribution and gap width due to 

grout and bentonite flow (Bezuijen and Talmon, 2009) 



44 

showed that although the shield pressure had less influence on the volume loss than face and 

grouting pressures, the shield pressure still did have an effect on volume loss. A decrease in 

shield pressure from 2 to 0 bar increased the volume loss from 0.53% to 1.27%. 

Nagel and Meschke (2011) integrated the theoretical calculation model developed by 

Bezuijen (2007) into a finite element model. The model takes into account the stiffness of the in-

situ soil, the weight distribution of the TBM, the conicity of the shield, the overcut, the pressure 

distribution at the face and behind the shield, and the properties of the liquids (bentonite, grout, 

and/or earth slurry). The authors performed a parametric study and found that the shield gap 

width was primarily influenced by the soil stiffness, the liquid pressures, and the weight 

distribution of the TBM. The results of their parametric study showed that the surface settlement 

can be reduced by almost 40% when considering liquid flow into the shield gap. 

Ruse and Schwarz (2012) conducted a case study on the settlement and ground loss data 

of the Metro Line 9 EPB TBM tunnels in Barcelona, Spain. Up to five EPB TBMs with different 

diameters were used for the excavation of the 50 km long project. In parts of the project, 

bentonite slurry was injected into the shield gap to actively control the shield pressures. 

According to the authors, the surface settlement and the friction along the shield was reduced by 

the injection of bentonite into the shield gap. They compared the volume loss during advance 

with active shield pressure control to advance without active shield pressure control and found a 

significant difference (see Figure 2-19). 

DiPonio et al. (2012) used settlement monitoring on the U230 project in Seattle to show 

that longer overcutters do not increase the settlement risk in dense soils. The authors assumed 

that the excavated, conditioned soil at the face of an EPB TBM flows into the shield gap due to 

the pressure conditions at the face. This material fills and stabilizes the shield gap, thus 

preventing ground loss into the shield gap. The EPB TBM mining the U230 tunnels was 

equipped with four total pressure sensors on the shield exterior. Several extensometers and 

piezometers along the alignment measured the ground movement and pore pressure changes 

above the tunnel during excavation. Additionally, a split spoon was periodically pushed out of 

the shield to evaluate the material in the annular space around the shield. Negligible ground 

losses were observed as the TBM passed underneath the extensometer, and the split spoon 

samples confirmed that the shield gap was filled with conditioned soil. Furthermore, the 
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pressures along the shield were consistent with the bulkhead pressure. The authors concluded 

that a wider overcut did not lead to increased ground loss. 

Cording et al. (2015) analyzed ground settlement data collected during a test section of 

the SR99 Alaskan Way Viaduct Replacement Tunnel in Seattle, WA. The goal of their study was 

to identify at where along the TBM the ground loss originated: the EPB TBM face, along the 

shield, or behind the segmental lining. The implemented monitoring system included multiple 

position extensometers, piezometers, and inclinometers. The EPB TBM was equipped with six 

total pressure sensors along the exterior shield crown. The shield pressures were actively 

controlled by injecting bentonite slurry into the shield gap during a majority of the tunnel drive. 

The authors found that when the shield gap was properly filled, the shield pressure signatures in 

general followed the bulkhead pressure signatures. The study found negligible ground loss ahead 

of the face, small losses along the shield, and some ground loss recovery at the tail of the shield 

due to grout injection at elevated pressures. 

Mooney et al. (2016) examined the influence of face pressure, pressures along the shield, 

and grouting pressures on ground movements of Slurry TBMs. Data from the Queens bored 

metro tunnels in New York City was used to calibrate a 3D finite difference model and as a 

 
Figure 2-19. Volume loss and efficiency of the EPB TBMs used for the excavation of the 

Metro Line 9 in Barcelona (modified after Ruse and Schwarz, 2012). An efficiency of 100% 

means that all settlement happened at the face of the TBM. An efficiency < 100% means 

that settlement also happened behind the TBM face, along shield and segmental lining 
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resource for the performed parametric study. The authors assumed that the pressure in the shield 

gap is equal to the slurry face pressure at the same height in the TBM. Mooney et al. compared 

the simulated deformation results to in-situ measured deformation and found a good agreement 

between model results and field data. They found that minimal deformations can be achieved 

when the geostatic pressure is achieved at the face, or in the shield gap, or in the segmental lining 

annulus. However, due to the relationship between the face pressure and the shield pressure, the 

applied pressures cannot equal the geostatic stress at the face and the shield gap at the same time. 

Therefore, the authors concluded that slurry TBM tunneling will always result in minimal 

deformation.
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CHAPTER 3 - 

LABORATORY TESTS TO DETERMINE THE RELATIONSHIP 

BETWEEN PRESSURE AND FOAM CONDITIONED SAND 

BEHAVIOR IN EPB TUNNELING 

A paper submitted to the Tunnelling and Underground Space Technology journal and currently 

under review 

Lisa Mori1, Mike Mooney2, Minsu Cha3 

3.1 Abstract 

To guarantee effective EPB TBM face support and performance, it is necessary to 

understand the mechanical behavior of foam-conditioned soil under realistic pressure conditions. 

This paper investigates the behavior of foam-conditioned soil under applied total pressures of up 

to 5 bar. The study examines the effect of total stress, effective stress, and key soil parameter 

void ratio on the behavior of foam-conditioned soil. Shear strength and compression tests were 

carried out in a field-portable pressurized test chamber on two granular soils with a variety of 

foam parameters. The results demonstrate that void ratio and effective stress are the main factors 

that influence the performance of foam-conditioned soil. It was determined that a certain e/emax 

ratio is required to prevent the development of effective stress and, thus, high vane shear strength 

and low compressibility. 
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3.2 Introduction 

Soil conditioning agents are used in earth pressure balance (EPB) tunneling to transform 

the excavated soil into a workable paste with the desired hydrological and mechanical properties. 

Reducing wear, power consumption, friction, adhesion, and improving the face stability and 

material flow are some of the benefits of using soil conditioners in EPB tunneling. Soil 

conditioning is performed by injecting foam, polymer, water, and bentonite to the tunnel face, 

excavation chamber and screw conveyor. The selection of conditioning agents mainly depends 

on soil type, geological condition (groundwater and soil permeability) and tunnel boring machine 

(TBM) features (injection points, open or closed cutterhead, type of foam generator, etc.). The 

most widely used soil conditioners are foamed surfactants and polymers, the latter of which is 

used for clay dispersion, anti-wear and water absorption (Milligan, 2000; Langmaack, 2000).  

Several methods have been proposed to estimate the foam volume required to achieve the 

desired soil behavior. The first reference to void ratio/porosity in the determination of foam 

volume came from the work of Maidl (1995), who proposed that the necessary foam volume 

needed is that which fills the voids to the state where the coarse grains are not in contact, i.e., 

above the maximum porosity nmax of the coarse grain fraction (determined per German standard 

DIN 18126 with fines removed). As shown in Equation (3-1), Maidl accounts for the formation 

water in the voids and the fine grained particles V200 in calculating VF. The latter assumes that the 

fines are void filling material for the coarse grained fraction and do not influence the soil 

behavior. Based on the assumption that the behavior of soil is governed by the soil’s void content 

at n > nmax  and by the soil’s coarse grains at n < nmax (Kézdi, 1969), Maidl (1995) suggested a 

calculation method for the necessary foam volume VF at chamber pressure, Equation (3-1). 

Where, nmax is the maximum porosity of the coarse grains in the soil (determined per German 

standard DIN 18126), V is the volume of the soil at nmax, V200 is the volume of fine grains in the 

soil, Vw is the volume of the water in the soil, and VES is the excavated soil volume. Furthermore, 

Maidl suggests that the necessary VF is also influenced by foam deterioration, pore water 

replacement, and pressure changes that lead to foam compression and expansion. 

 � % = � −  �  −  ��  (3-1) 
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Maidl and later Budach (2011) conducted pore air compression tests up to 4 bar on 

conditioned coarse-grained soils with no fines content and found that the conditioned soils 

follow the compression of air in the foam above nmax of the soil (per DIN 18126). They mixed 

soil with foam at atmospheric conditions, and compressed the mix in a clear cylinder with 

compressed air. This set-up did not allow compression of the soil beyond its maximum porosity 

and, therefore, the influence of effective stress could not be taken into account. Furthermore, 

since only coarse-grained soils were used for the tests, they did not confirm that coarse-grained 

nmax and not overall nmax should be considered in the foam volume calculations (Equation 3-1). 

The Japanese contractor Obayashi proposed an empirical relationship for foam volume as 

a percentage of excavated soil volume (Equation 3-2) based on the soil’s coefficient of 

uniformity through a correction factor α, and the percentage of soil grains passing the No. 200 

(0.075 mm), No. 40 (0.420 mm), and No. 10 (2.0 mm) sieves, represented by X, Y, and Z, 

respectively (Williamson et al., 1999). Williamson et al. states that Equation (3-2) is based on the 

assumption that the soil’s grain size distribution needs to meet certain particle size criteria to be 

flowable and that deficient particle sizes in the grain size distribution of silty sands and gravely 

soils can be supplemented with foam. No mention is made of formation or chamber pressure; 

however, it is assumed that Equation (3-2) provides the appropriate VF at chamber pressure.  

 � % = [ −  . + − .  . + − .  . ] (3-2) 

Bezuijen et al. (1999) showed that the porosity of the foam-conditioned sand in the 

excavation chamber has to be higher than the maximum porosity of the sand to reduce friction on 

the cutterhead. The authors implemented a lab test setup to investigate this hypothesis and to 

determine other foamed sand properties under more realistic pressure conditions than previous 

research (i.e., injection of foam, mixing of foam with soil, and removing of conditioned soil 

under applied vertical total stress). The authors compared the amount of foam necessary to 

achieve the desired soil behavior with and without water replacement. They found that more 

foam is needed if the water in the sand is replaced by foam. Their test results also show a 

relationship between the shear strength and the porosity of the foam-conditioned sand. These and 

later tests (Bezuijen and Schaminée, 2001) indicate that the torque increases significantly when 

the porosity of the sample decreases towards the maximum porosity. 
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Houlsby and Psomas (2001), Psomas (2001), and Pena Duarte (2007) tested the 

compressibility of foam-conditioned sand under vertical total stress and found that it is stable 

(i.e., the foam bubbles do not collapse) at void ratios higher than the sand’s maximum void ratio 

even under pressures up to 230 kPa (2.3 bar). Shear box tests showed that the linear trend 

between soil density and friction angle described by Bolton (1986) can be extended above the 

soil’s maximum void ratio for foam-conditioned sand. Bolton’s correlation states that the friction 

angle decreases linearly with increasing void ratio up to the void ratio at which a relative density 

of approximately 20 % is reached and then remains constant up to emax. The tests performed on 

conditioned sand showed that the friction angle never plateaus at e < emax and decreases further 

with increasing void ratio at e > emax approaching friction angles below 10° at e/emax > 2. 

EFNARC (2005) suggests soil-specific foam volume ranges at chamber pressure, 

reported as foam injection ratios FIR, which is another term for VF, the volume ratio of foam to 

excavated soil. The suggested FIRs vary considerably for each soil type, e.g., 30-60% for sandy 

gravels. According to Thewes and Budach (2010), the EFNARC recommended FIRs are 

“roughly oriented” to the maximum void ratios of the different soil types. 

Meng et al. (2011) used a pressurized vane shear apparatus to investigate the viscoplastic 

parameters, yield stress and viscosity, of conditioned sand. A vertical total stress of up to 4 bar 

was applied to the bottom surface of the conditioned soil sample through a gas bag placed inside 

the device. Their study showed that conditioned sand acts like a viscoplastic fluid with shear-

thinning properties and that the viscoplastic parameters increase with increasing pressure and 

decrease with increasing FIR. The only parameters taken into account in this study were the FIR, 

the applied total pressure, and shear rate. The influence of effective stress or the sand’s 

geotechnical properties on the viscoplastic parameters was not taken into account. 

Bezuijen (2012) presents a theoretical calculation method for the foam consumption for 

EPB TBM tunneling. The approach is similar to Maidl’s (1995), but adds the aspect of pore 

water replacement by foam and does not explicitly differentiate between total porosity and 

porosity of coarse grains only. Equation (3-3) yields the foam injection ratio FIR and takes the 

in-situ soil permeability k, the in-situ soil porosity n, a desired porosity in the excavation 

chamber nmax, which should be at or above the maximum porosity of the soil to limit grain 
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stresses, the advance rate v, the tunnel radius R, and the piezometric head difference ∆ϕ into 

account, Equation (3-3). 

 � = �∆ � − + −−  (3-3) 

Previous research has provided several empirical (Williamson et al., 1999; EFNARC, 

2005) and theoretical (Maidl, 1995; Bezuijen, 2012) methods to determine the required foam 

volume. Although, several researchers (Bezuijen et al., 1999; Bezuijen and Schaminée, 2001; 

Houlsby and Psomas, 2001; Psomas, 2001; Pena Duarte, 2007; Meng et al., 2011) investigated 

the influence of foam volume and/or void ratio on the behavior of foam-conditioned soil under 

applied total pressure, none of the studies took the influence of effective stress or pore pressure 

on the soil behavior into account. Furthermore, the studies mainly focused on the soil behavior at 

e > emax, and the behavior of conditioned soil transitioning from e > emax to e < emax, where 

effective stress starts to develop, has not yet been investigated. 

The purpose of the performed study is to further the research of Maidl (1995) and 

Bezuijen et al. (1999) that first recognized the importance of void ratio on the behavior of foam-

conditioned soil. In contrast to previous research, this study will explain the conditioned soil 

behavior from fundamental principles, specifically in the context of effective stress. A simple 

and field-portable testing method for measuring foam-conditioned soil behavior of soils 

transitioning from e > emax to e < emax is introduced. Two types of tests were performed in a 

pressurized testing chamber to analyze the influence of total and effective stress and the key soil 

property void ratio on the vane shear strength and compression of two conditioned sands. A total 

pressure was applied mechanically to allow pore pressure and effective stress to form freely in 

the sample. 

3.3 Background 

Surfactant-based foam and polymers are the main conditioning agents used in EPB TBM 

tunneling to improve excavated soil behavior. Soil conditioners in general are supposed to 

decrease the in-situ soil’s permeability, decrease friction, and, therefore, increase the soil’s 

flowability, and reduce machine torque and energy consumption. Since this paper only discusses 
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the effects of foam on soil behavior, the following section focus on foam conditioning 

parameters only. Furthermore, due to a lack of clarity in defining industry-standard foam terms 

in the literature, the pressure-dependent nature of foam conditioning parameters is introduced. 

Surfactant concentration Cf is the volumetric fraction of surfactant in the water-surfactant 

or foam solution, Equation (3-4). The foam expansion ratio (FERp) is the volumetric fraction of 

produced foam to the used surfactant solution, Equation (3-5). The foam injection ratio (FIRp) is 

the volumetric fraction of injected foam to excavated soil, often represented as a percentage, 

Equation (3-6). Both FERp and FIRp are strongly influenced by air pressure as described below, 

and are therefore designated with a subscript p (bar) reflective of the desired chamber gage 

pressure (atmospheric pressure = 0 bar gage pressure and the subscript 0 is used). 

 = �� + � = ��� % (3-4) 

 � = � ,�� = �� + � ,�� = + � ,��  (3-5) 

 � = � ,� = �� + � ,�  (3-6) 

where VSf is the volume of surfactant, VW is the volume of water, VL is the volume of 

surfactant solution, VF,p is the foam volume, VA,p is the volume of air, and VES is the 

volume of excavated soil. The only value with a certain degree of ambiguity in these 

equations is the volume of excavated soil. While it is determined by the excavation 

diameter and the thrust jack stroke in EPB TBMs, it has to be carefully defined for lab 

tests. Therefore, it is best to calculate the dry soil mass needed to achieve the desired 

volume with in-situ density and water content, if these parameters are known. 

A relationship between pore air pressure and the conditioning parameters FERp and FIRp 

can be formulated based on Boyle’s gas law. Stemming from the ideal gas law, Boyle’s law 

states that the volume and pressure of an ideal gas at constant temperature are inversely related 

as described in Equation (3-7). Combining Equation (3-7) and Equation (3-5) results in the 

theoretical FERp, see Equation (3-8). Combining Equation (3-5) and Equation (3-6) provides the 

relationship between FERp and FIRp at two different pressures, Equation (3-9). 
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 � , = � , +  (3-7) 

 � = + � ,�� + = + � − +  (3-8) 

 � = � ��  (3-9) 

Here, VA,p is the theoretical volume of air, VA,0 is the volume of air at atmospheric 

pressure, patm is the atmospheric pressure in terms of total pressure, FERp is the 

theoretical FER, and FIRp is the foam injection ratio. Figure 3-1 shows the theoretical 

relationship between pressure and the conditioning parameters FERp and FIRp according 

to Boyle’s gas law. 

It has been assumed that conditioned soil has ideal properties for EPB tunneling above its 

maximum void ratio/porosity (Bezuijen et al., 1999; Maidl, 1995). Above its maximum void 

ratio, the soil’s grains are nominally in contact with each other and negligible effective stress is 

present in the soil. The necessary FIRp to reach this porosity can be calculated from the in-situ 

soil’s density, water content, specific gravity, and maximum void ratio/porosity. Since the 

 
Figure 3-1. Theoretical relationship between pressure and foam expansion ratio (FER) and 

foam injection ratio (FIR) according to Boyle’s gas law 
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conditioned soil is under pressure in the excavation chamber, the desired FIR has to be achieved 

under the pressure conditions present in the chamber. The void ratio and FIR are directly related 

and Equations (3-10) through (3-12) display the derivation of the minimum FIR under pressure. 

 = �� = − +  (3-10) 

 

= � ,� = � � +  �− � = � � +  �− �= � � + − �− � = � + −−  

(3-11) 

 � = − − ∙ ∙ % (3-12) 

where n is the porosity, VV is the volume of voids, VES is the total volume, ρ is the total 

density, w is the water content, and GS is the specific gravity, all of the in-situ yet to be 

excavated soil. emax is the maximum void ratio per ASTM D4254-16, VV,max is the volume 

of voids at emax, VS is the volume of soil solids, and Vw is the volume of pore water. The 

pore water replacement factor αw indicates the percentage of pore water that is replaced 

by foam. If the pore water is completely replaced with foam (Vw = 0) then αw = 0 and if 

no pore water is replaced then αw = 1. In reality the pore water will be replaced depending 

on the hydraulic conductivity of the soil and the foam injection pressure (Bezuijen, 

2012). 

Figure 3-2 shows an example of how volumes can change from its in-situ state to its state 

after foam injection at pressure to when it exits the screw conveyor at atmospheric pressure. 

However, it should be noted that the volume of air shown for FIR0 is not necessarily entrained in 

the soil anymore. The foam could have burst anywhere on the way from the face to the end of the 

screw conveyor. The released air could either be trapped in the chamber, entered the ground 

surrounding the TBM, or could have exited the screw separately from the soil. 

3.4 Test Methods and Plan 

Two different types of tests were performed to investigate the effect of pressure and 

geotechnical properties on the behavior of foam-conditioned soil. The first test analyzes the 
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compression behavior and the second test analyzes the vane shear strength of foam-conditioned 

soil. The foam used for the tests was produced with an in-house developed foam generator (see 

Figure 3-3). The foam generator can regulate and measure gage pressures and flow rates of the 

pressurized air and surfactant solution used to produce the foam. The air flow rate is measured 

with a mass flow meter and, therefore, provides the flow rate at atmospheric pressure. Thus, the 

foam generator is able to generate foam with the desired FER0 (at atmospheric pressure).  

The testing device used for both types of tests was also developed in-house, see Figure 

3-4. It is a pressurized testing chamber that can mechanically apply up to 5 bar of vertical total 

stress to a soil or conditioned soil sample under radially confined conditions (zero lateral strain). 

The stress is applied through a compression spring assembly that also serves as a means of stress 

measurement. The device does not require power or a pressurized air supply for operation. It is 

therefore portable and can be used for in-field measurements. The testing device consists of 

several parts including a chamber, rods, a top platen, a compression spring, and a reaction plate. 

Two types of top platens are used for the tests. The top platen for the compression test is a solid 

aluminum plate with an air release valve to release air from the chamber during platen seating. 

The platen used for the vane shear test additionally has a circular opening for the shear vane 

shaft. The pressure chamber has an inner diameter of 156 mm and a height of 229 mm. The total 

 
Figure 3-2. Volumetric difference between in-situ soil, conditioned soil with a FIRp = 40%, 

and conditioned soil with FIR0 = 120% 
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vertical stress vt on top of the soil sample can be calculated using the spring constant, spring 

deformation, and the cross-sectional area of the soil sample, Equation (3-13). The vertical 

effective stress vt’ at the top of the sample can be calculated from the total vertical stress vt and 

the pore pressure u that is measured through the air release port in the top platen, Equation 

(3-14).  

 � = − � � −
 (3-13) 

 

 
Figure 3-3. Laboratory foam generator used to produce the foam for the tests 

 
Figure 3-4. Pressurized Testing Chamber (PTC, dimensions in mm) 
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 �′ = � −  (3-14) 

where HS0 is the original height of the compression spring, HSi is the height of the 

compression spring at the i-th compression step, ksp is the steel spring constant, Ff is the 

frictional force between the side walls of the chamber and the top platen, and A is the 

cross-sectional area of the soil in the chamber. The frictional force Ff was determined by 

performing a compression test on air and comparing the measured pore pressure to the 

pressure indicated by the spring compression. It should be noted that the side friction 

between the chamber wall and the soil sample and, therefore, the change in total vertical 

stress with depth is unknown. Thus, a non-uniform stress state of the sample in the testing 

chamber is possible, and likely when e < emax and sidewall interface friction develops. 

A certain compressibility of the material in the excavation chamber is desired to allow for 

a better control of the support pressure (Maidl, 1995; Budach, 2011). The necessary 

compressibility depends on the advance rate, the geometry of the TBM, the reaction time of the 

system, and the maximum allowed pressure change. Budach calculated the necessary (minimum) 

load and unload compressibility for a specific TBM to be 1.3% and 1.9%, respectively, for a 

maximum allowed pressure change of 0.5 bar and a reaction time of 15 seconds (i.e., 2.6%/bar 

and 3.8%/bar, respectively). The compressibility C of the foam-conditioned soil can be 

calculated with Equation (3-15) and takes the original sample volume VT,0, the change in sample 

volume ∆VT,p, and the change in total vertical stress ∆ vt into account. 

 = � , ∆� ,∆� ∙ % (3-15) 

A 70 mm x 70 mm shear vane is used to measure the shear strength of the foam-conditioned 

soil in the testing chamber. The vane shear strength v is estimated according to ASTM 

D2573/D2573M-15 from the torque measured by a torque wrench and the vane dimensions and 

can be simplified for vanes with height equal to diameter, Equation (3-16). 

 � = �ℎ + = �
 (3-16) 
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where T is the measured torque, dv is the diameter of the vane, and hv is the height of the vane. 

Because the shear stress is also dependent on the shear rate, a constant low rotation speed of 

approximately 1 rpm was used for all vane shear tests. 

Two sands were used for both types of tests. Their geotechnical properties are presented 

in Table 3-2 and their grain size distributions are shown in Figure 3-5. One type of conditioning 

agent specifically made for coarser grained soils was used for all tests with both soils. The Cf and 

FER0 were kept the same for all tests, while three different FIR0 values were used (the same three 

FIRs for both soils). The conditioning parameters used in both types of tests for both soils are 

presented in Table 3-1. Using Equations (3-10) and (3-12) we can calculate the necessary FIRp to 

reach emax for each soil. Soil 1 requires a minimum FIRp = 24% and soil 2 requires a minimum 

Table 3-2. Geotechnical properties of Soil 1 and Soil 2 

 Soil 1 Soil 2 

Soil type Poorly graded sand Poorly graded sand 
Gravel (%) 1 6 
Sand (%) 88 92 
Coarse Sand (%) 6 4 
Medium Sand (%) 56 55 
Fine Sand (%) 26 33 
Silt (%) 9 2 
Clay (%) 2 0 
Plasticity Index non plastic non plastic 
Moist In-Situ Density (g/cm3) 2.12 1.88 
Water Content, w (%) 10 10 
Specific Gravity, GS 2.65 2.66 
emax 0.59 0.86 
D50 (mm) 0.63 0.66 

 

Table 3-1. Surfactant and soil conditioning parameters used in both types of tests and for 

both soils. 

Parameter Value 

Surfactant Type BASF SLF 47 
Surfactant Concentration, Cf (%) 5 
Surfactant Solution Density, ρL (g/cm3) 1.08 
Foam Expansion Ratio, FER0 (-) 10 
  
Foam Injection Ratio, FIR0 (%) 30, 50, 70 
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FIRp = 38%. The conditioned soil sample preparation for each test are discussed in the following 

sections and the specific testing procedures for the tests including calculations can be found in 

the Appendix. 

3.4.1 Soil Preparation 

Water is added to air dried soil in a mixing container to bring it to the desired water 

content. Then a larger than necessary amount of foam with the desired Cf and FER0 is produced 

with the lab foam generator. The FER0 measured by the foam generator is confirmed by 

weighing part of the foam in a container with known weight and volume. Using the container 

volume, the measured mass of foam, and the surfactant density in Equation (3-5), the FER0 of 

the produced foam can be calculated, see Equation (3-17). Only FERs within ±1 of the desired 

FER were accepted for the tests. The foam is added to the soil to attain the desired FIR0. The FIR 

is a volumetric measurement but since mass measurements are more accurate than volume 

measurements in the case of foam and soil, the necessary mass of foam is calculated using 

Equation (3-18) and (3-19). The required mass of foam is then added to the soil mixing 

 

Figure 3-5. Grain size distributions of the two sand soils, soil 1 and soil 2, used for the tests 
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container. The soil and foam are mixed by hand at atmospheric conditions until a homogeneous 

consistency is reached. 

 � = � , �
 (3-17) 

 � = � ,� ∙ =  �� � ∙ =  � � � ∙  (3-18) 

 = � = �   ��  ∙  (3-19) 

where VF,0 is the volume of foam, ρL is the density of the surfactant solution, mF is the 

mass of foam, ρ is the in-situ density of soil, mES is the mass of moist soil, and mL is the 

mass of surfactant solution.  

The process of producing foam and mixing the foam with the soil is time sensitive due to 

the instability of foam at atmospheric conditions and should be completed fast. Moreover, during 

the process of mixing soil and foam at atmospheric conditions foam bubbles can be destroyed, 

reducing the FER0 and FIR0, or more air can be incorporated into the mix, increasing the FER0 

and FIR0. Therefore, the actual FER0 and FIR0 often deviate from their desired target values and 

should be calculated from the achieved total volume before the start of the test. 

3.5 Results and Discussion 

The following sections present the results from compression and vane shear tests 

performed on the two soils. For each soil and type of test, three FIR0 samples were prepared and 

tested (target FIR0 = 30, 50 and 70%). The measured FIR0 deviated from the target values due to 

mixing at atmospheric conditions and are presented for each test. Each sample was uniaxially 

compressed to total vertical stress vt approaching 5 bar (500 kPa). 

3.5.1 Compression Test Results 

Figure 3-6 presents a comparison of several compression test results of soil 1. Higher 

FIR0 samples naturally begin with higher initial void ratios and exhibit greater compressibility. 

The lower the FIR0 the lower the total vertical stress at which the sample reaches emax. The void  
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Figure 3-6. Compression results of soil 1. Compression δ (top), void ratio e (middle), and 

vertical effective stress σvt’ and pore pressure u (bottom) plotted against the total vertical 

stress σvt. Filled symbols represent loading, unfilled symbols represent unloading, and solid 

lines represent the air-governed void ratio 
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ratio begins to deviate from the ‘air-governed’ void ratio (solid lines) at a transitional e/emax ratio 

of around 1.2 for all three samples. The air-governed void ratio is the void ratio due to air 

compression according to Boyle’s law assuming soil compressibility is governed by the 

contained air only, using the total vertical stress as a measure of pore pressure. The pore pressure 

increases at a rate similar to the total vertical stress until the transitional e/emax ratio is reached. 

The vertical effective stress begins to develop thereafter. The sample with the lowest FIR0 barely 

develops pore pressure since its initial e/emax ratio is already below the transitional ratio of 1.2. 

Vertical effective stress therefore develops from the beginning of the test. This result indicates 

that conditioned soil compression above the transitional e/emax ratio is air compression due to 

increasing pore pressure but that grain-to-grain stresses govern the behavior below this ratio. 

During the unloading stage (unfilled symbols) the samples only start to expand when little 

effective stress is left (i.e., pore pressure ≈ total stress). This suggests that the compression can 

only decrease with the pore pressure when little effective stress is acting on the sample. Each of 

the three samples experience fully elastic behavior, i.e., full recovery of vertical strain upon 

unloading.  

The results can also be presented as compressibility values (Equation 3-15) plotted 

against the total and effective vertical stress as shown in Figure 3-7. Figure 3-7 shows that the 

compressibility decreases with increasing total and effective vertical stress. For the FIR0 = 70 % 

sample, the compressibility is close to the air-governed compressibility (solid lines) at low total 

 
Figure 3-7. Compressibility of soil 1 with different FIR0 plotted against total and effective 

vertical pressure. Filled symbols represent void ratios below the maximum void ratio of the 

soil and solid lines represent the air-governed compressibility 



63 

vertical stresses. With increasing total vertical stress, when effective stress starts to develop, the 

compressibility starts to deviate from this air-governed compressibility. For the FIR0 = 27% 

sample, the vertical effective stress develops from the onset of loading and the compressibility is 

well below the air-governed compressibility. Values of compressibility range from 10 – 50%/bar 

in the air-governed regime above e/emax = 1.2 and range from 0.3 – 10 %/bar below e/emax = 1.2. 

When the compressibility of the FIR0 = 70% sample is plotted against the total vertical stress, it 

is generally higher than the compressibility of the other two samples. When plotted against 

vertical effective stress, however, compressibility is similar for all three samples, confirming that 

the particle interaction is governing the overall compressibility in this region and dominates any 

subtle influence that pore pressure has. 

Figure 3-8 presents the results of several compression tests performed on soil 2. Similar 

to soil 1, the initial void ratio and the total vertical stress at which the maximum void ratio is 

reached increases with FIR0. The void ratio starts to deviate from the air-governed void ratio 

(solid lines) at a transitional e/emax ratio of around 1.2, which is the same transitional ratio as for 

soil 1. However, the FIRp necessary to reach this e/emax ratio is higher for soil 2, since soil 2 has a 

lower fine content and, therefore, a higher emax than soil 1. The pore pressure increases at a rate 

similar to the total vertical stress until the transitional e/emax ratio is reached and the effective 

stress starts to develop. This indicates that the compression is mainly due to pore air compression 

above this transitional ratio and starts to be governed by grain stresses below this transitional 

ratio. During the unloading stage the samples only begin to expand when little effective stress is 

left (i.e., pore pressure ≈ total stress). This suggests that the compression can only decrease with 

the pore pressure when little effective stress is acting on the sample.  

The results are also presented as compressibility values plotted against the total and 

effective vertical stress in Figure 3-9 (page 65). The figure shows that the compressibility 

decreases with increasing total and effective stress. At lower total stresses the compressibility of 

the two samples with high FIR0 is close to the air-governed compressibility (solid lines) realized 

if the soil would be governed by the contained air only. When effective stresses start to develop 

the compressibility starts to deviate from the air-governed compressibility. The compressibility 

at negligible effective stresses varies 10 and 50%/bar and seems to be mainly dictated by the air  
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Figure 3-8. Compression results of soil 2. Compression δ (top), void ratio e (middle), and 

effective stress σvt’ and pore pressure u (bottom) plotted against the total vertical stress. 

Filled symbols represent loading, unfilled symbols represent unloading, and solid lines 

represent the air-governed void ratio realized if the soil would be governed by the 

contained air only 
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volume contained in the sample. After effective stress develops it seems to be the main factor 

that influences the compressibility. 

Figure 3-10 shows the compressibility of both soils plotted against the void ratio. The 

compressibility below emax is below 2.5 %/bar for soil 1 and below 2.0 %/bar for soil 2. 

According to Budach (2011), a compressibility around 3.8 %/bar is sufficient for a metro sized 

EPB TBM. For soil 1 and soil 2 this would place the necessary void ratio just above emax, but still 

below the transitional e/emax ratio of 1.2. This indicates that, for these soils, the necessary 

compressibility can be achieved even at void ratios that result in grain-to-grain stresses. The 

relationship between the void ratio and the compressibility is apparent and appears to be almost 

linear for both soils. 

 

 
Figure 3-9. Compressibility of soil 2 with different FIR0 plotted against total and effective 

vertical pressure. Filled symbols represent void ratios below the maximum void ratio of the 

soil and solid lines represent the air-governed compressibility 

 

Figure 3-10. Compressibility plotted against void ratio for both soils and different FIR0s. 

Filled symbols represent void ratios below the maximum void ratio of the soil 
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3.5.2 Vane Shear Test Results 

Figure 3-11 shows a comparison of several vane shear test results for both soils. A 

separate batch of foam-conditioned soil samples was prepared for the vane shear tests and due to 

mixing at atmospheric pressure the achieved FIR0s are different than the target FIR0s and the 

compression test FIR0s. For both soils the vane shear strength does not significantly develop 

until a certain total vertical stress is reached, but seems to increase linearly with stress thereafter. 

The total vertical stress at which the vane shear strength develops seems to increase with 

increasing FIR0 to some extent. The data also indicates a linear relationship between the vane 

shear strength and the effective vertical stress consistent with Mohr-Coulomb failure criterion 

(Figure 3-11b and 11d). The transition from e > emax to e < emax (unfilled to filled symbols) has 

an influence on the development of vane shear strength and effective stress.  

Plotting the vane shear strength against the void ratio clearly shows the relationship to 

each other, Figure 3-12. For e > emax, the vane shear strength remains at low levels. For both soils 

 
Figure 3-11. Vane shear strength plotted against vertical stress for soil 1 (a and b) and soil 

2 (c and d). Filled symbols represent void ratios below the maximum void ratio of the soil 
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the maximum vane shear strength at e > emax is around 20 kPa, but mainly remains below 10 kPa 

for high void ratios. It starts to increase at a certain transitional void ratio and then increases 

significantly at e < emax. This transitional void ratio is around 0.7 for soil 1 and 1.0 for soil 2 at an 

e/emax ratio of 1.2 for both soils. The relationship between vane shear strength and void ratio for 

e < emax seems to be almost linear. However, this linearity mainly depends on the effective stress 

in the sample as shown in Figure 3-11 and can, therefore, change from sample to sample 

depending on the developed effective stress. It should also be noted that a certain error in the 

calculation of the void ratio can be expected due to error propagation in the calculation and a 

probable heterogeneity of the sample during the test. 

3.6 Discussion and Conclusions 

Two granular soils were conditioned with foam and their compression behavior and vane 

shear strength was determined experimentally under total applied pressure. The results show that 

effective stress starts to develop below a transitional e/emax ratio, which was found to be 1.2 for 

both of the tested soils. Above this transitional void ratio, the soil is governed by the contained 

air, and below emax it is governed by grain-to-grain stresses. This indicates that the soil has a zone 

in which it transitions from air-governed to governed by grain-to-grain stresses alone. Although, 

both soils start to transition at the same e/emax ratio, the foam required to reach this transitional 

ratio is higher for soil 2 than for soil 1. Soil 2 contains more gravel and less fines than soil 1 and 

has, therefore, a higher emax than soil 1, which explains the higher amount of foam necessary to 

 
Figure 3-12. Vane shear strength plotted against void ratio for soil 1 (a) and soil 2 (b). 

Filled symbols represent void ratios below the maximum void ratio of the soil 
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achieve the desired e/emax ratio. This also explains why soils with higher fines content are 

preferred when using the EPB tunneling method (Maidl, 1995; Williamson et al., 1999). 

The compressibility above the transitional e/emax ratio is mostly above 10%/bar for both 

soils, which is more than the minimum 3.8%/bar suggested for a metro-sized EPB TBM 

(Budach, 2011). In the transition zone between e/emax = 1.2 and e/emax = 1.0 the compressibility 

decreases below the desired value even before emax is reached. The vane shear strength above the 

transitional e/emax ratio is below 10 kPa and only increases up to 20 kPa in the transitional zone. 

Furthermore, the vane shear strength follows the Mohr-Coulomb failure criterion and increases 

with increasing effective stress. These results indicate that to guarantee a high enough 

compressibility and negligible vane shear strength, enough foam needs to be added to increase 

the soil’s void ratio not only above emax, as suggested by Maidl (1995) and Bezuijen (2012), but 

above the transitional e/emax ratio.  

In conclusion, the results of the performed study can be summarized in the following 

points: 

 FIR0 and FER0 change when mixed with soil at atmospheric pressure, which makes the 

reproducibility of the performed study challenging. 

 FIRp and void ratio are directly related (i.e., if a value changes with void ratio it also 

changes with FIR). 

 Effective stress only significantly develops in the tested foam-conditioned sands below a 

certain transitional e/emax ratio. The transitional e/emax ratio was around 1.2 for both soils. 

 The compressibility of the foam-conditioned soil is governed by compressibility of the 

contained air above the transitional e/emax ratio. 

 The compressibility is governed by the effective stress and the soil’s compressibility below 

the transitional e/emax ratio. 

 The vane shear strength increases with increasing effective stress according to the Mohr-

Coulomb criterion. 

 Since effective stress does not significantly develop above the transitional e/emax ratio, the 

vane shear strength is very low for these void ratios. 
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Although soil that was foam-conditioned to just above emax can result in the desired soil 

behavior, the transitional void ratio should be also taken into consideration in the foam volume 

calculation to guarantee the desired behavior.
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CHAPTER 4 - 

EPB MUCK TESTING AND ITS RELATIONSHIP TO TBM 

OPERATIONAL PARAMETERS 

4.1 Abstract 

Laboratory testing can be used to characterize the behavior of conditioned soil for EPB 

TBM tunneling. A variety of tests exist for conditioned soil, but they are normally performed 

ahead of time in a laboratory and not during a tunneling project on-site. A study has been 

performed to determine if muck collected from the belt conveyor can be used to assess the soil 

behavior in the TBM and its influence on the TBM performance. Several on-site tests were 

carried out to further the understanding of the ground, the soil conditioning process, and the 

overall TBM performance. 

4.2 Introduction 

Soil conditioners like foam and bentonite slurry are used to improve the soil behavior for 

earth pressure balanced (EPB) tunneling. These material are used to decrease the soil’s 

permeability, shear strength, and friction and increase its flowability and compressibility. The 

behavior of conditioned soil has been investigated by many researchers using various laboratory 

tests. The performed tests include slump tests (Quebaud et al., 1998; Peila et al., 2009; Thewes 

and Budach, 2010), shear strength tests (Psomas, 2001; Pena Duarte, 2007; Zumsteg et al., 2012; 

Mori et al., 2015), compression tests (Bezuijen et al., 1999; Psomas, 2001; Pena Duarte, 2007; 

Budach, 2011; Mori et al., 2015), mixing tests (Quebaud et al., 1998; Bezuijen et al., 1999), 

screw conveyor tests (Bezuijen et al., 1999; Merritt and Mair, 2006; Peila et al., 2007), abrasivity 

tests (Nilsen et al., 2007b; Peila et al., 2012; Jakobsen et al., 2012; Gharahbagh, 2013), and 

permeability tests (Bezuijen et al., 1999; Borio and Peila, 2010; Budach, 2011). Normally these 

tests are performed ahead of time in the planning phases of EPB tunneling projects with samples 

collected from exploratory borings or shaft excavations or as independent research projects 
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without connection to a specific tunneling project. Conditioned soil tests are rarely performed 

during an ongoing project and if they are, samples are often sent to laboratories for testing. 

One major challenge for testing during an EPB tunneling project is the sample collection 

itself since there is no direct access to the in-situ material at the face during mining. However, 

the in-situ soil can be collected during planned atmospheric interventions or with special 

sampling devices that are similar to a probe drilling set-up (W. Berger, personal communication, 

2014). There is also limited access to the conditioned soil in the excavation chamber of the 

tunnel boring machines (TBMs) due to the closed pressure system. However, special devices 

have been developed (Bezuijen et al., 2005) to collect a conditioned soil sample under pressure 

through a valve on the bulkhead. The easiest access to conditioned soil is at the end of the screw 

conveyor, where the material is deposited on the belt conveyor at atmospheric pressure. 

However, this material is disturbed (sheared at face, mixed at the cutterhead face, inside the 

mixing chamber, and screw conveyor, and squeezed through cutterhead openings and screw 

conveyor), conditioned, and has been pressurized and depressurized from the face to the end of 

the screw conveyor. The amount of conditioning in the soil leaving the screw conveyor is also 

unknown (i.e., how much of the injected soil conditioners penetrated the surrounding ground, 

how many foam bubbles got destroyed during the process, etc.). 

Another important question is how representative a sample is and which in-situ soil zone 

it would be representative of. In mixed ground, the conditioned material leaving the screw 

conveyor is very heterogeneous even during one ring advance. When material is sampled from 

the face during the atmospheric inspection a representative sample can be chosen from the 

visible soil at the face. When material is sampled from the excavation chamber the rest of the 

material in the chamber is not visible. Therefore, the level of homogeneity of the material in the 

chamber is unknown and it is not possible to know if the sample is representative. Sampling 

from the end of the screw conveyor would allow selection of a representative sample when 

several smaller samples are taken throughout the ring excavation, but this adds an additional time 

component. However, it should be noted that this still does not ensure a representative sample, 

since the excavated material cannot be checked for homogeneity while it is moving away on the 

belt conveyor. The travelling time of the excavated soil from the face to the end of the screw 

conveyor is also unknown, so it cannot be assumed that the collected material was excavated 
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during one specific ring advance. While it can be assumed that the material travel time is equal to 

the time between two ring advances (assuming no material plugging, etc.), it is not possible to 

select a sample that is representative of one specific whole ring. For a 1.5 m ring advance with a 

TBM diameter of 6.44 m, a 4 L sample is 0.08% of the in-situ soil volume excavated during one 

ring (~49 m3), not taking into account the volume increase due to excavation and soil 

conditioning. 

The goal of this study was to determine if material sampled from the end of the screw 

conveyor/beginning of the belt conveyor can be used to analyze the conditioned soil behavior 

inside the excavation chamber and its influence on TBM performance. The study investigates 

which types of on-site tests could be beneficial for understanding the ground, the soil 

conditioning process, and for the overall TBM performance during the project. 

4.3 Background 

This section introduces the concept of TBM performance and presents the thrust and 

torque components of a typical EPB TBM. Several torque prediction models are introduced and 

the relationship between thrust and torque is explored.  

Good TBM performance is essential to the success of a tunneling project. For EPB 

tunneling, TBM performance is defined as a combination of settlement control, cost efficiency, 

and productivity. Advance rate can be used as a measure for the productivity and, therefore, the 

TBM performance. Normally, the operator increases the advance rate by increasing the hydraulic 

jack pressure and, therefore, the total thrust, until a certain torque level is reached (unless other 

limitations are in place). Therefore, the achievable advance rate is limited by the installed torque, 

which makes torque also a potential indicator for TBM performance. Torque is mainly 

determined by the shear strength of in-situ and conditioned soil, the friction between the moving 

TBM parts and the soil, the pressure in the chamber, and the thrust applied to the face. Soil 

conditioners help to reduce the required torque by reducing the soil’s shear strength and friction, 

therefore helping to increase the achievable advance rate. Figure 4-1 shows the torque and thrust 

components found in a typical EPB TBM. 
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Figure 4-1. Torque and thrust components in EPB TBM 

Several publications have proposed physical models for EPB TBM torque (Krause, 1987; 

Hitachi-Zosen, 2010; Shi et al., 2011; Wang et al., 2012; Godinez et al., 2015). All of the 

developed physical models take into account the friction and/or shear strength of the soil. 

Hitachi-Zosen (2010) states that the EPB TBM torque T is a combination of torque due to cutting 

resistance, T1, torque due to friction between face and front surface of the cutterhead, T2, torque 

between the earth and the outer surface of cutterhead, T3, torque due to agitation by mixing 

blades in the excavation chamber, T4, cutter seal torque, T5, and cutter bearing torque, T6, 

Equations (4-1) through (4-9). 

 � = � + � + � + � + � + �  (4-1) 

 � = ∙ � (4-2) 

 = � ∙ � ∙  . + .  + �′ ∙ � ∙ + �� ∙  (4-3) 
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 = � ∙ �  (4-4) 

 � = ∙ ∙ − ∙ �  (4-5) 

 � = ∙ ∙ ∙ �  (4-6) 

 � = ∑ � ∙ ∙ ∙��
�=  (4-7) 

 � = � ∙ ∙ ∙ ∑ � ∙  (4-8) 

 � = + �  (4-9) 

where 

B … cutterhead width 
c … cohesion of soil 
Db … diameter of bearing 
Dm… diameter or width of mixing bar 
Ds … diameter of contact face of seal 
es …  coefficient of deformation of seal 
Fc … cutting resistance of soil 
Fr … radial load on bearing 
FT … thrust force 
k’… fracture stress of soil 
kc … coefficient of cutting resistance of soil 
Lm… length of the mixing bars 
Nd … number of cutters on same path 
Nr … rotation speed of cutterhead 
Ns … number of lips of a seal 
R … cutterhead radius 
Rm … distance between mixing bar and center 
tc… cutting thickness 
v … advance speed 
zc, xc … projected lengths of the cutting edge 
δc… cutting angle 
 … opening ratio of cutterhead 

μb … coefficient of friction of bearing 
μk … coefficient of friction between soil and cutter or cutterhead 
μs … coefficient of friction between seal and steel 
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Shi et al. (2011) assumed that the torque is composed of eight components similar to the 

components proposed by Hitachi-Zosen (2010), but added the friction torque on the back surface 

of the cutterhead and the shearing torque on cutterhead openings. Wang et al. (2012) modified 

the Shi et al. (2011) model to account for a earth pressure different from the earth pressure at 

rest. Godinez et al. (2015) added a shear strength reduction factor to the Shi et al. (2011) model 

to account for soil conditioning and cutting disturbance and also added arching to the earth 

pressure calculations. Although the models do not specifically take into account the influence of 

thrust on torque, it can be assumed that some torque components increase with increasing thrust 

force (i.e., frictional torque on cutterhead face increases with increasing cutterhead force). 

Figures 4-2 and 4-3 show the cutterhead torque versus thrust during the advance of 

several rings, without separating the different torque and thrust components, but reducing the 

applied thrust by the chamber pressure (FC in Figure 4-1). The rings presented in Figure 4-2 were 

excavated in cohesionless silt and fine sand (CSF) soil type while the rings presented in Figure 

4-3 were excavated in cohesionless sand and gravel (CSG) soil type. The actual cutterhead force 

is the thrust force applied by the thrust jacks FT reduced by the forces due to chamber pressure, 

FEC, friction between shield and the surrounding ground, FSf, friction between the segments and 

brushes FBr, and back-up mass FBU. The forces due to friction between the segments and brushes 

and due to the back-up weight can be assumed to be constant, while the friction force between 

the shield and the ground is variable. However, the latter is unknown and could only be 

estimated. It is, therefore, not accounted for in Figures 4-2 and 4-3 and could alter the 

relationship between torque and thrust. 

The relationship between torque and thrust seems to be linear for each ring and also for 

each soil type overall. However, a difference in the relationship can be seen between the soil 

types and also between rings 800 and 900 in CSG soil type, which is probably due to a difference 

in shear strength caused by changes in soil and/or soil conditioning. In the CSF soil type, the 

TBM torque limit of around 3 MN is reached at a lower thrust than in the CSG soil type 

indicating that the soil friction and shear strength is higher in CSF soil type than in CSG soil 

type. 
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Figure 4-2. Torque plotted against thrust for rings 230, 240, and 250 in CSF soil type. 

Thrust is reduced by the force due to chamber pressure 

 

Figure 4-3. Torque plotted against thrust for rings 800, 900, and 1000 in CSG soil type. 

Thrust is reduced by the force due to chamber pressure 

In addition to torque and thrust, other parameters are also important for the TBM 

performance including: 

 Flowability (i.e., how well material moves through TBM), which can be defined 

by shear strength and friction  

 Plugging potential (related to flowability) 
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 Consistency of material on belt (related to flowability, material should not be too 

liquid or too sticky) 

 Soil abrasivity (i.e., tendency of soil to wear TBM parts) 

 Compressibility (for easier pressure control) 

Shear strength of the conditioned soil appears to have a significant influence on the 

torque and several other parameters important for TBM performance. Therefore, shear strength 

has the potential to be a good indicator for TBM performance. The shear strength of the 

conditioned soil can be determined from samples taken directly from the chamber or potentially 

from muck collected from the conveyor belt. It should be noted that the foam used for 

conditioning the soil deteriorates with time due to liquid drainage, coalescence, and coarsening 

(Weaire and Hutzler, 2001; Fameau and Salonen, 2014). The foam’s tendency to deteriorate is 

often determined by the half-life test, which measures the time it takes for half of the foam liquid 

to drain from the foam (Psomas, 2001; EFNARC, 2005; Pena Duarte, 2007; Budach, 2011). 

Typically reported half-life times for foams used in EPB tunneling range from 1 to 40 min 

(Psomas, 2001; Pena Duarte, 2007; Borio and Peila, 2010; Budach, 2011). The foam half-life 

increases with increasing applied pressure (Mooney et al., 2016b) and also when the foam is 

mixed with soil (Pena Duarte, 2007), but generally not by more than 50%. The degradation of 

foam can cause the shear strength of the foam-conditioned soil to change with time. 

4.4 N125 Project 

The Northgate Link Extension will extend light rail service in Seattle north from the 

University of Washington to the University District, Roosevelt, and Northgate neighborhoods by 

2021, and is expected to cost approximately $2.1 Billion. Most of this 6.9 km extension will be 

underground, and the N125 contract includes the construction of 5.6 km of twin EPB tunnels. 

Also included are the excavation of the Maple Leaf Portal (MLP) where the light rail will 

transition from tunnels to elevated guide-way and two large underground station boxes, one for 

the University District Station (UDS) and one for the Roosevelt Station (RVS). The first part of 

the project connects MLP and RVS, the second part connects RVS and UDS, and the third part 

connects UDS and University of Washington Station (UWS). The tunnels are approximately 
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6.44 m in diameter and are to be furnished with concrete segmental tunnel lining having an 

outside diameter of 6.25 m and an inside diameter of 5.74 m. 

The geologic description of soil at the N125 project can be divided into glacial and non-

glacial sediments of the Puget Trough deposited during the Quaternary and Holocene periods. 

The Quaternary sediments are generally overconsolidated due to several glaciations, while the 

recent Holocene sediments are normally consolidated. The Engineering Soil Units (ESU) defined 

for this project are Engineering and Non-Engineered Fill (ENF, white), Recent Granular 

Deposits (RGD, yellow), Recent Clays and Silts (RCS, grey), Till and Till-Like Deposits (TLD, 

purple), Cohesionless Sand and Gravel (CSG, orange), Cohesionless Silt and Fine Sand (CSF, 

green), and Cohesive Clay and Silt (CCS, blue), see Figure 4-4. ENF, RGD, and RCS are recent, 

normally consolidated sediments, whereas TLD, CSG, CSF, and CCS are glacial, 

overconsolidated sediments. The clogging potential of CCS and TLD has been evaluated with 

the approach presented by Thewes and Burger (2004) and was baselined as medium to high. 

Two refurbished EPB TBMs were used to excavate the twin tunnels of the N125 project, 

referred to as the Northbound (NB, Figure 4-5, page 80) and Southbound (SB, Figure 4-6, page 

80) TBMs in this paper. The specifications for the NB and SB TBMs are given in Tables 4-1 and 

4-2, respectively. 

4.5 Test Methods 

A variety of on-site tests were performed during the construction of the N125 project in 

Seattle, WA. Torvane shear tests were performed on the TBM and several additional 

geotechnical tests were performed in an on-site, above-ground laboratory. 

4.5.1 Torvane Tests Performed in TBM 

For the tests performed in the TBM, a muck sample was collected from the belt conveyor 

immediately after the end of mining when the screw conveyor and belt are turned off. The 

sample is stored in a one gallon Ziploc bag at atmospheric conditions. Each sample was visually 

inspected for its level of foam-conditioning. Part of the collected sample was placed in a 

cylindrical container with a diameter of 102 mm and a height of 51 mm. The sample is not 

compacted into the container, but air pockets were removed by softly pressing the soil into
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Figure 4-4. Geological profile of the N125 project showing the Maple Leaf Portal (MLP), Roosevelt Station (RVS), University 

District Station (UDS), University of Washington Station (UWS), the tunnel alignment, and the 23 cross passages 
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Figure 4-5. NB EPB TBM new in factory (left) and a side view of the TBM design (right) 

 

Table 4-1. Specifications of the refurbished NB TBM for N125 project 

Cutterhead Diameter (m) 6.64 
Opening Ratio (%) 45 
Max. Power (kW) 720 
Max. Torque (kN-m) 2970 
Speed (rpm) 0-2.2 

Thrust Max. Thrust (kN) 40,000 
Thrust Jack Stroke (mm) 2,300 

Screw 

Conveyor 

Type Shaft style auger, two stage 
Diameter (m) 0.8 
Max. Torque (kN-m) 80 
Speed (rpm) 1-18.3 

Weight TBM (tonnes) 320 
Back-up (tonnes) 200 

 

 

Figure 4-6. SB EPB TBM on site (left) and a side view of the TBM design (right) 
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Table 4-2. Specifications of refurbished SB TBM for N125 project 

Cutterhead Diameter (m) 6.64 
Opening Ratio (%) 31 
Max. Power (kW) 1,260 
Max. Torque (kN-m) 7,000 
Speed (rpm) 0-4.5 

Thrust Max. Thrust (kN) 42,000 
Thrust Jack Stroke (mm) 2,400 

Screw 

Conveyor 

Type Shaft style auger, two stage 
Diameter (m) 0.9 
Max. Torque (kN-m) 100 
Speed (rpm) 1-20 

Weight TBM (tonnes) 430 
Back-up (tonnes) 260 

place without destroying the foam bubbles in the soil. The surface was leveled to create a 

suitable testing surface and a Durham Geo Slope Indicator Torvane was used for the shear 

strength tests (see Figure 4-7). The penetration depth of the Torvane blades is 5 mm and the vane 

used for all of the tests had a diameter of 50 mm and a measurement range from 0 kPa to 20 kPa, 

which is divided in 1 kPa increments by tick marks on the dial face. The Torvane was pressed 

into the soil surface until the blades are completely embedded in the soil. The Torvane was then 

rotated until shear failure occurred and the shear strength was read from the dial on the handle. 

 

Figure 4-7. Torvane with storage box, different vane sizes, and testing cylinder (left) and 

performed Torvane test (right) 
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The Torvane test was then immediately repeated after a new part of the collected sample was 

placed in the container. The shear strength of the soil was measured at several time intervals after 

sample collection to determine the time dependency of the soil’s shear strength. For each time 

interval, a new part of the sample from the Ziploc bag was placed in the container and prepared 

and tested as previously explained. 

Figure 4-8 shows the results of trial tests performed in the laboratory on unconditioned 

sand (FIR0 = 0%) and foam-conditioned sand (FIR0 = 30%). The unconditioned sand soil was 

prepared by mixing dry sand soil with water to bring it to the desired water content of 12%. For 

the foam-conditioned sample, foam was added to the moist sand soil until a foam injection ratio 

(FIR, ratio of foam to in-situ soil volume) of 30% was reached. The foam was prepared in an on-

site foam generator with a surfactant solution concentration of 4% and a foam expansion ratio 

(FER) of 15. The Torvane shear strength of the unconditioned soil was fairly constant around 

4 kPa with some fluctuation that can be attributed to the inaccuracy of the Torvane device. The 

shear strength of the foam-conditioned soil was too low to be measured by the Torvane device 

during the first two hours of testing. Thereafter, the Torvane shear strength approached the shear 

strength of the unconditioned soil. 

 
Figure 4-8. Comparison of Torvane test results of unconditioned sand (FIR0 = 0 %) and 

foam-conditioned sand (FIR0 = 30 %) 
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4.5.2 Tests Performed in On-site Lab 

For the tests performed in the on-site lab, a soil sample was collected by the heading 

engineer during the second ring advance of the day shift. The soil sample was taken from the 

conveyor belt and stored in several sealed Ziploc bags. The bags were then transported from the 

TBM heading to the on-site lab by several means: rubber tired vehicle (RTV) from the heading 

to the RTV load/unload area on-site and then by site cart or by foot from the unload area to the 

on-site lab (see Figure 4-9). The time between the sample collection and the delivery at the on-

site lab varied between 60 and 450 minutes depending on several factors (RTV frequency, 

obstructions between RTV unloading area and on-site lab, etc.). RTVs mainly enter the tunnel to 

deliver segments for the ring build. Therefore, slower mining speeds and downtimes can 

significantly decrease the RTV frequency. Furthermore, the transport from the RTV unloading 

area to the on-site lab can be delayed by obstructions on the way (e.g., muck trucks, segment 

delivery, etc.). 

The tests were performed on the as-is sample without washing or drying the sample 

before testing. The tests performed in the on-site lab (see Figure 4-10) were: 

 Moisture content (ASTM D2216-10) 

 Liquid Limit (modified1 after ASTM D4318-10 Method B) 

 Density (modified2 after ASTM C138/C138M-13) 

 Slump (modified1 after ASTM C143/C143M-15a) 

 Particle size analysis (modified3 after ASTM D422-63(2007)) 

 Adhesion (sliding angle on inclined plate after Quebaud et al., 1998) 

 Vane shear strength (performed in Pressurized Testing Chamber (PTC, Figure 4-11, page 

85); after Mori et al., 2015) 

                                                 
1 Sample is not dried or separated by grain size before test 

2 Compaction is kept to a minimum to avoid destroying foam bubbles in the soil 

3 Sample is not dried before test and is sieved in one pass. Only the following sieves are used: No. 4, N. 10, 
No. 40, No. 200. Bottled water used instead of distilled water. If material passing No. 200 sieve exceeds 15%, 
hydrometer test is performed on the material passing the No. 200 sieve. 
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4.6 Results and Discussion 

The results of the Torvane tests performed in the TBM and of the results of the tests 

performed in the on-site lab are presented and discussed in this section. 

4.6.1 Torvane Tests Performed in TBM 

Figures 4-12 through 4-14 show the results of the Torvane shear strength tests, which 

were performed in the TBM, plotted against time. The results shown at t = 1 min are actually 

tested at sample collection time (t = 0 min), but to plot on a logarithmic scale this time 

adjustment was necessary. The ring number (R####) indicates the ring advance after which each 

 

Figure 4-9. Maple leaf portal site layout with locations of portal, RTV load/unload area, 

and on-site lab 

 

Figure 4-10. On-site lab set up in connex on MLP site 
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sample was collected. The Torvane shear strength is expected to increase with time due to foam 

deterioration. 

Figure 4-12 presents the results for four different rings in the CSG soil type. The 

measured torvane shear strengths range from 0.5 to 6.5 kPa. The shear strengths of all rings 

fluctuate over time and no relationship between shear strength and elapsed time is apparent. 

Figure 4-13 shows the results of rings in the CSF soil type with shear strengths ranging between 

2 and 24 kPa. The sample taken after ring 3113 was drier and denser than that of the other two 

rings, which could explain the larger shear strength compared to rings 3164 and 3262. Although 

the shear strengths of the rings in CSF soil type fluctuate less over time than in CSG soil type, no 

relationship between time and shear strength is apparent. 

Figure 4-14 shows the results for rings in the CCS soil type with shear strengths between 

3.75 and 15 kPa, again showing fluctuation. The fluctuations of shear strength over time in all 

soil types can be attributed to the inaccuracy of the Torvane device. The lack of apparent 

relationship between the time passed and the shear strength could also indicate that little foam 

deterioration is happening after the muck sample is collected. All collected samples  

 
Figure 4-11. Test performed with PTC in on-site lab 
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Figure 4-12. Torvane test results for NB rings 3003, 3056, 3567, and 3624 plotted against 

time from sampling. Soil Unit during these rings was mainly CSG 

 
Figure 4-13. Torvane test results for NB rings 3113, 3164, and 3262 plotted against time 

from sampling. The rings were mainly excavated in the CSF soil unit 
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were also visually inspected upon collection to estimate the soil conditioning level. Most of the 

samples did not look obviously foam-conditioned but at closer inspection foam bubbles were 

visible in the CSG soil type samples when agitated. No obvious foam bubbles were visible in the 

CSF or CCS soil type; however, all of the samples were moist when collected. 

Based on the average excavation and ring build time of the N125 project, the soil takes 

about 45-60 minutes to travel from the face to the end of the screw conveyor, which could be 

enough time for a majority of the foam to degrade before it reaches the belt conveyor. The foam 

deterioration could also be further sped up by the mixing action and the depressurization in the 

screw conveyor. From the visual inspection of the soil samples, the Torvane test results, and 

considering typical half-life times of foam, it seems possible that most of the foam has already 

deteriorated by the time the soil reaches the belt conveyor. This indicates that the muck samples 

collected from the belt conveyor are not representative of the conditioned soil in the chamber. 

Figure 4-15 shows the Torvane shear strength (t = 0 min) results, the Foam Injection 

Ratio at atmospheric pressure (FIR), the torque normalized by thrust (Torque/Thrust), and the 

penetration rate plotted against the ring numbers. The torque to thrust ratio seems to steadily 

decrease from ring 3000 to around ring 3225 and then steadily increase thereafter. The 

 

 

Figure 4-14. Torvane test results of NB rings 3321 and 3472 plotted against time from 

sampling. The rings were mainly excavated in the CCS soil unit 
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penetration rate is increasing while the torque to thrust ratio is decreasing, but starts to decrease 

before the torque to thrust ratio starts to increase around ring 3225. The penetration rate 

decreases drastically around ring 3300 and then increases again before ring 3400. The drop in 

penetration rate coincides with a spike in FIR. However, there seems to be no obvious 

relationship between torque to thrust ratio, penetration rate, FIR, and Torvane shear strength. 

Counterintuitively, when plotting the torque to thrust ratio over the measured shear strength, the 

ratio actually seems to decrease with increasing shear strength independent of advance rate 

(Figure 4-16) and average bulkhead pressure (Figure 4-17). Consequently, no real indication of 

TBM performance can be drawn from the performed atmospheric Torvane test results. This lack 

of relationship could be attributed to the Torvane device inaccuracy, the limited number of 

Torvane test results, and the collected samples not being representative of the conditioned soil in 

the chamber. 

 
Figure 4-15. Torvane shear strength (t = 0 min), FIR, Torque, Thrust, and Advance Rate of 

rings during which the samples were collected 
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Figure 4-16. Ratio of torque and thrust plotted against Torvane shear strength (t = 0 min) 

showing the advance rate ranges. Advance Rate is indicated by color and symbol size 

 

 

Figure 4-17. Ratio of torque and thrust plotted against Torvane shear strength (t = 0 min) 

showing the average bulkhead pressure ranges. Average bulkhead pressure is indicated by 

color and symbol size 

4.6.2 Tests Performed in On-site Lab 

Figure 4-18 shows the on-site lab test results as well as the operational parameters of the 

first 1600 rings of the NB tunnel. Figure 4-18a shows the results of the grain size analysis as 

gravel, sand, and fines content, the engineering soil units as predicted in the GBR, the water 

pressure head, and the ground cover. Fines are particles passing the No. 200 (0.075 mm) sieve. 

The gravel, sand, and fines percentages correlate well with the predicted soil units. The CSG soil 
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Figure 4-18. Lab testing results and operational parameters for the first 1600 rings of the tunnel 
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type was predicted to contain less than 20% fines which is mostly reflected in the grain size 

results with only a few exceptions. These exceptions could be due to possible clay and clayey silt 

pockets as predicted in the GBR. In the TLD soil type the gravel content increased to above 5% 

as predicted in the GBR.  

Figure 4-18b shows several test results performed on muck samples collected from the 

conveyor belt including moisture content, liquid limit, vane shear strength, sliding angles, and 

muck density. The moisture content in CCS soil type is at or slightly below the liquid limit of the 

soil. The CSG soil type is mostly non-plastic as indicated by a liquid limit of 0% and contains 

around 20% water. A sliding angle of 90 degrees means that the soil does not slide off the 

inclined plate at any angle up to 90 degrees. This happens most often in CCS soil type indicating 

a very high adhesion and clogging potential of the soil. Although, the CSG soil group has a low 

content of fines its sliding angle still indicates moderate to high adhesion potential with sliding 

angles above 30 degrees. The muck density ranges from 1.4 to 2.1 g/cm3 and was highest in the 

TLD soil type, which can be expected due to its higher gravel content. The vane shear strength 

was measured from ring 1100 on and ranged from 15 to 80 kPa under pressure. The applied 

pressure was adjusted for the average bulkhead pressure of the ring during which the soil was 

sampled. The vane shear strength does not seem to relate to any of the other measured 

parameters.  

Figure 4-18c shows the average torque, thrust, and advance rate for each ring. The 

advance rate seems to have its lowest and highest magnitude in the CSG soil type and there 

seems to be a limited relationship between the advance rate and the moisture content of the 

sample. The vane shear strength does not seem to directly relate to the operational parameters, 

torque, thrust, and advance rate. However, as mentioned in Section 4.6.1, the tested soil might 

not be representative of the conditioned soil in the chamber due to advanced foam deterioration 

before the sample is collected. The time between sample collection and testing might also have 

an influence on the shear strength test results. Figure 4-19 shows the torque to thrust ratio plotted 

against the measured vane shear strength for different ranges of time passed between sample 

collection and testing. There is no obvious relationship between the torque-thrust ratio, the vane 

shear strength, and time, which could also indicate that the sample is not representative of the 

chamber soil. 
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Figure 4-19. Ratio of torque to thrust plotted against vane shear strength for different 

ranges of time passed between sample collection and testing. Time passed is indicated by 

color and symbol size 

4.7 Conclusions 

The soil sample collection during an ongoing EPB TBM project faces several challenges 

due to the inaccessibility of undisturbed soil at the face. Disturbed, conditioned muck can be 

collected through a port on the bulkhead, if set up prior to the TBM launch, or from the belt 

conveyor. The origin (i.e., during which ring the soil was excavated) and the conditioning state 

of such a sample is unknown. Tests performed on soil collected at the end of the screw conveyor 

can, however, be used to assess the geotechnical properties of the sample. Moisture content, 

liquid limit, and adhesion test can give an idea about the plasticity and stickiness of the sample, 

while the grain size distribution can help identify the current soil type. The shear strength of the 

foam-conditioned soil is theoretically related to the TBM performance and should change with 

time, but such a relationship could not be identified with the chosen tests methods and muck 

collected from the belt conveyor. This might be due to several factors: the unknown travel time 

of the sample, the unknown conditioning state of the sample, the heterogeneity of soil during one 

ring advance, and the chosen test methods. Considering typical half-life times of foam, the 

residence time of the conditioned soil in the TBM, the lack of visible foam in the collected 

samples, and the lack of an apparent relationship between shear strength, time, and TBM 

performance, it can be assumed that the sample collected from the belt conveyor is not 
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representative of the conditioned soil in the TBM and that most of the foam in the muck has 

deteriorated by the time it reaches the belt conveyor.
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CHAPTER 5 - 

APPARENT DENSITY EVALUATION METHODS TO ASSESS THE 

EFFECTIVENESS OF SOIL CONDITIONING 

A paper submitted to the Tunnelling and Underground Space Technology journal and is 

currently under review 

Lisa Mori1, Ehsan Alavi2, Michael Mooney3 

5.1 Abstract 

A study was performed on the University Link and Northgate Link projects in Seattle, 

WA, to investigate the use of apparent density evaluation methods for the identification of air 

pockets and plugging issues in the chamber of EPB TBMs. Both air pockets and plugging issues 

can result from improper soil conditioning and the TBM’s inability to mix the soil properly with 

the conditioning agents. An apparent density below unity indicates the formation of an air pocket 

in the top part of the chamber and an apparent density above the in-situ soil density points to 

developing plugging issues. From the conducted study it can be concluded that the presented 

apparent density evaluation methods are an effective way to identify issues in the excavation 

chamber of an EPB TBM and can be used as a mean to improve the soil conditioning process. 

5.2 Introduction 

Proper soil conditioning in EPB tunneling offers many advantages to the quality and 

productivity of the project. There are few operational parameters that can be used to clearly 

assess the soil conditioning performance such as advance rate, torque, thrust, chamber pressures, 

                                                 
1 Primary author and editor. 
Corresponding author. Direct correspondence to lmori@mines.edu 
Department of Mining Engineering, Colorado School of Mines, Golden, CO, USA. 

2 Jay Dee Contractors, Columbus, OH, USA. 

3 Department of Civil and Environmental Engineering, Colorado School of Mines, Golden, CO, USA. 
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etc. One of the other parameters that potentially can be used is the apparent density. The apparent 

density of the material in the chamber was introduced by Guglielmetti et al. (2003) as the vertical 

chamber pressure gradient calculated from the physical relation between the horizontally 

measured excavation chamber pressures and the vertical distance between the pressure sensors. 

Guglielmetti et al. (2003) introduced apparent density as a measure to ensure the excavation 

chamber is filled with material. To guarantee face stability, the authors suggested to keep the 

apparent density over a certain limit so the material is able to transfer effective stress to the in-

situ soil, and thus provide support of the excavation face. This method was implemented in the 

Metro project in Porto, Portugal. 

Bezuijen et al. (2005) compared the vertical gradient of the horizontal bulkhead pressures 

to the total density of excavation chamber material and discovered that the gradient is not 

necessarily representative of the muck total density. The authors assumed that the yield stress of 

the muck as well as the adhesion between the muck and the cutterhead and bulkhead material 

have an influence on the vertical gradient. They simplified the resulting pressure gradient to 

Equation (5-1). 

 =  ±  �
 (5-1) 

where 
dpdz is the vertical pressure gradient, ρ is the total muck density, g is the gravitational 

acceleration, �  is the yield stress of the muck, and  is the distance between cutterhead 

and bulkhead. In this equation, term 
τaL  is added or subtracted depending on the direction 

of the muck flow in the chamber. 

Mosavat and Mooney (2015) examined the vertical gradient of horizontally measured 

chamber pressure (at six elevations on the chamber bulkhead) for a 17.5 m diameter EPB TBM 

during the early portion of a tunneling project in Seattle. The average or global vertical chamber 

pressure gradient was found to be 10-20 % less than the total density (unit weight) of the samples 

taken from the belt conveyor during tunneling through the cohesive clay/silt and till deposits. 

They also show that the gradient varied locally within the chamber. The local gradient near the 

top of the chamber was consistently smaller in magnitude than the gradient near the bottom of 

the chamber. Mosavat and Mooney (2015) proposed that the vertical gradient of horizontal 
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chamber pressure measurements is a function of both density and the coefficient of lateral earth 

pressure in the excavation chamber (derivation presented in Section 0). They speculate that the 

underestimation of total muck density using the gradient suggests that the lateral earth pressure 

coefficient in the excavation chamber is less than unity. The vertical chamber pressure gradient 

was found to be similar in magnitude to the density of conveyor belt samples during tunneling 

through predominantly granular soils, suggesting the lateral earth pressure coefficient equals 

unity and the gradient serves as a measure of muck unit weight. Like Bezuijen, Mosavat and 

Mooney (2015) presented data to illustrate differences in chamber pressure magnitude and 

gradient depending on whether muck was flowing upward or downward. They were not able to 

rationalize the difference. 

Alavi Gharahbagh et al. (2013) suggest that if muck contains an excessive amount of 

foam, the excessive foam will travel to the top of the chamber and an air pocket will form. This 

pressurized foam pocket is able to counteract the face pressure temporarily until the released air 

dissipates into the surrounding ground. This is a bigger problem during mining stops, where 

foam is not constantly added compared to the mining cycles. Possible issues that can arise from 

the formation of such an air pocket are: support pressure drops, water and muck flow into 

chamber, overexcavation, surface settlements, and blowouts through screw conveyor and to 

surface. The authors used apparent density to identify the existence of an air pocket in the 

excavation chamber of the University Link Light Rail Tunnel project in Seattle, WA. They 

suggest that an apparent density below the density of water indicates an air pocket in the 

chamber. Alavi Gharahbagh et al. used a port through the top of the bulkhead and a ball valve to 

bleed the accumulated air from the chamber. Another method that was suggested by the authors 

was to reduce the amount of injected foam into the chamber by modifying the foam injection and 

expansion ratios. 

This paper presents apparent density evaluation methods to assess the effectiveness of 

soil conditioning. In this context, the term apparent density is defined as the vertical gradient of 

the horizontally measured chamber pressures divided by the gravitational acceleration. However, 

as shown in previous research summarized above, the apparent density is not necessarily equal to 

the actual density of the material in the chamber. Several factors can influence the relationship 
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between apparent and actual density and a theoretical relationship can be formulated which will 

be discussed in more details in Section 5.3.1. 

5.3 Background 

The theoretical relationship between the apparent density and the chamber pressures can 

be established by taking the muck density in the excavation chamber as well as the coefficient of 

lateral earth pressure into account (see Section 5.3.1). However, the apparent density is not only 

influenced by these factors but also by soil conditioning and operational parameters as described 

in Section 5.3.2. 

5.3.1 Relationship between Apparent Density and Chamber Pressure Gradient 

Mosavat and Mooney (2015) proposed that the vertical chamber pressure gradient is a 

function of total muck and fluid unit weights as well as the coefficient of lateral earth pressure. 

The horizontal pressure p (p = x where x is oriented in the direction of tunneling) measured by 

the chamber pressure sensors is theoretically a total pressure composed of pore fluid pressure u 

and lateral effective earth pressure x' as shown in Equation (5-2). The vertical effective stress z' 

is related to the horizontal effective stress x' through the coefficient of lateral earth pressure K, 

Equation (5-3). Assuming that the soil pores are filled with a mixture of water and air and that 

the matric suction is negligible,  reflects both pore air and water pressure. 

 = � = �′ +  (5-2) 

 = � = �′ +  (5-3) 

Equation (5-4) shows the derivation of the vertical chamber pressure gradient ∇. In this 

equation, K is the coefficient of lateral earth pressure, f is the unit weight of the chamber fluid 

(weighted average of air and water), ' is the buoyant unit weight of the chamber soil, and  is the 

total unit weight of the chamber soil. Assuming K is constant with depth, the vertical chamber 

pressure gradient is the sum of K ' and f. Equation (5-5) displays the relationship between the 

apparent density ϱ, the term used in this paper, and the vertical chamber pressure gradient. In this 

equation, g is the gravitational acceleration, ρ is the total density of the material in the chamber, 

and ρf is the density of the chamber fluid. 
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  ∇= � = K �′ + = ′ + = ( − ) + = + −  (5-4) 

 = ∇ = � = + −  (5-5) 

The unit weights, the densities, and the coefficient of lateral earth pressure are unknown. 

There is no literature on the topic of K for conditioned soil in the chamber of an EPB TBM. If 

the excavated material inside the chamber is well-conditioned with negligible effective stress and 

shear stress, then K = 1 is a reasonable assumption. In this case, the apparent density ϱ equals the 

actual density ρ of the chamber material. 

5.3.2 Effects of Soil Conditioning and Operational Parameters on Apparent Density 

Soil conditioners like foam and bentonite slurry are used in EPB tunneling to improve the 

behavior of the excavated soil. Soil conditioners in general are used to: 

 Decrease the soil’s permeability,  

 Decrease soil and soil/metal friction, and, therefore,  

 Increase the soil’s flowability and 

 Reduce the torque and thrust 

Injection of foam and additives normally reduces the density of the material by increasing 

the soil’s porosity through introducing low density material. Foam, consisting of around 90 % 

air, has a very low density and when homogeneously mixed with the excavated soil, it increases 

the porosity and reduces the soil’s density. Additives like bentonite also have a lower density 

than the excavated soil and can also reduce the density of the mix when homogeneously mixed 

with the excavated material. 

Formation of Air Pocket. In general, foam is entrained within the soil in the form of small 

bubbles dispersed throughout the mass of the soil. If the soil is oversaturated with air bubbles or 

if proper mixing does not happen in the excavation chamber, some foam may not be entrained in 

the soil and instead will percolate to the top of the excavation chamber. The excess accumulation 

of foam can create an air pocket with a density below unity at the top of the excavation chamber. 

This pressurized pocket will support the face in a similar manner to traditional compressed air 
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tunneling as a means of ground support. However, the pressurized air, having negligible 

viscosity, can escape into the surrounding soil or through leaks in the TBM or along the shield. 

During the TBM advance, this may not be a serious problem since the foam is continuously 

injected through the cutterhead. However, during periods between advances, such as ring-build 

or downtime between shifts, weekends or holidays, the escaping air can result in a reduction in 

the excavation chamber pressure to levels below those adequate to support the face. 

The formation of an air pocket at the top of the TBM excavation chamber can lead to 

several issues most notably chamber pressure drops when tunneling is paused for extended 

periods between advances. This might lead to inadequate face support and possibility of water 

and material flowing into the chamber. Some of the risks posed by precipitous drops in face 

support are: misinterpretation of ambient soil and water pressures which can lead to over 

excavation, possibility of surface settlement, potential blowouts through the screw and to the 

surface, and an increase in the chance of methane explosion by providing compressed air rich in 

oxygen into the mix (Copur et al., 2012). 

Formation of Soil Plug. Soil conditioners transform the soil into a flowable paste with 

lower friction by decreasing the soil’s density and lubricating the soil particles. In addition, this 

reduces adhesion to parts of the TBM such as cutting tools, chamber walls, and screw conveyor. 

Without proper soil conditioning, soil flowability will decrease (compared to well-conditioned 

soil) due to an increase in friction. The excavated soil will adhere to the surfaces of the TBM, 

accumulate, compact, and finally plug openings in the cutterhead and screw conveyors 

depending on soil type and in-situ soil behavior. This paper defines plugging as the process in 

which soil gets adhered to the cutterhead, excavation chamber, and screw conveyor structures. 

Compacted soil plugs the cutterhead openings and adheres to the back and front of the 

cutterhead. This plug usually rotates with the cutterhead. Compacted soil sticks to the bulkhead 

and the sides of the excavation chamber and usually stays in place unless a mixing bar is able to 

detach it from the structure. Compacted soil has a higher density than conditioned soil. 

Compacted soil will likely also transfer a higher pressure from the material weight to the 

bulkhead so that the coefficient of lateral earth pressure is not unity. The effect on the apparent 

density is heightened when one pressure level is in an air pocket (top of the chamber) and the 

other is in compacted soil (bottom of the chamber). Plugging and an air pocket can go hand-in-
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hand when the escaped foam building the air pocket on top of the excavation chamber leaves the 

soil on the bottom without proper conditioning. Especially in soils with higher clay content 

and/or without initial lubrication by ground water, plugging is a substantial issue. 

Influence of Operational Parameters. Operational parameters like torque, thrust, 

cutterhead rotation, and advance rate have an influence on the apparent density of the material in 

the excavation chamber and vice versa. Due to the rotation of the cutterhead there is a rotational 

friction force between the muck and the backside of the cutterhead and the bulkhead. The 

magnitude of this force is dependent on the viscosity of the muck, rotational speed of cutterhead, 

torque, and thrust force. This force can decrease and/or increase the apparent density, depending 

on the location of the soil in the chamber during excavation. Unevenly applied thrust force also 

influences the distribution of apparent density in the excavation chamber. The advance rate of 

the TBM and the screw conveyor speed which define the amount of soil entering and exiting the 

excavation chamber also have an influence on the apparent density of the soil. During standstill, 

the operational parameters have no longer an effect on the apparent density. The soil’s density 

increases in the chamber over time due to consolidation and migration of foam bubbles into the 

formation. However, if the foam bubbles migrate towards the top of the chamber, the soil’s 

density in the top part of the chamber decreases. 

In Section 5.4, a brief summary of the Northgate Link (N125) and University Link 

(U230) projects and the geotechnical description of each of these two projects is presented. 

5.4 U230 and N125 Projects 

The University Link project is a 5.1 km light rail extension that runs in twin-bored 

tunnels from Downtown Seattle to the University of Washington, with stations at Capitol Hill 

and on the University of Washington campus near Husky Stadium. The project is broken up into 

two major excavation contracts, U220 that excavated the University of Washington Station 

(UWS) and the 3.45 km of twin-bored tunnels between UWS and the Capitol Hill Station (CHS) 

and U230 that excavated the CHS and the 1.2 km of twin-bored tunnels from the CHS to the 

Pine Street Stub Tunnel (PSST) in Downtown Seattle. The tunnels for both U220 and U230 are 

lined with precast concrete segments having an outside diameter of 6.25 m and an inside 

diameter of 5.74 m. 
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The Seattle area has a complicated geologic history. Six major glacial events have 

happened during last 2 million years with intervening non-glacial erosional and depositional 

periods. The geological description of the U230 project can be divided into fluvial deposits, 

glacial deposits, lacustrine and glaciolacustrine deposits, all of which have been glacially over-

ridden and are therefore highly overconsolidated (Soundtransit, 2009). The geologic units of the 

U230 project, shown in Figure 5-1, include Fill (brown), Till and Till-like Soil (light pink), Till-

like Soil (dark orange), Outwash (plum), Fluvial Sand (yellow), Lacustrine Sand (orange), Silt 

(light and dark turquoise), Clay (light and dark purple), and Organic Material (green) (Irish, 

2009). 

The Northgate Link Extension will extend light rail service in Seattle north from the 

University of Washington to the University District, Roosevelt, and Northgate neighborhoods by 

2021, and is expected to cost approximately $2.1 Billion. Most of this 6.9 km extension will be 

underground, and the N125 contract includes the construction of 5.6 km of twin earth pressure 

balanced (EPB) tunnels. Also included are the excavation of the Maple Leaf Portal (MLP) where 

the light rail will transition from tunnels to elevated guide-way and two large underground 

station boxes, one for the University District Station (UDS) and one for the Roosevelt Station 

(RVS). The first part of the project connects MLP and RVS, the second part connects RVS and 

UDS, and the third part connects UDS and UWS. The tunnels are approximately 6.44 m in 

diameter and are to be furnished with concrete segmental tunnel lining having an outside 

diameter of 6.25 m and an inside diameter of 5.74 m. 

The geologic description of the N125 project can be divided into glacial and non-glacial 

sediments of the Puget Trough deposited during the Quaternary and Holocene periods 

(Soundtransit, 2013). The Quaternary sediments are generally overconsolidated due to several 

glaciations, while the recent Holocene sediments are normally consolidated. The Engineering 

Soil Units (ESU) defined for this project are Engineering and Non-Engineered Fill (ENF, white), 

Recent Granular Deposits (RGD, yellow), Recent Clays and Silts (RCS, grey), Till and Till-Like 

Deposits (TLD, purple), Cohesionless Sand and Gravel (CSG, orange), Cohesionless Silt and 

Fine Sand (CSF, green), and Cohesive Clay and Silt (CCS, blue), Figure 5-2 (page 103). ENF, 

RGD, and RCS are recent, normally consolidated sediments, whereas TLD, CSG, CSF, and CCS 

are glacial, overconsolidated sediments. The clogging potential of CCS and TLD has been
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Figure 5-1. Subsurface geology of the U230 tunnel alignment between CHS and PSST  (Irish, 2009). Soil Units are Fill 

(brown), Till and Till-like Soil (light pink), Till-like Soil (dark orange), Outwash (plum), Fluvial Sand (yellow), Lacustrine 

Sand (orange), Silt (light and dark turquoise), Clay (light and dark purple), Organic Material (green)  
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Figure 5-2. Subsurface geology of the N125 tunnel alignment from MLP (top right) to UWS (bottom left). ESUs shown are 

white ENF, yellow RGD, grey RCS, purple TLD, orange CSG, green CSF, and blue CCS 
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evaluated with the approach presented by Thewes and Burger (2004) and was baselined as 

medium to high. 

Based on the geotechnical baseline report (GBR, Soundtransit, 2013), the groundwater 

pressures at the tunnel invert of the N125 tunnels can reach up to 2.9 bar (29 m of water head). 

Groundwater pressure ranges between 0.1 to 2.0 bar from MLP to RVS, 0.8 and 2.6 bar from 

RVS to UDS, and 0.8 and 2.9 bar from UDS and UWS. In parts of the alignment, the tunnel 

cross-sections will be partially and in some locations completely above the groundwater level. 

Below the groundwater level CSG and TLD soil units are expected to be saturated, while CCS 

and CSF soil units are expected to contain lenses of saturated silt and sand that are hydraulically 

connected to other water-bearing soils. Silt and sand layers or lenses within fine-grained ESUs 

like RCS, TLD, CSF, and CCS can also contain perched groundwater. 

The same EPB tunnel boring machine (TBM) was used for the excavation of both tunnels 

of the U230 project, subsequently referred to as TBM #1. The alignments of the two U230 

tunnels run parallel with a center-to-center distance of ≈ 40 ft between the northbound (NB) and 

southbound (SB) tunnels. The soil conditioning program was slightly adjusted after the 

excavation of the first tunnel (NB). TBM #1 was also used for the excavation of the N125 NB 

tunnel after being refurbished, and a second EPB TBM from a different manufacturer was 

acquired for the SB tunnel, subsequently referred to as TBM #2. A similar soil conditioning 

program was used on both machines of the N125 project. The alignment of the NB and the SB 

tunnel run parallel with a center-to-center distance of ≈ 40 ft between the two tunnels. The 

TBMs, therefore, mine through nearly the same geology. The main difference between the two 

TBMs is the cutterhead and chamber geometry and their machine specifications (see Table 4-1 

and Table 4-2, page 80). The general view of these two TBMs is presented in Figure 5-3. Both 

TBMs are equipped with six earth pressure sensors on the bulkhead. However, the machines use 

different types of pressure sensors. The TBM #1 pressure sensors have a diameter of 140 mm 

while the TBM #2 uses two smaller size pressure sensors, 86 mm diameter and 30 mm diameter.  

Figure 5-4 shows the location of the chamber pressure sensors of both TBMs. Two local 

apparent densities are calculated for each TBM. The top chamber apparent density ϱT is 

calculated from the average pressure gradient between the two top pressure sensor levels, see 
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Equation (5-6). The bottom chamber apparent density ϱB is calculated from the average pressure 

gradient between the two bottom pressure sensor levels, see Equation (5-7). 

 = ( − + − ) = + − −  (5-6) 

 = ( − + − ) = + − −  (5-7) 

where g is the gravitational acceleration,  through  are the chamber pressures 

measured by the sensors in both TBMs, zT is the vertical distance between the top two 

 
Figure 5-3. The two EPB TBMs used on the U230 and N125 projects. TBM #1 (a) was used 

for both tunnels of the U230 project and is now used for the NB tunnel of the N125 project. 

TBM #2 (b) is used for the SB tunnel of the N125 project 

 

Figure 5-4. Chamber pressure sensors on TBM #1 (a) and TBM #2 (b) 
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pressure levels, and zB is the vertical distance between the bottom two pressure levels. In 

this analysis, the leftside and rightside gradients are averaged. The influence of adhesion 

between muck and metal surfaces on the apparent density distribution in the chamber is 

not considered for this analysis since the apparent densities are mainly analyzed after the 

mining process has stopped. 

Figure 5-5 shows an example of the apparent densities in the bottom and top part of the 

chamber, ϱB and ϱT, the water density ρw, and the average of two pressure sensors in the top part 

of the chamber during and after excavation of N125 NB ring 1281. During the advance, the 

apparent densities cycle with the rotation of the cutterhead. This cyclic behavior is due to the 

influence of asymmetric mixing bars attached to the back of the cutterhead. This influence ends 

when mining is stopped. The apparent density increases during each standstill as expected due to 

consolidation, migration of foam bubbles into the surrounding ground, and possibly the end of 

the muck/chamber adhesion effect. The foam bubbles migrate into the ground in front of the face 

to reach an equilibrium with the lower pore water pressure of the ground. The pressure decreases 

as expected during the standstill until it reaches ambient pressure or mining is presumed. 

 

Figure 5-5. Apparent densities of top and bottom chamber, ϱT and ϱB, water density ρw, 

and average pressure of the two top pressure sensors p16 of N125 NB ring 1281 
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Ambient pressure is the stable equilibrium pressure of the surrounding ground. The noise in 

apparent density data during the mining process is a result of other operational parameters like 

torque, thrust, rotation speed, etc. Due to this noise the apparent density should mainly be 

interpreted during the stops. In this study, apparent density at the beginning of the stop has been 

used in order to eliminate the noise, the adhesion, the consolidation, and the foam migration 

effect as explained above. 

5.5 Apparent Density Evaluation Methods 

Two different methods have been used to evaluate the apparent density of the U230 and 

N125 projects. In both methods, the apparent densities in the chamber are compared to 

theoretical densities. As explained in Section 5.3.1, the apparent density is not necessarily equal 

to the actual material density in the chamber due to a possible divergence of the earth pressure 

coefficient from unity. Therefore, the presented methods in this section take additional factors 

into account to assure the assumptions made (e.g., air pocket present) are valid. 

In the first method, the apparent density is compared to the density of water, 1 g/cm3. If 

the excavation chamber is filled with water the apparent density would be 1 g/cm3. It can be 

assumed that if the apparent density drops below 1 g/cm3 the chamber is filled with a lighter 

material than water. Furthermore, it can be assumed that this material is the foam that escaped 

from the soil’s pores (no other material in the process is lighter than water). 

The second method compares the apparent density to the in-situ soil density. If the 

excavation chamber is filled with conditioned soil, the density should be below the in-situ soil 

density because the soil density decreases due to bulking during excavation and decreases further 

with the addition of soil conditioners. If the apparent density is close to or above the in-situ soil 

density, even though soil conditioners were injected, the soil has compacted and a plugging issue 

might have developed inside the chamber and/or within the cutterhead openings. 

5.5.1 Apparent Density below Unity 

An apparent density below unity is normally noticed in the top part of the excavation 

chamber when an air pocket is present. The accumulated air from the chamber can be released 

through controlled opening of a valve on the bulkhead of the chamber while mining. The valve 
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used to bleed the air is installed on the top part of the bulkhead where the air pocket normally 

accumulates. The air is only bled while mining so the pressurized air can be replaced by the 

excavated soil without noticeable drop in EPB mining pressure. During the air bleeding process, 

the apparent densities as well as the pressures in the chamber have to be monitored closely. If air 

is present in the chamber, the apparent density in the top part of the chamber increases while the 

valve is opened. This happens because the pressurized air in the top part of the chamber is 

replaced by soil. The pressures in the chamber will decrease when the valve is open since air 

pressure is released, which also allows the soil in the bottom part of the chamber to expand 

decreasing its apparent density. If this operation is performed properly, mining pressures should 

not drop below ambient. Only the observation of this behavior of apparent densities and 

pressures while the valve is open can prove that an air pocket was present. Since the air release 

process has to be performed during the mining process and as a result the operational parameters 

influence the apparent density, it is important to compare the apparent density values during the 

stops before and after the ring build cycle during which the air was released. 

TBM #1 was equipped with a manually operated air relief valve for the U230 project. 

The valve was upgraded to a hydraulically activated valve controlled by the TBM operator for 

the N125 project. A camera was installed to monitor the air bleeding process from the operator’s 

cabin in the TBM and from the field engineer’s office, Figure 5-6. It is important to open the 

valve and release the air in a controlled manner to avoid ground loss. Watching the process over 

camera helps to close the valve before other material like water or excavated material can exit 

the bulkhead through the port. The valve should also only be opened for very short periods at a 

 

Figure 5-6. Air pocket relief valve as seen through the camera 
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time for the same reason. The opening and closing of the valve is a recorded parameter in the 

N125 data collection and management system and can later be used to analyze the data. The 

environment where the exhaust air from the chamber is released should be monitored closely by 

gas meters, and ventilated properly. 

5.5.2 Apparent Density above In-situ Soil Density 

An apparent density above the in-situ soil density is normally noticed in the bottom part 

of the excavation chamber when the soil accumulates and plugs the cutterhead openings. 

Plugging of the cutterhead decreases the advance rate and increases thrust and torque in addition 

to the noticeable apparent density change. Only the simultaneous observation of high apparent 

density, decreasing advance rate, and increasing thrust and torque without other possible reasons 

can indicate that a plug has developed. In addition, the plug can increase the temperature of 

muck and machine parts, which should also be monitored. The plugging can be resolved by 

adjusting the soil conditioning regimen. The foam injection ratio can be increased and a 

dispersing agent can be added to the foam solution. However, the plugging can only be resolved 

in early stages and progresses very fast to levels where it cannot be resolved by a change in soil 

conditioning. A cutterhead intervention might be necessary for advanced stages of plugging. It is, 

therefore, advised to monitor the development of apparent density and operational parameters 

closely to be able to react in a timely manner. 

5.6 Case Studies – U230 and N125 Projects 

This section presents data from the U230 and N125 projects where the evaluation 

methods for apparent density described in Section 5.5 were applied. 

Figures 5-7a and 5-7c show the bottom and top chamber apparent densities of both the 

NB and SB tunnel of the U230 project and the in-situ soil density from ring 0 to ring 755 

estimated from data in the GBR (Soundtransit, 2009). One apparent density value right after the 

end of mining is used for each ring. Figures 5-7b and 5-7d show the atmospheric foam injection 

ratio (FIR) and the bentonite injection ratio (BIR) for both tunnel drives. The soil types within 

the tunnel cross sections as well as water head and cover are shown in Figure 5-7e. Although 
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Figure 5-7. (a, b) Bottom chamber apparent density ϱB, top chamber apparent density ϱT, and in-situ soil density ρ for U230 

NB and SB, respectively, (b, c) FIR and BIR for NB and SB, respectively, (e) and ESUs, water head and cover  
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both tunnels are mined through similar geology and TBM #1 is used for the excavation of both 

tunnels, their apparent densities differ. 

The top chamber apparent density was below unity in both tunnels, but this was the case more 

often in the NB tunnel. This suggests that the NB tunnel had more issues with air pocket 

formation than the SB tunnel. The apparent density in the NB tunnel was in general lower than 

that of the SB tunnel despite the lower FIR values of NB. However, the bottom chamber 

apparent density reached values above the in-situ soil density more often in NB than in SB 

suggesting more frequent plugging issues in NB. The improved apparent density values of SB 

are likely a result of the operator getting accustomed to the TBM and ground during the NB 

drive and applying the gained experiences during the excavation of the SB drive. In the area with 

decreasing and zero water head, the top chamber apparent densities of both tunnels mainly 

remained below unity suggesting an air pocket was present in the chamber of both tunnels. The 

difference between top and bottom apparent density also increased in this area suggesting that 

the lack of water caused a less homogeneous mix in the chamber. In this area, the BIR was 

increased for both NB and SB and the FIR was increased for NB. This in combination with the 

decrease in waterhead could have also lead to a general decrease in apparent density. 

Figure 5-8 shows the bottom and top chamber apparent densities of both NB and SB 

tunnel of the N125 project and the in-situ soil density from ring 0 to ring 1600. It also shows the 

ESUs in the tunnel cross-sections, cover, and water head. The bottom chamber apparent density 

of both tunnel drives was higher than the in-situ soil density in several locations. However, the 

bottom chamber apparent density of the SB tunnel was higher than the in-situ soil density 

essentially throughout the rings presented. The SB bottom chamber apparent density was more 

often above the in-situ soil density and generally higher than that of NB. This suggests that the 

SB TBM had more plugging issues than the NB TBM. Although the top chamber apparent 

density was lower than unity in both tunnels, this was the case more often in the SB tunnel. This 

suggests that air pockets formed more often in the SB TBM than in the NB TBM. The SB top 

chamber apparent density was generally lower than that of NB. In the SB tunnel and specifically 

in the section of the alignment with low water head the plugging issues are fairly clear from the 

data. Two cutterhead interventions were necessary to resolve plugging issues in the SB TBM, 

one at ring 306 and one at ring 571. The intervention at ring 306 was at the end of the first high 
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Figure 5-8. (a, b) Bottom chamber apparent density ϱB, top chamber apparent density ϱT, and in-situ soil density ρ for N125 

NB and SB, respectively, (b, c) FIR and BIR for NB and SB, respectively, (e) and ESUs, water head and cover 
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apparent density peak, while the intervention at ring 571 was at the end of the second high 

apparent density peak. After the intervention at ring 571 the apparent density rose quickly again, 

which might be mainly due to the very low water head in that region. No cutterhead 

interventions were necessary for the NB TBM and all high apparent density issues were resolved 

by modifying the soil conditioning protocols.  

More specific cases of apparent density below unity and apparent density above in-situ 

soil density will be discussed in Sections 5.6.1 and 5.6.2. 

5.6.1 Apparent Density below Unity 

During the excavation of ring 355 of the NB tunnel in U230 project, the TBM mined 

through an observation well that was not decommissioned before the project. Foam and 

pressurized air travelled through the observation well to the surface. This suggests that an air 

pocket was present in the chamber when the well was encountered by the TBM and as a result, 

pressurized air in the chamber found a path to the surface. The apparent densities and chamber 

pressures of ring 355 are shown in Figure 5-9. The top chamber apparent density was below 

unity at the beginning of the advance and decreased further during the first eight minutes, 

suggesting an increase in air pocket formation. The end of this decrease in apparent density 

(t = 12:07) appears to be the time when the observation well was hit. The apparent densities and 

 

Figure 5-9. Apparent densities of U230 NB ring 355 during which a blowout of a chamber 

air pocket occurred 
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pressures react as would be expected when an air pocket is released. The top chamber apparent 

density increases while the bottom chamber apparent density and top chamber pressure 

decreases. The bottom chamber apparent density decreases because the pressure in the top of the 

chamber decreases and the material in the bottom part of the chamber can expand towards the 

top. Both apparent densities increase quickly after mining is stopped which suggests that the air 

pocket continues to be released after mining is stopped.  

Figure 5-10 shows the apparent density data for rings 111 and ring 157 of the N125 

project’s NB tunnel during which the air release valve on the bulkhead of the NB TBM was used 

to release the excessive air from the chamber. During ring 111, shown in Figure 5-10a, the 

apparent densities and pressure react as expected to the opening of the valve. The apparent 

 

Figure 5-10. Apparent densities of N125 NB rings 111 (a) and 157 (b) during which the air 

release valve on the bulkhead was open (green shaded areas) 
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density in the top part of the chamber was below unity when the valve was first opened. While 

the valve is open the top chamber apparent density starts to rise while the pressure and bottom 

chamber apparent density decrease. The valve is opened two more times until the top chamber 

apparent density is higher than unity. The pressure increases again after the valve is closed 

because excavated soil enters the excavation chamber replacing the released air pocket as a 

pressure medium. The data clearly indicates that an air pocket was present when the air valve 

was opened.  

Figure 5-10b shows the data from ring 157 during which the valve was also opened. 

Compared to ring 111 this ring shows little to no reaction to the opening of the valve. The 

apparent density data is also very noisy and fluctuates largely around unity. During the second 

opening of the valve a slight increase in top chamber apparent density and decrease in pressure 

can be seen, but the apparent density starts to fluctuate again after the valve is closed. The data 

indicates that no air pocket was present when the air valve was opened.  

5.6.2 Apparent Density above In-situ Soil Density 

Figure 5-11 shows the apparent density and operating parameter data for the U230 

project’s NB tunnel from ring 0 to ring 755. One apparent density value immediately after the 

end of mining was used for each ring. The thrust and torque values represent average values for 

each ring advance. The bottom chamber apparent density was higher than the in-situ soil density 

in several locations. However, the area around ring 400 has the most rings with high apparent 

density. After the observation well blowout during ring 355 (see Section 5.6.1) the foam 

injection was decreased to almost zero for the next two rings. Following this decrease in FIR, the 

bottom chamber apparent density, the thrust, and torque started to rise suggesting that a plug 

developed. The advance rate, however, increased at the same time and only decreased when 

thrust and torque decreased. Furthermore, the bottom chamber apparent density was not 

consistently above the insitu soil density in this area. Therefore, it cannot be assumed that a plug 

formed in the chamber. The bottom chamber apparent density also increased above the in-situ 

soil density in a second area from immediately before ring 700 to the end of the tunnel drive. 

This increase is connected with controlled density fill (CDF) areas before and after a low cover 

highway undercrossing (13 ft cover). 
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Figure 5-11. (a) Areas of high apparent density, bottom chamber apparent density ϱB, in-situ soil density ρ, ambient pressure 

pambient, and advance rate v, (b) thrust force FT and Torque T, (c) FIR, water head, cover, and soil types for rings 0 to 755 of the 

U230 project’s NB tunnel
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Figure 5-12 shows the data for the N125 project’s SB tunnel between MLP and RVS, 

from ring 0 to ring 1600. Two interventions were necessary to resolve the plugging issues during 

this drive, the first intervention was performed at ring 306 and the second one at ring 571. Four 

areas can be identified where the bottom chamber apparent density is significantly higher than 

the in-situ soil density (yellow shaded area in Figure 5-12). The first two areas are immediately 

before the two cutterhead interventions, the third is around ring 700 in CSG below the water 

table, and the fourth is around ring 1500 at the start of the TLD soil unit. In the first three areas 

of high apparent density, the operational parameters react as expected for plugging issues. The 

advance rate decreases significantly, torque and thrust increase, and the FIR is increased in an 

effort to increase the advance rate. Torque and thrust would also increase with an increasing 

advance rate, and the high values are therefore only a sign for plugging issues when they occur 

along with low advance rates. The two cutterhead interventions confirmed that plugging 

occurred in the first two areas and the data suggests plugging also occurred in the third area of 

high apparent density. The decrease in apparent density and increase in advance rate immediately 

before the first intervention indicate that the increased FIR started to resolve the plugging issues. 

The plugging issues in the third area were resolved by increasing the FIR and using specialty, 

lubricating soil conditioners. No cutterhead intervention was necessary in this location. 

5.7 Conclusion 

Apparent densities can be used to assess the soil behavior in the excavation chamber of 

EPB TBMs. An apparent density below unity indicates the formation of an air pocket and can be 

a result of extensive use of foam and higher than necessary FER. An apparent density above the 

in-situ soil density indicates the formation of a plug and results from less than necessary volume 

of soil conditioners or improper application of soil conditioners. In addition to the apparent 

density, operational parameters like pressure, advance rate, thrust, torque, and soil conditioning 

parameters have to be taken into account when assessing apparent density. The study performed 

on the N125 and U230 projects shows that the presented apparent density evaluations methods 

can be used to identify air pockets and plugging issues in the excavation chamber of an EPB 

TBM with a high degree of certainty.  
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Figure 5-12. (a) Bottom chamber apparent density ϱB, in-situ soil density ρ, ambient pressure pambient, and advance rate v, (b) 

thrust force FT and torque T, (c) FIR, water head, cover, and ESUs for rings 0 to 1600 of the N125 project’s SB tunnel. Black 

vertical lines indicate the cutterhead interventions during ring 306 and ring 571. The yellow shaded area indicates areas with 

high apparent density 
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Although the presented apparent density evaluation methods can help to identify air 

pockets and plugging issues, some uncertainties still remain. Further research should be 

performed to clarify the influence of lateral earth pressure coefficient and TBM operational 

parameters on apparent density.
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CHAPTER 6 - 

EVALUATION OF THE PRESSURES ALONG THE SHIELD 

EXTERIOR OF AN EPB TBM 

A paper prepared for submission to the Tunnelling and Underground Space Technology 

journal 

Lisa Mori1, Ehsan Alavi2, Michael Mooney3 

6.1 Abstract 

A study was performed on the Northgate link project in Seattle to analyze the effects of 

different parameters on the pressure in the shield gap of an EPB TBM. The gap between the 

TBM shield and the surrounding ground needs to be filled and pressurized at an elevated 

pressure to prevent ground from converging into the shield gap and causing subsequent surface 

settlements. In EPB TBMs this is accomplished when conditioned soil from the face fills the gap 

by the TBM’s advance and the pressure conditions at the face. The strength of the correlation 

between the pressures along the shield and the face pressure as well as the magnitude of the 

pressure change along the length of the shield mainly depend on a combination of soil type and 

soil conditioning. Low shield pressures can be an indication for an insufficiently filled shield 

gap, while unexpected changes in shield pressures can be an indication of ground loss. 

6.2 Introduction 

The cutterhead of an earth pressure balanced tunnel boring machine (EPB TBM) is 

normally equipped with overcutters on the cutterhead periphery that extend into the annular 

                                                 
1 Primary author and editor. 
Corresponding author. Direct correspondence to lmori@mines.edu 
Department of Mining Engineering, Colorado School of Mines, Golden, CO, USA. 

2 Jay Dee Contractors, Columbus, OH, USA. 

3 Department of Civil and Environmental Engineering, Colorado School of Mines, Golden, CO, USA. 



121 

space beyond the diameter of the TBM shield. The overcutters serve to disturb the ground 

beyond the shield diameter, reducing friction and side resistance around the TBM body. 

Additionally, the shield of an EPB TBM is also often shaped like a truncated cone, with the 

diameter decreasing from the front to the tail shield to help the TBM navigate. Material that is 

cut by the cutterhead either gets pulled into the cutterhead chamber or gets pushed around the 

cutterhead and into the annular space. In proper EPB tunneling, the conditioned material flows 

into and pressurizes the shield gap. Additionally, grout injected through the tail shield can travel 

from the segment annulus into the shield gap. The pressure in the shield gap, i.e, the shield 

annulus pressure, mainly depends on the pressure of the material at the face and the grouting 

pressure behind the tail shield. 

The behavior in the shield gap has been addressed to some degree in the literature. Di 

Mariano et al. (2009) used a finite element model to numerically simulate part of the Metro Line 

9 EPB TBM excavation in Barcelona, Spain. The authors conducted a parametric study to 

analyze the influence of face pressure, shield pressure, and grouting pressure on the volume loss 

and ground movements during excavation. They showed that, although less of an influence on 

the volume loss than face and grouting pressures, the shield pressure has an effect on volume 

loss. A decrease in shield pressure from 2 to 0 bar increased the volume loss from 0.53% to 

1.27%. Confirming the shield gap influence was a study by Ruse and Schwarz (2012) that 

showed much lower volume losses in areas where bentonite was injected into the annulus versus 

areas where bentonite was not injected. 

Nagel and Meschke (2011) used the analytical model developed by Bezuijen (2007) for 

fluid flow into the shield gap in their finite element model to simulate both slurry shield and EPB 

TBMs. The model took the stiffness of the soil, the weight distribution of the TBM, the conicity 

of the shield, the overcut, the pressure distribution at the face and behind the shield, and the 

properties of the fluids (bentonite, grout, and/or EPB muck) into account. The authors concluded 

that the change in shield gap width was primarily influenced by the soil stiffness, the pressurized 

fluids, and the weight distribution of the TBM. Their model results showed that the calculated 

surface settlement can be reduced by almost 40% by including fluid flow into the shield gap. 

DiPonio et al. (2012) used ground loss monitoring data to prove that longer overcutters 

and, therefore, a wider shield annulus gap did not increase the settlement risk in dense soils. In 
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their study, they hypothesized that the pressure at the face of an EPB TBM pushed conditioned 

soil into the shield gap, which stabilized the gap and prevented ground loss. To confirm this 

hypothesis, the authors monitored pressures on four locations on the shield. Extensometers and 

piezometers along the alignment measured the ground movement and pore water pressure 

changes above the tunnel during excavation. Additionally, a split spoon sampler was periodically 

pushed in radial direction out of the shield to evaluate the material in the annular space around 

the shield. No ground loss was observed by the extensometers as the TBM shield passed 

underneath. The split spoon samples indicated that the annular space around the shield was filled 

with pressurized conditioned soil. The observed pressures in the annular space were consistent 

with the pressures measured at the bulkhead. The authors concluded that a larger overcut did not 

lead to increased ground loss. 

Cording et al. (2015) analyzed ground settlement data collected during a test section of 

the SR99 Alaskan Way Viaduct Replacement Tunnel in Seattle, WA, to identify if the ground 

loss was caused at the EPB TBM face, along the length of the shield, or behind the segmental 

lining. The implemented monitoring system included multiple position extensometers, 

piezometers, and inclinometers. Additionally, the pressure in the shield gap of the EPB TBM 

was measured with six earth pressure sensors installed on the exterior shield crown. Bentonite 

was injected into the shield gap during most of the tunnel drive. The authors stated that the 

studied shield pressures generally follow the face pressure if the shield gap is properly filled with 

either bentonite or conditioned soil. The study found negligible ground loss ahead of the face, 

small losses along the shield, and some ground loss recovery at the tail of the shield due to grout 

injection. 

Mooney et al. (2016) examined the influence of slurry face, shield gap, and grouting 

pressures on ground movements of the Queens bored metro tunnels in New York City. The 

authors employed 3D computational modeling in their analysis and validated the results with 

data from the tunneling project. They showed that ground deformation, albeit minimal, could be 

attributed to the shield gap. They showed that deformation was negligible when the shield gap 

pressure approached the vertical geostatic stress, and measurable when the shield gap pressures 

were less than geostatic stress led to observable ground deformation. 
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Although several studies have been performed that showed the effect of shield pressures 

on ground loss (Di Mariano et al., 2009; Nagel and Meschke, 2011; DiPonio et al., 2012; 

Mooney et al., 2016), only few researchers (DiPonio et al., 2012) analyzed in-situ measured 

shield pressures of EPB TBMs without bentonite injection into the shield gap. Furthermore, the 

influence of bulkhead pressures, grouting pressures, soil conditions, and other TBM parameters 

on the shield pressures of an EPB TBM have not been analyzed in detail. This paper introduces 

the shield pressure analytical methods used on the Northgate Link Extension (N125) light rail 

tunnel project in Seattle and presents the results of a detailed analysis performed on the N125 

shield pressure data set. During the majority of the N125 project, no bentonite was injected into 

the shield gap around the EPB TBM and conditioned soil was expected to flow from the face 

into the shield gap to pressurize it. The study evaluates how different soil types, bulkhead 

pressures, and tail void grouting pressures influence the pressures along the shield. It also 

presents the effects of advance versus standstill, over-excavation, free air cutterhead inspections, 

and bentonite injection on the shield pressures. 

6.3 Background 

The annular space around the EPB TBM shield needs to be kept at an elevated pressure to 

prevent virgin ground from settling into the annular space and causing surface settlement. This is 

achieved when the conditioned soil from the face fills the annular space at a pressure close to the 

face pressure. The soil at the face needs to be conditioned sufficiently to form a flowable paste 

that can fill the shield gap. In addition to this passive control of the shield gap pressure, bentonite 

slurry can be injected through ports into the annular space. This active control of the shield gap 

pressure is increasingly specified on EPB TBM tunnel projects and is normally only used in 

critical regions, where settlement risk is high. 

For the context of this paper, face pressure is the pressure of conditioned soil between the 

face and the cutterhead and in the excavation chamber. It is assumed that when the material is 

conditioned sufficiently the measured bulkhead pressures reflect the conditioned soil pressure at 

the face. This was shown to be the case by Bezuijen and Talmon (2014) where pressure cells on 

the front of the EPB TBM cutterhead matched the pressures measured at the bulkhead. If the 

shield pressures change in correlation with the bulkhead pressures, it can be concluded that there 
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is pressure communication between the material in the annular space and the material at the face. 

In addition to the face pressure, the grouting pressure can also have an influence on the pressures 

along the shield. However, the grouting pressure is generally higher than all other pressures, 

since the grout needs to be injected with higher pressures than the shield pressures in order to be 

able to flow and displace material present in the annular gap. 

The shield gap is separated from the annular gap behind the segmental lining by a tail 

seal. This seal is used to direct the grout flow into the annular gap behind the segmental lining 

and prevent it from flowing into the shield gap. In cases where the shield pressure at the tail end 

of the shield is higher than the shield pressure at the front end of the shield or the face pressure, it 

is assumed that the grout migrates from the tail towards the face. If both front and tail shield 

pressures are higher than the face pressure and the pressures decrease from the tail to the face, it 

is assumed that the effect of the grouting pressure on the shield pressure reaches even farther. In 

these two cases grouting pressure changes should also lead to shield pressure changes. 

Migration of grout from the tail shield toward the front shield and into the cutterhead 

chamber could introduce significant issues in case of damaging the tail seal brushes and also 

could introduce confusion in ground loss analysis. In cases where the shield pressure decreases 

from the face to the tail shield, it is assumed that the influence of the grouting pressure does not 

reach the first tail shield pressure sensor. The shield pressures mainly follow the face pressure. 

Grout, however, could still migrate into the annular space and influence the material up to the 

first tail shield pressure sensor, without reaching the sensor itself. Pressure distributions along 

the shield, or changes in shield pressures that cannot be explained by either of these cases, might 

be an indication of a problem such as ground loss. Pressure magnitudes lower than the face 

pressure can indicate insufficient filling of the annular space. A sudden increase in shield 

pressure can indicate that virgin soil collapsed into the annular space, which could lead to ground 

loss and settlement. 

Bezuijen (2007) and Bezuijen and Talmon (2009) presented a method to calculate the 

pressure change in the shield annulus gap along the length of the TBM. Their efforts were 

particularly focused on slurry shield TBMs; however, their formulation is applicable to 

conditioned-soil filled EPB TBM shield gaps as implemented by Meschke and Nagel (2011). He 

assumes that both grout and bentonite are Bingham fluids with certain yield stresses and that 
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viscous forces in the fluids can be neglected due to low flow rates. The calculation takes the 

yield stress of the fluids and the gap width into account. The change in shield gap pressure and 

gap width are presented in Equations (6-1) and Equation (6-2). 

 ∆  =  ∆ �  (6-1) 

 ∆� = ∆��  (6-2) 

In these equations, ∆p is the pressure change over an increment of shield length ∆x, s is 

the gap width, y is the yield stress of the flowing fluid, ∆  is the stress reduction, ∆R is the 

change in tunnel radius, R is the tunnel radius, and G is the shear modulus of the soil. The 

constant αF = 1 when only friction between the flowing material and the surrounding ground is 

considered, and αF = 2 when the friction between the flowing material and the TBM shield is 

considered in addition to the friction between flowing material and surrounding ground. 

According to Bezuijen and Talmon, the second case is not reasonable since the grout and 

bentonite only move with respect to the soil, not with respect to the TBM. It is further assumed 

that the gap and flow around the shield is axisymmetrical. Three flow scenarios as described 

below are possible according to Bezuijen, with scenario 3 being the most realistic: 

1. Grout flows from the tail towards the face and bentonite flows from face towards the 

tail and the fluids will meet somewhere along the shield. This is also the point with 

the lowest pressure along the shield. This situation can only occur if volume loss 

occurred. 

2. Bentonite flows from the face towards the tail pushing the grout towards the tail. The 

lowest pressure along the shield is at the tail. This pressure is equal to or higher than 

the grout pressure, and prevents grout from flowing into the gap. 

3. Grout flows from the tail towards the face pushing the bentonite towards the face. 

The lowest pressure along the shield is at the face. This pressure is equal to or higher 

than the face pressure, and prevents bentonite from flowing into the gap. 

For EPB TBMs, the most reasonable scenario involves conditioned material from the 

face being pushed into the shield gap by the forward movement of the TBM and by the pressure 

at the face. The seal installed on the tail shield is designed to prevent grout flow into the shield 

gap and should direct the grout into the annulus behind the segmental lining. However, high 



126 

grout pressure can lead to grout flowing around the seal and into the shield gap. Soil conditioners 

like foam and bentonite slurry are used in EPB tunneling to improve the excavated soil’s 

behavior. This includes the reduction of yield stress and viscosity. The lower the viscosity and 

yield stress of the material, the easier it is to flow and fill the shield gap. Soil conditioners also 

reduce the friction between the conditioned soil and machine parts like the exterior of the TBM 

shield. The lower this friction the smaller the pressure loss along the shield will be. The 

conditioning amounts necessary to sufficiently condition the soil depend on the soil type and the 

water content. The grain size of the soil also has an influence on the flowability in which large 

grains might get stuck in the shield gap and block the flow path. 

6.4 Northgate Link Extension Project 

The Northgate Link Extension will extend light rail service in Seattle north from the 

University of Washington to the University District, Roosevelt, and Northgate neighborhoods by 

2021, and is expected to cost approximately $2.1 Billion. Most of this 6.9 km extension will be 

underground, and the N125 contract includes the construction of 5.6 km of twin EPB tunnels. 

Also included are the excavation of the Maple Leaf Portal (MLP) where the light rail will 

transition from tunnels to elevated guide-way and two large underground station boxes, one for 

the University District Station (UDS) and one for the Roosevelt Station (RVS). The first part of 

the project connects MLP and RVS, the second part connects RVS and UDS, and the third part 

connects UDS and UWS. The tunnels are approximately 6.44 m in diameter and are to be 

furnished with concrete segmental tunnel lining having an outside diameter of 6.25 m and an 

inside diameter of 5.74 m. 

The geologic description of the N125 project can be divided into glacial and non-glacial 

sediments of the Puget Trough deposited during the Quaternary and Holocene periods. The 

Quaternary sediments are generally overconsolidated due to several glaciations, while the recent 

Holocene sediments are normally consolidated. The Engineering Soil Units (ESU) defined for 

this project are Engineering and Non-Engineered Fill (ENF, white), Recent Granular Deposits 

(RGD, yellow), Recent Clays and Silts (RCS, grey), Till and Till-Like Deposits (TLD, purple), 

Cohesionless Sand and Gravel (CSG, orange), Cohesionless Silt and Fine Sand (CSF, green), 

and Cohesive Clay and Silt (CCS, blue), Figure 6-1. ENF, RGD, and RCS are recent, normally 
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consolidated sediments, whereas TLD, CSG, CSF, and CCS are glacial, overconsolidated 

sediments. The clogging potential of CCS and TLD has been evaluated with the approach 

presented by Thewes and Burger (2004) and was baselined as medium to high. 

Based on the geotechnical baseline report (GBR, Soundtransit, 2013), the groundwater 

pressures at the tunnel invert of the N125 tunnels can reach up to 2.9 bar (29 m of water pressure 

head). Geostatic groundwater pressure ranges between 0.1 to 2.0 bar from MLP to RVS, 0.8 and 

2.6 bar from RVS to UDS, and 0.8 and 2.9 bar from UDS and UWS. In parts of the alignment 

the tunnel cross-sections will be partially and in some locations completely above the 

groundwater level. Below the groundwater level CSG and TLD soil units are expected to be 

saturated while CCS and CSF soil units are expected to contain lenses of saturated silt and sand 

that are hydraulically connected to other water-bearing soils. Silt and sand layers or lenses within 

fine-grained ESUs like RCS, TLD, CSF, and CCS can also contain perched groundwater. 

 
Figure 6-1. Geological profile of the N125 project showing the tunnel alignment and the 

locations of the Maple Leaf Portal (MLP), the Roosevelt Station (RVS), the University 

District Station (UDS), and the University of Washington Station (UWS) 
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Two EPB TBMs were used to excavate the Northbound (NB) and Southbound (SB) 

tunnels. In addition to the standard bulkhead pressure sensors, the NB TBM was equipped with 

sensors to measure the pressure on the exterior of the shield. The cutterhead of this TBM was 

equipped with six overcutters with a maximum overcut of 100 mm. The overcut created a gap 

(shield gap, steering gap) between shield exterior and surrounding ground. The pressure sensors 

on the shield were installed to monitor the pressure distribution along the shield to assure a filled 

and pressurized gap. 

Four total pressure sensors are installed on the shield of the NB TBM, see Figure 6-2. 

Two sensors were installed at 11 and 5 o’clock positions in the front body (3.45 m behind the 

cutterhead) and two sensors were installed in the tail shield, at 11 and 5 o’clock positions 

(6.98 m behind the cutterhead, 3.32 m forward of the tail end). Six pressure sensors were 

installed on the bulkhead (clockwise starting at 12 o’clock, No. 1 to No. 6). Three two 

component grout lines were used for backfilling the annulus between the ground and the concrete 

segments. Each line was equipped with a pressure sensor at a distance of around 4 m to the 

injection point. The grout injection points were located at 12 o’clock, 4 o’clock, and 8 o’clock 

(grout lines No. 1A, No. 2A, and No. 3A, respectively). All locations are referenced looking 

 
Figure 6-2. Bulkhead pressure sensors, shield pressure sensors, and grout injection 

locations on the N125 NB TBM (all dimensions in meters) 
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forward in the advance direction (i.e., 3 o’clock is to the right in advance direction). In this paper 

only the measurements of the top sensors are presented, because of the vertical proximity of 

these sensors. These pressures are the grout line No. 1A pressure, pgrout1, 11 o’clock front and tail 

shield pressures, pfront11 and ptail11, and the average pressure of the two top bulkhead chamber 

sensors No. 1 and No. 6, p16. The vertical distance between pgrout1 and p16 is 0.82 m and the 

vertical distance between pfront11/ptail11 and p16 is 0.39 m. 

It should be noted that the measured bulkhead and shield pressures are total stresses. The 

bulkhead pressure is measured horizontally while the shield pressures are measured at an angle 

and are, therefore, a combination of horizontal and vertical stress. This difference deserves some 

discussion because soil is typically anisotropic and resulting effective stresses are directionally 

varying. In normally consolidated ground, the horizontal stress is typically lower than the 

vertical stress (i.e., the earth pressure coefficient K is below 1). In overconsolidated ground, the 

horizontal stress can be higher than the vertical stress (i.e., the earth pressure coefficient K 

approaches or is above 1). If the soil in the excavation chamber and shield annulus is well-

conditioned, its behavior is governed by the isotropic foam and pressures are therefore 

hydrostatic (K = 1). Furthermore, the bulkhead pressure is measured at an elevation 0.39 m lower 

than the shield pressures and earth pressures generally increase with depth. Assuming an earth 

pressure coefficient of 1 and a perfect communication between excavation chamber and shield 

gap, the bulkhead pressure should be higher than the shield pressures due to the elevation 

difference alone. 

6.5 Shield Pressure Analytical Methods 

The analytical methods used to analyze the shield pressure data of the N125 project 

compare shield pressures to bulkhead and grouting pressures. It is assumed that the pressure of 

the excavated, conditioned material at the face is equal to the pressure measured at the bulkhead 

by using the chamber pressure sensors. It should be noted that only pressures at about the same 

elevation in the TBM should be compared with each other (i.e., compare bulkhead pressure on 

top of the chamber to shield pressure on top of the shield), since the pressures change with 

elevation. In addition to the data collected from these sensors, split spoon samples were taken 

regularly through a bentonite port in the tail shield (see Figure 6-3). The samples capture the 
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material in and beyond the shield gap. Normally the material found in the split spoon consists of 

conditioned soil, in-situ soil, and grout. There are many possible factors that could cause shield 

pressure changes including: weight distribution of the machine (depending on inclination), 

steering around curves (the material in the shield gap gets compressed or decompressed 

depending on location), change in grouting pressure, change in face pressure, change in soil type 

and soil conditioning, ground loss and ground settlement.  

6.6 Analytical Results – N125 Project 

Shield pressures are investigated through their qualitative and quantitative relationship to 

bulkhead pressure and grouting pressure. Given good communication between the face and the 

shield gap, and assuming well-conditioned soil, the shield pressures should change with the 

bulkhead pressure. Regression analysis is performed to quantify the relationship. It is assumed 

that the relationship between the pressures is linear and can be described by a linear regression 

line, Equation (6-3), because, if there is communication between face and shield gap, the shield 

pressures should be proportional to the bulkhead pressure. x and y in the linear regression 

equation represent the two pressures to be correlated (e.g. bulkhead pressure and front shield 

pressure), m is the slope of the line representing dy/dx, and b is the intercept. The strength of the 

linear relationship between two pressures can be described by the correlation coefficient r, 

 
Figure 6-3. Split spoon pushed radially out of the shield to sample the material in and 

beyond the shield gap 
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Equation (6-4). The slope m of the linear regression line, calculated according to Equation (6-5), 

provides an indication of how well the pressures change with each other (i.e., their sensitivity to 

each other). 

  =   +   (6-3) 

  =  − ∑ ( �  −  ̅)�
�= � −  ̅

 (6-4) 

 = ( ) (6-5) 

where np is the number of pressure data points, xi is a data point of pressure x, yi is a data 

point of pressure y, x̄ is the mean of all xi, ȳ is the mean of all yi, sx is the standard 

deviation of all xi, and sy is the standard deviation of all yi. A r value above 0.9 indicates a 

very strong linear relationship, and a r value above 0.7 indicates a strong linear 

relationship between two variables. The correlation coefficient, regression slope, and 

pressure change over the shield can be calculated for each ring. The influence of soil 

type, soil conditioning, and other factors on the shield pressure data can then be analyzed 

on a ring to ring basis as well as for the project overall. 

Figures 6-4 and 6-5 show examples of well-correlated and poorly-correlated shield 

pressure signatures, respectively. The pressure data used for the plots and analysis includes all 

data points that were stored by the TBM data acquisition system (at 5 second intervals). The data 

can be separated into pressures recorded during TBM advance and during standstill. Figure 6-4 

shows the pressure signatures recording during excavation and build of ring 99 in the CCS soil 

type plotted against time (6-4a), the shield pressures during the advance plotted against the 

bulkhead pressure (6-4b), the shield pressures during the standstill plotted against the bulkhead 

pressure (6-4c), and the tail shield pressure during advance and standstill plotted against the front 

shield pressure (6-4d). Figures 6-4b through 6-4d also show the linear regression lines with the 

corresponding equation and correlation coefficient. 

During the advance of ring 99, the bulkhead and the shield pressures are very close to 

each other and strongly correlated. Changes in bulkhead pressure p16 are mirrored by similar 

increases and decreases in 11 o’clock front and tail shield pressures pfront11 and ptail11 (Figure 
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6-4a). The relationships between bulkhead and shield gap pressures are highly linear and 

strongly correlated, with r > 0.92 in both cases (Figure 6-4b). The relationship between 

bulkhead and shield gap pressures is stronger during standstill (Figure 6-4c), evidenced both by 

r = 0.99 and visually by much less scatter than during advance. The shield pressures are also 

highly sensitive to bulkhead pressure changes during both advance and standstill as indicated 

by slopes between 0.91 and 0.94. The correlation between the two shield gap pressures during 

 
Figure 6-4. Pressure data of ring 99 in CCS soil type showing (a) the bulkhead and shield 

pressures plotted against time, (b) the shield pressures during advance plotted against the 

bulkhead pressure, (c) the shield pressures during standstill plotted against the bulkhead 

pressure, (d) the tail shield pressure plotted against the front shield pressure 
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the advance and standstill is also strong with a coefficient of 0.95 and 0.99, respectively (Figure 

6-4d). 

Figure 6-5 shows the pressure signatures of ring 1520 in the TLD soil type both during 

advance and standstill. During the first three minutes of the advance the pressures correlate well 

with each other (Figure 6-5a and 6-5b), which is reflected in the strong correlation coefficients 

between bulkhead and shield pressures. The correlation coefficient between bulkhead pressure 

and front shield pressure is 0.98 with a slope of 1.5 that indicates that the front shield pressure is 

 
Figure 6-5. Pressure data of ring 1520 in TLD soil type showing (a) the bulkhead and shield 

pressures plotted against time, (b) the shield pressures during advance plotted against the 

bulkhead pressure, (c) the shield pressures during standstill plotted against the bulkhead 

pressure, (d) the tail shield pressure plotted against the front shield pressure 
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overly sensitive to bulkhead pressure changes. The correlation coefficient between bulkhead 

pressure and tail shield pressure is 0.97 with a slope of 1.1 that indicates that the tail shield 

pressure’s sensitivity to bulkhead pressure changes is high. 

However, after t = 3 min the front shield pressure increases by around 0.75 bar while the 

tail shield pressure decreases by 0.25 bar. The correlation coefficient between the bulkhead and 

shield pressures decreases significantly making the regression line slopes for the rest of the 

advance meaningless. These pressure changes could signify the closing of the shield gap or a 

blockage caused by a broken piece of rock around the front shield pressure sensor. The material 

caving into the gap or the blockage around the front shield pressure sensor could prevent 

material from the face flowing towards the tail causing the tail shield pressure to decrease. The 

following decrease in front shield pressure and the increase in tail shield pressure could signify 

that the block in the gap was removed. 

Figure 6-5c shows the relationship between the bulkhead and shield pressure for three 

different time ranges during the standstill. From t = 18 min to t = 26 min both front and tail 

shield pressure correlate well with the bulkhead pressure, with a correlation coefficient of 0.96 

and 0.94, respectively. The slopes of 1.5 and 1.8 indicate an overly strong reaction of the shield 

pressures to bulkhead pressure changes. However, the large negative intercept of the tail shield 

regression line indicates a weak relationship between bulkhead pressure and tail shield pressure. 

For the two other time frames either a low correlation coefficient, a low slope, or a large 

intercept indicate a weak relationship between the bulkhead pressure and the shield pressures. 

The correlation coefficient of 0.98 and the slope of 0.73 during the first three minutes of the 

advance indicate a good relationship between the two shield pressures, Figure 6-5d. During the 

rest of the advance and standstill either the correlation coefficient, the slope, or the intercept 

indicate a weak relationship. 

Figure 6-6 presents the slope regression coefficient m between pressures. One value of 

regression parameter m was determined during the advance of each ring. Solid symbols indicate 

that the correlation coefficient r of the same ring is above 0.9 indicating a very strong linear 

relationship between the pressures, which makes the slope meaningful as a measure of relative 

pressure change. Open symbols indicate a r < 0.9 for the same ring, which is used to highlight 

areas with weak correlation. Figure 6-6d shows the percentage of soil types, the water pressure 
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Figure 6-6. Slope m during advance from ring 0 to ring 2700 between (a) bulkhead and front shield pressure, (b) bulkhead and 

tail shield pressure, and (c) front and tail shield pressure, and (d) the percentage of each soil type, the FIRp, the water head, 

and the ground cover. Filled symbols indicate r > 0.9, open symbols indicate r < 0.9 
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head, the ground cover, and the foam injection ratio under chamber pressure (FIRp) from ring 0 

to ring 2700. 

Although a majority of the rings have a slope close to 1, there are areas where the slopes 

decrease far below or far above 1. The slopes between the bulkhead and the tail shield pressure 

and between the two shield pressures seem to have a larger spread around 1 than the slopes 

between the bulkhead pressure and the front shield pressure and also seem to have a larger 

number of rings with r < 0.9, which indicates that there is better communication between the 

bulkhead and front shield pressure than between the other pressures. In the area from ring 0 to 

400 right after the launch of the TBM, first in CCS then in CSF and CSG soil types, the slopes 

between the bulkhead pressure and the shield pressures are generally below 1 and a large number 

of rings have a correlation coefficient r < 0.9. The second area with low slope and a large 

number of r < 0.9 starts around ring 1620, where the TBM relaunched from the first shaft into a 

mix of CCS, CSF, and TLD soil types. In both areas the FIRp was below 40% for a majority of 

the rings which could be one cause for the weaker correlation between the pressures. The slopes 

and the correlation coefficient decrease for a third time around ring 2125 where the water head 

and FIRp decrease at the same time and the percentage of CCS soil type decreases while the CSG 

soil type increases. The slopes and correlation coefficients decrease a fourth time around ring 

2375 where the FIRp decreases and the TLD soil type starts. The data indicates that low slopes 

and correlation coefficients can be caused by a decrease in FIRp and water head (or a too low 

FIRp for the current soil type), an adjustment phase after the TBM launch (where the TBM 

operator is getting used to the TBM, soil conditioning system, and ground conditions), and a 

change in soil types. 

Figure 6-7 show the slope m, the soil types, the FIRp, the waterhead, and the cover similar 

to Figure 6-6, but standstill data was used instead of advance data to calculate the slopes. The 

data shows that the pressures correlate better during the standstill than during the advance, as 

indicated by a tighter spread of the slopes m around 1 and a majority of rings with r > 0.9. The 

slopes deviate from 1 more in the areas after the launch (ring 0 to 250), around the first shaft 

(ring 1500 to 1750) in TLD soil type, and in the TLD soil type after ring 2375. From ring 250 to 

400 and from ring 600 to 750 in the CSG soil type the slopes increase up to 2 indicating that the 

shield pressures are a magnitude larger than the bulkhead pressure. This could be due to plugging 
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Figure 6-7. Slope m during standstill from ring 0 to ring 2700 between (a) bulkhead and front shield pressure, (b) bulkhead 

and tail shield pressure, and (c) front and tail shield pressure, and (d) the percentage of each soil type, the FIRp, the water 

head, and the ground cover. Filled symbols indicate r > 0.9, open symbols indicate r < 0.9 
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of the cutterhead and excavation chamber that was experienced in the same area. The FIRp had to 

be increased significantly to resolve the plugging issues, which happened around ring 750. 

Around ring 1850 the slope between bulkhead and tail shield pressure and between front and tail 

shield pressure increases again, indicated that the tail shield pressure was higher than both 

bulkhead and front shield pressures. This could be because the TBM reached the bottom of a 

sharp vertical curve and the tail shield pressure increased due to the change in TBM inclination. 

In the adjustment phases after launches and in areas with TLD soil type the spread of the slopes 

around 1 is larger and the number of rings with r < 0.9 increases compared to other rings. 

Furthermore, plugging issues in the TBM and vertical curves also seem to influence the 

relationship between bulkhead and shield pressures negatively. 

Figure 6-8 and Figure 6-9 show the frequency distribution of correlation coefficient r 

between the bulkhead pressure and the front shield pressure and between the bulkhead pressure 

 
Figure 6-8. Frequency distribution of correlation coefficient r between the bulkhead 

pressure, p16, and the front shield pressure at 11 o’clock, pfront11, and between the bulkhead 

pressure and the tail shield pressure at 11 o’clock, ptail11, during standstill 
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and the tail shield pressure during standstill and advance, respectively. The calculation of the 

correlation coefficient r takes the raw pressure data of each entire ring into account, but separates 

the data of each ring by standstill and advance. One r for the advance and one r for the standstill 

of each ring is calculated and then the frequency of different r ranges over a range of rings is 

determined. It is apparent that the correlation between the pressures is better during standstill as 

indicated by a higher frequency of correlation coefficient r > 0.9 (Figure 6-8). The correlation 

between the pressures during standstills is better because no flow of material from the face into 

the shield gap is necessary to keep the gap pressurized. In addition, the bulkhead pressure rarely 

fluctuates during standstills and slowly approaches ambient pressure. Since the communication 

between the shield gap and the face is more uncertain during the advance, only pressure data 

during the advance is used from here on in the data analysis, unless otherwise stated. 

 
Figure 6-9. Frequency distribution of correlation coefficient r between the bulkhead 

pressure, p16, and the front shield pressure at 11 o’clock, pfront11, and between the bulkhead 

pressure and the tail shield pressure at 11 o’clock, ptail11, during advance 
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Figure 6-9a shows the frequency distribution of correlation coefficient r for all rings 0 to 

2700, Figure 6-9b shows the distribution for ring 0 to ring 150 in the CCS soil type, Figure 6-9c 

shows the distribution for ring 800 to ring 1200 in the CSG soil type, and Figure 6-9d shows the 

distribution for ring 1500 to ring 1600 in the TLD soil type. The distribution of all shown figures 

is skewed left indicating r of most rings approaches 1. Table 6-1 shows the percentage of rings 

with a correlation coefficient r > 0.7 and r > 0.9 for the different pressure pairs and soil types. 

The data indicates that the linear correlation between the pressures of the first 150 rings in the 

CCS soil type was worse than of rings 800 to 1200 or rings 1500 to 1600. The linear correlation 

between the pressures of rings 800 to 1200 was the best of the displayed ring ranges. The CCS 

soil type is more difficult to condition than the TLD or CSG soil types due to its high clay 

content. The clay often forms clumps surrounded by better conditioned material. This might be 

the reason for the lower correlation coefficients in the CCS soil type. 

Figure 6-10 shows the frequency distribution of the regression line slope m between the 

bulkhead and front shield pressure and between the bulkhead and tail shield pressure. Figure 

6-10a shows the frequency distribution of all 2700 rings, Figure 6-10b shows the distribution for 

rings in soil type CCS, Figure 6-10c shows the distribution for rings in soil type CSG, and Figure 

6-10d shows the distribution for rings in soil type TLD. The regression line slopes between the 

bulkhead pressure and the front shield pressure of all rings are distributed around 1, which is the 

ideal slope for the regression line. The slopes between the bulkhead pressure and the tail shield 

pressure are distributed around 0.9, which indicates that the tail shield pressure is smaller than 

the bulkhead pressure for a majority of the rings. Only around 50% of all rings have a slope of 

0.9 to 1.1 between bulkhead and front shield pressure and only 28% of all rings have a slope of 

Table 6-1. Percentage of rings with a correlation coefficient r > 0.7 and r > 0.9 between 

bulkhead and front shield pressure, between bulkhead and tail shield pressure, and 

between front and tail shield pressure during advance 

Ring Range 
Soil 

Type 

Rings with r > 0.7 (%) 

between 

Rings with r > 0.9 (%) 

between 

p16 & 

pfront11 

p16 & 

ptail11 

pfront11 

& ptail11 

p16 & 

pfront11 

p16 & 

ptail11 

pfront11 

& ptail11 

0-150 CCS 63 67 66 34 31 37 
800-1200 CSG 88 74 70 69 46 42 
1500-1600 TLD 82 60 65 55 21 28 
0-2700 All 75 59 60 51 30 33 
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0.9 to 1.1 between bulkhead and tail shield pressure. Rings in soil type CSG seem to have the 

highest frequency of slopes between 0.9 and 1.1 and also the tightest frequency distribution 

around the desired slope of 1. Rings in soil type CCS seem to have the largest spread around 1 

with a lower frequency of slopes in the desired range. 

In addition to a good linear relationship between the pressures, it is also important that 

the pressure change along the length of the shield is low and that the shield pressures are as close 

as possible to the pressure at the bulkhead. Figure 6-11 shows the frequency distribution of the 

pressure change over the length of the shield from the bulkhead to the front shield pressure 

sensor. A positive pressure change means that the bulkhead pressure is higher than the shield 

pressure and a negative pressure change means that the bulkhead pressure is lower than the 

shield pressure. Overall most pressure changes from the bulkhead to the front shield sensor are 

 
Figure 6-10. Frequency distribution of the regression line slope m between the bulkhead 

pressure, p16, and the front shield pressure at 11 o’clock, pfront11, and between the bulkhead 

pressure and the tail shield pressure at 11 o’clock, ptail11, during advance for different ring 

ranges 
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between 0 and 0.1 bar. For ring 0 to ring 150 in the CCS soil type most of the changes are 

between -0.1 and 0 bar (Figure 6-11b), which means that for most rings in this region the 

measured front shield pressure is slightly higher than the face pressure. For both rings 800 to 

1200 in the CSG soil type and rings 1500 to 1600 in the TLD soil type the majority of the 

pressure changes are between 0 and 0.1 bar, see Figures 6-11c and 6-11d, respectively. 

Figure 6-12 shows the frequency distribution of the pressure change over the length of 

the shield from the bulkhead to the tail shield pressure sensor. Overall most pressure changes 

from the bulkhead to the tail shield sensor are between -0.1 and 0.2 bar. For ring 0 to ring 150 in 

the CCS soil type most of the changes are between -0.1 and 0.1 bar (Figure 6-12b). For rings 800 

to 1200 in the CSG soil type a majority of the pressure changes are between 0 and 0.2 bar 

(Figure 6-12c). For rings 1500 to 1600 in the TLD soil type a majority of the pressure changes 

are between 0 and 0.1 bar (Figure 6-12d). 

 
Figure 6-11. Frequency distribution of the pressure change Δp between face pressure and 

front shield pressure 
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Figure 6-13 shows a bar plot of the average pressure difference between the bulkhead and 

front shield pressure, between the bulkhead and tail shield pressure, and between the front and 

tail shield pressure for different ring ranges. The standard deviations from the average pressure 

differences are displayed as error bars. Considering the standard deviation, it can be concluded 

from the data that a majority of the pressure changes over the length of the shield are between -

0.2 and 0.25 bar. It can also be concluded that the shield pressures in the CCS soil type, from 

ring 0 to ring 150, are often higher than the bulkhead pressure. It is very difficult to 

homogeneously mix high clay content material like the CCS soil type with foam and therefore, 

clumps of clay often remain in the mix. These clumps of clay can sink to the bottom of the 

chamber while the lighter material containing more foam percolates to the top. Furthermore, the 

CCS soil might plug part of the cutterhead openings due to its high clogging potential and the 

pressure transfer between face and bulkhead might be reduced. The pressures measured by the 

top bulkhead pressure sensors might, therefore, be lower and not representative of the pressure at 

 
Figure 6-12. Frequency distribution of the pressure change Δp between face pressure and 

tail shield pressure 
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the face. The pressure loss from the bulkhead towards the tail shield is the highest for the CSG 

soil type region from ring 800 to ring 1200. The vertical distance between the face pressure 

sensors and the shield pressure sensors is about 0.39 m. A difference in pressure between the 

face and the shield gap of around 0.05 bar can, therefore, be simply due to this vertical distance. 

However, the friction between the conditioned CSG soil type material and the shield might be 

higher than in other soil groups due to the lower amounts of fines in the soil and cause this 

higher pressure loss along the shield. 

6.6.1 Region with Standstill Tail Void Grouting 

Figure 6-14 shows the pressures of ring 99 in CCS soil type during the advance plotted 

against time (6-14a) and the shield pressures plotted against the grouting pressure (6-14b). The 

grouting pressure (port 1 at 12 o’clock) is magnitudes higher than the bulkhead and shield 

pressures and its cyclic pressure signature is caused by the pulsating pumping action of the 

peristaltic pump. In contrast to the other pressures, the grouting pressure is recorded in 0.1 bar 

steps. When the shield pressures are plotted against the grouting pressure, no apparent linear 

relationship is found. The correlation coefficient is very low and makes the slope meaningless as 

a measure of relative pressure magnitude. 

 
Figure 6-13. Average pressure change Δp along the shield with standard deviation between 

the pressure sensors (indicated in the legend) 
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Overall, for all analyzed rings from 0 to 2700, the linear correlation between the grouting 

pressure and the tail shield pressure is weak with only 7% of rings showing a strong correlation 

(r > 0.7) and only 23% of rings exhibiting a moderate correlation (r > 0.5), Figure 6-15. 

Furthermore, a majority (70%) of the regression line slopes between the grouting pressure and 

the tail shield pressure is between 0 and 0.1, Figure 6-16. However, the grout pressure can still 

influence the shield pressures especially during standstill when the flow of conditioned soil into 

the shield gap due to the forward movement of the TBM stops. 

 
Figure 6-14. Pressure data of ring 99 in CCS soil type showing (a) the bulkhead pressure, 

shield pressures, and grouting pressure plotted against time and (b) the shield pressure 

plotted against the grouting pressure 

 
Figure 6-15. Frequency distribution of correlation coefficient r between grouting pressure 

and the tail shield pressure of all analyzed rings 
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Standstill tail void grouting refers to grouting after the end of excavation and TBM 

advance, while the TBM is in standstill mode. Grouting is continued until a specified cut-off 

pressure of 1 bar over the normal grouting pressure is reached. This procedure was followed 

from ring 337 to ring 347 as a test for this grouting method. Since no advantage to the normal 

grouting procedure was found in this testing section, it was not continued thereafter. During the 

normal grouting procedure, grouting is mainly done during the advance until a cut-off pressure 

of 0.5 bar over normal grouting pressure is reached. Figure 6-16 shows the pressures of rings 337 

and 346 during which grouting was continued after mining was stopped. The tail shield pressure 

was lower than the bulkhead pressure and the front shield pressure during the advances of both 

rings. However, after the end of the advance during ring 337 and ring 346, the tail shield pressure 

increases above the bulkhead and front shield pressure while tail void grouting was continued. 

This indicates that grout migrated around the tail seal and into the shield gap and started to 

influence the tail shield pressure. The forward movement of the TBM normally pushes 

conditioned material from the face into the shield gap, but since grouting was continued after the 

advance the material flow from the face stopped and the high pressure of the grout could reverse 

the flow direction. Migration of grout from tail shield toward the front shield and into the 

cutterhead chamber could introduce significant issues in case of damaging the tail seal, 

contaminating the clean excavated material into high pH material and also could introduce 

confusion in efforts to identify ground loss. 

 
Figure 6-16. Ring 337 and ring 346 with standstill tail void grouting 
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Figure 6-17 shows the frequency distribution of the pressure difference between the 

bulkhead pressure and the tail shield pressure of rings 337 to 347 during advance (Figure 6-17a) 

and standstill grouting (Figure 6-17b). During the advance the tail shield pressure was higher 

than bulkhead pressure, as indicated by a negative pressure change, only during 16% of the time, 

while this was the case for 44% of the time during which standstill grouting was performed. This 

indicates that the grouting pressure influenced and increased the tail shield pressure more during 

standstill grouting than during the advance. 

6.6.2 Region with Bentonite Injection into Shield Gap 

From ring 1918 to ring 1958, bentonite slurry was injected into the annular space around 

the shield. The ground in that region was a mixture of the CSG, CSF, and CCS soil types. In 

theory the injection of bentonite slurry into the shield gap should result in a fully filled shield gap 

and strong communication between the bulkhead pressure and the shield pressures. Figure 6-18 

shows the pressures and the injected bentonite volume of ring 1930 plotted against time (6-18a) 

and the shield pressures plotted against the face pressure (6-18b). During this ring 0.18 m3 

bentonite was injected into the ring gap and the correlation between the bulkhead pressure and 

front shield pressure and between the face pressure and tail shield pressure is only weak to 

moderate. The correlation coefficient r is 0.44 and 0.56, respectively. Figure 6-19 shows the 

pressures of ring 1960 during which no bentonite was injected into the shield gap. This ring 

 
Figure 6-17. Frequency distribution of pressure change between the bulkhead pressure and 

the tail shield pressure for ring 337 to ring 347 during the advance (a) and during standstill 

when grouting was continued (b) 
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shows a strong linear correlation between bulkhead pressure and front shield pressure and 

between bulkhead pressure and tail shield pressure with 0.89 and 0.79, respectively. The average 

pressure change along the length of the shield is below 0.05 bar from the bulkhead to the tail 

shield pressure sensor. 

 
Figure 6-18. Ring 1930 during which bentonite was injected into the shield gap. (a) 

Bulkhead pressure, shield pressure, and bentonite volume plotted against time and (b) 

shield pressures plotted against the bulkhead pressure 

 
Figure 6-19. Ring 1960 during which no bentonite was injected into the shield gap. (a) 

Bulkhead pressure, shield pressure, and bentonite volume plotted against time and (b) 

shield pressures plotted against the bulkhead pressure. 



149 

Figure 6-20a shows the frequency distribution of linear correlation coefficient r between 

the bulkhead pressure and the shield pressures for rings 1918 to 1958 during which bentonite 

was injected into the shield gap. Figure 6-20b shows the correlation coefficient between the 

pressures for rings 1959 to 2000 during which no bentonite was injected into the shield gap. The 

ground type was the similar for both regions. Figure 6-21 shows the frequency distribution of the 

regression line slope m and Figure 6-22 shows the frequency distribution of the pressure change 

Δp between bulkhead and tail shield pressure for both regions. The linear correlation and the 

slopes seem to be better in the region without bentonite injection. The pressure change indicates 

that the tail shield pressure was generally kept at a pressure higher than the bulkhead pressure, 

which can be advantageous for the shield gap support, but can also lead to a flow of material 

from the tail of the shield towards the face. However, this increase in tail shield pressure might 

not be a result of the bentonite injection, but could be a result of the vertical curve the TBM is 

following in this area. Furthermore, only small amounts of bentonite slurry were injected into the 

shield gap (< 0.2 m3/ring), which increased the tail shield pressure, but was probably not enough 

to improve the communication between face and shield gap. Therefore, from the limited region 

bentonite was injected into the shield gap on the N125 project, no advantages over the passive 

control of the shield gap could be identified. 

 
Figure 6-20. Frequency distribution of correlation coefficient r between the bulkhead 

pressure and the shield pressures (a) for rings 1918 to 1958 with bentonite injection into the 

shield gap and (b) for rings 1959 to 2000 without bentonite injection into the shield gap 
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Figure 6-21. Frequency distribution of regression slope m between the bulkhead pressure 

and the shield pressures (a) for rings 1918 to 1958 with bentonite injection into the shield 

gap and (b) for rings 1959 to 2000 without bentonite injection into the shield gap 

 
Figure 6-22. Frequency distribution of the pressure change Δp between bulkhead pressure 

and tail shield pressure (a) for rings 1918 to 1958 with bentonite injection into the shield 

gap and (b) for rings 1959 to 2000 without bentonite injection into the shield gap 

6.6.3 Ring with Free Air Intervention 

During ring 155 in the CCS soil type a free air cutterhead intervention was performed. 

The excavated soil in the chamber was slowly replaced by pressurized air while maintaining the 

ambient pressure. Then, the pressurized air was released slowly to bring the pressure inside the 

chamber below ambient in several steps and finally to atmospheric pressure. Figure 6-23shows 

the face pressure, shield pressures, and grouting pressure during the advance of ring 155 and 

during the free air intervention. The shield pressures decrease following the bulkhead pressure at 
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the start of the intervention. The bulkhead pressure reaches atmospheric pressure, but the shield 

pressures remain above zero with the tail shield pressure being the highest. When the shield 

pressures are plotted against the bulkhead pressure (Figure 6-23b), the linear relationship 

between the pressures is apparent. Both shield pressures follow the bulkhead pressure with a 

slope of almost 1 down to a certain bulkhead pressure. Below this pressure the slope of the tail 

shield pressure curve decreases and the tail shield pressure remains above 0.8 bar during the 

intervention. Therefore, the tail shield pressure never decreases below ambient pressure. The 

front shield pressure remains at around 0.2 bar during the intervention, but slightly increases. 

This increase in pressure could indicate that material is collapsing into the shield gap. A small 

settlement of 3.8 mm was measured by an extensometer 5 feet above the tunnel crown, but no 

settlement was measured at the surface.  

6.6.4 Region with Over-excavation 

During the push for ring 236 the excavated muck weight exceeded the theoretical muck 

weight suggesting over-excavation during rings 235 or 236. The rings excavated during these 

pushes were 240 and 241, respectively. Grouting of rings 241 and 242 (during the push of 243 

and 244) required grout volumes that were higher than normal while the grouting pressures 

remained low, which are also signs of over-excavation. The soil type in this area was CCS with 

 
Figure 6-23. (a) Bulkhead, shield, and grouting pressure during ring 155 plotted against 

time, and (b) shield pressures plotted against face pressure during advance and standstill 
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pockets of peat in the invert of the tunnel. Figure 6-24 shows the pressures during ring 235 where 

the over-excavation has occurred. The bulkhead pressure and the shield pressure seem to 

fluctuate independent from each other and the front shield pressure spikes several times to levels 

above the bulkhead pressure. This could indicate that material is collapsing into the shield gap. 

The correlation coefficient was 0.5 between the bulkhead and front shield pressure and 0.49 

between the bulkhead and the tail shield pressure. Figure 6-25 shows the pressures during ring 

236, where the pressures fluctuate independent from each other as well. However, the front 

shield pressure never spikes above the bulkhead pressure. The correlation coefficient is 0.7 

between the bulkhead and the front shield pressure and 0.65 between the bulkhead and the tail 

shield pressure. The pressure data in conjunction with the muck weights and grout volumes 

suggests that the over-excavation most likely happened during ring 235. 

There is currently no direct way of measuring ground loss or over-excavation for EPB 

TBM tunneling. Even though ground settlement monitoring data can be used as a passive 

indicator, it can only show ground loss that reached the surface or other measurement points and 

cannot be used as a quantitative measure for over-excavation. Belt scales that measure excavated 

muck weights can be used as a quantitative measure, but belt scales can sometimes be 

inconsistent and inaccurate. The following parameters should be monitored in addition to 

 
Figure 6-24. (a) Pressures of ring 235 plotted against time, (b) and shield pressures during 

the advance plotted against the bulkhead pressure 
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identify ground loss: bulkhead pressures, shield pressures, muck weights, grout volumes, and 

grout pressures. These parameters should only be used in conjunction to each other and not 

individually. 

6.7 Conclusions 

The annular space between the TBM shield and the surrounding ground needs to be 

pressurized at an elevated pressure to prevent ground from collapsing into the gap. This can be 

accomplished when well-conditioned soil from the face fills the shield gap and pressurizes it at a 

pressure close to the face pressure. The linear correlation between the bulkhead pressure and the 

tail shield pressure has to be strong with a low pressure change along the length of the shield to 

provide the necessary pressure. Majority of the rings of the N125 project have a strong 

correlation between the bulkhead and the shield pressures, a good relative pressure change of the 

shield pressures, and a reasonable low pressure change along the shield. This of course has been 

supported by minimum ground loss and settlement along the analyzed tunnel alignment. The 

findings of the performed study can be summarized in the following points: 

 The strength of the linear correlation and the relative pressure change of the pressures 

mainly depends on the soil type, but is also influenced by factors like soil conditioning, 

 
Figure 6-25. (a) Pressures of ring 236 plotted against time, and shield pressures during the 

advance plotted against the bulkhead pressure 
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vertical curves, and adjustment phases after TBM launches. Material that is more difficult 

to condition homogeneously, like the CCS or TLD soil type, has a lower linear 

correlation coefficient and material with lower fines content, like the CSG soil type, has a 

higher pressure change along the shield. 

 There seems to be no apparent linear relationship between the grouting pressure and the 

shield pressures as shown by low linear correlation coefficients and regression line 

slopes. However, grouting pressures can increase the tail shield pressure above the 

bulkhead pressure especially when standstill grouting is performed. 

 Bentonite injection into the shield gap shows no apparent advantages for the 

communication between face and shield gap over the passive pressure control of the 

shield pressure in the tested region. This might be because only small amounts of 

bentonite slurry were injected into shield gap on this project. However, the bentonite 

slurry seemed to increase the shield pressure, which could help prevent ground loss. 

 Pressure fluctuations that cause a weak linear correlation and/or a high pressure changes 

along the shield can be an indication for ground loss and should be analyzed in 

conjunction with other parameters like muck weights and tail void grouting volumes. 

In conclusion, the analysis of the N125 project data has confirmed that the conditioned 

material from the face fills and pressurizes the shield gap and that the pressures along the shield 

correlate with the bulkhead pressure. Furthermore, the analyzed data does not indicate that the 

grouting pressure has a major influence on the shield pressures during the advance. 

 



155 

 

CHAPTER 7 - 

GENERAL DISCUSSION AND CONCLUSIONS 

7.1 Summary and Discussion of Findings 

This section presents a summary and discussion of the findings of this study. First, the 

effect of void ratio and effective stress on the behavior of conditioned soil under pressure is 

discussed. Second, the benefit of sampling muck from the belt conveyor to perform in-situ tests 

is explored. Third, the relationship between apparent density and conditioned soil behavior is 

examined. Last, the relationship between soil conditions, bulkhead pressure, shield pressures, 

and grouting pressure is discussed. 

7.1.1 Laboratory Testing 

Two types of laboratory tests were used to investigate the effect of pressure and 

geotechnical properties on the behavior of foam-conditioned soil (Chapter 3). The tests analyzed 

the compression behavior and the shear strength of two sands mixed with foam at three different 

target FIR0s. The main difference between the two soils was the higher fines content and lower 

emax of soil 1 compared to soil 2. It was found that when soil is mixed with foam at atmospheric 

pressure, the resulting, measured FIR0 can be different from the target FIR0 that is expected from 

the added amount of foam. This can be explained by foam bubbles getting destroyed or more air 

being incorporated into the foam-soil mix during the mixing process. The destruction of foam 

bubbles decreases the effective FIR, but also decreases the FER. The incorporation of air into the 

mix increases the effective FIR and FER. A change in FIR is more unlikely to happen in an EPB 

TBM since foam and soil are mixed under confined conditions. 

The compression test results showed that the compression of the soils was governed by 

the compression of the entrained air according to Boyle’s law up to a certain transitional e/emax 

ratio. Although the transitional e/emax ratio was 1.2 for both soils, the FIR necessary to reach the 

transitional ratio was higher for soil 2 than for soil 1. Soil 2 contains more gravel and less fines 

than soil 1, which leads to a higher emax of soil 2. Therefore, a larger amount of foam is necessary 
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to fill the pores in soil 2 at emax. Below this transitional e/emax ratio effective stresses started to 

develop and the compressibility of the soils decreased below air compressibility. This indicates 

that the compression behavior of the foam-conditioned soils was governed by air above 

e/emax = 1.2 while it was governed by grain-to-grain stresses below emax. In the transition zone 

between e/emax = 1.2 and e = emax the soil behavior transitioned from air-governed to governed by 

grain-to-grain stresses and effective stresses started to develop. The compressibility values 

ranged from 10%/bar to 50%/bar in the air-governed region above e/emax = 1.2 and between 

0.3%/bar and 10%/bar below e/emax = 1.2 for both soils. The compressibilities below emax were 

below 2.5%/bar for soil 1 and below 2.0%/bar for soil 2. According to Budach (2011) a 

compressibility of 3.8%/bar is desired for a metro-sized EPB TBM. For the tested soils this 

compressibility requirement can be fulfilled somewhere in the transition zone above emax and was 

definitely fulfilled above the transitional ratio e/emax = 1.2. Furthermore, the relationship between 

compressibility and void ratio of both soils seems to be linear. The vane shear test results 

indicated a linear relationship between the vane shear strength and the effective vertical stress 

consistent with the Mohr-Coulomb failure criterion. The vane shear strength remained below 

10 kPa for void ratios above e/emax = 1.2 and started to increase significantly at e < emax. The 

compression and vane shear tests indicated that enough foam needs to be added to the soil to 

increases its void ratio above a transitional void ratio to guarantee the desired compressibility 

and negligible vane shear strength. This is in contrast to previous research (Maidl, 1995; 

Bezuijen, 2012), that assumed the minimum void ratio that is needed for ideal conditioned soil 

behavior is emax. 

7.1.2 In-situ Testing 

Several tests were performed on muck collected from the belt conveyor of the N125 EPB 

tunneling project in Seattle. Torvane shear tests were conducted inside the TBM right after 

sample collection to explore the time dependency of the Torvane shear strength and investigate 

the relationship between Torvane shear strength and TBM performance. The results showed that 

the Torvane shear strength fluctuates largely over time without an apparent relationship between 

time passed since sample collection and the shear strength. This can be partially attributed to the 

inaccuracy of the Torvane device. The collected muck samples were also visually inspected to 

assess their soil conditioning state at collection time. No foam bubbles were visible in the 
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samples at sample collection time and foam bubbles became visible when agitated in the CSG 

soil type only. Furthermore, no apparent relationship between the Torvane shear strength and 

TBM performance parameters, like torque to thrust ratio and penetration rate was found. 

However, this can be partially attributed to the limited number of tests performed. 

Additional tests were performed in an on-site laboratory to investigate which types of 

tests can further the understanding of the ground conditions, the soil conditioning process, and 

the TBM performance. The moisture content, the liquid limit, the density, the slump, the grain 

size distribution, the sliding angle, and the vane shear strength of muck collected from the belt 

conveyor were determined. The grain size distribution and liquid limits agreed well with the soil 

units predicted by the geotechnical baseline report (GBR). A limited relationship was found 

between the moisture content and the average advance rate per ring indicating that a low 

moisture content leads to a lower advance rate. The sliding angle was large in soil types with 

high fines content indicating higher adhesion and clogging potential. The measured vane shear 

strength varied and no apparent relationship between the vane shear strength and the operational 

parameters torque, thrust, and advance rate was found. However, the time passed between 

sample collection and testing could have influenced the vane shear results. 

The lack of foam bubbles in the muck collected from the belt, the average residency time 

of the conditioned soil inside the TBM (45-60 min), the average half-life time of foam (1-40 min, 

Psomas, 2001; Pena Duarte, 2007; Borio and Peila, 2010; Budach, 2011), and the lack of 

relationship between shear strength, time passed since sample collection, and TBM operational 

parameters suggest that a majority of the foam deteriorated before the muck reached the belt 

conveyor. The mixing action and the depressurization in the screw conveyor can also accelerate 

the deterioration of foam. Therefore, the muck collected from the belt conveyor was potentially 

unrepresentative of conditioned soil in the TBM. 

7.1.3 Apparent Density Analysis 

The apparent densities of the U230 and N125 EPB tunneling projects in Seattle were 

analyzed. The apparent density is the vertical gradient of bulkhead pressure calculated from the 

pressure difference between two bulkhead pressure sensor levels divided by their vertical 

distance. The analyzed data showed that apparent densities can be very noisy during the TBM 
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advance due to the rotation of the cutterhead and the advance of the TBM. The noise in apparent 

densities stops when mining stops. During standstill the apparent densities increase due to 

several factors including consolidation and migration of foam bubbles from the chamber. 

In the first analytical method, the apparent density in the top part of the excavation 

chamber was compared to the density of water. It was assumed that when the apparent density is 

below unity the top of the chamber is filled with a material lighter than water. An air pocket 

might have developed from foam bubbles migrating towards the top of the chamber. This can 

happen when the soil is over-saturated with foam or when the foam is not adequately 

incorporated into the soil by mixing. One of the TBMs used on the N125 project was equipped 

with an air relief valve on the top of the bulkhead. This valve was used to release accumulated 

air from the top of the chamber while recording when the valve is open. The study showed that 

the top apparent density can be increased by opening the air relief valve when an air pocket is 

present in the chamber. If the apparent density is below unity, but does not increase when air is 

released from the chamber, no air pocket is present in the chamber. Therefore, the top apparent 

density can be used as an indicator for the formation of an air pocket, but only an increase in 

apparent density when the air is released can prove the presence of an air pocket. 

In the second analytical method, the apparent density in the bottom part of the excavation 

chamber was compared to the density of the in-situ soil. It was assumed that when the apparent 

density is above the in-situ soil density, the soil has compacted and transfers higher effective 

stresses indicating a plugging issue. This can happen when the soil is not adequately conditioned 

or when the conditioners are not mixed well with the soil. Plugging issues and air pocket 

formation can go hand in hand when separation due to inadequate mixing occurs. The lighter 

foam migrates to the top forming an air pocket, while the soil in the bottom is left without 

adequate conditioning. The data analysis showed that high bottom apparent densities can indicate 

plugging issues, which was proved by cutterhead interventions due to plugging issues. In the 

rings before the cutterhead interventions the bottom apparent density started to rise above the in-

situ soil density and reached very high levels. Furthermore, the torque and thrust increased while 

the advance rate increased, also indicating plugging issues. However, not all areas with high 

bottom apparent density were caused by plugging issues. In soil types with high boulder and 

cobble content the apparent density also rose over the expected in-situ soil densities. In these 
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areas the torque, thrust, and advance rate did not indicate plugging issues. Therefore, the high 

apparent density should only be used as an indicator for plugging issues in conjunction with 

other TBM parameters. 

7.1.4 Shield Pressure Analysis 

The shield pressure data of the N125 EPB tunneling project in Seattle was analyzed to 

assess if conditioned soil from the face fills and pressurizes the gap between the shield exterior 

and the surrounding ground. A good communication between the face and the shield gap and, 

thus, a strong linear relationship between the bulkhead and shield pressures indicate that the 

shield gap is filled properly. Two shield pressures, measured on the crown of the front and tail 

shield, were compared to the bulkhead and grouting pressures. The analysis showed that a 

decrease in foam injection ratio (FIR) or water head, adjustment phases after TBM launches, and 

changes in soil types can lead to a weaker communication between the bulkhead and shield 

pressures. The relationship between the bulkhead and shield pressures was better during the 

standstill than during the advance. In general, a majority of the analyzed rings had a strong linear 

relationship between the bulkhead and shield pressures during the advance. The pressures 

normally decreased from the bulkhead towards the tail shield and a majority of pressure changes 

along the shield was below 0.2 bar. 

Furthermore, the analyzed data did not indicate a relationship between the shield 

pressures and the grouting pressure during the advance. However, when grouting was continued 

after the advance, the grouting pressure caused the tail shield pressure to increase above the front 

shield and bulkhead pressure. Rings with bentonite injection into the shield gap were compared 

to rings without bentonite injection and no apparent improvement in communication between the 

face and the shield gap due to the bentonite injection was found. For the limited rings bentonite 

was injected into the shield gap, the communication between bulkhead pressure and shield 

pressure was actually worse. However, the bentonite injection increased the tail shield pressure 

in relation to the bulkhead pressure, which can be beneficial for settlement control. Rings during 

which overexcavation occurred had a weak linear relationship between the bulkhead and shield 

pressures. 
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7.2 Conclusions 

The findings of this study will be of interest to both tunneling contractors and researchers 

and will further the understanding of foam-conditioned soil behavior under pressure. It will help 

tunnel contractors to understand what effect soil conditioning, pressure, and other parameters 

have on the behavior of conditioned soil and if on-site testing can be beneficial for their project. 

Further, it presents new TBM parameters analysis methods to assess the effectiveness of soil 

conditioning and evaluate the soil behavior on-site without time delay. Since this study is the 

first to explain the conditioned soil behavior from fundamental principles, researchers will be 

able to use it as a basis for further research in this field. This section summarizes the conclusions 

of the research study. 

7.2.1 Laboratory Testing 

The conclusions drawn from the compression and vane shear strength tests performed in 

a laboratory set-up can be summarized as follows: 

a. FIR0 and FER0 can change when foam and soil are mixed at atmospheric pressure due 

to incorporation of additional air or due to destruction of foam bubbles. 

b. Effective stress started to develop below a transitional e/emax ratio of around 1.2 in 

both tested sands. 

c. The compressibility of foam-conditioned sand was governed by the contained air 

above the transitional e/emax ratio and by grain-to-grain stresses below emax. 

d. The vane shear strength was very low below the transitional e/emax ratio and increased 

with increasing effective stress according to the Mohr-Coulomb criterion above the 

transitional e/emax ratio. 

e. The transitional e/emax ratio should be considered in the soil conditioning parameter 

design instead of emax alone to guarantee the desired soil behavior. 

7.2.2 In-situ Testing 

The conclusions drawn from the tests performed on muck collected from the belt 

conveyor of an EPB TBM can be summarized as follows: 
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a. The vane shear strength of the muck tested at pressure did not seem to correlate with 

TBM torque and thrust. 

b. The grain size distribution of the collected muck matched well with the engineering 

soil units predicted by the Geotechnical Baseline Report (GBR). 

c. The smallest division on the dial of the Torvane device is 1 kPa and permits visual 

interpolation to 0.5 kPa. Given the range of the tested conditioned soil shear strengths 

of 0 kPa to 25 kPa, the accuracy of the Torvane was inadequate. 

d. The comparison between shear strength test results and TBM torque and thrust as 

well as the visual inspection indicated that the muck collected from the belt was not 

representative of the conditioned soil behavior in the excavation chamber due to foam 

deterioration. 

7.2.3 Apparent Density Analysis 

The conclusions drawn from the apparent density analysis performed on the U230 and 

N125 project data set can be summarized as follows: 

a. An apparent density below unity can indicate the formation of an air pocket and can 

be a result of extensive use of foam and higher than necessary FER. 

b. An apparent density above the virgin soil density can indicate the development of 

plugging issues and can be a result inadequate soil conditioning or improper mixing. 

c. The apparent density should only be used to assess the soil behavior in combination 

with operational parameters like pressure, advance rate, thrust, torque, and soil 

conditioning parameters. 

7.2.4 Shield Pressure Analysis 

The conclusions drawn from the analysis of the N125 shield pressures can be 

summarized as follows: 

a. A majority of the rings of the N125 project had a strong linear relationship between 

bulkhead and shield pressures and a good relative pressure change, which indicates a 

good communication between the face and the shield gap. 



162 

b. The main factor that influenced the relationship between the pressures is the soil type, 

but soil conditioning, curves in the alignment, and adjustment phases after TBM 

launches can also affect the pressures. 

c. The influence of the grouting pressure on the shield pressures seemed to be limited to 

grouting during the standstill, during which the tail shield pressure increased due to 

the grout injection. 

d. Bentonite injection into the shield gap did not improve the communication between 

the face and the shield gap in the limited area it was used on the N125 project. 

However, it increased the tail shield pressure compared to similar areas without 

bentonite injection, which can help prevent ground movement. 

e. Shield pressure fluctuations without reasonable cause can be an indication for ground 

loss and should be analyzed in combination with muck weights and tail void grouting 

volumes. 

7.3 Recommendations for Future Work 

The research conducted for this dissertation has highlighted a number of topics on which 

future research would be beneficial. The following is a list of recommended future research 

studies: 

a. Expansion of the compressibility and vane shear strength study to include a larger 

range of soils and soil conditioners. 

b. Comparison of shear strength, stability, and void ratio of samples collected from the 

chamber and the belt conveyor of an EPB TBM to assess the process of foam 

deterioration in the screw conveyor. 

c. Comparison of densities of samples collected from the chamber and the belt conveyor 

of an EPB TBM to evaluate the relationship between apparent density, chamber 

density, and belt conveyor density. 

d. Measurement of vertical total stress and pore pressure in the excavation chamber of 

an EPB TBM to determine the range of earth pressure coefficients for conditioned 

soil. 
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e. Expansion of the shield pressure study to consider the orientation and steering of an 

EPB TBM. 
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LIST OF SYMBOLS 

∆ϕ Piezometric head difference ∇ Vertical gradient of bulkhead pressure 

A Cross-sectional area 

B Cutterhead width 

b Intercept of linear regression line 

bc Width of cutter 

c Cohesion of soil 

Cf Surfactant concentration 

Cu Coefficient of uniformity of soil 

D Excavated diameter of tunnel 

D Diameter of tunnel or cutterhead 

Db Diameter of rotational bearing 

Dm Diameter or width of mixing bar 

Dm Diameter of width of mixing bars 

Ds Diameter of contact face of seal 

dv Diameter of shear vane 

e Void ratio of a soil 

emax Maximum void ratio of a soil 

es Coefficient of deformation of seal 

FBr Frictional force between segmental lining and tail seal brushes 

FBU Frictional force due to back-up mass 

Fc Cutting resistance of soil 

FC Force due to excavation chamber pressure 

FCH Force due to cutterhead mass 
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FER Foam expansion ratio 

FER0 Foam expansion ratio at atmospheric pressure 

FERm Effective foam expansion ratio 

FERp Foam expansion ratio at pressure p 

Ff Frictional force 

FIR Foam injection ratio 

FIR0 Foam injection ratio at atmospheric pressure 

FIRp Foam injection ratio at pressure p 

Fr Radial load on bearing 

FSf Frictional force between tunnel boring machine shield and soil 

FT Thrust force 

FT Thrust force 

fΔp Coefficient accounting for pressure difference between front and back of cutterhead 

G Shear modulus of soil 

g Gravitational acceleration 

GS Specific gravity of soil 

H Overburden depth 

HS0 Original height of compression spring 

HSi Height of compression spring at i-th compression step 

hv Height of shear vane 

k In-situ soil permeability 

K Coefficient of lateral earth pressure 

k’ Fracture stress of soil 

K0 Coefficient of lateral earth pressure at rest 

kc Coefficient of cutting resistance of soil 
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kq Coefficient related to shear area 

ksp Steel spring constant 

L Distance between cutterhead and bulkhead 

Lm Length of mixing bar 

Lm Length of mixing bar 

m Slope of linear regression line 

mES Mass of in-situ soil 

mF Mass of foam 

mL Mass of surfactant solution 

n Porosity of in-situ soil 

N Number of cutters 

Nd Number of cutters on same path 

Nm Number of mixing bars 

nmax Maximum porosity of a soil 

np Number of pressure data points 

Nr Rotation speed of cutterhead 

Nr Rotation speed of cutterhead 

Ns Number of lips of a seal 

Ns Number of sealing rings 

p Gauge pressure, pressure 

p1, p6 Top level bulkhead pressures 

p16 Average pressure of two top level bulkhead pressure sensors 

p2, p5 Middle level bulkhead pressures 

p3, p4 Bottom level bulkhead pressures 

pambient Ambient pressure 
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patm Atmospheric pressure 

pfront11 Front shield pressure at 11 o’clock 

pgrout1 Grouting pressure of grout line 1 

ps Pressure applied on sealing rings 

ptail11 Tail shield pressure at 11 o’clock 

q Flow of water due to excess pore water pressure 

R Excavated radius of tunnel, radius of cutterhead 

r Linear correlation coefficient 

Rb Radius of rotational bearing 

Ri Distance between cutter i and cutterhead center 

Rm Distance between mixing bar and center 

Rs Radius of sealing ring 

RT Distance between acting point of thrust and center 

s Gap width between tunnel boring machine shield and soil 

sx Standard deviation of all pressure data points xi 

sy Standard deviation of all pressure data points yi 

T Total torque of tunnel boring machine 

t Time 

T1 Cutting torque 

T2 Friction torque on frontal surface of cutterhead 

T3 Friction torque on circular surface of cutterhead 

T4 Agitation torque due to mixing bars in excavation chamber 

T5 Sealing torque 

T6 Rotational bearing torque 

T7 Friction torque on back surface of cutterhead 
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T8 Shearing torque on cutterhead openings 

tc Cutting thickness 

u Pore pressure 

v Advance speed, advance rate 

V200 Volume of fine soil particles (passing the No. 200 sieve) 

VA Volume of air 

VA,0 Volume of air at atmospheric pressure 

VA,p Volume of air at pressure p 

VcG Volume of coarse soil particles (retained on No. 200 sieve) 

VES Volume of excavated in-situ soil 

VF Volume of foam 

VF,0 Volume of foam at atmospheric pressure 

VF,p Volume of foam at pressure p 

VL Volume of surfactant solution 

VS Volume of soil solids 

Vsf Volume of surfactant 

VT,0 Total volume of soil sample at atmospheric pressure 

VT,p Total volume of soil sample at pressure p 

VV Volume of voids in soil 

VV,max Maximum volume of voids in a soil 

Vw Volume of (pore) water 

w Water content of soil 

X Mass percentage of soil grains passing No. 200 sieve 

x Horizontal axis in tunneling direction; independent variable in linear regression 
equation 
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x̄ Mean of all pressure data points xi 

xc Projected length of cutting edge 

xi Data point of variable x 

Y Mass percentage of soil grains passing the No. 40 sieve 

y Horizontal axis normal to tunneling direction; independent variable in linear 
regression equation 

ȳ Mean of all pressure data points yi 

yi Data point of variable y 

Z Mass percentage of soil grains passing the No. 10 sieve 

z Vertical axis 

zB Vertical distance between middle and bottom bulkhead pressure levels 

zc Projected length of cutting edge 

zT Vertical distance between top and middle bulkhead pressure levels 

α Correction factor based on the coefficient of uniformity 

αew Volume percentage of water expelled from soil 

αF Coefficient accounting for the number of frictional surfaces in the shield gap 

αw Coefficient of pore water replacement in a soil 

 Empirical coefficient for tunnel boring machine torque 

c Circular angle between two adjacent cutters 

 In-situ soil unit weight 

' Effective soil unit weight 

f Unit weight of excavation chamber fluid 

δ Compression, change in height 

δc Cutting angle 

 Opening ratio of cutterhead 
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i Rotational angle of cutter i 

μb Coefficient of friction of bearing 

μk Coefficient of friction between soil and cutter or cutterhead 

μm Coefficient of friction between excavation chamber soil and mixing bar 

μs Coefficient of friction between seal and steel 

ρ In-situ soil density 

ϱ Apparent density 

ϱB Bottom chamber apparent density 

ρf Density of excavation chamber fluids 

ρL Density of surfactant solution 

ϱT Top chamber apparent density 

ρw Water density 

 Stress 

vt Total vertical stress 

vt’ Effective vertical stress 

x Lateral stress 

x’ Lateral effective stress 

z’ Vertical effective stress 

a Yield stress of conditioned soil 

v Vane shear strength 

 Yield stress of grout or bentonite 

φ Friction angle of soil 
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LIST OF ABBREVIATIONS 

3D Three-dimensional 

ASTM American Society for Testing and Materials 

BIR Bentonite injection ratio 

CCS Cohesive Clay and Silt 

CDF Controlled density fill 

CHS Capitol Hill Station 

CSF Cohesionless Silt and Fine sand 

CSG Cohesionless Sand and Gravel 

DIN Deutsche Institut für Normung (German Institute for Standardization) 

EFNARC European Federation of National Associations Representing for Concrete 

ENF Engineering and Non-engineering Fill 

EPB Earth Pressure Balance 

ESU Engineering Soil Unit 

FER Foam Expansion Ratio 

FIR Foam Injection Ratio 

GBR Geotechnical Baseline Report 

MLP Maple Leaf Portal 

N125 Northgate Link Extension Project Contract N125, Seattle, WA 

NB Northbound 

PSST Pine Street Stub Tunnel 

PTC Pressurized Testing Chamber 

RCS Recent Clays and Silts 

RGD Recent Granular Deposits 

RTV Rubber Tired Vehicle 
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RVS Roosevelt Station 

SB Southbound 

SR99 Alaskan Way Viaduct Replacement Tunnel, State Route 99, Washington, USA 

TBM Tunnel Boring Machine 

TLD Till and till-Like Deposits 

U230 University Link Light Rail Project Contract U230, Seattle, WA 

UDS University District Station 

UWS University of Washington Station 

WA Washington State, USA 
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GLOSSARY 

Abrasivity a measure for the abrasive effect of soil on materials like steel 

Active earth pressure earth pressure when soil is allowed to relax or expand laterally 

Additives substance added to soil in earth pressure balance tunneling to 
improve its behavior 

Advance forward movement of a tunnel boring machine for a certain 
distance, normally for the length of a ring 

Advance rate excavation speed of a soft ground tunnel boring machine during 
the advance; measured in distance per unit time 

Ambient pressure pressure of the ground surrounding a tunnel boring machine 

Apparent density vertical gradient of the bulkhead pressures 

Atmospheric intervention intervention performed under atmospheric pressure 

Belt conveyor material handling equipment that moves material from one 
location to another 

Bentonite slurry mixture of water and bentonite clay 

Blowout sudden release of pressurized material 

Bulkhead back wall of excavation chamber behind the cutterhead of an 
earth pressure balance tunnel boring machine 

Bulkhead pressure, chamber 
pressure 

pressure in the excavation chamber of an earth pressure balance 
tunnel boring machine measured by total pressure sensors 
installed on the bulkhead 

Clogging build-up of soil in openings and on surfaces 

Cohesionless free-running; no cohesion 

Compressibility relative volume change caused by a change in pressure 

Conicity the state of being shaped like a cone 

Consolidation reduction of soil volume under stress 

Controlled density fill self-compacting cementous material 

Cover distance between tunnel centerline and ground surface 
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Cutterhead rotating, circular head at front of tunnel boring machine that 
holds the cutting tools 

Cutting tools, cutters tools used to excavate soil or rock 

Downtime time during which tunnel boring machine is not available for 
use 

Earth pressure pressure due to soil density 

Earth Pressure Balance 
Tunnel Boring Machine 

mechanized tunneling method that uses the excavated material 
as support for the tunnel face 

Effective stress stress carried by soil particles 

Elasticity ability of material to return to original size after being deformed 

Excavation chamber, 
working chamber, chamber 

space behind the cutterhead of an earth pressure balance tunnel 
boring machine; space between cutterhead and bulkhead 

Extensometer instrument to measure deformation of a material 

Face excavation surface of soil in front of tunnel boring machine 

Face pressure pressure at the face of a tunnel boring machine 

Face support support of the excavation face by cutterhead structure and 
pressurized material 

Finite difference method approximation of derivatives in partial differential equations by 
finite differences 

Finite element method approximation of partial differential equations by 
discretizations  

Flowability capacity to move by flow 

Foam air bubbles entrained in a liquid; additive used to condition soil; 
produced by dispersing air in a surfactant solution 

Foam expansion ratio ratio of total foam volume to volume of liquid components in 
foam 

Foam injection ratio ratio of injected foam volume to volume of in-situ soil 
excavated by an earth pressure balance tunnel boring machine 

Front shield front part of an earth pressure balance tunnel boring machine 
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Geostatic pressure pressure due to soil or rock mass 

Glaciation movement and formation of glaciers 

Ground loss removal of excessive amounts of soil during tunneling 

Ground settlement movement of ground during tunnel construction 

Half-life time required for half of the foam liquid to drain from the foam 

Inclinometer instrument to for measuring horizontal and vertical angular 
inclination 

Injection ports ports through which soil conditioning additives are injected into 
soil 

In-situ soil state of soil prior to excavation 

Intervention planned downtime of tunnel boring machine to perform 
maintenance on cutterhead or in excavation chamber 

Lateral earth pressure 
coefficient 

ratio between lateral effective stress and vertical effective stress 
in a soil mass 

Mass flow meter device that measures the mass of a fluid passing the device per 
unit time 

Mixing bars bars mounted on back side of cutterhead and on bulkhead to 
mix the soil in the excavation chamber 

Muck material extracted by earth pressure balance tunnel boring 
machine 

Opening ratio area ratio of cutterhead openings to solid cutterhead structure 

Operational parameters parameters resulting from the operation of a tunnel boring 
machine (e.g., thrust, torque, etc.) 

Overconsolidated consolidated to a greater extent than could be expected from the 
current vertical stress 

Overcut difference between cutterhead excavation diameter and tunnel 
boring machine shield diameter 

Overcutters cutters installed on cutterhead periphery; extend the cutterhead 
diameter beyond the shield diameter 

Passive earth pressure earth pressure acting when soil is compressed laterally 



181 

Penetration rate rate of advance of a soft ground tunnel boring machine; 
measured in distance per cutterhead revolution  

Perched groundwater independent volume of groundwater separated from main body 
of ground water by an unsaturated zone 

Permeability ability of soil or rock to transmit fluid; rate of flow through soil 
or rock 

Permeameter device used to measure the permeability of soil 

Piezometer device used to measure liquid pressure 

Plasticity tendency of material to deform permanently under load 

Polymer additive used to condition soil 

Pore pressure pressure of groundwater in soil or rock 

Porosity ratio of void volume to total volume 

Pressure force applied perpendicular to surface per unit area 

Ring ring-shaped segmental lining installed in shield of tunnel boring 
machine 

Rotation speed complete rotations per unit time 

Rubber tired vehicle type of vehicle used to transport segmental lining into tunnel 

Screw conveyor material handling equipment that moves material from one 
location to another using a helical blade rotating in a pipe 

Segment part of segmental lining of tunnel 

Shear strength magnitude of shear stress soil can withstand before it fails in 
shear; strength of soil against shear failure 

Shear vane device to determine shear strength of soil 

Shield cylindrical protective structure surrounding main part of soft 
ground tunnel boring machine; main part of soft ground tunnel 
boring machine 

Shield annulus, shield gap cavity between shield exterior and surrounding ground 

Shield pressures pressure in shield annulus 
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Slurry tunnel boring 
machine 

mechanized tunneling method that uses the excavated material 
suspended in bentonite slurry as support for the tunnel face 

Soil conditioning injection of additives into soil to improve the soil behavior 

Split spoon device used to sample soil; hollow tube that can be split in half 
lengthwise 

Springline vertical center of tunnel 

Standstill time in which tunnel boring machine is not advancing 

Strain relative change in shape 

Surface settlement ground settlement on surface 

Surfactant foaming agent 

Surfactant concentration concentration of surfactant in surfactant solution 

Surfactant solution solution of surfactant in water 

Tail shield rear part of tunnel boring machine shield 

Tail shield brush metal brushes filled with grease that are used to seal the gap 
between the tail shield and the segmental lining of a tunnel 

Tail void cavity between the exterior of the segmental lining and the 
surrounding ground 

Tail void grout grout used to fill the tail void 

Thrust jacks hydraulic jacks used to advance the tunnel boring machine by 
pushing off the segmental lining 

Torque wrench device used to apply and measure torque 

Torvane device used to determine shear strength of soil 

Total stress sum of effective stress and pore pressure 

Tunnel Boring Machine mechanized tunneling method using a machine with a circular 
cross section 

Vane shear strength shear strength of soil measured by a shear vane 

Virgin soil soil in its original, undisturbed state 
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Viscosity quantity describing the resistance of a fluid to flow; ratio of 
shearing stress to shearing velocity 

Void ratio ratio of voids to solids 

Water head, hydraulic head, 
piezometric head 

measurement of liquid pressure; measured as liquid surface 
elevation 

Yield stress stress at the end of elastic behavior 
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APPENDIX A - 
PRESSURIZED TESTING CHAMBER 

This Appendix presents a detailed description of the test implementation of both the 

compression and vane shear test in the Pressurized Testing Chamber (PTC) as well as equations 

for all calculated parameters that are not introduced in Chapter 3. 

A.1. Compression Test 

For the one-dimensional compression test, the soil mixture is placed in the chamber, the 

top is leveled, and wetted filter paper is placed on top of the soil. The top platen with the air 

release port opened is slid into the chamber until it touches the top of the soil, which is normally 

indicated by liquid filling the air release port. A pore pressure sensor can then be connected to 

the air release port in the top platen. Otherwise the air release port is closed. Each test is 

performed under undrained conditions, i.e., drainage is not allowed. Then the depth of the top 

platen from the top of the chamber side wall is measured at two opposing points. This determines 

the original height and volume of the soil sample in the chamber. Next the compression spring is 

placed and centered on the top platen. The reaction plate is slid onto the ACME rods and leveled 

on top of the spring with the help of four nuts screwed onto the rods and two bull’s eye levels 

attached to the plate. The distance from the bottom of the reaction plate to the top platen and to 

the side walls of the chamber is measured with a depth gauge through the two slits in the reaction 

plate. These distances determine the height of the soil sample with the top assembly attached as 

well as the compression of the spring due to leveling. Vertical pressure is applied to the top of 

the soil sample by tightening the nuts on the rods that lowers the reaction plate and compresses 

the spring. The bull’s eye levels are used to keep the reaction plate level. After each step of 

compression, the distance between the reaction plate and the top platen and the side wall is 

measured through the two slits in the reaction plate. This provides the height of the sample and 

spring compression at each step. A pore pressure reading is also taken at every step. When the 

desired maximum total stress level is reached, the unloading cycle can be started by loosening 

the nuts on the rods, leveling the reaction plate, and measuring the distances in steps as during 

the load cycle. The pore pressure measurement is again taken at every step. 
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A.2. Vane Shear Test 

The vane shear test is performed similarly to the compression test. The only difference is 

the shear vane placed in the soil and the special top platen used. The shear vane is vertically 

centered in the soil sample. If the pore pressure is measured during the test a filter paper with a 

hole to fit over the shear vane shaft is wetted and placed on the soil. The top platen with the 

center hole is slid onto the shear vane shaft and into the chamber until liquid can be seen in the 

air release hole. The air release hole is either closed or the pore pressure sensor is connected. The 

depth of the top platen from the top of the chamber side wall is measured. The top assembly with 

spring and reaction plate is attached in the same way as for the compression test. The spring is 

set centered on the top plate around the vane shear shaft. The reaction plate is placed on top with 

the vane shear shaft going through its center hole. The shear vane should be pulled upwards so it 

is not in contact with the bottom of the chamber and has enough room on the bottom to allow for 

downward movement of the top platen during the soil compression. The reaction plate is then 

leveled. In addition to the distance and pressure measurements, which are taken in the same 

manner as during the compression test, the torque required to turn the shear vane is measured 

with a torque wrench at each step. The height of the shear vane shaft over the reaction plate 

should be measured at each step to assure the vane is not in contact with the bottom of the 

chamber or the top platen. The torque measurement is only valid when the vane does not touch 

the chamber and there is enough space for the largest particles in between the vane and the 

chamber. 

A.3. PTC Calculations 

Several parameters can be calculated from the measurements taken during the tests. 

Actual compression and theoretical compression of air according to Boyle’s law can be 

calculated for each step during the test, Equations (A-1) and (A-4). The latter uses the volume of 

air in the chamber at the beginning of the test, Equation (A-3), and the applied total vertical 

stress as a measure of pore pressure to calculate the theoretical compression. The porosity and 

void ratio can also be calculated for each step, Equations (A-5) and (A-6). By replacing the 

actual compression with the theoretical compression in the equations, the theoretical porosity and 

void ratio can be calculated. 
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 = , − , −  (A-1) 

 � , = ( � − − − )  (A-2) 

 � , = � , − � − � − �� = � , − − � − �� (A-3) 

 , = � , ( − + ) (A-4) 

 = �� , = − �� , = − � , = − � , −  (A-5) 

 = −  (A-6) 

δp is the sample compression, HS,p is the distance between the reaction plate and the top 

platen, HW,p is the distance between the reaction plate and the side wall of the chamber, and d0 is 

the initial depth of the lid. VT,p is the total sample volume in the chamber, HPTC is the internal 

height of the chamber, t is the top platen thickness, and A is the cross-sectional area of the 

sample. VA,p is the volume of air, VS is the volume of soil grains, Vw is the volume of water, VL is 

the volume of solution, md is the mass of dry soil, and GS is the specific gravity, all in respect to 

the material in the chamber. δA,p is the compression of air according to Boyle’s ideal gas law, patm 

is the atmospheric pressure, and p is the measured gage pressure. np is the porosity, VV is the 

volume of voids, and ep is the void ratio. The subscript p indicates the gage pressure at which the 

value is calculated (atmospheric pressure = 0 bar gage pressure and the subscript 0 is used). The 

actual FERp and FIRp at each step can be calculated with Equations (3-5) and (3-6) using the 

actual volume of air calculated with Equation (A-3). The FER0 and FIR0 can change when the 

soil is mixed with the foam at atmospheric conditions. FERp and FIRp are always related to each 

other over the air content in the foam. When more air is incorporated during mixing FER0 and 

FIR0 will increase. When foam bubbles are destroyed in the process FER0 and FIR0 will 

decrease. Therefore, the actual FER0 and FIR0 at the beginning of the test should be calculated 

from the used surfactant solution volume and the actual air volume in the PTC. 
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APPENDIX B - 
RESULTS OF ON-SITE TESTS 

B.1. On-site Laboratory Tests 

Table B-1. Results of on-site laboratory tests 

Ring 
Time 

passed 

Moisture 

Content 

Liquid 

Limit 

Muck 

Density 
Slump 

Sliding 

Angle 

Vane 

Shear 

Strength 

Gravel Sand Fines Silt Clay 
Specific 

Gravity 

- min % % g/cm3 cm ° (kPa) % % % % % - 

13 19 36 38 1.66 0 60 - - - - - - - 
43 97 34 - 1.63 0 65 - - - - - - - 
52 181 30 - 1.62 0 65 - - - - - - - 
58 141 33 37 1.63 0 90 - - - - - - - 
66 79 35 39 1.67 0 75 - - - - - - - 
73 195 32 40 1.66 0 90 - - - - - - - 
78 92 33 42 1.62 0 90 - - - - - - - 
94 120 33 41 1.65 0 90 - - - - - - - 

115 92 43 48 1.6 0 65 - - - - - - - 
123 246 35 58 1.51 0 90 - - - - - - - 
164 98 37 45 1.57 0 90 - - - - - - - 
179 114 36 44 1.64 0 90 - 0 0.7 99.3 80.9 18.4 2.7 
191 234 37 48 1.62 0 90 - 0 0.5 99.5 66.8 32.7 2.7 
203 76 32 44 1.67 0 90 - 0.2 14.6 85.2 64 21.2 2.8 
219 220 22 21 1.83 - 90 - 0 21 79 61.4 17.6 2.7 
237 188 35 29 1.71 - 90 - 0 14.7 85.3 78.5 6.8 2.4 
243 35 18 27 1.78 - 45 - 8.3 35.9 55.8 47.1 8.7 2.8 
253 140 18 20 1.69 0.3 50 - 0 71.7 28.3 - - 2.4 
262 99 12 NP 1.86 - 90 - 0 78.2 21.8 18.8 2.9 2.7 
275 82 12 NP 1.73 1 60 - 0.5 82.3 17.2 - - - 
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Table B-1. Continued 

Ring 
Time 

passed 

Moisture 

Content 

Liquid 

Limit 

Muck 

Density 
Slump 

Sliding 

Angle 

Vane 

Shear 

Strength 

Gravel Sand Fines Silt Clay 
Specific 

Gravity 

- min % % g/cm3 cm ° (kPa) % % % % % - 

287 196 14 NP 1.49 0.7 45 - 1.2 82.4 16.3 - - - 
302 156 13 NP 1.59 1.3 50 - 0.0 83.2 16.8 - - - 
315 73 15 NP 1.73 0.3 65 - 2.4 80.1 17.5 - - - 
325 136 15 NP 1.74 0.6 70 - 0.0 77.6 22.4 - - - 
330 83 18 NP 1.85 2.1 50 - 0.0 80.2 19.8 18.1 1.7 2.7 
338 69 15 NP 1.74 - 60 - 0.2 79.5 20.4 18.0 2.4 2.4 
347 70 16 NP 1.42 - 30 - 0.0 78.2 21.8 18.6 3.2 2.4 
351 74 13 NP 1.80 - 65 - 0.0 79.1 20.9 17.6 3.2 2.5 
357 52 14 NP 1.67 - 75 - 0.0 78.5 21.5 19.4 2.2 2.5 
364 59 18 NP 1.82 0.5 45 - 0.1 70.3 29.6 26.6 3.0 2.6 
373 160 18 NP 1.80 0.2 75 - 0.0 67.6 32.4 29.3 3.1 2.6 
395 66 21 NP 1.81 0.9 45 - 2.0 59.4 38.7 34.7 4.0 2.5 
412 104 27 28 1.71 - 90 - 1.3 50.1 48.6 44.6 4.0 2.4 
426 91 45 42 1.57 2.5 80 - 1.1 35.2 63.7 59.4 4.3 2.3 
449 47 33 39 1.67 - 90 - 0.0 3.9 96.1 63.5 32.6 2.6 
463 122 53 52 1.53 1.5 50 - 0.0 6.8 93.2 80.1 13.0 2.4 
474 72 57 60 1.45 2.0 230 - 0.4 12.5 87.2 80.2 6.9 2.4 
492 147 34 30 1.71 8.0 45 - 1.4 29 69.6 60.2 9.4 - 
505 169 22 NP 1.82 0.0 55 - 0.0 74.8 25.2 19.6 5.6 2.5 
515 45 23 NP 1.76 1.5 50 - 0.0 76.6 23.4 19.5 3.9 2.4 
531 203 28 24 1.76 4.0 50 - 0.0 75.7 24.3 20.8 3.6 2.5 
546 65 22 NP 1.80 3.0 40 - 0.6 76.7 22.7 19.2 3.5 2.5 
559 209 20 NP 1.78 - 35 - 0.0 78.8 21.2 18.1 3.1 2.6 
572 140 16 NP 1.78 2.0 55 - 0.0 85.1 14.9 - - - 
585 75 19 NP 1.77 2.0 60 - 0.0 86.7 13.3 - - - 
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Table B-1. Continued 

Ring 
Time 

passed 

Moisture 

Content 

Liquid 

Limit 

Muck 

Density 
Slump 

Sliding 

Angle 

Vane 

Shear 

Strength 

Gravel Sand Fines Silt Clay 
Specific 

Gravity 

- min % % g/cm3 cm ° (kPa) % % % % % - 

613 120 17 NP 1.73 0.5 60 - 0.0 80.0 20.0 18.2 1.8 2.5 
627 351 14 NP 1.73 0.3 75 - 0.1 81.4 18.5 15.9 2.6 2.6 
642 98 13 NP 1.71 0.1 60 - 0.0 82.4 17.6 14.6 3.0 2.4 
657 111 13 NP 1.63 0.5 65 - 0.1 87.5 12.4 - - - 
672 98 11 NP 1.65 - 50 - 0.1 84.0 15.8 14.7 1.1 2.4 
687 75 13 NP 1.75 0.1 50 - 0.1 86.1 13.8 - - - 
700 163 15 NP 1.77 1.5 90 - 0.0 67.9 32.1 27.4 4.7 2.5 
740 66 12 NP 1.72 0.6 60 - 0.0 85.7 14.3 - - - 
1028 154 20 NP 1.75 1.5 55 - 0.0 90.5 9.5 - - - 
1047 108 16 NP 1.76 0.8 50 - 0.0 88.1 11.9 - - - 
1067 74 18 NP 1.76 0.5 65 - 0.0 90.1 9.9 - - - 
1084 122 18 NP 1.78 0.8 60 68 0.0 90.3 9.7 - - - 
1106 122 19 NP 1.65 0.8 50 56 0.0 78.6 21.4 - - - 
1116 170 21 NP 1.75 - 55 - 0.0 91.7 8.3 - - - 
1132 135 18 NP 1.71 1.0 60 27 0.0 92.0 8.0 - - - 
1152 102 21 NP 1.71 1.0 55 44 0.0 92.7 7.3 - - - 
1170 173 20 NP 1.75 1.0 42 43 0.0 91.9 8.1 - - - 
1193 155 21 NP 1.74 1.0 45 30 0.1 90.5 9.4 - - - 
1213 234 26 - 1.77 2.0 - - 0.3 91.3 8.4 - - - 
1234 240 22 NP 1.75 2.0 - 43 0.0 91.2 8.8 - - - 
1258 301 23 NP 1.76 3.0 - 33 0.0 90.5 9.5 - - - 
1288 90 21 NP 1.72 - - - 0.0 86.6 13.4 - - - 
1313 237 23 NP 1.78 0.5 - 43 0.0 91.4 8.6 - - - 
1335 189 21 NP 1.75 1.0 - 26 0.0 91.0 9.0 - - - 
1351 136 19 NP 1.68 0.2 - 58 2.6 95.3 2.1 - - - 
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Table B-1. Continued 

Ring 
Time 

passed 

Moisture 

Content 

Liquid 

Limit 

Muck 

Density 
Slump 

Sliding 

Angle 

Vane 

Shear 

Strength 

Gravel Sand Fines Silt Clay 
Specific 

Gravity 

- min % % g/cm3 cm ° (kPa) % % % % % - 

1395 - 20 NP - - - - 0.0 91.3 8.7 - - - 
1412 473 19 NP 1.73 - - - 0.0 90.4 9.6 - - - 
1425 295 21 NP 1.72 - - 53 0.0 91.1 8.9 - - - 
1443 230 23 NP 1.76 - - 40 0.0 90.4 9.6 - - - 
1453 722 19 NP 1.77 - - 52 0.5 88.4 11.1 - - - 
1461 198 20 NP 1.75 - - 60 0.0 91.1 8.9 - - - 
1468 352 18 NP 1.79 - - 48 0.6 90.2 9.2 - - - 
1481 333 17 NP 1.88 - - 69 3.2 84.3 12.4 - - - 
1491 209 16 NP 1.93 - - 55 20.2 69.5 10.2 - - - 
1501 230 12 NP 2.00 - - 39 12.9 73.1 14.0 - - - 
1509 264 15 NP 2.12 - - 14 41.1 46.2 12.7 - - - 
1519 157 14 - 2.04 - - - 20.3 66.9 12.9 - - - 
1523 212 12 NP 2.04 - - - 21.0 64.0 14.9 - - - 
1528 315 13 NP 1.98 - - 77 21.6 65.4 13.0 - - - 
1538 298 12 NP 2.05 - - 28 21.4 63.3 15.3 - - - 
1544 272 12 NP 1.98 - - 22 - - - - - - 
1553 284 14 NP 2.01 - - 15 - - - - - - 
1562 366 16 NP 2.00 - - - - - - - - - 
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B.2. Tests Performed in TBM 

Table B-2. Results of tests performed in TBM 

Ring 3003 3056 3113 3164 3262 3321 3472 3567 3624 

Time 

passed 
Torvane Shear Strength 

min kPa 

0 0.5 0.5 14.0 8.0 3.0 11.3 4.0 5.0 2.0 
15 - - 24.0 3.0 2.0 10.0 3.8 3.0 3.5 
30 - - 20.0 5.0 2.5 12.5 3.8 3.8 3.3 
45 - - 21.0 5.0 3.5 14.0 4.0 5.5 3.5 
60 - - 21.0 5.0 3.0 13.8 4.5 6.5 3.3 
120 - - - 4.0 - 12.5 - - - 
180 - - - 4.0 - 15.0 - - 4.3 
240 - 2.0 - - 3.5 - - - - 
300 2.5 - - - 3.0 - - - - 
360 - - - - - - - - 2.8 
1080 - - - - - 15.0 5.0 - - 
1320 2.0 - - - - - - - - 
1440 - 2.5 - - - - - 4.5 - 
2880 - 3.0 - - - - - - - 
3120 - 4.0 - - - - - - - 
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