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ABSTRACT 

This thesis examines excavation chamber pressure behavior within a 17.5 m diameter 

earth pressure balance tunnel boring machine (EPBM) used on the Alaskan Way viaduct 

replacement tunnel project in Seattle, Washington, USA. The study examines behavior during 

the first 150 rings of tunneling (10% of the project) through till and till-like deposits, granular 

soils, and cohesive silts and clays.  

A portable laboratory was established on the project site to characterize key properties of 

the muck as it came through the screw conveyor and onto the belt conveyor, namely, vane shear 

strength, density, slump, consistency and grain size distribution. Testing was performed on 

representative muck samples from a series of rings. Machine data, including excavation chamber 

pressures, screw conveyor pressures, soil conditioning inputs, and key operating parameters such 

as thrust, cutterhead and screw conveyor torque, cutterhead and screw conveyor rotation speeds, 

etc., were studied in great detail to determine what parameters influenced chamber pressures and 

how. The results of detailed EPBM data analysis supported with field lab test results from muck 

testing produced a number of key findings.  

Excavation chamber pressures measured by 12 pressure sensors varied up to 3 to 3.5 bar 

from crown to invert. Chamber pressures varied during ring mining and standstill, and the 

responses from different heights in the chamber were synchronous. Chamber pressure variations 

during excavation were influenced by changes in volumetric flow rates into the chamber via the 

cutterhead and out of the chamber via the screw conveyor. Increases/decreases in net volumetric 

inflow caused increases/decreases in chamber pressure. The magnitudes of pressure changes 

were linearly correlated to the net volumetric flow rate changes. A quantitative analysis of these 

data produced estimates of chamber material compressibility that could provide useful 

information in assessing the effectiveness of soil conditioning.  

An understanding of the role of cutterhead force on EPBM advance rate was developed. 

By estimating the change in cutterhead force (thrust force minus chamber pressure force), a 

relationship to advance rate was observed, i.e., increased cutterhead force increased the advance 

rate. The same was not true between thrust force and advance rate. The increases/decreases in 
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chamber pressure mentioned above were also related to decreases/increases in cutterhead force 

through the mechanical concept of compressibility. Increases in chamber pressure resulting from 

material compression and stiffening means that the chamber soil takes on more of the force at the 

face (owing to relative stiffness increase). The cutterhead force therefore decreases. The behavior 

also works in reverse. The vertical gradients of chamber pressure provided significant insight 

into muck consistency and behavior. Magnitudes of gradients matched reasonably well with 

muck densities. Changes in gradient both locally and globally provide information about muck 

density under pressure and whether the chamber material is locally being compressed and 

decompressed. Horizontal differences in chamber pressure were evident throughout mining and 

standstill. When cutterhead rotation was clockwise, left side chamber pressures were higher, and 

when cutterhead rotation was counterclockwise, right side chamber pressures were higher. The 

fluctuation in these horizontal differences was influenced by many parameters including a 

possible compressed air gap at the crown, steel/muck adhesion, and conditioning.   
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CHAPTER 1 - INTRODUCTION 
 

1.1. Overview 

An earth pressure balance tunnel boring machine (EPB TBM or EPBM) is a mechanized 

technique for tunneling in soil and soft ground in general. Shown in Figure 1.1, an EPBM 

cutterhead with cutting tools rotates at a rate of 1-3 rpm to scrape the soil, guiding it into the 

excavation chamber through openings in the cutterhead. The excavation chamber is kept full of 

soil (muck) and is used to counteract the pressure of the in-situ soil at the cutterhead. The 

excavation chamber soil is extracted in a controlled fashion by a screw conveyor onto a conveyor 

belt for disposal.  

 

 

Figure 1.1: An Earth Pressure Balance (EPB) Tunnel Boring Machine 

 

Tunneling in complex urban areas requires full face support to counteract the geostatic 

stresses of soil and groundwater (see figure 1.2). Proper face support minimizes ground 

deformation as well as material and water inflow into the EPBM. Face support is provided via 

the excavation chamber pressure that is applied by controlling excavation chamber material 

inflow and outflow rates. Maintaining adequate face support via chamber pressure becomes more 

challenging as the EPBM diameter increases. As shown in Fig. 2, geostatic stresses and 
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counteracting chamber pressure increase from TBM top to bottom. The variation in pressure 

from top to bottom becomes significant in large diameter EPBM. For example, the 17.5 m 

diameter Hitachi-Zosen EPBM currently being used on the Alaskan Way tunnel (SR99) in 

Seattle, Washington is subjected to more than three bar difference in pressure. 

 

 

Figure 1.2: EPBM Pressure Distribution; face vs. excavation chamber 

 

Soil conditioning, the in-situ chemical modification of soil during mining, is a vital 

component in EPBM tunneling. Soil conditioning is used to transform the soil into a material 

with reduced shear strength, density and permeability, and increased compressibility. The 

transformed soil often has a toothpaste-like or pulpy consistency and provides a better pressure 

bladder in the excavation chamber. Conditioned soil is easier to extract through the screw 

conveyor and easier to dispose of once through the EPBM.  
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Current soil conditioning practice is empirical and largely accomplished through trial and 

error. It is often difficult to assess whether soil conditioning has been effective. Due to machine 

complexity, geological heterogeneity, and ambiguities about conditioning and the mixing 

phenomenon, there is no analytical model or process to guide the process of soil conditioning nor 

is there a rational approach to gauge conditioning effectiveness based on EPBM performance 

data.  

The goal of this research is to improve the understanding of EPBM performance and how 

it is influenced by soil conditioning. The particular focus of this study is on excavation chamber 

pressure on a large diameter (17.5 m) EPBM being used in heterogeneous glacial soils in Seattle, 

WA. Using extensive data collected during early tunneling (first 150 rings) combined with field 

testing of the conditioned soil properties, this study aims to improve the understanding of 

chamber pressure distribution and the influence that soil conditioning has on this pressure.  

 

1.2. Literature Review 

In the last 15 years most of the soil conditioning research being conducted has focused on 

laboratory testing of conditioner properties, behavior of conditioned soil and foam as well as 

modeling the screw conveyor, pressure chamber and last but not least, actual EPB micro models.  

Each of these previous studies individually added great value to this field; however, very limited 

research has been done on the evaluation of the EPBM’s performance considering actual 

machine parameters and muck characteristics.  

In EPBM related research, a limited number of papers has focused on the application of 

muck engineering properties of soil conditioning in the field. Bezuijen A. and A.M. Talmon 

measured the Soil pressures on both sides of the cutterhead of an EPB-shield. This study is 

conducted on Botlek Rail railway Tunnel with 9.75m diameter. The ground geology is consists 

of saturated Sand. Foam is used for soil conditioning purposes. The measured pressures are 

compared with the pressures at the pressure bulkhead. In this paper it is suggested that the 

pressures are not purely hydrostatic but the results are also influenced by the yield strength of the 
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muck and the effective stresses. They also demonstrate that at the invert, sensors sometimes 

measured effective stresses. Pressure on the bulkhead and in front of the cutterhead are measured 

and found to be the same but the pressure gradients can vary remarkably (around 30% difference 

in gradients). Gradients vary from around 10-15kPa/m at the tunnel face. In this study chamber 

pressure shows a non-symmetrical distribution due to CH rotation. 

In a research by Bezuijen et al. (2005), the excavation chamber pressure distribution was 

analyzed through saturated Pleistocene Sand with high water permeability. Twenty muck 

samples were obtained from the chamber employing a stopcock on the bulkhead in six different 

locations of the Botlek rail tunnel alignment in Rotterdam, Netherland. Total pressure at the 

bulkhead in nine locations and pore pressure in three locations from top to bottom of the plenum 

were measured using pressure gauges. 

Bezuijen et al’s measurements of chamber pressure show fluctuation during the mining of 

different rings in comparable geology. In some cases, the pressure gradient exceeded the in-situ 

soil density and sometimes the pressure gradient was lower than the water density. Chamber 

pressure change is linked to adhesion between muck and steel surfaces which leads to higher or 

lower pressure gradients due to flow direction in comparison to what density test results shows. 

Cutterhead influence on chamber pressure is investigated with horizontal pressure gradient. It is 

suggested that more mixture of air-Sand-water is available in one side. In their study, the 

pressure gradients and their changes during standstill were not discussed. 

Borghi and Mair (2008), through field data collection during the construction of the 

Channel Tunnel Rail Link (CTRL) in London, demonstrate the effects of soil conditioning on the 

performance of the EPBM. The study focused on soil conditioning treatment and modifications 

therein while tunneling through different geology. Furthermore, chamber pressure was visualized 

in time intervals to capture the effect of varying conditioning parameters on the chamber 

distribution. Geology played a very important role in Borghi’s and Mair’s analysis.  

Thewes and Budach (2010) classified the desired soil conditioning parameters of 

successful EPBM tunneling. They suggest ranges for muck permeability, consistency, and 

plasticity to enable better EPBM control. Additionally, in this paper the operational data was 

assessed. 
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1.3. Project Background 

A 17.5 m diameter, 99.4 m long, 7000 ton EPBM manufactured by the Japanese firm 

Hitachi Zosen Corp is used to excavate the Alaskan Way Viaduct tunnel. This machine is the 

biggest EPB-shield TBM in the world at the time of this writing. This EPBM is used to tunnel 

underneath the city of Seattle to replace the SR 99 Alaskan Way Viaduct, a double-decker 

highway. This EPBM is equipped with hundreds of sensors. Both analogue and discrete signals 

are recorded and interpreted in programmable logic controller (PLC) systems.  

The SR99 tunnel alignment is located in the Puget Sound area of Seattle, Washington 

(see figure 1.3). Puget Lowland geological condition is complex due to glacially influenced 

sedimentary deposits. During several glacier advances, a new deposit of sedimentary layered 

over previous material including glaciolacustrine Clays and silt, glacial outwash Sands and 

Gravels, glacial till and till-like soils. Furthermore, soil setting complexity increased with erosion 

and re-deposition of some soils, and the local deposition of fluvial and marine sediments. It is 

also common for glacial deposits to contain cobbles and boulders. The hydrogeological regime in 

the Seattle area is highly influenced by this complex stratification. Material permeability differs 

in adjacent soil layers and local perched groundwater and multiple piezometric surfaces are 

available. 

 

 

Figure 1.3: SR 99 tunnel alignment and geological sub-surface condition 

  

Borehole
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CHAPTER 2 - EPB MACHINE OVERVIEW 
 

2.1. Shield and Cutterhead 

The cutterhead is the front rotating face of the machine that is intensively engaged with 

the ground. As a result, cutterhead design is one of the most important parts of this machine. 

Cutter tools selection, arrangement and orientation, significantly influence the cutting, scraping 

and conveying of soil into the cutterhead. Different tools are used including disc cutters, 

scrapers, scraper bits, pre-cutting bits, trim bits, emergency bits, wear detection bits, and copy 

cutters. Figure 2.1 shows the cutterhead tool, and Table 1.1 provides the tools quantity on the 

cutterhead. 

 

 

Figure 2.1: Cutterhead tools and injection ports of 17.5 m diameter Hitachi-Zosen EPBM cutterhead 

 

 

 



 

7 
 

Table 1.1: Cutterhead tools on SR99 EPBM 

No. Tool  Qty. 

1 Scraper bit 32 

2 Double Disc Cutters 20 

3 Cutter bits 260 

4 pre-cutting bits 87 

5 pre-cutting bits (Replaceable) 69 

6 Trim bits 12 

7 Fish tail 1 

8 Copy cutters 2 

9 Emergency bits 45 

10 Wear detection bits 14 

 

The cutterhead is 17.45m in diameter and 1.71m deep. Behind the cutterhead is a 17m in 

diameter and 1.75m deep excavation chamber (also known as mixing chamber or plenum). Eight 

pedestals connect the main bearing to the cutterhead (see figure 2.2). These pedestals help 

mixing the material between the center and perimeter of the excavation chamber. A center 

agitator (CA) is installed on the machine bulkhead in the center of the main bearing to agitate 

muck that lies inside the pedestal circumference. The CA consists of six rounded 2m long mixing 

bars and six blades facing back toward the bulkhead. Five static bars are installed on the 

bulkhead to help mixing the muck available toward the perimeter of the excavation chamber. 

The cutterhead rotates with 24 electric motors providing enough torque to achieve the 

required rpm. Six hydraulic motors are installed on the bulkhead to rotate the center agitator. To 

transfer the required soil conditioning to the front of the rotating cutterhead, a rotary union was 

installed in the center of the cutterhead. All the fluids including water, polymer, and foam are 

attached to the rotary union (see figure 2.3, page 9).  
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Figure 2.2: Excavation chamber; (a) Cutterhead assembling process; (b) Mixing chamber with center 
agitator in red, static bars and cutterhead legs all attached to bulkhead 

 

The rotary union functions as a conduit that transfers fluid between stationary and 

rotating equipment. Here, stationary equipment includes the soil conditioning pipes attached to 

the rotary union and cutterhead is the rotating object. There is a seal between the stationary and 

rotating part in the rotary union to prevent flow from high pressure to low pressure condition. 

The rotary union is designed with a shaft and multiple fluid passages. Each of these fluid 

passages is routed radially to the outside diameter of the shaft and a housing encircles the shaft 

where the passage exits. 

The EPBM can be operated in open and closed mode mining. Open mode operation is a 

term for continuous mining in stable ground conditions with no to very low hydrostatic pressure 

while the excavation chamber is partly filled with the muck. Closed mode operation is 

continuous mining in projects with minimal ground loss requirement or in running ground with 

high hydrostatic pressure. This requires the excavation chamber to be full of muck in order to 

create appropriate pressure equilibrium. Vigilant control of the pressure is needed to perform the 

mining operation with minimal ground loss and water inflow. 12 pressure sensors are installed 

(a) (b
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on the bulkhead to continuously record total lateral muck pressure in the plenum (see figure 2.4). 

The pressure sensors are fluid-filled pancake sensors (see figure 2.5). 

 

 

Figure 2.3: Rotary union 

 

The machine shield is 17.9m long including a front shield with a length of 7.7m with an 

articulation joint, as well as a back shield with a 10.1m length with four seal brushes. Three types 

of jacks are used in the shield of this machine. 56 thrust cylinders provide the required force to 

displace the EPBM forward. Thrust cylinders push the machine against the precast concrete 

lining. 28 articulation jacks are also available to articulate the machine through curves. 

Cutterhead support jacks are also available for retracting the cutterhead in case of emergency or 

maintenance. Three five-story back up gantries travel with the EPBM shield on rubber tires. All 

the pumps, cables, transformers, compressors as well as air, water, soil conditioning agent, 

polymer tanks and the scaffolding and stairs are pulled by the machine. 
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Figure 2.4: Excavation chamber pressure sensors location and orientation 

 

 

Figure 2.5: Earth Pressure Sensor on the casing of screw conveyor 
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2.2. Screw Conveyer 

The screw conveyor (SC) in an EPB machine acts like a pump that controls the outflow 

of material on the machine conveyor belt and dissipates the pressure from the excavation 

chamber to atmospheric pressure. Two types of SC are normally used in EPB machines: (1) a 

Archimedes screw SC with a shaft and a continuous auger of specific thickness, flight, and pitch 

size, and (2) a ribbon type SC without a shaft and with a conduit in the center. Ribbon type SCs 

accept higher boulder sizes, but because of the conduit in the center, the efficiency is lower than 

the shaft type. In the SR99 tunnel, the SC being used is a ribbon type (see figure 2.6).  

 

Figure 2.6: Ribbon SC of SR 99 tunnel project 

 

In projects with higher hydrostatic pressure and for a better control over excavation 

chamber (EC) pressure, two SCs are used (see figure 2.7). SC2 is usually not full with material 

and SC1 is always packed with material. The rotation speed θSC2 should always be higher than 

θSC1 in order to prevent cloggage in between the two SCs. SC1 and SC2 are inclined 37 and 10 

degrees from the horizontal, respectively. SC1 has 9 flights and SC2 has 17 flights. Four gates 

are available along the SC1 and SC2. Gate G0 is manually controlled and is only operated in 
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case of emergency or when maintenance is required. Gate G1 is a vertical sliding gate that is 

controlled hydraulically by the operator and it is located by the end of SC1. Gate G3 is located 

by the end of SC2, and it is a guillotine gate operated hydraulically by the operator. Gate G2 in 

this machine is only for emergencies and is also controlled hydraulically. SC1 has one hatch on 

top and SC2 has three hatches on the side for maintenance. Four earth pressure sensors were 

installed on the SC1 casing and six earth pressure sensors were installed on the SC2 (see figure 

2.7). The last sensor is installed between gate G2 and G3. A conveyer belt transfers the muck 

from the SC chute to a continuous conveyor system which eventually dumps the material outside 

the tunnel portal. 

 

Figure 2.7: Location of gates and earth pressure sensors on the SC1 (left) and SC2 (right) 

 

2.3. Soil Conditioning: 

Soil conditioning is the process of preparation and injection of foam, polymer, bentonite, 

water, and other additives to the ground material (see figure 2.8). Each of these additives is 

injected and mixed with the soil for a specific requirement in the EPBM. Injections are 

performed through ports in three different locations including cutterhead front, excavation 

chamber (bulkhead), and screw conveyors. 
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Figure 2.8: (a) soil; (b) soil + water; (c) soil + water + foam; (d) particles in foam 

 

The process of soil conditioning is quite complicated. Various chemical agents, including 

surfactants and polymers, are injected in foam and/or liquid form through the cutterhead via 

multiple ports (see figure 2.9), into the excavation chamber and into the screw conveyor(s). 

Mixing bars and a center agitator are often used to aid in mechanically mixing the material 

within the chamber (see figure 2.2). 

 

 

Figure 2.9: (a) Water injection through the 17.5 m diameter Hitachi-Zosen EPBM cutterhead; (b) foam 
injection through a 6.5 m Robbins EPBM cutterhead 

(b) 

(a) (b) (c) (d) 

(a) 
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Foam production is a process of mixing foaming solution (liquid) with compressed air. 

The solution is the combination of the foaming agent with water and/or polymer. A foam 

generator (foam gun) is a simple tube filled with wire mesh, rivets and/or ceramic balls provide a 

spongy environment which mix compressed air with solution (see figure 2.10). In the foam gun, 

foaming solution entraps air into bubbles. By nature, bubbles have two phases: the compressible 

air (gas) portion and the incompressible liquid phase.  

 

 
Figure 2.10: Foam generator and instrumentation 
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Figure 2.11: Foaming solution system control 

 

Foaming agent is available in a 5m3 tank in the backup gantry (see figure 2.11). The 

operator sets the agent concentration in the solution. Water and foaming agent are pumped into 

two 10m3 solution tanks where the solution has a fixed foaming agent concentration (typically 1-

3%). A set of two 2.0m3 polymer tanks are also available. The polymer can is mixed with foam 

solution or directly injected to the excavation chamber or the cutterhead front.  

 

Figure 2.12: Solution pumping system 
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Figure 2.13: Air flow system 

 

2.4. Delivery of Soil Conditioning  

The SR99 EPBM has an extensive system of tanks, pumps and ports to deliver the soil 

conditioning foam and solution through the cutterhead, in the excavation chamber and in the 

screw conveyors. 39 ports are used for foam and polymer conditioning, including 22 ports  on 

the cutterhead, 8 ports on the bulkhead (rear face of the excavation chamber),  3 ports in screw 

conveyor 1 and 6 ports in screw conveyor 2 (see figure 2.14). The majority of the 39 ports (24 

ports) are used to deliver foam only. The remaining 15 of the 39 ports can be used to inject foam 

or liquid (see figure 2.14). Five ports on the cutterhead, four ports in the chamber, 3 ports in 

screw conveyor one, and two ports in the beginning of screw conveyor 2 are capable of injecting 

foam or polymer). Among 22 cutterhead ports, 4 ports are injecting on the cutter outer rim. Two 

set of port in on the cutterhead perimeter are set up to switch the flow in 30 seconds (see figure 

2.14). These ports are located close to each other and one is closer to the cutterhead outer rim. 

This suggests that with 1 rpm cutterhead rotation speed, in the first 30 seconds cutterhead travels 

180° and during this period one port is injecting and in the second 30 seconds that cutterhead 

travels back to the initial position (360° ) the seconds port is injecting foam. 
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Figure 2.14: Foam and Polymer Ports Alignment and Orientation 

 

Each port distributes foam or liquid that is supplied by 20 conditioning solution pumps 

(see figure 2.12) and 20 foam generators (see figure 2.10). Each foam generator has a dedicated 

pump and some ports have individual pumps and foam generators (these ports are identified in 

figure 2.18). Other ports are grouped and operated by a pump and a foam generator.   

Some foam generators provide foam to more than one port. Ports can be either on or off 

(see figure 2.15). Two 10 (m3) tanks provide the system with conditioning solution. Each tank 

has a specific recipe of diluted surfactant and polymer solution. The concentration of surfactant 

and polymer is controlled by the soil conditioning operator. Polymer is provided from each of the 

two 2.0 m3 tanks, and foaming agent is provided from a 5.0 m3 tank, all in the gantry backup of 

the EPBM. 

Open Ports
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Every 30  Seconds
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Figure 2.15: Individually and group pumped foam ports and orientation 

 

Five air compressors in the backup section of the EPBM supply air to the foam 

generation guns. Either automatically or manually, the operator controls the solution flow or air 

flow rates into the foam generators (see figure 2.11). Twenty pumps are installed to pump 

foaming solution to foam generator units. A foam generator is basically a pipe with a matrix of 

spongy-like restrains inside with materials such as wire wools and ceramic balls to provide a 

station for solution and air to be mixed together and produce bubbles. Pressure sensors are 

installed after the foam generators. 36 water injection ports are available, including 24 ports on 

the bulkhead and 12 on the cutterhead. 26 Bentonite injection ports (mud slurry) are also 

available in the plenum (see figure 2.16). On top of the bulkhead, two air supply and two air 

exhaust pipes are also available for emergency to control pressure or release possible 

accumulated air on top of the chamber. 
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Figure 2.16: Bentonite injection ports and an example of port operation 

 

 
Figure 2.17: water injection ports in the chamber 

12 high pressure water ports are available on the cutterhead, 8 ports are available on the 

center of the cutterhead, 56 ports are installed on the spokes and 10 ports are on the cutterhead 

mixing arms. 24 water ports are also available on the bulkhead. All high water pressure ports 

required to prevent cloggage of the cutterhead. 16 low water pressure ports are installed to add 

water to muck if required. And 8 high pressure ports are installed on the center bulkhead to inject 

water in case of clogging issue.  

Open Ports                          Closed Ports

Bulkhead Rear View
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A specific concentration of the foaming agent (Cf) and optional polymer concentration 

(Cp) are required to mix the foam liquid (also called foam solution). Air and solution flow rates 

are measured behind the foam gun with the flow meters. The air flow rate divided by the solution 

flow rate represents the foam expansion ratio (FER). Due to Boyle’s law gas is compressed and 

decompressed with increase and decrease in pressure. The majority of the foam volume consists 

of air, and according to Boyle’s law the foam expansion ratio will be dominated by the pressure 

difference between the foam gun and the injection port location (ΔP) as well as the temperature 

around the injection port. Foam is injected through ports in different locations. The configuration 

and flow rates can be controlled automatically with soil conditioning system default setting or 

manually by the operator during mining. The amount of foam injection during the mining 

operation divided by the amount of soil excavated while the machine advances represents the 

foam injection ratio (FIR) (see figure 2.18).  

FIR = QF
QS

×100;                                                                                                                       (2.1) 

BIR = QB
QS

×100;                                                                                                                      (2.2) 

PIR = QP
QS

×100;                                                                                                                      (2.3) 

WIR = QW
QS

×100;                                                                                                                   (2.4) 

FER = QA
QL

;                                                                                                                              (2.5) 

Cf = Qfa
Qw

× 100;                                                                                                                      (2.6) 

 Cp = Qp
Qw

× 100                                                                                                                      (2.7) 

 QF = Foam Flow rate � l
min

�;                 QS = Soil excavation volume per min � l
min

� ; 

QA = Air flow rate � l
min

� ;                     QL = Liquid flow rate � l
min

� 

QB = Bentonite flow rate � l
min

�;          QP = Polymer flow rate � l
min

� 

QW = Water flow rate � l
min

�;                QL = qfa + qw 

qw = Water flow rate � l
min

�;                 qfa = Foam agent flow rate � l
min

�; 
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Figure 2.18a shows the soil conditioning injection ratios (FIR, BIR, PIR, WIR) as well as 

foam expansion ratio (FER) and foam agent concentration (Cf) during mining of ring 77 (see 

figures 2.21b and 2.21c). These plots are calculated based on PLC data readings per five seconds 

and advance rate of the EPBM. Note that time is presented in h:mm format throughout with t = 

0:00 as the start of excavation for the presented ring. 

 
Figure 2.18: Ring 77 (a) Soil conditioning Injection ratio; (b) FER; (c) foam agent concentration 

 

Soil conditioning as major ground treatment during mining is controlled either by the 

operator or automatically with soil conditioning system default setting.  Air flow rates are 

regulated with injection pressure to maintain the flow rates. Moving average per six data point of 

air flow rates are shown in figures 2.19a and 2.20a versus mining time ring 75 (PLC machine 

records data per 5 seconds). As it is illustrated in this figure, each foam generator received a 

specific flow rate either by default setting of the flow control system or by the operator.  Moving 

(a) 

(b) 

(c) 
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average per six data point of solution pump flow rates are shown in figures 2.19b and 2.20b 

versus mining time ring 75. It is evident that solution flow rate among the 20 pumps is very 

consistent; however, air flow rate is fluctuating significantly and is varying greatly among the 20 

foam generators (FG). Interestingly, air flow rates are oscillating per 30 seconds. This oscillation 

can be due to cutterhead rotation. All of the ports on the bulkhead and screw conveyors are 

closed except port 28 that is located on top of the chamber. This suggests that foam is delivered 

100% to the ports on the cutterhead in all FGs other than FG8. Cutterhead with 1.0rpm rotation 

is traveling 180° per 30 seconds and for half of its circumference from top to bottom hydrostatic 

pressure is changing. Moving average per six data point of foam pressure is depicted versus 

mining time ring 75 in figures 2.19c and 2.20c. The same behavior is evident in these Figures. 

Pressure oscillating per 30 seconds for about 1bar in few pumps and less than 0.5bar at other 

others. This can suggest that foam pressure is changing with port location on the cutterhead. 

Figures 2.21a and 2.21b are depicting the foam flow rates during mining of ring 77 to 

demonstrate that soil conditioning system is controlling the air flow based on ground pressure. 

When an increase in chamber pressure in sensed, the air control valve is operated automatically 

to increase the air flow rate. By increasing air flow rate, FER is also increasing.  

Foam is expected to expand due to a pressure difference (ΔP) between the foam gun and 

face pressure (Boyd’s law). The foam volume is the combination of air flow rate under specific 

pressure and solution flow rate under solution pump pressure. The volume of foam (bubbles) in 

front of the face when mixed and travelled with muck through the CH opening and the chamber 

may change significantly. The CH outer rim circumference is 55.0 m and injection ports are 

installed in different diameters from cutterhead center to perimeter. For instance, a foam port 

near the outer rim of the CH travels around 0.9 m/s during mining. In addition, with rotation rate 

of 1.0 rpm this port will travel from top to bottom of the face in 30 sec. considering average 

foam flow of around 180 lit/min, this port will inject 3.0 lit/sec.  This rate is changing among 

different port locations and foam gun foam flow rates. 
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Figure 2.19: a) Air flow rate b) solution flow rate c) foam pressure d) injection ports 
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Figure 2.20: Ring 77, (a) Air flow rate; (b) solution flow rate; (c) foam pressure; (d) injection ports 
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Figure 2.21: Ring 77, (a) foam flow rate FG1 – FG10; (b) foam flow rate FG11 – FG20; (c) Excavation 

chamber pressure 
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CHAPTER 3 - ANALYSIS OF EPBM ALONG THE ALIGNMENT 

 

3.1. Engineering Soil Units and Geotechnical Parameters 

The complex sediment distribution of the Seattle area is due to the advance of several 

glaciers that eroded previous sediments and overlaid new sediments. This includes glacier clay 

and silt, outwash sand and gravel, till and till like material such as glaciomarine drift. This will 

also increase the probability of boulders and drop stones. The geotechnical data report (GDR) 

and baseline report (GBR) provide information about the ground geology and geotechnical 

characteristics. Here, ground conditions and soil units are explained briefly. Eight major soil 

units are defined in the GDR as follows: 

Engineered and Non-engineered Fill (ENF): Predominately consists of very loose to very 

dense Sand with varying amounts of silt and Gravel. It also consists of Silt, Clay and organic 

Silt. 

Recent Granular Deposits (RGD): Predominately consists of loose to dense or locally 

very dense Sand, and Sandy Silt. It also contains localized zones of Silt, Sandy Gravel, and 

Gravelly Sand with varying lateral extent and thickness. 

Recent Clay and Silt (RCS): Predominately consists of soft to stiff, Silty Clay and Clayey 

Silt with variable amounts of Sand and Gravel and localized zones of medium dense to dense 

Clayey Sand. It also contains layers, lenses, and dikes of cohesionless Sand with varying lateral 

extent and thickness. 

Till Deposits (TD): Predominately consists of a very dense or hard cohesive mixture of 

Gravel, Sand, Silt, and Clay. It contains fractured cohesive Clay and Silt with varying lateral 

extent and thickness, and also contains interbeds, dikes, and lenses of saturated cohesionless Silt, 

Sand, and Gravel with varying lateral extent and thickness. 

Cohesionless Sand and Gravel (CSG): Predominately consists of dense to very dense 

Silty Sand to Sandy Gravel. CSG also contains lenses and layers of Clay and Clayey Silt that 
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provide cohesion within soil layers and impede downward/ upward and lateral movement of 

groundwater. 

Cohesionless Silt and Fine Sand (CSF): Predominately consists of very dense Silt, fine 

Sandy Silt, and Silty fine Sand. CSF also consists of interbeds and lenses of silt and fine Sand 

with minor Clay content, which still behave like cohesive soils and have varying lateral extent 

and thickness and contain fractures. 

Cohesive Clay and Silt (CCS): Predominately consists of hard, interbedded Silt and Clay. 

It also consists of multiple layers, lenses, and dikes of cohesionless Silt, Sand, and Gravel, with 

varying lateral extent and thickness. 

Till-Like Deposits (TL): Consists of materials with high spatial variability and can grade 

from an unsorted mixture of Silt, Sand, and Gravel to clean or relatively clean Sand, in a relative 

short distance. TL predominately consists of a heterogeneous mixture of dense to very dense 

Gravel, Sand, and fines, and exhibits little to no cohesion. TL also consists of layers and lenses 

of glacial till and layers and lenses and dikes of saturated cohesionless Gravel. Table 3.1 

provides the geotechnical parameters of the introduced soil units. 

The aquifer system in Puget Sound is mostly in alluvial deposits of coarse grained 

sediments, including sand and gravel. Puget Sound, due to the complexity of glacier stratigraphy, 

has a complex ground water flow and hydrogeological condition. The permeability varies in 

adjacent soil layers and even within a single stratigraphic unit (see table 3.1).  As a result, 

frequent perched groundwater-bearing layers and multiple piezometric surfaces are expected.  

Table 3.2 provides information about water and ground depth to the crown of the tunnel 

as well as hydrostatic pressure, cover to diameter ratio (C/D) and coefficient of lateral earth 

pressure at rest (k0). These data only include early mining (10% of the project) and are based on 

the approximate station of the each ring. The source of data is from both the GDR and GBR. 

Tunneling before ring 67 included the pre mining ground treatment (jet grout) and dewatering 

grout treatment. As Table 3.2 shows, ground water and ground depth increase from ring 67 to 

ring 145. Hydrostatic pressure increases from 0.9 bar to 1.7 bar. 
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Table 3.1: Soil unit geotechnical characteristics 

  Soil Unit             Parameters 
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𝑨𝑭
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𝑩 𝒉
 (
𝒎

/𝑷
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Recent Granular Deposits 

(RGD) 
0 34 0.3 1906 0.5E-5 0.5E-4 

Recent Clay and Silt (RCS) 4.88 30 0.35 1826 1.0E-8 1.0E-7 

Till Deposits (TD) 147.1 40 0.35 2322.7 1.0E-9 1.0E-7 

Cohesionless Sand and 

Gravel (CSG) 
0 39 0.35 2082 1.0E-5 1.0E-4 

Cohesionless Silt and Fine 

Sand (CSF) 
0 39 0.35 2082 1.0E-7 1.0E-6 

Cohesive Clay and Silt (CCS) 62.74 25 0.35 1906 1.0E-8 1.0E-7 

 

3.2. On-site laboratory test 

A set of on-site lab tests were developed in order to capture conditioned soil engineering 

properties. Samples were taken from the conveyer belt with a shovel just after the screw 

conveyer discharge chute. Three samples were taken from each specific ring during advance. 

The first sample at approximately at 600 mm stroke, the second sample  around 1000 mm, and 

the third sample at around 1400 mm stroke. Additional care was taken to ensure consistent 

sample by visual surveying on the belt.  

To obtain the geological as-built of the tunnel, a grain size distribution test was 

performed based on several sieves (numbers 4, 10, 40 and 200). This test provides us with 

percentage of gravel, coarse sand, fine sand, and fines material in each muck sample.  
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The slump test was performed to examine and quantify flowability of the muck (see 

figure 3.1). However, the slump test might fail to produce useful results due to more fine 

material and lack of appropriate conditioning. A failed slump test is due to highly sticky material 

which did not flow out of the slump cone.  

 

Table 3.2: Ring data based on GDR and GBR) 

Ring Station Ground Depth 
@ Crown 

Water Depth 
@ Crown 

Hydrostatic Pressure 
@ Crown C/D k0 

(GBR) 
No. m m m bar - - 

67 6075.0 
 

8.8392 8.8 0.88 0.5 0.5 

71 6085.0 9.144 9.1 0.91 0.5 0.5 

75 6091.0 9.4488 9.4 0.95 0.5 0.5 

77 6095.2 9.7536 11.3 1.13 0.6 0.5 

78 6097.2 9.7536 11.3 1.13 0.6 0.5 

81 6103.0 9.7536 11.6 1.16 0.6 0.5 

82 6105.0 10.0584 11.9 1.19 0.6 0.5 

83 6107.0 10.3632 11.9 1.19 0.6 0.5 

87 6115.0 10.668 12.2 1.22 0.6 0.5 

90 6121.0 10.668 12.5 1.25 0.6 0.5 

91 6123.0 10.9728 12.5 1.25 0.6 0.5 

101 6142.7 11.5824 13.1 1.31 0.7 0.5 

103 6146.7 11.8872 13.4 1.34 0.7 0.5 

112 6164.5 12.192 13.7 1.37 0.7 0.5 

113 6166.5 12.4968 14.0 1.40 0.7 0.5 

114 6168.5 12.8016 14.3 1.43 0.7 0.5 

119 6178.4 12.8016 14.6 1.46304 0.7 0.8 

120 6180.3 13.1064 14.6 1.46304 0.8 0.8 

122 6184.3 13.4112 14.9 1.49352 0.8 0.8 

124 6188.2 13.4112 14.9 1.49352 0.8 0.8 

131 6202.1 13.716 15.2 1.524 0.8 0.8 

132 6204.1 14.0208 15.5 1.55448 0.8 0.8 

145 6230.0 15.24 16.8 1.6764 0.9 0.8 
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In order to capture the muck consistency, a Casagrande device was used to record the 

number of taps on muck samples passing the sieve #40 to reach 10 mm closure (see figure 3.2). 

The Casagrande device was used to determine the liquid limit (LL) of cohesive soil (the LL 

corresponds to the moisture content when 25 taps closes the gap over a 1 cm length of soil). 

From rings 73-95, the number of taps varied from 30-45 indicating that the muck consistency 

was below the LL. Moisture content tests were performed on muck samples as well as liquid 

limit samples (material passing Sieve #40). 

 

Figure 3.1: Slump test on muck sample 

 

Figure 3.2: Casagrande device; Liquid Limit taps on muck samples 
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In order to estimate the shear strength of the muck in different rings, a hand vane shear 

device was used. Three different tests were done on muck samples throughout each ring and 

normalized into a single value of shear strength (see figure 3.3). Having the vane size as well as 

the torque values, the vane shear strength is then derived using the ASTM standard (ref). Vane 

shear testing was performed under atmospheric conditions. A density test was conducted to 

estimate the muck density per ring using ASTM standard (ref). 

 

Figure 3.3: Hand vane shear test 
 

For a rectangular vane of height to diameter ratio (H/D) = 2, the vane shear strength can 

be determined as follows where Tmax is the maximum measured torque: 

(𝑆𝑢) = 6.𝑇𝑚𝑚𝑚

7𝜋𝐷3
                                                                                                                 (3-1) 

 

3.3. Ground Condition and Muck Characteristics  

Figure 3.4 illustrates the tunnel alignment and geology based on the GBR. Approximately 

60% of the tunnel is in granular soil and 30% in full face of cohesive clay and silt. This study 

focuses on the initial 10% of the alignment that is in a combination of different layers. This 

section is expanded in Figure 3.4 and the soil units introduced at the beginning of this chapter are 

illustrated with their associated colors. The tunnel profile from the crown to the invert is shown 

for rings 55-150. The grain size distribution (GSD) results from muck testing are superimposed 

on this Figure. Gravel, sand, and fines content of the conditioned soil are illustrated in red, green 

and blue, respectively. GSD test results from ring 75 to 145 are shown in figure 3.5 and 3.6. 
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Figure 3.4: Anticipated geological profile along the alignment (from GBR) overlain with as-measured grain 

size distribution data from muck testing  

 

Chainage 
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Figure 3.5: GSD test result from rings 75 to 145 

 

 

Figure 3.6: Rings with similar GSD test results (ring 75 to 145) 
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Figure 3.4 also depicts that the range of gravel, sand and fines content varies among 

selected rings. However, Figure 3.6 shows that GSD test results are very similar in some 

consecutive rings. Consistency of GSD during one ring and close test results from consecutive 

rings suggest that cutterhead tools consistently cut and mix different soils at the face. Muck in 

the chamber is a combination of all soil layers, which means each layer in the tunnel profile 

contributes to the muck final characteristics. With interpretation of geotechnical investigation 

boreholes from the GDR, the tunnel profile in different rings are compared due to the ring 

chainage (see figure 3.7). 

 

Figure 3.7: Tunnel profile interpretation based on GDR borehole result 

 

Table 3.3: Grain size distribution based on muck grain size distribution 

Ring %Gravel % Coarse Sand %Fine Sand %Fines 

75 11.17 18.31 26.18 44.34 
77 12.2 17.5 24.5 45.8 
82 18.72 12.69 16.75 51.84 
83 20.77 12.75 16.99 49.49 
87 10.55 8.21 15.66 65.58 
90 7.76 9.62 14.77 67.85 
91 9.20 15.73 19.40 55.67 
103 10.98 19.52 17.83 51.67 
112 5.77 21.47 24.23 48.11 
113 6.25 18.87 26.02 48.86 
114 6.58 19.24 27.84 46.35 
131 10.67 22.54 30.35 36.44 
132 7.93 22.83 31.47 37.77 
145 4.12 26.69 31.88 37.32 
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The GSD, vane shear strength, slump, density, LL device taps and moisture content 

results from muck testing are presented in Figure 3.8. GSD was determined for 14 rings (see 

Table 3.3). GSD test results are also shown in Figure 3.8a. The moving average per 2 data of 

GSD is also shown to provide an overall trend. An increase in muck fines content and a decrease 

in muck sand content is evident from ring 75 to 90. Figure 3.8a indicates that from ring 90 to 

145, muck fines content decreased significantly and sand content is increased remarkably. 

Besides an exceptional increase at ring 82 and 83, muck gravel content is lower than 10%. Figure 

3.8f shows a decrease in density from ring 55 to 90 and an increase from ring 90 to 145. With 

comparing figures 3.8a and 3.8f, a clear relationship is seen between density and GSD test 

results. 

Figure 3.8b is provided the vane shear test result under atmospheric pressure. In this 

Figure, the average value of the test results on each ring is shown. Figure 3.8c is presented the 

number of Casagrande device taps on the muck samples passing the sieve #40. Recall that the 

Casagrande device is used to determine the liquid limit (LL) of cohesive soil (the LL 

corresponds to the moisture content when 25 taps closes the gap over a 1 cm length of soil). 

From rings 75-87, the number of taps varied from 30-45 indicating that the muck consistency 

was above the LL. This is consistent with low shear strength behavior observed in the vane shear 

tests. The LL of the original cohesive soil in this area ranged between 58-82% and liquid limit 

moisture content is between 23-35%. With focusing on the results, it is noticeable that exact 

same Su value results in exact same number of taps. For instance, ring 75 and 131 with Su value 

of 2.6kPa both results in 30 Casagrande device tapes. Similarly, consecutive rings 82 and 83, 89 

and 90, as well as 111 and 112 provide comparable results. 

The reduction in Casagrande device taps observed at ring 90 is significant and is not 

reflected by an increase in Su that one would expect. Perhaps the soil type has changed here. 

Casagrande tap numbers beyond ring 100 are not meaningful since this is primarily a granular 

soil.  Figure 3.8d provides average slump test results on each ring. Due to the close relationship 

of material shear strength and viscosity, it is possible to establish a relationship comparing slump 

and vane shear test results. It is depicted in figures 3.8b and 3.8d, that muck with vane shear test 

result ranged between 2-3 kPa presents 0.6-4.6 cm of slump.  
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Figure 3.8e shows average muck’s moisture content. By looking at figures 3.8a and 3.8e, 

it is evident that GSD test result and moisture content are associated. For instance, it is evident 

that moving into Sandy material from ring 113, the moisture content is reduced significantly.  

 

Figure 3.8: Muck test results 
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Figure 3.9 presents soil conditioning changes throughout 100 rings of the tunnel. Figure 

3.9a shows injection ratios and their standard deviations. An increase in standard deviation 

means that foam flow rates or advance rate of the EPBM is fluctuating. FIR’s standard deviation 

from ring 115 forward is very high, due to a malfunction in foam injection (ref). Figure 3.9b 

presents the volume of injected foam and bentonite (slurry) and their percentage to the ring 

volume. It is evident that bentonite slurry injection increased from ring 60 and reached to a peak 

value of 18% at ring 90. After ring 90 bentonite slurry injection decreased to zero at ring 112. 

Polymer is directly injected between rings 67-71 and 116 -149. Total ring foam volume from 

rings 58-113 fluctuates around 200 m3 (FIR = 40%) and decreases to around 100 m3 (FIR = 

25%) from rings 113-146 (with fluctuations).  Foam volume per ring volume fluctuates between 

25-35% and is decreased remarkably from ring 112 forward in range of 5-20% with minimum 

values at ring 132 and 145. FER gradually increased from 5 to 10 from ring 59-158 with 

exceptional increases at ring 59, 74, 104, 125, and 131. 

 

 
Figure 3.9: Soil conditioning representation 
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CHAPTER 4 – RING MINING OPERATION ANALYSIS 

 

4.1.       Introduction to Operation Data  

Ring 75 excavation is used here to introduce machine operation. Figure 4.1 presents the 

key EPBM operational parameters vs. time during mining of ring 75 (t < 1:09 where h:mm is the 

time convention used throughout). The mining of this ring is continuous without any stops. The 

tunnel profile is 40% cohesive clay and silt, 40%  till deposits, 10%  cohesive sand and gravel, 

and 10% recent granular deposit based on the geotechnical data report. 

As mentioned in chapter three, the on-site GSD of the muck material in this ring  shows 

11.2% gravel, 18% coarse sand, 27% fine sand, and 44.3% fines. Material flows on the machine 

conveyor belt quite easily and the slump test (the standard test to rate the flowability of the 

muck) result is 0.8 cm.  The material on the belt was found to be visually consistent, i.e., no 

visible chunks of unconditioneded material. The measured vane shear strength was 3.1 kPa. The 

average muck moisture content is 24% andLL device taps was 30, which suggests that the muck 

consistency was above the LL. 

EPBM operation is predicated on forward displacement and cutterhead rotation speed 

control. The EPBM uses feedback control to apply the appropriate torques and thrust to maintain 

the desired displacement and rotation rates. During mining, the operator manually controls the 

cutterhead rotation speed (𝜃𝐶𝐶), the center agitator rotation speed (𝜃𝐶𝐶), and the thrust cylinder 

pressure together with the first screw conveyor rotation speed (𝜃𝑆𝐶1) and the second screw 

conveyor rotation speed (𝜃𝑆𝐶2). In this ring the 𝜃𝑆𝐶1 is kept constant except from a small change 

at time 00:08). 

The advance rate of the machine is is influenced by several factors such as thrust 

cylinders pressure (thrust force), geology of the ring, shield friction, and trailing gear. The 

advance rate also depends on the soil conditioning and material flow from the cutterhead, which 

will be discussed in chapter five. 
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Figure 4.1: EPBM Operating parameters vs. mining time of ring 75 

 

As conveyed in Figure 4.1a, the EPBM advanced with AR = 20-32 mm/min with a 

constant 𝜃𝐶𝐶 of -1.0 rpm (- is counter-clockwise looking forward) and occasional minor 

fluctuations (i.e., time 0:52). The 𝜃𝑆𝐶1 ranged from 5- 6.5 and stayed mostly at 5.2. The 𝜃𝑆𝐶2  

varied from 4.5-8.0rpm and was mostly at 6 rpm. The 𝜃𝑆𝐶2 was maintained 1-2 rpm higher than 

𝜃𝑆𝐶1 to prevent clogging in the screw conveyors. The 𝜃𝐶𝐶 was kept at 1.5 rpm clockwise during 

the entire ring 75 mining. 

The thrust force (F) and cutterhead torque (𝑇𝐶𝐶) associated with the AR and the 𝜃𝐶𝐶 are 

shown in Figure 4.1b. F remains fairly constant at 72,000 kN during mining with a few 
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fluctuations. 𝑇𝐶𝐶 varied from 27,000-35,000 kN-m during mining. A comparison of figures 4.1a 

and 4.1b reveals the often complex relationships between machine operating parameters. In 

general, F, 𝑇𝐶𝐶, 𝜃𝐶𝐶  and the AR are correlated. They increase and decrease with each other as 

evidenced in the numerous notch reductions throughout mining (e.g., t =23, 28, 52 min). The 

period t = 35-50 min reveals the more subtle relationship between these four variables. Here, 𝑇𝐶𝐶 

and AR increase steadily while 𝜃𝐶𝐶 and F remain constant. The increase in AR under constant 

𝜃𝐶𝐶 produces a greater penetration rate (advance distance per revolution or AR/𝜃𝐶𝐶). This larger 

‘bite’ results in a greater 𝑇𝐶𝐶.  

The soil conditioning inputs are presented in figure 4.1c, including the foam injection 

ratio (FIR), the polymer injection ratio (PIR), the bentonite injection ratio (BIR) and the water 

injection ratio (WIR). Recall from Chapter two that these reflect volumetric ratios of injected 

foam, polymer, etc. to encountered or formation soil (including ingested pore water). Each of 

these ratios reflects the sum of respective injections from all ports through the CH, in the 

excavation chamber, and in the SC1 and SC2. FIR varies significantly among 20 pumps and the 

average FIR is between 45-70% with an increase in the beginning and end of mining. The BIR is 

kept constant around 20% and the WIR around 10%. No polymer injection was used throughout 

this ring. The overall FER was 5.0 during this ring. The magnitudes of FIR, BIR and WIR are 

considerable. Collectively, FIR+BIR+WIR ≈ 80%, indicating that 8 parts of foam, bentonite and 

water by volume is added to every 10 parts of encountered ground.  

Figure 4.1d shows  the opening of the screw conveyor gates. G1 is very crucial during 

mining to control the out flow of the material. This gate controls the discharge of material from 

the SC1 to the SC2. In ring 75, G1 is all the way open to incorporate the maximum discharge 

from SC1. G2 is used for safety purposes; in case of water invasion or unusual pressure increase 

resulting in blow outs (i.e., high pressure air). G2 is partly open to control the discharge of 

material on the belt. The operator controls these gates by looking at the camera on the discharge 

chute as well as the feed back  from the SC1 and the SC2 pressure readings. 

Figure 4.2 illustrates additional data from ring 75. In addition to the operating data in 

figures 4.2a - 4.2c, the excavation chamber earth pressure sensors (EC-EPS) (Figure 4.2d) and 

the screw conveyor earth pressure sensors (SC-EPS) in Figure 4.2e are also presented. These 
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gage pressure sensor readings reflect muck pressure above 1 atm. The EC-EPS are oriented on 

the stationary vertical bulkhead, and therefore measure total lateral pressure. Similar colors have 

been used for sensors at the same elevation. As introduced in chapter two, sensors R1-R6 are 

located on the right side of the bulkhead from top to bottom and the L1-L6 sensors are located on 

the left side of the bulkhead from top to bottom. 

Six gage EPSs were installed in each screw conveyor. The SC pressure sensors are  

positioned at mid-elevation of the SC casing and capture the lateral total pressure. Figures 4.2d 

and 3.35e convey EC and SC pressures during mining (t < 1:09) and standstill / ring build (t > 

1:09). The vertical difference in chamber pressure due to the self-weight of the muck is 

significant. The chamber pressure near the crown (top) of the EPBM is approximately 1.5 bar 

during mining while the chamber pressure at the invert (bottom) of the EPBM is 4 bar. The 

vertical pressure gradient will be explored in detail in chapter six. 

A horizontal difference in chamber pressure is clearly evident at all elevations within the 

chamber. Rightside pressures are higher than leftside pressures. This  coincides with 

counterclockwise CH rotation (see figure 4.2a). Note that in other rings where the CH rotation is 

clockwise, leftside chamber pressures are higher than rightside. This phenomena will be 

analyzed later. The EC-EPSs record a decrease in chamber pressure upon transition to standstill 

that plateaued to a constant value with time. This decrease is due to the absence of rotational 

mechanical influence, a stop in volume flow (into and out of EC) as well as the material coming 

to equilibrium with the ground pressure.  

The chamber muck experiences pressure fluctuations during mining and standstill that are 

quite informative. All pressure readings increase considerably during the three minute ramp up 

(initial values reflect the equilibrium position from ring 74 standstill). They all then gradually 

decrease until reaching a fairly steady state behavior from t = 15-60 min. This steady pressure  

suggests that the operator had good control over the muck flow in and out of the chamber. 

Chamber pressures increase again significantly during the 3 min ramp down, and gradually 

decrease during standstill. The nature of chamber pressures will be discussed in greater detail 

ater in chapter five. 
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Figure 4.2: Machine operation (a, b, c and d); EPB pressure (e and f) from ring 75 
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The cut and scraped formation soil flows into the chamber through the CH openings 

during machine advance. The changes in AR are associated with 𝜃𝑆𝐶1, 𝜃𝑆𝐶2, F, and 𝜃𝐶𝐶 together 

with the muck characteristics. 𝜃𝑆𝐶1 and 𝜃𝑆𝐶2 along with the gate opening and material 

characteristics control the outflow rates. The screw conveyor  takes advantage of the pressure 

difference between the EC pressure and the atmospheric pressure on the machine conveyor belt. 

Advance rate and SC facilitate and control the flow. 

Figure 4.2e depicts the pressure sensor readings of both SCs. The SC-EPS 1 and 4 are not 

working due to  damage during operation. Figure 4.2e  shows the dissipation of pressure from 

sensor 2 to 10. Sensor SC1-2 is very close to the chamber and presents values near 3.0 bar, 

which indicates initiation of the pressure dissipation (compared to excavation chamber’s R5, R6 

and L5, L6). The sensors SC1-10 is the last sensor in the screw conveyor right before the belt 

and shows a pressure of approximately 0.25 bar. 

The muck pressure (Figure 4.2e) decreases to atmospheric pressure as the material travels 

through SC1 and SC2 and onto the belt (to the right of SC2). Screw conveyor pressures exhibit 

rapid and gradual fluctuations similar to those observed in the excavation chamber. A 

comparison of SC and EC pressure reveals they are related. For example, the increase in SC 

pressure at the end of mining (beginning at t = 1:07 and due in part to the reduction in SC 

rotation) causes the increase in excavation chamber pressure. 

Most of the subtle changes observed in the SC pressure are coincident with similar EC 

pressure changes, though their polarity (increase or decrease) is not always the same. For 

example, during ramp-up, EC pressure increases while SC pressure decreases. During this period 

SC rotation speed is increased and therefore relieves pressure in the SC. This will be discussed  

again in Chapter five. 

The screw conveyor torque (here TSC1) is a valuable parameter to evaluate the muck 

characteristics in each ring. TSC1 remains quite constant at 75 kN.m throughout excavation with 

an increase to 90 kN.m during the first 5 min of excavation which is coincident with few changes 

SC1 and SC2 (i.e. time 00:08 and 00:11). 
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4.2.      Ring 67 to 78 Operation analysis 

As an example of more variable machine behavior, ring 67 operation data is depicted in 

the series of plots in figure 4.3. The mining of this ring was continued for 1:46 with four stops. 

Per the GBR, the tunnel profile is about 50% cohesive clay and silt, 30% till deposits, 10% 

cohesive sand and gravel, and 10% recent granular deposit. GSD testing was not conducted for 

this ring. 

The mining of ring 67 included multiple stop-start sequences that provide insight into 

relationships between chamber and SC pressures and the EPBM operating parameters. The first 

stop lasted 22 minutes, the second stop five minutes and third stop lasted three minutes. The 

fourth stop  was brief to change cutterhead and center agitator rotation direction at time 1:41. 

After this change mining continues for five minutes. 

The AR fluctuates frequently, and 𝜃𝑆𝐶1 and 𝜃𝑆𝐶2 are also changed by the operator 

throughout mining. 𝜃𝑆𝐶2 is kept higher than 𝜃𝑆𝐶1 to prevent cloggage in between. In this ring 

operator adjust the screw conveyor gates during opetaion. Mining operations initiate with G1 and 

G2 wide open (1500mm) and G3 partially open (500mm). After 10 minutes of mining and 20 

minutes stop, the operator adjusted the gates at mining restart to control the material on the 

discharge chute. The reason behing operating the gates at this point of mining can be due to 

watery muck splash out of the chute. 

T𝐶𝐶 and AR follow the same trend. During mining, F remains constant around 125,000 

kN. However, minor fluctuation of F is not visible due to the scale of the plot. Figure 4.3 shows 

the magnitude of oscilations. Comparing the changes in F with AR one can find a relationship. 

This relationship will be discussed in chapter five.  

Soil conditioning inputs are presented in Figure 4.3c. The FIR varies significantly among 

20 pumps and the average FIR is between 25-45%. The BIR is kept constant around 12% and the 

WIR around 8 %. No polymer direct injection used throughout this ring. The magnitudes of FIR, 

BIR and WIR are considerable. Collectively, FIR+BIR+WIR ≈ 60%, indicating that 6 parts of 

foam, bentonite and water by volume is added to every 10 parts of encountered ground. FER is 

averaged 4.0 in 20 pumps. 
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Figure 4.3: Ring 67 Operation 
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Figure 4.4: Thrust force Versus Mining Time of Ring 67 

 

 
Figure 4.5: Ring Material on the Belt - Ring 67 
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Ring 71 operation is shown in a series of plots in Figure 4.6. Mining of this ring is 

continued for 1:06 and stopped once due to a change of cutterhead rotation direction. The mining 

of this ring started without rotating the CA. Just before changing the CH rotation direction the 

operator starts CA in a clockwise direction, and after changing the CH rotation to clockwise, the 

CA rotation is changed to counterclockwise. EC-EPS readings are fairly constant during mining 

except for a rapid decrease at time 0:45 for 10 minutes. This rapid decrease is inversely related to 

the AR. The 𝜃𝑆𝐶 is constant and the AR is increased. At time 0:54 the operator decreases the AR 

back to 30mm/min and shuts down the 𝜃𝑆𝐶. At time 56:00 the operator restarts the 𝜃𝑆𝐶 back to 5 

rpm and mines for 10 minutes with constant EC pressure. 

Soil conditioning inputs are presented in Figure 4.6c. The FIR varies significantly among 

20 pumps and the average FIR is between 25-45%. The BIR is kept constant at around 12% and 

WIR around 8%. The magnitudes of FIR, BIR and WIR are considerable. Collectively, 

FIR+BIR+PIR+WIR ≈ 90%, indicating that 9 parts of foam, bentonite, polymer and water by 

volume is added to every 10 parts of encountered ground. The FER is averaged 5.0 in 20 pumps. 

Unlike rings 67 and 75, polymer was injected in this ring to reduce water in the muck. PIR was 

constantly injected throughout the ring at around 22%.  

 The T𝐶𝐶 and the AR are strongly correlated in this ring giving enough evidence to 

support that  an increase in AR is accompanied by an increase in the T𝐶𝐶. The T𝑆𝐶 is associated 

with the 𝜃𝑆𝐶1 and the material characteristics. In this ring they are not correlated to each other 

when compared to ring 67. The T𝑆𝐶 is around 35 kN-m, which is well below the T𝑆𝐶 in ring 67 

that ranged between 70-90 kN-m. This lower torque and absensce of a strong relationship  

suggests that the shear strength of the material in this ring is lower than in ring 67.  

Ring 77 operational data is shown in Figure 4.5. The geology in the tunnel profile was 

similar to ring 75. The mining of this ring is continued for 01:17. The observed slump was 0.7 

cm and the vane shear strength was 3.1 kPa. The mining of ring 77 included two stop-start 

sequences that provide insight into relationships between chamber and the SC pressures and the 

EPBM operating parameters. The first stop lasted 10 minutes; the second stop was  brief to 

change cutterhead and center agitator rotation direction at time 0:54.  The CH rotaion direction is 

changed at time 0:54 and the right and the left EPS reading illustrate a very clear change. For 
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instance, R3 is higher than L3 and R4 is higher than L4 when the 𝜃𝐶𝐶 is counterclockwise, and 

inversely when the 𝜃𝐶𝐶 is rotating clockwise, L3 and L4 are higher than R3 and R4 respectively. 

 
Figure 4.6: Ring 71 Operation 



 

49 
 

 

Figure 4.7: Thrust force Vs. Mining Time of Ring 71 

 

The 𝜃𝑆𝐶1 and the 𝜃𝑆𝐶2  were changed frequently by the operator in this ring with changes 

being gradual and in steps. For instance, at time 0:17 – 0:22, 𝜃𝑆𝐶1 decreases from 8 to 5 rpm in 

two steps. This gradual change was done to prevent rapid volume change in the excavation 

chamber. The first and the second Screw conveyor gates (G1 and G2) remained wide open and 

the third gate (G3) was partly-open throughout mining. The EPBM operating parameters 

exhibited much greater variation during ring 77 mining when compared to the relatively smooth 

ring 75 mining.  

Unlike rings 67, 71, and 75, the 𝜃𝐶𝐶 in this ring is increased to 1.2 rpm. While the 𝜃𝐶𝐶 is 

constant, 𝑇𝐶𝐶, F and 𝜃𝑆𝐶 vary significantly. These machine parameter variations lead to 

remarkably greater variation in chamber pressures. As illustrated here, pressure sensor readings 

change as the machine advances.  
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Figure 4.8: Ring 77 operational data 



 

51 
 

Ring 78 operational data is shown in Figure 4.9. The mining of this ring is continued for 

01:09, stopping once to change cutterhead rotation direction. The geological profile of this ring is 

very close to ring 77. AR, θSC1 and θSC2 fluctuate considerably and they follow the same trends. 

The θCH is constant at 1.2 rpm. TCH and AR are clearly associated. Overall F is constant and 

around 58,000 kN and TSC is 30-40 kN-m, both are much lower than ring 77. The TCH ranges 

between 20,000-32,000 kN-m, similar as in ring 77. 

In this ring, like ring 71, using one half of the F, the same range of AR is generated, 

comparable to rings 67, 75, and 77. Rings 78 and 71 both exhibit lower TSC and F. Unlike rings 

67, 75, and 77, the  TSC does not show a strong correlation with AR. Essentially, the AR and the 

F are correlated, which suggests that the TSC is also corelated to the F. Comparing EC-EPS at the 

crown from ring 67-78 shows an increase due to the machine  mining deeper underground. 

The influence of AR on the EC-EPS data is not signicant when comparing to ring 71 and 

77. For instance, in time frame 0:37 - 0:45, except from a small fluctuation in the SC data, the 

AR is decreasing; however, the EPS readings are constant. The same phenomenon happened in 

ring 67 right after a stop in mining. The absence of a strong correlation can be due to dynamics 

of flow in the chamber, described in Chapter 5.  

Similar to ring 77, the SC-EPS and the EC-EPS show the same trends. Having  similar 

changes (i.e. time 0:10) in both screw conveyor and excavation chamber can suggest that the 

scraped and cut material presents a continuous structure to develop flow and dissipate the 

pressure from the EC eo atmospheric pressure on the machine conveyor belt. Interestingly, SC-

EPS2 and SC-EPS3 in the SC1 and SC-EPS5-10 in SC2 depict the change in chamber pressure 

gradually. The SC-EPS2 and 3 show this change at the same time of the EC-EPS change. 

However, SC-EPS5-10 show the change with a delay of  three minutes maximum (looking at 

SC-EPS 8 and 9, figure 4.11). It is evident that the θSC2 is higher than the θSC1 at time frame 

0:02-0:07, which suggests that the SC2 is partiallly filled with material. Figure 4.10 shows a drop 

in chamber pressure after mining (during standstill) from time 1:09 to 1:40. After time 1:40 EC-

EPS is plateaued. 
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Figure 4.9: Ring 78 operation 
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Figure 4.10: EC-EPS readings during mining and standstill 

 

 

Figure 4.11: EC and SC EPS data in a short time frame during early ring mining ring 78 
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4.3.      Ring 81-101 Operation Analysis 

Ring 81 operational data is shown in Figure 4.12. GSD test results shows that the muck 

contained 18.6% gravel, 13.4% coarse sand, 17% fine sand (29.4% sand) and 52% fines. This 

translates to an 8% increase in gravel, 15% decrease in sand and 8% increase in fines compared 

to ring 75 and 77. The soil exhibited 0.2 cm slump and the muck condition on the belt was 

visually observed to be more sticky than rings 77 and 75. Chunks of unconditioned material were 

observed. The vane shear strength was 3.8 kPa under atmospheric pressure. Average muck 

moisture content is 26% and recalling from chapter three, the LL number of taps was 41, which 

demonstrates that muck consistency was below the LL.  

The mining of this ring was continued for 01:07. Mining stopped once for five minutes at 

time 0:21. All machine operation parameters in this ring are very consistent with minimum 

fluctuation compared to previous rings. F is around 115,000 kN and TCH is 30,000 kN-m in this 

ring. TSC and θSC1 show similar changes. TCH and AR also following the same trends. In this 

ring, the gate G2 opening was about half open (700 mm). 

Chamber pressure is relatively constant throughout the ring and the level 1 EPS reading is 

higher than ring 78 at around 1.5 bar. The CH is rotated counterclockwise and the CA is rotated 

clockwise. EC pressure on the right side is higher than the left side, and is consistent with the 

counterclockwise rotation of the CH.  

The EC-EPS experiences a drop after mining and during standstill on the right hand side. 

Left side pressure mainly plateaus after mining. The SC-EPS shows a consistent pressure drop 

during standstill. This can suggest that material on the right hand side is counteracting the ground 

pressure. This will be discussed in chapter six. The EC-EPS R1 and L1 are recording similar 

values, while R2 and L2 recording a horizontal pressure difference. This horizontal pressure 

difference is consistent in all levels except from level five and six. Horizontal pressure difference 

will be discussed in greater detail in chapter six. 
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Figure 4.12: Ring 81 Operation 
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The tunnel profile for ring 82 is located in the same geology as ring 81. The muck GSD 

test results revealed 20% gravel, 13% coarse sand, 17% fine sand (29% sand) and 51% fines. 

Figure 4.13 illustrates the slump test result is 0.2cm (same as ring 81). The muck condition on 

the belt is  more sticky than ring 77 and 75. Muck consistency is still fairly good on the belt, and 

no chunks of unconditioneded material are observed. Vane shear strength equaled 3.7 kPa, 

around the same value of  ring 81. The average muck moisture content is 22% and the number of 

LL device taps is 40. Ring 82 mining was halted after 5 minutes due to undesirable muck 

conditions and low chamber pressure (see figure 4.15). Note G3 is only slightly open and then 

closed at 5 min. The long standstill after mining of ring 81 (30 hours) may have contributed to 

this. Mining was re-initiated at t = 54 min. By the end of mining at time 01:47, EC pressure 

decreased significantly. The CH and the CA were rotated clockwise to elevate the pressure 

(Figure 4.15).  

 

Figure 4.13: Slump test from the material on the belt - Ring 82 

 

 

Figure 4.14: Slump test failed- Ring 83 
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Figure 4.15: Ring 82 Operation 
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Figure 4.16: AR vs F for Ring 82 

 
Ring 83, with a geological profile similar to rings 81 and 82 (see figure 4.17), begins with 

12 minutes of mining followed by a 7 minute stoppage (see figure 4.17a). During the stop from 

time 0:13-0:18, the EC pressure dropped significantly; after four minutes of mining reverse CH 

rotation (counterclockwise) from time 0:18-0:22, EC pressure built up to 1.5 bar at the crown. At 

the t = 0:34 restart of mining, the pressure decreased again. By adjusting 𝜃𝑆𝐶1 , 𝜃𝑆𝐶2, and AR, 

mining continued for about 53 minutes with one short stop in order to change CH and CA 

rotation direction. EC pressures decreased during standstill while SC pressures remained 

constant. F was held around 50,000 kN, less than half of the observed values in ring 81 and 82. 

AR and SC data correlates strongly. The 𝑇𝐶𝐶  ranges between 20,000-24,000 kN-m and the  𝑇𝑆𝐶 

is between 30-50 kN-m. 
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Figure 4.17: Ring 83 Operation 
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Ring 87 operational data is shown in Figure 4.19. The geological profile within the face 

per the GBR included 50% cohesive clay and silt (high clogging potential), 40% till deposits, 5% 

cohesive sand and gravel, and 5% recent granular deposits. The muck GSD test results showed 

10% gravel, 8% coarse sand, 16% fine sand (24% sand) and 65% fines. This demonstrates a 20% 

decrease in sand and 20% increase in fines portion compared to rings 75 and 77. The slump 

equaled zero. The muck visibly appeared much more sticky that observed during rings 77 and 

75. The muck appeared inconsistent on the belt, with many chunks of unconditioned material 

visible. Muck vane shear strength was 3.3 kPa. The average muck moisture content was 35% and 

the number of LL device taps was 46. Ring 87 mining was completed in 54 minutes. EC and SC 

pressures are fairly constant throughout mining. EC and SC pressures increased significantly 

after mining was stopped.  

The geological profile of ring 90 was similar to ring 87. The muck GSD test results 

revealed 8% gravel, 10% coarse sand, 15% fine sand (25% sand) and 68% fines. The observed 

slump was zero and the materials was sticky (see figure 4.18). Muck on the belt is observed a lot 

more sticky than ring 77 and 75. The consistency was very chunky. The vane shear strength was 

4.4 kPa, slightly higher than previous rings. Average muck moisture content was 38% and the 

number of LL device taps was 19 ( which is inconsistent with the LL of the formation soil = 58-

82%). Ring 90 operational data is shown in Figure 4.20. The mining of this ring continued for 55 

minutes with no stops.  
 

 
Figure 4.18: Slump test failed - Ring 90 
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Figure 4.19: Ring 87 Operation 
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Figure 4.20: Ring 90 Operation 
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Figures 4.21b and c show that the EC pressure readings are influenced proportionally to 

F. This may suggest that cutterhead openings are clogged with muck. The R6 EPS reading 

demonstrates this influence better than other sensors. It is also evident from figure 4.21 that the 

AR and F are also inversely associated throughout the mining except from 0:27-0:41 when 𝜃𝑆𝐶 is 

changing. The operator changes the thrust cylinder pressures and the 𝜃𝑆𝐶 together the majority of 

the time.  

 
Figure 4.21: Ring 90 (a) AR; (b); F (c) EC-EPS 
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Ring 91 geology was somewhat similar to rings 87 and 90, albeit with a 12% decrease in 

fines and a 10% increase in sand compared to ring 90. Soil conditioning was similar to that used 

during ring 90. Slump was zero and the material was highly sticky. Muck on the conveyor was 

very sticky and clumpy (figure 4.22). The vane shear strength was 3.7 kPa. Average muck 

moisture content was 36% (lower than ring 90) and 21 LL taps were observed.  

 
Figure 4.22: Material on the belt - Ring 91 

 

EC and SC pressures remained constant during the 50 minutes of mining (see figure 

4.24). They increased at the end of mining and then gradually decayed to below mining levels 

during standstill. The relationship between SC torque and rotation speed is evident in figure 4.23. 
 

 
Figure 4.23: F and T-SC1 of Ring 91 mining 
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Figure 4.24: Ring 91 Operation 
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Ring 101 operational data is shown in figure 4.25. The geological profile includes 60% 

clay and silt and 35% till deposits.  

 
Figure 4.25: Ring 101 Operation 
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4.4       Ring 103-132 Analysis 

The operational data for rings 103 and 105 are presented in figures 4.26 and 4.27. The 

geological profile for these rings is 60% clay and cohesive silt and 35% till deposits. The slump 

determined from a ring 103 sample was 13.3cm (highest value up to this point) and the muck on 

the conveyor belt was very watery (muck splashed out a few times from the muck chute). The 

vane shear strength on the muck samples was 1.2 kPa. This value is also represnts the lowest 

Vane shear strenght among all test results. 

During ring 103 mining, screw conveyor gate G3 was controlled at 400 mm constantly. 

In ring 105, the operator controlled the opening from the beginning of mining and gradually 

increased the oepning from 300mm to 700mm. Gate G2 is also showing the same operation from 

the start of ring 105. This can be the reason behind the availability of watery muck in the 

chamber that is observed on the machine conveyor belt.  

EC pressures decreased gradually throughout mining despite constant machine operating 

parameters in ring 103. This will be discussed further in Chapter 5. SC pressures also decreased 

during mining. TCH was very low - 20,000 kN-m and is decreasing from time 00:30 forward to 

the end of mining. The observed reduction in torque whithin two rings from 101 (30,000 kN-m) 

to 103 was significant. EC-EPS shows a lower increase by the end of operation when compared 

with previous rings. 

EC and SC pressures remained constant during ring 105 mining. The differences in 

operations included much lower F (80% lower than ring 103), lower BIR (10% vs. 20% in ring 

103) and increased G3 opening (500 mm). Torque remained low at 20,000 kN-m and AR was 

10% greater than ring 103.  

As illustrated in figures 4.26a and 4.26b, in ring 105 TSC is strongly associating with the 

θSC1. Comparing θSC1, θSC2, and TSC during time frame 0:14 - 0:23, it is evident that at time 

0:18, the TSC changed from 33kN-m to 36kN-m with an increase in θSC1 from 6.5 to 8 rpm and 

θSC2 from 8 to 9.5rpm. At time 0:18, TSC reduced back to 33kN-m.  
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Figure 4.26: Ring 103 Operation 
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Figure 4.27: Ring 105 Operation 
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Figure 4.28: Ring 105 Operation a) 𝜽𝑺𝑪𝑺, and 𝜽𝑺𝑪𝑺, b) Tsc data 

 

Ring 112 operational data is shown in Figure 4.29. The mining of this ring is continued 

for 01:21 with a 20 minutes stop. The geological profile is about 45% in till deposits, 35% 

cohesive clay and silt, and 20% in cohesionless sand and gravel based on geotechnical data 

report. The muck GSD results revealed 6% gravel, 22% coarse sand, 24% fine sand (46% sand) 

and 48% fines. This constitutes a 4% reduction in gravel, 11% increase in sand, and 4% decrease 

in fines comparedg to ring 103. The slump was 4.6 cm and the conveyor muck was visibly 

flowable but with less visible water than rings 103 and 105. Vane shear strength equaled 2.0-2.4 

kPa, average muck moisture content was 26% (10% lower than ring 103), and the LL device taps 

was 8. Ring 112 mining included one stop and restart. Excavation chamber and screw conveyor 

pressures vary considerably during mining of this ring. Gate openings varied widely as did the 

key operating parameters. This can also shows that muck operator is using SC gates to control 

muck flow on the discharge chute. As shown in Figure 4.30, TSC does not closely follow θSC, AR 

and F.  
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Figure 4.29: Ring 112 Operation 
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Figure 4.30: (a) AR, 𝜽𝑺𝑪𝑺, 𝜽𝑺𝑪𝑺 , (b) F and 𝑻𝑺𝑪 

 

Ring 113 is in identical geology and tunnel profile to 112. The operational data is shown 

in figure 4.31 which is also very similar to ring 112 . Collectively, FIR+BIR+WIR ≈ 75%, 

indicating that 7.5 parts of foam, polymer and water by volume is added to every 10 parts of 

encountered ground.  

Similar to ring 112, EC pressures vary considerably throughout mining. They drop 

steadily during stoppage from 0:20 to 0:50, pick up considerably during restart at 0:50 and then 

exhibit rapid by small fluctuations throughout the remainder of mining. Upon standstill, 

pressures decrease steadily. SC pressures are abnormal (significant drop from SC3 to SC5 due to 

gate G1 being tightly controlled throughout mining. The SC2 pressure does not dissipate linearly 

with some significant differences between SC-EPS3 and SC-EPS5. Gate G1 is located between 

these two sensors which can indicate that flow of much is intrupted by the smaller gate G1 

opening. 
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Figure 4.31: Ring 113 Operation 
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Ring 114 geology encountered was similar to rings 112 and 113. The observed slump 

was 3.8 cm (see figure 4.32). Muck on the conveyor belt was observed to flow with no splashing 

from from the chute. The vane shear strength was 3.3 kPa. Ring 114 moisture content was 24%, 

less than rings 112 (35%) and 113 (45%). 
 

 
Figure 4.32: Slump test at net stroke 800mm - Ring 114 

 

Unlike ring 112 and 113, operation is more constant during ring 114 mining, e.g., AR, 

CH rotation and SC rotation are constant (see figure 4.33). Once these parameters reach constant 

values (0:12), the observed EC pressures begin to decrease coincident with TCH and F decreases. 

The operator is controlling gate openings G1 and G3 as well as SC rotation rate to maintain 

pressure.   
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Figure 4.33: Ring 114 Operation 
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Ring 119 operational is depicted in figure 4.34, with soil conditioning inputs shown in 

figures 4.35 and 4.36. The mining of this ring is continued for 57 minutes with no stop. The 

tunnel profile is about 40% sand and gravel, 20% cohesive clay and Silt, 30% in till deposits, and 

10% in cohesionless silt and fine sand based on geotechnical data report. The Muck GSD test 

was not obtained in this ring. Operating parameters varied considerably during ring 119 mining. 

Significant PIR was employed at the outset of mining. The EC and SC pressures remained very 

constant throughout mining. Fluctuations in pressure from 0:05 to 0:20 can be connected to 

changes in volumetric flow rate (AR and SC rotation) that are described in more detail in 

Chapter 5.  

The operating data for rings 120, 122 and 124 are shown in figures 4.37, 4.38 and 4.39. 

As the TBM progresses through these 3 rings, the cohesionless soil percentage grows, e.g., 40% 

sand in ring 120 to 60% sand in ring 124 according to the GBR profile. GSD testing was not 

performed to verify. As shown in the figures, G1 and G3 were controlled carefully throughout 

mining of these three rings – typically around 300 mm opening and G3 around 100 mm during 

ring 124 mining. EC pressures remained reasonably constant throughout mining with observed 

‘chatter’ that corresponds to similar fluctuations in the main parameters, e.g., AR, F, TCH. F was 

considerably higher during ring 122 mining than in rings 120 and 124.   

Rings 131 and 132 consisted of 40% sand and gravel, 20% clay and cohesive silt, 20% 

till and 20% cohesionless silt and fine sand per the GBR.  mining is continued for 01:17:00 

(hh:mm:ss) with no stop during mining (see figure 4.40). Muck sampling in each ring revealed 8-

11% gravel, 53-54% sand, and 36-38% fines. Slump values were 5.1 cm and 5.8 cm, 

respectively. The muck was visibly watery with material splashing out of the chute occasionally. 

Vane shear strengths were found to be 2.6 kPa and 2.8 kPa. LL device taps were less than 10 but 

are not a good indicator in cohesionless soils.  

Rings 131 and 132 were mined with different operating parameters (see figures 4.40 and 

4.41). Magnitudes of F were twice as high in 131 than used in 132. AR were generally similar as 

were TCH levels. Both AR and TCH were very choppy throughout. Gates G1 and G3 was 

controlled tightly, with G1values ranging from 200-300 mm and G3 values100-200 mm. EC 
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pressures remained relatively constant during mining with choppy behavior mirroring AR and 

TCH.  

 

Figure 4.34: Ring 119 Operation 
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Figure 4.35: Foam Solution Flow Rates - Ring 119 

 

 

Figure 4.36: Foam system, Air flow rates - Ring 119 
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Figure 4.37: Ring 120 Operation 
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Figure 4.38: Ring 122 Operation 
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Figure 4.39: Ring 124 Operation 
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Figure 4.40: Ring 131 Operation 
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Figure 4.41: Ring 132 Operation 
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CHAPTER 5 – CHAMBER PRESSURE 

 

5.1       Introduction: 

In this chapter the influence of specific EPB operational parameters are investigated. 

Each of these parameters can influence the muck flow and material characteristics. Operational 

parameters are individually discussed and their influence on chamber volume and pressure is 

explained. Of particular interest to this analysis is relating operational parameters to observed 

changes in excavation chamber pressure. In the last part of this chapter, an analytical estimation 

of the volume changes and related pressure changes is provided to estimate material 

compressibility. 

 

5.2.       Influence of Cutterhead on Chamber Pressure 

Although CH design is very critical to cut and flow material through the openings and 

into the excavation chamber, it is found that CH itself influence the chamber pressure and this 

may alternate due to muck characteristics. Shear strength of the material and the adhesion 

between the soil and steel surfaces (face and spokes) are found to be influential.  

Normally, during standstill, the operator maintains F to keep the ground stability (see 

figure 5.1a). Mining operation is started by rotating the CH (see figure 5.1b). When operator set 

the θCH = 1.0rpm (pre-determined value), it takes around 30seconds for CH motors to reach this 

target value from 0.0rpm. In this time frame, the AR is zero and the SCs are not rotating. 

Varying among different rings, after 30 and 60 seconds, the operator starts SC1 and then SC2. In 

this time period, the change in chamber pressure is due to CH rotation (see figure 5.1c, dashed 

box). 

Figure 5.2 shows EC level 4 pressure changes in the first 30 seconds of mining for rings 

70-150. The increase in pressure is ranged between 0.2 to 0.4bar. Interestingly, the change in 

pressure is higher before ring 100, and the maximum pressure change is between rings 82-96 at 

rings 89 and 91. The on-site lab test on the rings 82-91 shows a higher LL number of taps, failed 
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slump (very sticky muck not flowing out of slump cone) )and higher muck shear strength when 

comparing to the rings other rings.  

 

 

Figure 5.1: EC-EPS change throughout the first 30 seconds of mining 

 

During this 30 seconds time frame in each ring data points show a gradual increase. Due 

to change in other parameters during mining it’s not clear to investigate the individual influence 

of CH during mining. For instance an increase in the θCH from 1.0 to 1.2rpm may only 

influences the AR and muck inflow rate. 

As explained here, θCH alone causes a pressure increase in the excavation chamber. This 

influence is not consistent in all rings. The effect of the θCH is almost the same in right and left 

side of the chamber, but pressure in one side is depicted higher than the other side. Figure 5.2 
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shows left side pressure changes (R4 EC-EPS is only used for simplification) in red and right 

side pressure change (L4 EC-EPS) in black color. For instance, in ring 77, pressure in the right 

side is higher than the pressure in the left side of the chamber. Although the pressure increase 

due to ramping up of CH is the same, during counterclockwise rotation of CH, pressure on the 

right side is found to be higher than the left side. This will be discussed more in chapter six. 

 

 

Figure 5.2: CH influence on chamber pressure 

 

5.3.       Influence of Thrust Force on Chamber Pressure 

Force equilibrium of the EPBM shield can be defined in Equation 5-1  thrust force F 

equals the summation of the chamber pressure force (FP), the cutterhead force (FCH), the shield 

friction force (Ff), and the trailing gear force FTG. Assuming FTG and Ff remain constant 

locally (within minutes), the change in F is reasonably approximated by equation 5-2. These 

equations are valid during standstill and during excavation where inertia forces are negligible.   

 

𝐹 = 𝐹𝑃 + 𝐹𝐶𝐶 + 𝐹𝑓 + 𝐹𝑇𝑇                                                                  (5-1) 

𝑑𝐹 = 𝑑𝐹𝑃 + 𝑑𝐹𝐶𝐶                                                                                             (5-2) 
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Figure 5.3: EPB mode schematics and force equilibrum 

 

According to Hooke’s law, F = −kX, where k is the stiffness of a spring under force F. If 

the F is applied to two springs, each of them will absorb portion of that force based on the 

stiffness. By applying this law to the simplified EPB mode equilibrium 3, it changes as below: 

 

𝐹𝐶𝐶 = 𝐾𝐹−𝐶𝐶
𝐾𝐹−𝐶𝐶+𝐾𝑃

                                                                                             (5-3) 

𝐹𝑃 = 𝐾𝑃
𝐾𝐹−𝐶𝐶+𝐾𝑃

                                                                                                   (5-4) 

 

 Soil conditioning influence the compressibility of chamber material and stiffness of 

muck is inverse of compressibity. With increaseing F, stiffer material takes higher forces when 

compared to muck with lower stiffness.  

Mining starts with increasing F and θCH which flows the cut and scraped foamy soil 

toward the openings of the CH and into the chamber. Without the θSC, muck would not flow out 

of the chamber. By increasing θSC, AR is also changing. This suggest that the θSC is also 

influence the AR and this is discussed before when change in the gate G1 operation was 

inevstigated in ring 112-131 (Chapter four). 
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Much in the chamber is treated with a specific soil conditioning during minig. When the 

CH scraped and cut the in-situ soil formation, it cannot flow them into the chamber when SC 

outflow rate is low. By this phenomenon, conditioned material is compressed and when they 

reached their maximum compressibility, Although F is constant, AR will drop significantly. This 

manifestation can provide cloggage in front of the CH. 

Figure 5.4 presentsFCH, machine operation data, EC-EPS, and SC-EPS for ring 67. The 

EC-EPS level 3, 4 in the chamber and the SC-EPS 2, 3, and 5 are only shown for simplification. 

In this ring, operator controls chamber pressure throughθSC1, θSC2 and F. In each decrease or 

increase of θSC, the chamber muck is mechanically influenced. The discussion here focuses on 

the time frame 01:05-01:36. 

Figures 5.4a and 4.79b show an increase in θSC1 from 0.0 to 6.0 rpm and θSC2 from 0.0 to 

8.0 rpm from 1:05 to 1:06. AR is also increasing during this period. Following this, F is initially 

set to 135,000 kN, remains constant for 5 minutes and then it is decreases to 123,000 kN (at 

1:12). The AR is generally constant at 30mm/min and the EC-EPS decreases steadily by 

approximately 0.4 bar. With a significantly greater θSC, more material is discharged from the 

chamber than is entering through the cutterhead. When the outflow rate is increased, chamber 

pressure decreases and consequently, material in the chamber expands (decompresses) due to the 

presence of foam under pressure (in case of a proper soil conditioning). This muck expansion 

decreases the chamber pressure and decreases the chamber material stiffness. A decrease in 

chamber material stiffness would result in the chamber soil absorbing a lower share of F. 

Consequently, the CH contributes more and FCH increases as shown in Figure 5.4b.  

Figure 5.5 (page 89) presents EPBM data from ring 78 where EC and SC pressures vary 

throughout mining. The analysis here focuses on two time periods: (1) t = 0:10 to 0:16 where EC 

and SC pressures steadily but significantly decrease, and (2) t = 0:16 to 0:23 where EC and SC 

pressures steadily increase. During the first time period θSC ramps up signficantly and quickly 

(4-7 rpm from 0:10 to 0:11) and remains at 7 rpm until 0:16. Chamber pressure decreases during 

this time frame due to increasing discharge of muck (and chamber decompression). The decrease 

in muck stiffness that results in turn causes Fch to increase as observed. At 0:16 when θSC are 

decreased quickly down to 4 rpm, the behavior reverses. The chamber pressure increases and Fch 
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decreases as a result of the increased chamber soil stiffness. Throughout these two time periods, 

AR follows Fch.   Interestingly, the AR and the EC-EPS are more sensitive to the θSC2 rather 

than θSC1 (i.e. time 19:00). This is because SC1 is full of muck and basically changes in θSC2, 

will influence the flow of material in the θSC1 as well. 

 

Figure 5.4: Thrust Force and EPS – Ring 67 
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Figure 5.5: Thrust Force and EPS – Ring 78 
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5.4       Chamber Pressure Fluctuation Induced By Chamber Muck Volume Alteration 

The volumetric flow rate of soil into the chamber through the cutterhead (inflow rate) and 

discharge volumetric flow rate through the screw conveyor (outflow rate) can be estimated and 

analyzed in comparison to pressure.  

The inflow material volume through CH openings is calculated using AR as follows: 

 

Vin = �π∙(DCH)2

4
× (ARt2 − ARt1) × α� × ∆t + VB                                                 (5-5) 

 

Vin = Theoritical volume of material into the chamber(m3) 

ARt1 = Advance rate at time 1 (mm/min) 

ARt2 = Advance rate at time 2 (mm/min)  

DCH = Cutterhead diameter (m) 

∆t =  t2 − t1 

VB = Bentonite Volume 

α = CH opening ratio (%) 

 

The change in material outflow volume through SC-1 is calculated using SC1 as follow: 

Vout = �π∙(DSC1)2

4
× ((θSC1)t2 − (θSC1)t1) × (aSC − p)� × ∆t                          (5-6) 

 

 

Vout = Theoritical Volume of material leaving the screw conveyor(m3) 

(θSC1)t1 = Screw conveyer1 rotation speed at time 1 (rpm) 

(θSC1)t2 = Screw conveyer1 rotation speed at time 2 (rpm)  

DSC1 = Screw Conveyer 1 diameter (m) 

∆t =  t2 − t1 

aSC = Flight Length 

P = Blade Thicknes 
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∆V = Vin − Vout                                                                                                     (5-7) 
 
 

Positive volume change corresponds to increase in chamber material. Negative volume 

change; however, corresponds to decrease in material. 

 

  

Figure 5.6: Changes in chamber volume flow rate and chamber pressure vs. mining time for ring 77 

 

Figure 5.6 presents the volumetric rate of change in chamber material for ring 77 

calculated per five second data collection and smoothed into a per 12 data point (1 min) moving 

average. Also shown are the L4 and R4 EC-EPS data. . It is clear that change in material flow 

rate and chamber pressure are correlated.  

Figure 5.6 shows that during EC-EPS decreases, chamber flow rate change is negative, 

meaning that the outflow rate is higher than the inflow rate. Also, when chamber pressure is 

increasing, chamber muck flow rate change in positive, meaning that inflow rate is higher than 

outflow rate. This relationship is logical in that an increase in volumetric flow rate implies that 
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the chamber muck is compressing (to accommodate the increase). The compression of muck 

increases the excavation chamber pressure. The behavior is quiet similar in reverse in that an 

increase in net outflow volume rate leads to muck decompression and chamber pressure 

decrease.  

The chamber pressure relationship with flow rate is further analyzed for ring 77 

(primarily cohesive clay and silt, till deposits) in the following plots. In Figures 5.7 - 5.84, ten 

zones of chamber pressure change are identified. Only L4 chamber pressure is reported for 

clarity; however, all EPS readings exhibited similar behavior.  

During each of the ten highlighted excavation chamber pressure changes, the volumetric 

flow rate is changed as shown in Figures 5.7e-5.7e. Recall that Qin-Qout is calculated from the 

AR and θSC responses (see figures 5.7b-5.9b) via the equations above. Figures 5.7e-5.9e reveal 

varying volumetric flow rate behavior where Qin-Qout is positive for some stretches and 

negative during other stretches. The magnitudes of Qin-Qout as well as it’s time rate of change 

are also variable.  

It is evident from these Figures that a positive Qin-Qout yields an increase in chamber 

pressure and a negative Qin-Qout yields a decrease in chamber pressure. The Figures also show 

that chamber pressure continues to increase/decrease after the volumetric flow rate change 

plateaus. This is evident in highlighted zones 1, 3 and 5 in Figure 5.7 where sharp monotonic 

decreases in Qin-Qout followed by constant negative Qin-Qout are synchronous with steady, 

monotonic chamber pressure increases.  

It is logical that the magnitude and rate of the volumetric flow rate change would be 

proportional to the resulting magnitude in chamber pressure change. More specifically, a 

magnitude of Qin-Qout over a certain time interval yields a magnitude of ∆Vin-∆Vout. Figure 

5.10 presents the magnitudes of these changes ∆Vin-∆Vout vs. ∆P for the 10 highlighted zones 

in ring 77. 
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Figure 5.7: Ring 77 operation  and the selected zones of mining – Time frame 00:00 to 00:30 
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Figure 5.8: Ring 77 operation  and the selected zones of mining – Time frame 00:30 to 00:55 
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Figure 5.9: Ring 77 operation  and the selected zones of mining – Time frame 00:55 to 01:20 
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These data do reveal a positively correlated linear relationship between volume change 

and pressure. The slope of this relationship relates to muck compressibility (units of 

vol/pressure). Here, it is important to indicate that this is simplified analysis in that only one 

pressure sensor reading was used and the estimates of Qin and Qout have significant uncertainty. 

To this end, the magnitude of the slope as a quantitative measure of compressibility is 

questionable. Nevertheless, the linearity and general trend capture the observed behavior.  

 

Figure 5.10:  Ring 77 material compresibility 

 

Figures 5.11-5.13 show changes in the EC-EPS reading of ring 78 and their associated 

operational parameters. 10 clear zones of chamber pressure change and volumetric flow rate 

change identified and shown. These volume changes and related chamber pressure changes show 

a linear relationship with a similar behavior and slope as observed during ring 77 (see figure 

5.10).  
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Figure 5.11: Ring 78 operation  and the selected zones of mining – Time frame 00:00 to 00:35 
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Figure 5.12: Ring 78 operation  and the selected zones of mining – Time frame 00:35 to 01:10 
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Figure 5.13: Calculated change in chamber volume and associated EC-EPS change during ring 88 

 

Figures 5.14 and 5.15 present changes in the EC-EPS reading of ring 82 and their 

associated operational parameters. Nine clear pressure changes are handpicked and change in 

chamber volume is calculated. These volume changes and related chamber pressure changes 

show a linear relationship similar to rings 77 and 78 (see figure 5.15).  
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Figure 5.14: Ring 82 operation  and the selected zones of mining – Time frame 00:00to 01:50 
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Figure 5.15: Calculated change in chamber volume and associated EC-EPS change in ring 82 

 

Figures 5.16 and 5.17 shows nine data point from changes in chamber muck net volume 

flow rate and related EC-EPS change. The results are similar to the previous rings, albeit with 

slightly greater slope (compressibility). It is worth noting that sand content decreased from ring 

77 to 82 while fines and gravel content increased. Soil conditioning injection ratios were 

constant over this stretch.  

 



 

103 
 

 

Figure 5.16: Ring 82 operation  and the selected zones of mining – Time frame 00:00:00 to 01:10 
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Figure 5.17: Calculated change in chamber volume and associated EC-EPS change in ring 83 

 

Calculated chamber muck net volume change and correspondent change in EC-EPS 

during four rings has been presented above. This analysis is only possible in rings with chamber 

pressure changes and their associated SC and AR change. Rings with constant pressure do not 

allow this analysis.  It is also not possible to perform this analysis when the operator is using gate 

opening to control the muck outflow. In this case it is difficult to estimate outflow rates.  
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CHAPTER 6 - VERTICAL AND HORIZONTAL CHAMBER PRESSURE 
DISTRIBUTION 

 

6.1.      Introduction 

EC pressure in large diameter machines varies vertically and horizontally. These 

variations can be due to operation and material characteristics. In this chapter, the vertical 

excavation chamber pressure distribution and related pressure gradient, as well as horizontal 

pressure distribution are discussed during mining, after mining, and in few rings after long 

standstills.  

Muck density testing was performed under atmospheric pressure (hereafter as γatm). The 

vertical chamber pressure gradient (hereafter as ∇P) is also calculated during standstill and 

plotted versus atmospheric density test results. Recalling from chapter three, although geology is 

consist of several different layers of material, GSD test provide an insight into change in muck 

grain size from ring 75 to 145. 

 

6.2       Chamber Pressure Distribution and Gradient 

To investigate vertical and horizontal pressure distributions, a set of plots are developed 

as follows. In Figure 6.1, earth pressure sensor (EPS) data at six elevations on the left side of the 

excavation chamber (looking forward) are plotted. The top pressure sensor is 2.5m from the 

crown and the bottom sensor is 2.0m from the invert. These values are gage pressure readings, 

i.e., pressure above atmospheric (1 bar). These data reflect total lateral earth pressure that is 

theoretically equal to pore fluid pressure plus effective lateral earth pressure (Equation 6-1), and 

related to vertical effective stress through the coefficient of lateral earth pressure K (Equation 6-

2). The soil is assumed to be partially saturated due to the presence of foam-induced air bubbles, 

and therefore, pore fluid pressure u reflects some combination of pore air and pore water 

pressures.  
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Figure 6.1: Left side chamber pressure distribution during ring 77 during mining at time 0:30  

 

up xx +′== σσ              (6-1) 

uKp zx +′== σσ            (6-2) 

 

The gradient of the lateral earth pressure is reflected in Equation (6-3), assuming K is 

constant with depth. The resultant pressure gradient is a sum of the unit weight of the fluid (air 

and water) γ and K multiplied by the buoyant unit weight of the chamber muck γ′ (Equation 6-4). 

Equation (6-3) may also be expressed in terms of total muck unit weight and fluid unit weight as 

shown in Equation (6-5). Finally, if the chamber fluid consists primarily of foam-generated air, 

γf can be considered negligible and the gradient equals Kγ′.   
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Estimating K of the chamber soil is very difficult. The scraping and ingesting process 

destroys any soil fabric and therefore K0 conditions no longer prevail. There is no literature on 

the topic of K resulting from mixed soils. If the chamber soil is well-conditioned such that the 

shear strength is negligible and the effective stress is relatively low, the coefficient of lateral 

earth pressure can be assumed = 1.0 (isotropic, fluid-like). In such a case, these measurements 

also reflect the vertical total earth pressure and the gradient reflects the total unit weight of the 

conditioned chamber soil γ. 

In Figure 6.1, the inverse of the slope is the gradient of the total lateral earth pressure in 

the chamber, which in this case is 0.19 bar/m (19 kPa/m). The on-site density test under 

atmospheric pressure is 1885 kg/m3 for this ring (18.85 kPa/m). The density under pressure is 

higher than the density under atmospheric as expected. Figure 6.1 illustrates the significant 

difference in the lateral (and presumably the vertical earth pressure) from the crown to the invert 

in the chamber. Projecting the gradient of the data, the crown chamber pressure of 0.8 bar is 3.4 

bar less than the invert chamber pressure of 4.2 bar. The data also indicate that the chamber is 

either full of muck or there is an air gap at the crown. In both cases, excavation chamber is fully 

pressurized (no atmospheric conditions at the crown).  

This approach of estimating the vertical pressure gradient was used along 50-150 ring 

alignment (see figure 6.2). Figure 6.2 shows that gradient ∇P is correlated with fines and granular 

grain size distribution data. With increasing fines content and decreasing granular content of the 

muck, γatm and ∇P decreased (ring 75-90). With increasing granular content and decreasing fines 

content, γatm and ∇P increase (rings 90-145). 
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The chamber right side pressure gradient (∇RP) and the left side pressure gradient (∇LP) 

follow the same trend as expected but not the same value. Before ring 101, ∇LP is higher than 

∇RP (e.g, ring 77 and 78) and sometime ∇LP is lower than ∇RP (i.e. ring 67 and 81) or equal ∇RP 

(e.g., ring 75, 85 and 99). However, after ring 101, ∇LP is always higher than ∇RP and in some 

cases the difference is significant ( ring 122, 124, 131, and 133). 

 

 

Figure 6.2: (a) Geology and GSD; (b) Muck atmospheric density vs right and left chamber pressure gradient 

 

One finding of chamber pressure analysis is that left and right side pressures and their 

gradients are different, similar to the findings of  Bezuijen A., Joustra J.F.W., Talmon A.M., 

Grote B., (2005) for a project in the Netherlands. One example during ring 77 mining is 

presented in Figure 6.5. Here, the right side pressures are higher than the left side pressures at all 

EPS levels except level 1 that is 2.5 m from the crown. The horizontal pressure difference at the 

EPS level 6 is also negligible. It is worth noting that the horizontal distance between EPS levels 

(a) 

(b) 
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varies (see figure 6.3). The level 6 EPSs are very close (7.6 m apart) and are strongly influenced 

by the screw conveyor.   

The increased right side pressures in Figure 6.3 are coincident with counterclockwise 

cutterhead rotation and clockwise agitator rotation. While the aggregate gradients are similar, the 

left and right side pressure gradients vary locally in the chamber. Recalling from chapter two, 

EC-EPS locations are dimensioned in Figure 6.3. The scale and position of the cutterhead, 

agitator and bulkhead EPSs is important when evaluating these data (see figures 6.4).  

 

      

Figure 6.3: (a) EPS horizontal distances, (b) EPS vertical distances 

The causes of the horizontal pressure difference are multiple and the process of chamber 

mixing is complex. The horizontal pressure difference is influenced by the cutterhead and center 

agitator rotation rates, shear strength of material, and adhesion between the muck and the steel 

surfaces. The cutterhead pushes the muck in the direction of rotation and above all, material flow 

in the chamber is dominated by the cutterhead rotation direction. As a result, if the chamber is 

not full of soil, material in one side of the chamber would be higher than the other side causing 

an increase in observed pressure on that side. A center agitator is used in larger EPB machines in 

order to help mix the material in the chamber The thrust cylinders and articulation jacks can also 

affect the pressure in tight curves. Material shear strength, slump (flowablity quality), stickiness 

(a) (b) 
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and adhesion can also influence the effectiveness or machine mechanical forces ( i.e. cutterhead 

and center agitator). 

 

 

Figure 6.4: Excavation chamber; (a) Cutterhead assembling process; (b) Mixing chamber with center 
agitator in red, static bars and cutterhead legs all attached to bulkhead 

 

This horizontal chamber pressure difference changes during mining and also during 

standstill. To investigate this difference the horizontal pressure for different rings is explored 

hereafter. Figure 6.5 shows that sensors L1 and R1  show similar readings. Sensors L2 and R2 

exhibit 0.65 bar difference, demonstrating the material is either lower than sensor elevation 1 or 

slightly above it (L1 and R1). Figure 6.5 illustrates the right and the left side pressure distribution 

of ring 77 during mining. The pressure gradient on the left side is 0.20 bar/m and on the right is 

1.96 bar/m. 

By continuing the pressure gradient slope trendline up to the chamber crown it shows 0.7 

bar pressure. This suggests that either the chamber is full of material or there is pressurized air on 

top of the material.  

(a) (b) 
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Figure 6.5: pressure distribution on ring 77 during mining on right and left side 

 

6.3        Vertical and Horizontal Pressure Distribution of Ring 77 

The pressure gradient during mining at time 0:25 of ring 77 is shown in Figure 6.6a. 

θCH is counterclockwise looking forward and θCA is clockwise. Chamber pressure is higher on 

the right side than on the left side of the chamber. The pressure distributions on the right and left 

side of the chamber during standstill are the same in this ring, indicating that without the 

mechanical influence of the machine, the material is level at the top.  

Figure 6.6d shows the pressure gradient 1:10 after mining ended. The gradient remained 

unchanged during this time. Figure 6.6 indicates that chamber pressure has dropped 0.6 bar 

similarly on the right and left sides. Figure 6.8 shows a rapid drop from time 1:16 to 1:20 and a 

gradual long lasting drop in pressure from time 1:20 to 2:30. At time 1:16, CH and CA are 

stopped by the operator (Figure 6.7). Right after that time, the first drop (rapid decrease) in 

pressure occurs and is due to the absence of mechanical influence of CH. This change in pressure 
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is about 0.3 bar (Figure 6.8). In this short time frame, the change in pressure at levels 4, 5, and 6 

are very small (0.1-0.2 bar). The second drop is very gradual from time 1:20 to 2:30, indicating a 

change in chamber pressure gradient. This process can be thought of as standstill pressure 

recovery. 

 

 

Figure 6.6: Chamber pressure gradient at right and left side ring 77, (a) during mining, (b) during mining 

just before end of mining, (c) standstill and right after mining, and (d) standstill and well after mining 
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Figure 6.7: EPBM operation ring 77 by the end of mining  

 

 

Figure 6.8: Drop in ring 77 chamber pressure on right and left sides (1:10 after mining) 
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As shown in chapter five, the chamber pressure fluctuates during mining due to muck 

volumetric flow rates and compression/decompression of the material. In either case, the height 

of muck in the chamber may change (if an air pocket exists at the chamber top). To investigate 

this, pressure changes between level one and two (local gradient) on the right and left sides 

(referred to as ∆P) were divided by the overall gradients ∇RP and ∇LP (see figure 101).  

 

Figure 6.9: Height of right and left side chamber muck level 

 

∆P ∇P⁄  can be different on the right and left sides of the chamber due to local muck 

condition. Five different scenarios can happen between EPS level one and two. The first scenario 

is that muck level in the chamber is located between level one and two (11.8m ≤ ∆P ∇P⁄ <

14.5m). The second senario is that calculated ∆P ∇P⁄  is in range 11.8m ≤ ∆P ∇P⁄ < 14.5m, but 

actually material is locally compressed and exhibits a local gradient higher than chamber ∇P. In 

the third scenario, muck fills the space between the two sensors (H = 14.5m). The fourth 

scenario is when ∆P ∇P⁄  is in range 11.8m ≤ ∆P ∇P⁄ < 14.5m, but material is locally 

decompressed and has a local gradient lower than the chamber ∇P. The last scenario is when the 

local gradient of material between EPS level one and two is higher than chamber ∇P (∆P ∇P⁄ >

14.5m). The first and third scenarios are the most probable when material has a consistent 

gradient throughout the chamber (no local compression or decompression). Hereafter, material of 

different rings is assessed to investigate whether muck is locally influenced or not. 

As discussed in chapter two, port 28 is the only open port in the chamber that shares foam 

pump P8 and foam generator FG8 with port F8 and F32. F8 is at the CH and is open during 

mining. F32 is located in the SC1 and is closed during mining. Recall from chapter two that 

foam flow rate is a combination of air and foam liquid flow rate (QF = QA + QL). The flow rate 
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of foam at foam FG8 is averaged at 125 lit/min. Port F28 is located near the crown of the 

chamber on the right side near EC-EPS 12 (recall from chapter two). Assuming there is an air 

gap at the excavation chamber crown on top of the muck level, one can claim that this gap will 

be filled with foam. This foam is less likely mixed with soil and can be pressurized during 

mining operation. Among these four scenarios, the most probable condition is discussed 

hereafter based on machine operation. ∇RP and ∇LP are compared with machine operation and 

chamber muck volumetric flow rates. Figures 6.10a-6.10e shows ring 77 operation along with 

the EC-EPS and SC-EPS data.  

 
Figure 6.10: Ring 77 Operation 
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As discussed in chapter five, during each ring, θCH is the first parameter that is increased, 

SC1 and SC2 follow, then AR is ramped up along with F and other operational parameters. To 

illustrate, Figure 6.11 presents the initial five minutes of mining for ring 77. Figure 6.11a shows 

that F is increased from 55,000 to 65,000kN during time frame 0 to 40 sec. In this time frame, 

the AR is zero meaning that the EPBM is not displacing. CH is started at t = 0 and θCH is ramped 

up to -1.2 rpm (counterclockwise) by t=40 sec. Figure 6.11a shows that TCH is decreases 

significantly during the ramp up.  

For the initial 90 seconds, CH is rotating and AR, SC1, and SC2 are zero. As it is 

illustrated in figure 6.11c, in this time frame chamber pressure increased 0.5 bar on the right side 

and 0.35 bar on the left side. Figures 6.11e, 6.11f, and 6.11g provide some insight into how muck 

behaves during this time frame. Figure 6.11f indicates that during ramp up of the CH rotation (in 

counterclockwise direction), ∇LP increases from 0.17 to 0.20 bar/m. ∇RP also increases from 0.15 

to 0.17 bar/m. After 20 sec, while ∇LP is still increasing (muck compression), ∇RP begins to 

decrease and the muck level on the left side remains constant. The left side chamber muck level 

is likely lowered due to compression as the cutterhead rotated, and it is likely that material on the 

right side decompressed and the right side muck height increases.  

Figure 6.12 presents the vertical pressure gradients before (t = 15 sec) and after (t = 40 

sec) the center agitator is operated. At t = 15 sec, it is evident that material density on the right 

side of the chamber (red dashed line) is locally compressed and decompressed. As explained 

earlier, cutterhead rotation compresses material between levels one and two, and decompresses 

the material between levels two and three on the right side of the chamber. This results in locally 

compressed and decompressed muck. 

With CA operation, a more consistent pressure gradient is provided (comparing red and 

black dashed lines). The muck on the left side of the chamber remained under compression with 

no inconsistency except from level five (R5 and L5). While there is no SC operation during this 

time, this compression can mainly be caused by back pressure of the SC muck (muck self-

weight).  
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Figure 6.11: Five minutes of early mining operation ring 77 
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Figure 6.12: Verical pressure gradient ring 77 time 00:00:15-00:00:40 

 

SC1 and SC2 rotation are initiated at 90 sec and 110 sec, respectively (Figure 3.11c). At 

this point, the volume of material in the chamber is dramatically influenced, as is illustrated in 

Figure 3.11e with a negative chamber muck volumetric flow rate. This implies that more 

material is leaving the chamber than entering. This chamber material reduction continued for 75 

sec, and the chamber pressure decreased 0.4 bar. 

Chapter five explored the parameters that influence AR. At t = 3 min, there is an increase 

in thrust force F from 65,000 to 120,000 kN at t = 5 min. Due to this increase and the rotation of 

CH,  SC1 and SC2, AR increases dramatically from 0 to 36mm/min over the course of 15 sec. 

As discussed in Chapter 4, cutterhead torque TCH is influenced by penetration rate (AR/θCH). 

Immediately after AR increases, TCH begins to steadily increase. With an increased AR, muck 

flow rate into the chamber increases, as shown in Figure 3.11e. Interestingly, this positive 

volumetric flow rate does not yield compression-induced chamber pressure increases within the 

5 minutes of data presented.  For the first 90 sec of mining, there is a steady increase in right and 

left pressure gradient. The gradient flattens as the SC begins. Foam injection initiates at t = 2 min 

with an average foam flow rate of 200 L/min varied among 20 pumps (FIR does not report until 

AR increases by definition). It is plausible that foam injection is influencing the gradient, 

particularly the decrease observed on the left side. 
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Ring 77 mining included two restarts, at 37 minutes and at 54 minutes (see figure 6.10). 

These two restarts (see figure 6.13) also provide an interesting window into chamber pressure 

behavior. During the first restart (37 min), θCH and θSC initiate at the same time and chamber 

pressure increases. Left and right gradients increase. At t = 54 min, the operator reverses the CH 

direction from counterclockwise to clockwise (as well as the CA direction). Note the reversal in 

chamber pressure readings during this transition (see figure 6.13Rb). The shift to clockwise CH 

rotation causes a brief increase and decrease in left side and right side pressure gradients, 

respectively.  

 

Figure 6.13: Two restarts during ring 77 excavation 
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Figure 106 presents ring 77 data throughout excavation and into standstill (time scale 

reported in h:mm). One zone is highlighted from t = 0:10-0:23. Here, the increased net outflow 

rate causes a decrease in left and right side pressure gradients, consistent with material 

decompression. During the same period, the estimated left and right side muck heights decrease 

and increase, consistent with counterclockwise cutterhead rotation.  

 

Figure 6.14: Ring 77 data: a) Chamber muck volumetric flow rate; b) Right and left chamber pressure 
gradient; c) possible muck level height in the chamber 

 

Figure 6.15 presents a more detailed view of chamber pressure and gradients during this 

0:10-0:23 time frame. This Figure suggests that ∇LP is constant with depth during the decrease in 

EC pressure; however, ∇RP reveals local compression and decompression with depth. The left 

side local gradient between sensors 1 and 2 is greater than that on the right side.  
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Ring 77 mining is stopped at 1:17 (Figure 6.14). ∇LP increases from 0.17 to 0.20 bar/m. 

During standstill ∇RP and ∇LP both decreases gradually for about 0.01bar/m. The data suggests 

that the muck height levels off at around 14 m on the left side and 13.8 m on the right side. 

 

Figure 6.15: Ring 77 operation, time (00:11:00 - 00:23:00) 

 

The horizontal EC pressure differences are presented for ring 77 in Figure 6.16, together 

with pressure gradients and estimated muck heights. The horizontal pressure differences (HPD) 

are calculated based on right side reading – left side reading at the 6 sensor levels. For the first 

53 minutes of mining when CH rotation is counterclockwise, all HPD levels are positive. When 

the CH rotation is clockwise (t > 0:53), HPD readings are negative. The HPD magnitudes during 

counterclockwise CH rotation are noticeably greater than these during clockwise CH rotation. 

The reason for this is unknown.  

  Level one HPD (HPD1) fluctuates between 0.0-0.2 bar and does not change polarity 

with CH rotation direction. This supports the existence of an air pocket and suggests that level 1 

EPSs are influenced equally by the air pocket, independent of CH rotation direction. HPD2 
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exhibits the greatest values, averaging 0.5 bar during counterclockwise CH rotation and -0.2 bar 

during clockwise CH rotation. HPD in these two levels are important to judge the muck 

condition near to crown level and possible air pressure. HPD3 and HPD4 provide the pressure 

difference at the springline of the chamber. Figure 6.16a shows that during mining, HPD2 >

HPD3 > HPD4 > HPD6 and they follow the same trend. Condidering a constant vertical pressure 

gradient on the left hand side and a locally changing gradient on the right side, it is evident that 

HPD will be locally changing. One can claim that muck at level 1 and 2 can compress and 

decompress more easily than levels 3, 4, 5, and 6 due to lower pressures and an air gap. HPD5 

fluctuates around zero and is mainly influenced by SC1. When the EPBM transitions from 

mining to standstill, HPD levels change but do not all reach zero. HPD2 trends towards zero 

during standstill yet HPD1 actually increases slightly during standstill.   

 

 

Figure 6.16: Ring 77 (a) HPD, (b) Right and left chaber pressure gradient, (c)possible muck level height in the 
chamber 
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6.4       Vertical and Horizontal Pressure Distribution of Ring 67 

As discussed in chapter four, ring 67 excavation included four stops and restarts (Figure 

6.17a). θSC1, θSC2 and AR change frequently throughout mining. The CH rotation is kept 

constant at 1.0 rpm (clockwise) except at the beginning and end of mining when CH rotation is 

counterclockwise. Gate openings change a few times during mining. 

 

 

Figure 6.17: Ring 67 Operation 
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Figure 6.18: Ring 67 chamber pressure assessment 

 

During early mining with counterclockwise CH rotation, ∇LP is greater than ∇RP (Figure 

6.19). These gradients come together at 20 bar/m during the 0:10-0:30 standstill period. In 

figures 6.18a-6.18c and 6.19, a gradual decrease in EC pressure is evident during standstill (0:09-

0:32). This decrease is different on the right and left sides and is not consistent from crown to 

invert. As discussed before a possible reason behind this phenomenon is an air pocket at the 

crown and compressible foam. This suggests that material toward the chamber crown can 

decompress more than material toward the chamber invert that is under higher pressure.  
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Figure 6.19: Pressure gradient during ring 67 mining 

 

 

Figure 6.20: Pressure distribution during ring 67 standstill 

 

Figure 6.18b shows that HPD2 and HPD3 are negative (left side EC-EPS higher than right 

side). HPD4 fluctuates around 0.0 bar. HPD2 and HPD3 follow a similar trend like ring 77 and 

HPD2 > HPD3 > HPD4. HPD1 remains at 0.2 bar throughout mining suggesting that the muck 
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gradient is varying locally in the chamber. The HPD near SC1 is influenced by the operation 

significantly. At times 0:41 and 0:45, the gate G3 opening is increased (Figure 6.17b). 

Consequently, the SC-EPS 5-10 readings decrease significantly. This change in operation 

influences the volumetric flow rate and EC pressure. HPD5 increases at these mentioned points 

in time. This demonstrates that changes in gate opening leads to muck compression on the right 

side at level 6.  Moreover, HPD6 ranges between -0.4 and -0.9 bar, indicating that muck on the 

right side of chamber invert (around the SC1 opening) is compressed significantly during mining 

(Figures 6.22a and 6.22c). Figure 6.22b shows the EC pressure distribution during the short 

standstill on the second stop. It is evident that due to SC stoppage, muck compression is 

alleviated. 

In the last part of ring 67 mining, CH rotation is counterclockwise. By comparing 

gradients during clockwise CH rotation (see figure 6.22c) and counterclockwise CH rotation (see 

figure 6.22d), one can see a significant change. ∇RP changes from 0.21 to 0.17 bar/m and ∇LP 

changes in the reverse fashion, from 0.17 to 0.21 bar/m. During standstill and the absence of 

rotational influence, chamber muck is counterbalancing the earth pressure. Interestingly, after 

mining is completed the ∇P increases (see figure 6.22c). As illustrated in Figure 6.22a, EC-EPS 

reaches 0.2bar/m immediately. After 4 hours of standstill, ∇LP decreases 0.03 bar/m, from 0.20 to 

0.17 bar/m; however, ∇RP remains unchanged. Interestingly, right side EPS level 5 and 6 data 

suggest significant local compression. 

 

 

Figure 6.21: Pressure drop during standstill of ring 67 
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Figure 6.22: Pressure gradient at different times of ring 67  

 

6.5       Vertical and Horizontal Pressure Distribution of Ring 81 

Ring 81 EC pressure data is presented in Figure 6.24. EC pressure is constant throughout 

this ring, similar to ring 75. AR and SC data exhibit minimal fluctuations during mining (Figure 

6.24a). The muck exhibited higher vane shear strength and higher fines content compared to ring 

75 and 77 (Chapter 3). Figure 6.23a shows that HPD at levels 2, 3 and 4 are constant during 

mining and HPD2 > HPD3 > HPD4. HPD2 decreases to around 0.0 bar during stop (time 0:20-

0:25). This indicates that the muck level has decreased on both sides of the chamber (Figure 6.24 

also provides evidence). HPD1 is constant at 0.0 bar and suggests there is no muck above this 
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level. Figure 6.24c shows a significant drop in pressure on the right side during the stop in 

mining and also after mining is completed (standstill). Figure 6.24d shows that this drop is due to 

muck levelling off at the top. During standstill, HPD gradually decreased 0.4 bar at levels 2 and 

3. During the decrease in HPD level 3 and 4, ∇RP and ∇LP reach constant values from 1:25 

onward. This suggests that ∇RP and ∇LP between level 2 and 4 are locally changing.  

Muck weight in the SC is negligible compared to the muck weight in the chamber. It is 

hypothesized that the self-weight of muck in the chamber compresses the material in the SC. 

However, Figure 6.24d indicates that SC-EPS2-10 are decreasing (if SC muck were compressed, 

these pressures should have increased). Exceptionally, HPD5 increased after mining. It is 

possible that the muck is compressed near the SC1 inlet (between levels 5 and 6). Moreover, 

counterclockwise CH rotation increases the muck stiffness (lower compressibility) on the left 

side of the chamber. Although L5, L6, R6 EC-EPS decrease very slightly (Figure 6.24c) during 

standstill, R5 EC-EPS decreases significantly. One can conclude that muck with lower stiffness 

(higher compressibility) is absorbing higher portion of SC back pressure. In this case, muck 

between level 4 and 5 on the right side has a lower gradient (higher compressibility). This 

phenomenon is depicted in figures 6.23a-6.23c.  

 

 

Figure 6.23: Ring 81 drop in chamber pressure during standstill 
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Figure 6.24: Ring 81 operational data 
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Figure 6.25: Ring 81 chamber pressure assessment 
 

Figure 6.26 depicts the operational data during mining stoppage (left) and during the 

subsequent restart (right). Figure 6.26L(b) shows that AR and SC both stop at the same time. 

Counterclockwise CH rotation creates higher pressure on the left. With the absence of AR and 

SC operation (19 minutes, 30 seconds), left side and right side pressures increase. This increase 

shows the influence of CH as the counterclockwise rotation creates higher compression on the 

left side. During the CH rotation ramp down (beginning at t = 20 min), the gradients on both 

sides decrease. After CH and CA stoppage, ∇RP and ∇LP tend toward the similar value of 0.17 

bar/m. Interestingly and unlike ring 67 and 77, muck in the chamber experiences a slight increase 

in gradient during stoppage. 

To rebuild the lost pressure throughout five hours of standstill, the operator turns the 

cutterhead and advances the machine approximately 24 mm over one minute with θCH = 0.6 rpm 

(clockwise). SC and CA are not initiated. This introduces material into the chamber and results 
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in an increase in chamber pressure. Figure 6.27 presents data from this time frame. As depicted 

in Figure 6.27d, right side EC pressure increased 0.6 bar and left side EC pressure increased 

about 1.1 bar. These increases occurred over 30 seconds. Subsequently, the increase in AR to 25 

mm/min over 10 sec (with constant θCH ) increases the chamber pressure another 0.6 bar. 

It is evident that operating the machine only with CH rotation and AR, will introduce 

muck in the chamber (Figure 6.27a). It is clear from Figure 6.27b that rotating CH clockwise 

leads to ∇RP <  ∇LP. ∇RP then increases to a higher value compared to ∇LP. This process is 

accompanied with a drop in ∇P. After operating AR, ∇P increases significantly (Figure 6.27b) 

and is mainly due to material being introduced into the chamber. 

 

Figure 6.26: Stop and consecutive restart of mining during ring 81 
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Figure 6.27: Ring81 machine operation to revive pressure loss in the chamber due to long standstill 

 (𝜽𝑷𝑭 = 𝟎,𝑪𝑨 = 𝟎) 
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Standstill was continued for 15 hrs during ring 81. Figure 6.28 presents chamber pressure 

distributions during this standstill, immediately after the t = 5:30 machine operation and eight 

hours later. The superposition of these two distributions shows a 0.6 bar maximum chamber 

pressure drop. Although left and right side EC-EPS readings are different, their drops are very 

consistent on both sides.  

The gradients suggest local decompression between levels 3 and 4. One hypothesis is that 

foam has disintegrated after 5 hours such that the muck density increases and pressure in the 

chamber is lowered. Another hypothesis is that muck self-weight causes compression and 

chamber pressure is decreased. Either of these hypothesis should decrease ∇P. In this ring,  ∇P in 

increased on the left side of the chamber and decreased very slightly on the right side. As a 

result, neither disintegration of foam nor muck compression from self-weight is likely. A 

reasonable explanation for this phenomenon is that muck exhibits local gradients due to lack of 

flowability.  

A time dependent compression and de-compression is evident by investigating this 

influence throughout time of standstill. Muck with lower flowability (lower viscosity - it is not 

measured among on-site tests) like this ring provided more visible inconsistency in pressure 

distribution both vertically and horizontally. 

 

 

Figure 6.28: Pressure drop during standstill 
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6.6         Vertical and Horizontal Pressure Distribution of ring 87, 90, 91, and 101 

Figure 6.30 presents a snapshot of pressure distribution at time 0:30 during excavation of 

rings 87, 90, 91, and 101. It is evident in all four plots that EC-EPS R5 is inconsistent. This 

phenomenon was discussed previously in this chapter. Unlike previous rings, in these rings the 

R5 reading is lower than the R4 reading above it (L5 and L4 does not exhibit this inconsistency). 

Test results from rings 87, 90, and 91 indicate high vane shear strength and zero slump. The 

geological profile between rings 87 and 101 is mostly clay (CL and CH layers) and the tunnel 

face for these rings is consistent (Figure 121). 80% of the tunnel face in this location is till 

deposits and cohesive clay and silt soil units. The GDR indicates these soil units have high 

clogging potential.  

 

 

Figure 6.29: Tunnel profile geology based on BDR 

 

Figure 6.30 shows that the chamber material exhibits local compression and 

decompression. It is likely that, due to high shear strength and stickiness (high adhesion), the 

material would not flow appropriately. A lack of flowability can provide gaps in the chamber or 

highly decompress material. The gradient between levels 2 and 4 is very low on the right side 

compared with the left side. A possible explanation is that CH pedestals and adhesion between 

CH steel surfaces and muck are greatly decompressing the muck on the right side. 
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Figure 6.30: Pressure distribution at t = 0:30 during mining a)ring 87, b)ring 90 c)ring 91 d) ring 101 

 

During standstill, CH, CA, and SC are not rotating. Figure 6.31 shows the pressure 

distributions of rings 87, 90, 91, and 101 after mining. Drops in pressure are not consistent 

throughout the chamber from top to bottom. Figure 6.31d shows that right and left side pressures 

did not experience the same decrease. Material in all four rings did not level off after mining. 
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Figure 6.31: Pressure drop during standstill a)ring 87, b)ring 90 c)ring 91 d) ring 101 

 

6.7       Vertical and Horizontal Pressure Distribution of ring 103 

Ring 103 mining was continuous with no stops. Chamber pressure decreased over time, 

while AR and SC remain nearly constant (Figure 6.32a).  SC gates were operated like previous 

rings with G1 and G2 widely open and G3 with a 500 mm opening (Figure 6.32b). EC-EPS L1 

shows the lowest pressure in the chamber constantly during mining at 1.7 bar (Figure 6.32c). EC-

EPS R1 and L2 are constant at 1.8 bar through operation (Figure 6.32c). EC-EPS R2 decreases 
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gradually from 2.2 to 1.9 bar. CH rotation is counterclockwise and CA rotation is clockwise. SC-

EPS gradually decrease with EC-EPS. 

HPDs decreased gradually during mining and HPD4 < HPD3 (Figure 6.33a). Figure 

6.33b shows that the muck volumetric flow rate is mostly negative during mining. This suggests 

that more muck is flowing out of the chamber compared to muck inflow. Figure 6.33c shows that 

left side and right side EC pressure gradients decrease significantly from about 0.18 bar/m to 

0.13 bar/m. The calculation of the ∇P for chamber pressure distribution considers 6 pressure 

sensors in the chamber. Due to higher muck discharge rate during mining, the muck height is 

likely being lowered . It is evident that the gap at the top of the chamber is expanding.  

 

Figure 6.32: Ring 103 Operation 
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Figure 6.33: Ring 103 chamber pressure assessment 

 

The change in pressure distribution and local gradient are shown in Figure 6.34 during 

mining. The left side gradient exhibits a concave shape with depth while the right side gradient is 

more constant with depth. Three scenarios are possible to explain this curvature. In the first 

scenario, due to availability of water in this ring and very high slump comparing to previous 

rings, one can claim that counterclockwise CH rotation is conveying and compressing muck on 

the right side of the chamber. Assuming such a phenomenon, Figure 6.34 shows that loose soil-

bentonite-water-foam mixture on the left side between levels 2 and 3 is available and it is 

providing a lower gradient. The second possible scenario is that water is available on top of 

material on the left side. Figure 6.35 illustrates a decrease in local gradient between levels 2 and 

3. In the third scenario, it is possible that heavier particles are sedimented during operation due to 

the soil-bentonite-water-foam mixture with lower vane shear strength and high slump providing 
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an inappropriate suspension (poor conditioning). In any of above scenarios, the muck height on 

the left side is lower than sensor level 2, and muck between level 2 and 3 has low density. This 

can suggest that with a negative muck volumetric flow rate, muck tends to flow from left side.  

 

 

Figure 6.34: Pressure drop during mining ring 103 

 

Figure 6.35 illustrates the pressure drop during time frame 0:08- 0:30 of mining. This 

pressure drop on the right side is very consistently 0.2 bar. On the left side, a similar drop is 

observed below level 3. Interestingly, the local gradient between EC-EPS L1 and L2 is 

decreasing. This decrease suggests that the muck height is decreasing and the air pressure at the 

chamber top is increasing slightly from 1.6 bar to 1.7 bar. The local gradient between levels 2 

and 3 on the left side is decreasing.  
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Figure 6.35: Pressure drop during mining ring 103 

 

After mining and during standstill, a significant drop in pressure occurs over 1 hour and 

20 minutes. This drop is about 0.5 bar and is very consistent on both sides of the chamber. It is 

also evident that the local gradient between levels 2 and 3 on the left side increased slightly 

(comparing solid red and black lines). It is possible that a locally foamy material is available on 

the left side and compressed conditioned muck on the right side. 

 

Figure 6.36: Pressure drop during standstill ring 103 
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6.8       Vertical and Horizontal Pressure Distribution of ring 105: 

As discussed in chapter four, ring 105 is located in the same geology as ring 103, and 

material was very flowable. The CH is rotating clockwise and the CA is rotating 

counterclockwise (see figure 6.37a). Due to the presence of water, gate G3 was initially closed 

and opened gradually from 0 to 500 mm by the operator. Gates G1 and G2 were for the most part 

fully open. This control over gate G3 produced some fluctuations on SC-EPS5-10 readings as 

discussed in chapter four. The combination of operational parameters such as θsc1, θsc2, and gate 

G3 opening along with AR, changes the flow rates of material through the chamber (see figure 

6.38b).  

Changes in EC pressures with muck volumetric flow rate changes are not clearly evident 

in this ring. The pressure gradient ∇P is clearly showing these changes (see figure 6.38c, i.e. time 

0:14, 0:18, and 0:22). It is evident that with a slight increase in θsc1 and θsc2 (see figure 6.37a), 

∇P decreases on both sides of the chamber (time 0:14). Similarly, at times 0:18 and 0:22, with a 

decrease and an increase in θsc1 and θsc2, ∇P increases and decreases consecutively (∇RP shows 

a more clear change).  

Due to clockwise cutterhead rotation, the horizontal pressure differences are negative. 

Interestingly, HPD decreases from top to bottom, from 0.6 bar difference at level 2 to 0.1 bar 

difference at level 6. The decrease in HPD is very consistent from top to bottom of the 

excavation chamber with 0.1 bar per level (HPD2 > HPD3 > HPD4 > HPD5 > HPD6). At all 

levels except 1 and 6, HPD is increasing the same amount from time 0:03 to 0:14. After mining, 

the material height rapidly levels off with HPD = 0.3 bar at all levels. Figure 6.38d illustrates that 

muck height after mining is just below level 1. There is an exceptional increase in ∇LP right after 

the end of mining, and is most likely due to the absence of CH rotation. This increase is very 

abnormal and is about 0.03 bar/m which is remarkable when compared with other changesin 

gradient. Figure 6.38 shows that the rapid increase in ∇LP is due to CH rotation stoppage that 

allows the chamber material that had been locally influenced by the CH rotation reach its actual 

gradient. 
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Figure 6.37: Ring 105 Operation 
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Figure 6.38: Ring 105 chamber pressure assessment 

 

Figure 6.39a illustrates the influence of θsc1 and θsc2 on EC pressure while AR and gate 

G3 are constant. ∇RP is not changing and the pressure decreases 0.2 bar. On the left side, ∇LP is 

decreasing. Interestingly, this decrease dissipates gradually from level 3 up toward the top of 

material. As discussed earlier, clockwise CH rotation compresses muck on the left side of the 

chamber (Figure 6.39a). With increasing θsc, the flow regime and shear rate is changing, and as a 

result, material with lower shear strength and less stiffness (lower compressibility) is expected to 

initiate the flow or increase the flow from previous regime. Due to CH rotation, material on the 

left and right side of the chamber may exhibit different viscosity. Figure 6.40b shows time 

intervals of change from light orange to dark orange. It is evident that pressure on the right side 

is consistently dropping without gradient change overall or even locally. However, on the left 

side this drop in pressure is not consistent with gradient that locally changing between level 1 
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and 3. This suggests that CH rotational force is affecting the gradient of the material locally on 

the right side. One can demonstrate that muck flow with a change in SC data is also clockwise. 

 

 

Figure 6.39: Ring 105 chamber pressure gradient 

 

 

Figure 6.40: Gradual change during mining ring 105 



 

145 
 

6.9      Vertical and Horizontal Pressure Distribution of ring 114 and 119: 

Ring 114 and 119 operations were very similar to ring 103, however, the muck 

characteristics of ring 114 are very different. Ring 103 is located in a transition zone from two 

completely different geological profiles (Figure 6.41). Rings 114 and 119 are located in a 

geology zone consisting of silt and sand. Table 6.1 provides information regarding soil 

conditioning of rings 103, 114, and 119. Bentonite was injected in ring 103 but not rings 114 and 

119. Polymer was injected during ring 119 only. Foam injection was similar for rings 103 and 

114 and dropped considerably for ring 119.   

 

 
 

Figure 6.41: Tunnel profile interpretation based on GDR 

 

Table 6.1: Soil COnditioning in ring 103, 114, and 119 

Ring Cf FER FIR BIR PIR 

103 5 7 45 18 0 

114 5 8 47 0 0 

119 5 10 30 0 10 

 

Figures 6.42 and 6.43 show chamber pressure data for rings 114 and 119. From these 

Figures it is evident that same machine control results in a same overall behavior, including EC 



 

146 
 

pressure gradient decreases and lowering of the muck height. HPD is very constant in all three 

rings and decreases from levels 2 to 5 except for time periods that the muck level is lower than 

level 2 (Time 0:40 in ring 114 and 0:20 in ring 119). Ring 114, like ring 103, exhibits negative 

muck volumetric flow rates in the chamber. However, this is not the case in ring 119 (Figures 

6.32d and 6.33d).  

 

Figure 6.42: Ring 114 chamber pressure assessment 
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Figure 6.43: Ring 119 chamber pressure assessment 
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Figure 6.44 presents the pressure gradients 40 minutes into mining for all three rings. The 

curvature of the pressure distribution on the left side is less in rings 114 and 119 . ∇P in ring 103 

is lower than rings 114 and 119, and  ∇P for ring 114 is lower than ring 119 (see figure 6.44). 

Atmospheric muck density from rings 103, 114, and 119 was found to be 1950, 1955, and 1998 

kg/m3. As discussed in ring 103, muck height decreased during mining to the same level as rings 

114 and 119. In ring 103 between levels 2 and 3, the muck exhibits a very low local gradient. 

However, this is not the case in rings 114 and 119 and they are presenting higher gradients 

between levels 2 and 3. During all three rings the influence of SC is very minimal; however, this 

influence in ring 103 more noticeable than ring 114 and 119. 

 

 

Figure 6.44: Ring 103, 114, and 119 pressure distribution during mining 

 

6.10       Vertical and Horizontal Pressure Distribution of ring 131 

As discussed in chapter four, the operator used the gates to control the discharge of 

material, particularly when the material was flowable. Gate operation clearly influenced the AR 

and consequently affected EC-EPS and SC-EPS. Operations data from ring 131 mining is 

presented in figure 6.45. CH rotation is counterclockwise and increased pressure on the right side 

to values higher than the left side of the chamber. FIR was reduced to 20% and FER was 

increased significantly to 17 during ring 131 excavation.  
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Figure 6.45: Ring 131 Operation 

 

Figure 6.46a presents HPD during mining and standstill. HPD is very low during mining 

at all levels but gradually increase throughout mining. HPD2 and HPD3 exhibit around the same 

value and they remained about 0.1 bar higher than HPD4 during mining. After mining and during 

standstill, HPD in all levels are increased. Figure 6.46c shows ∇RP and ∇LP during mining and 

standstill. By comparing Figures 138a, b, and d, it is evident that after stoppage in mining, the 

increase in HPD is related to the upward trend in ∇RP and ∇LP.  
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Figure 6.46: Ring 131 Chamber pressure assessment 

 

Figure 6.47 indicates that a drop in pressure in EC-EPS is accompanied with a significant 

increase in ∇LP. ∇RP increases shortly after mining and plateaus afterwards around 0.21 bar/m (a 

close value to actual muck density under stmospheric pressure). However, on the left side after 

mining, ∇LP reaches 0.24 bar/m and is higher than muck density under atmospheric pressure. 

This gradient is based on 6 pressure sensor readings and in measured during standstill. One can 

claim that an abnormal pressure reading such as this can be caused by muck compression. Such a 

behavior is also seen in the research by Bezuijen et al.  
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Figure 6.47: Pressure drop during standstill (ring 131) 

 

Level 1 HPD was found to correlate with AR (see figure 6.48). HPD at all levels show 

the same trend but not as clear as HPD level 1. This suggests that material in the chamber is very 

close to the crown and that the gap in top is probably smaller than previous rings. The muck 

height is higher than level 1 EC-EPS, and due to low material shear strength and high 

flowability, a change in EC-EPS due to change in operation is clearly seen in all levels. 

 

 

Figure 6.48: Advance rate vs. horizontal  
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Figure 6.49 depicts a pressure drop from time 0:37 to 0:42 when AR is increased and a 

drop in EC-EPS is happening. This Figure indicates that the pressure gradient is extremely 

consistent with a very minimal influence of SC at level 5. 

 

  

Figure 6.49: A single change in EC-EPS 
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CHAPTER 7 – CONCLUSIONS AND RECOMMENDATIONS 

 

CONCLUSIONS: 

Many factors are involved in excavation chamber pressure distribution during mining and 

standstill. Operational parameters such as θSC1, θSC2, θCH, θCA, F and also gate G1,G2, and G3 

openings play individual roles in realized pressures and pressure changes in the chamber. The 

following conclusions can be drawn from this study: 

Testing of conveyor belt muck from rings 67 through 145 provided valuable information 

about the conditioned soil behavior. Vane shear strengths ranged from 1-4.5 kPa. The more 

cohesive soils in rings 67-91 exhibited higher vane shear strength (2.5-4.5 kPa) while the 

granular soil from rings 111-145 exhibited lower vane shear strength (2.0-3.0). Slump levels in 

the granular soils ranged from 3.6-14 cm. 

Chamber pressures varied significantly from the crown to the invert of the EPBM. Up to 

3 bar differences between crown and invert pressures were observed. Chamber pressures varied 

from left to right at similar elevations. The side exhibiting the higher pressure depended on 

cutterhead rotation direction. When CH rotation was clockwise, left side pressures were higher. 

These pressure differences often receded during standstill but not always. 

A clear relationship was observed between changes in muck volumetric flow rate 

into (∆Qin) and out of (∆Qout) the chamber and chamber pressure. When ∆Qin − ∆Qout was 

positive, chamber pressure increased, and when ∆Qin − ∆Qout was negative, chamber pressure 

decreased. The magnitude of the pressure changes was found linearly proportional to the 

incremental change in volume change. These results convey the compressibility of conditioned 

soil. 

Increases in chamber pressure caused by flow rate changes, in turn influenced the 

cutterhead force. When the chamber pressure increased as a result of more compression, the 

cutterhead force decreased, as is consistent with a relative stiffness analogy. 



 

154 
 

Vertical pressure gradients were found to be similar in magnitude to the unit weight of 

the muck. These vertical pressure gradients changed within the excavation cycles of rings as well 

as along the 150 rings studied. Local pressure gradients were observed throughout many 

excavation cycles and indicate compression and decompression of chamber muck that is 

consistent with increases and decreases in volumetric flow rate and their complementary 

chamber pressure changes. 
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ACRONYMS, ABBREVIATIONS AND SYMBOLS: 

 

CH Cutterhead - 

CA Center Agitator - 

SC Screw Conveyor - 

𝜃𝐶𝐶 Cutterhead Rotation Rate rpm 

EPS Earth Pressure Sensor bar 

EC-EPS Excavation Chamber Earth Pressure Sensor bar 

SC-EPS Screw Conveyor Earth Pressure Sensor bar 

𝜃𝐶𝐶 Center Agitatir Rotation Rate rpm 

𝜃𝑆𝐶 Screw Conveyor Rotation Rate rpm 

𝑇𝐶𝐶 Cutterhead Torque kN-m 

𝑇𝑆𝐶 Screw Conveyor Torque kN-m 

F Total Thrust Force kN 

𝐹𝐶𝐶 Cutterhead Force kN 

𝐹𝑃    Chamber Pressure Force kN 

𝐹𝑓  Shield Friction Force kN 

𝐹𝑇𝑇 Trailing Gear Force kN 

𝛼 Cutterhead Opening Ratio % 

𝐷𝐶𝐶 Cutterhead Diameter m 

𝐷𝑆𝐶 Screw Conveyor Inside Diameter m 

𝑉𝑖𝑖 Theoritical Volume of Muck Into The Chamber m3 

𝑉𝑜𝑢𝑜 Theoritical Volume of Muck Out of The Chamber m3 

𝑎𝑆𝐶 Flight Length M 

∆𝑉 Net chamber muck volume change m3 
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