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ABSTRACT: In this paper, we propose a simplified chamber pressure model for Earth Pressure Balance 
(EPB) Tunnel Boring Machine (TBM) tunneling in granular soils, both during excavation and standstill. 
Three physical processes, (1) muck compression/decompression; (2) chamber fluid seepage; and (3) rotation 
induced unlevel muck surface, are identified and modeled. The model satisfies the muck mass conservation 
constraint, but relaxes its motion equation by assuming quasi-static condition and gas substance even dis-
tribution. The model is designed as a state machine, with total chamber gas volume, liquid volume and gas 
substance amount chosen as the state variable to characterize the chamber pressure distribution. TBM opera-
tions are used to update the state variable and track the chamber phase evolution over time. The model is 
implemented with data from the N125 tunneling project in Seattle for model demonstration and evaluation.

no cost. A chamber pressure modeling method is 
an indispensable part of the simulator.

EPB chamber behavior has been examined to 
some degree as reported in the literature. Dang 
et al. (2014) simulated the soil cutting process using 
Discrete Element Modeling (DEM), whose output 
is treated as a boundary condition to the cham-
ber material mixing simulation, where fluid Finite 
Element Modeling (FEM) is used. In their model, 
muck is separated into two phases: soil-water and 
foam-water mixtures due to their viscosity con-
trast. For each phase, continuity, force equilibrium 
and momentum equilibrium constraints are satis-
fied. Using imagined data, they show the method 
can be used to simulate foam mixing in the cham-
ber during excavation.

In contrast, Li et al. (2014) simplify the muck 
as an elastoplastic homogeneous material, whose 
strength parameters are identified from measure-
ments with a genetic algorithm. Based on mass 
flow equilibrium, they derived the chamber pres-
sure dynamics during excavation with respect to 
operations. Applying their model to a mini-TBM 
test, they show the model is capable to predict/
control chamber pressure by adjusting the screw 
conveyor speed.

Mosavat & Mooney (2015) predicted chamber 
pressure variation through the use of a compress-
ibility model. By examining large diameter EPB 
TBM data, they found and established a linear 
relationship between volumetric flow rate of muck 

1 INTRODUCTION

Earth Pressure Balance (EPB) TBMs are routinely 
used for soft ground tunneling today. Regulating 
the chamber pressure to counterbalance the lateral 
earth and water pressures is critical to mitigate 
deformation and increase excavation efficiency. 
To control the chamber pressure, the TBM opera-
tor needs to constantly adjust the operations, e.g. 
advance speed, screw conveyor speed, soil con-
ditioning, thrust force, etc., based on feedbacks 
measured in real time.

With due respect to the value of experienced 
TBM pilots/operators, relying purely on human 
control can be a concern for quality assurance/
control, particularly with the increasing complex-
ity of TBMs today and the stricter limits on set-
tlement control. It is therefore desirable to be able 
to model the chamber pressure variation during 
excavation and standstill (ring building) to provide 
assistance for decision-making.

Another motivation behind this calculation 
model is EPB TBM simulation. The industry 
today still adopts a mentor-apprentice approach in 
training operator, which is not standardized and 
the apprentice’s vision is largely limited by his/her 
mentor’s. As demonstrated by practices in other 
disciplines (Abouzeid and Cooper, 2001, Cooper 
and Taqueti, 2004, Weinberg and Harsham, 2009), 
a TBM simulator would allow trainees to operate 
under various conditions and experience failure at 
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through the chamber (based on advance rate and 
screw conveyor speed) and observed chamber 
pressure changes. Such a relationship was framed 
as muck compressibility, and was used to estimate 
the state of soil conditioning along the tunnel 
alignment.

While these studies focused on chamber behav-
ior during excavation, Bezuijen (2002) proposed an 
analytical model to quantify liquid seepage into the 
formation soil to explain chamber pressure dissi-
pation during standstill. The validity of his model 
was confirmed by comparison with data meas-
ured from both slurry and EPB TBM tunneling 
projects.

It is worth mentioning there also exists another 
category of models that is statistically-based, usu-
ally using neural networks. They are developed 
for chamber pressure prediction or control (Yeh, 
1997, Shao and Lan, 2014, Xie et al., 2016) and 
generally yield good prediction accuracy. However, 
non-physics based models usually suffer from gen-
eralization issues, i.e. they do not perform well on 
systems even with slight changes (e.g. TBM size, 
opening ratio, etc.) unless re-trained.

In this paper, we introduce a simplified physics 
based chamber pressure model that is suitable for 
chamber pressure simulation in granular soils such 
as sand or gravel, both during excavation (tun-
neling) and standstill (ring building). The model 
explicitly accounts for the contribution of each 
phase component to the overall muck properties, 
and is yet computationally cheap to implement, 
and hence feasible for real-time applications.

The remainder of this paper will begin with a 
description of the physical processes in the cham-
ber, followed by the model details and its implemen-
tation. In section 4, real data of N125 tunneling is 
used for demonstration. A discussion is presented 
before the conclusions.

2 PHYSICS OF CHAMBER PRESSURE

Figure 1 depicts the simulated chamber region in 
the model. It starts from the front face of cutter-
head and extends back to the bulkhead.

A tunneling cycle is made of both advance-
ment and standstill. During TBM advancement, 
excavated formation soil first meet the injected 
foam and get mixed with it at the tool gap, before 
entering the chamber through cutterhead open-
ings. The addition of foam is intended to expand 
the formation soil, reducing inter-particle friction 
and permeability, and increase compressibility and 
flowability. Further conditioned with additives 
(e.g. bentonite slurry) as the muck circulate around 
in the chamber, it eventually exits via the screw 
conveyor. During standstill, the TBM is stopped 

as well as the rotor and the screw conveyor. All 
injections are shutdown unless the face pressure 
becomes too low, then foam is injected.

Three physical processes are deemed important 
in this tunneling cycle and are modeled: (1) Muck 
compression/decompression; (2) chamber fluid 
seepage; and (3) rotation-induced unleveled muck 
surface.

2.1 Muck compression/decompression

Muck is a soil-water-air mixture intentionally cre-
ated during tunneling by mixing foam with the 
formation soil. Its compression/decompression 
is the main reason behind chamber pressure and 
limits its fluctuation. As outlined in (Mosavat and 
Mooney, 2015), the total pressure reading of the 
horizontally oriented bulkhead pressure gauge is 
the summation of pore pressure and horizontal 
effective stress

σ σx zK u= ′ +  (1)

where σz′ is the vertical effective stress and u is the 
pore pressure. K is the lateral earth pressure coef-
ficient and is generally assumed to be K ≈ 1 since 
soil fabric is destructed due to cutting and mixing.

Pore pressure u in an unsaturated coupled air-
water system is hard to determine in general, but if  
matric suction was negligible, such as in granular 
soil, pore pressure approximately equals to the gas 
phase pressure, u ≈ ug. The difference between the 
gas pressure in bubbles and the water pressure is on 
the order of Pascal and therefore negligible.

The effective stress σz′ is largely controlled by 
the muck composition, specifically, void ratio e. 
Depending on the degree of conditioning, muck 

Figure  1. Diagram showing the simulated region and 
conditioned soil in front of the cutterhead.
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can be well-conditioned, poorly-conditioned, or 
somewhere in between. Well-conditioned muck is 
established when sufficient fluids (air or liquid) 
are mixed such that its void ratio is high enough 
to avoid most inter-particle contact, eliminating 
effective stress and reducing shearing resistance. In 
contrast, particles in poorly-conditioned muck are 
not dispersed and effective stress still persists.

It has been demonstrated by previous studies 
(Bezuijen, 2012, Maidl et al., 2013) that the so-called 
maximum void ratio emax (Houlsby and Psomas, 
2001) is an important parameter around which the 
two regimes transitions: For well-conditioned 
muck, e > emax and σz′ = 0; for poorly-conditioned 
soil, e ≤ emax and σz′ > 0. Mori et al. (2015) recently 
shows the relationship between conditioned soil rel-
ative void ratio (e as a ratio of emax), effective stress 
and the resulting engineering properties, i.e. shear 
strength, compressibility, abrasivity.

2.2 Chamber fluid seepage

The chamber is naturally connected to the formation 
soil in front via openings in the cutterhead. Because 
the chamber pressure is generally higher than the 
geostatic water pressure, driven by the hydraulic gra-
dient, liquid would seep from the chamber into the 
formation soil. During TBM standstill, this causes 
chamber liquid loss to the ground and hence pres-
sure dissipation. This liquid volume loss is compen-
sated by the expansion of air bubbles.

The seepage in sand is laminar and can be mod-
eled as Darcian flow. According to Bezuijen’s 
model (2002), the velocity of water in the cham-
ber being driven further away from tunnel-ground 
interface under higher chamber pressure is calcu-
lated as

v
k h

R
seep =

∆
 (2)

in which ∆h is the pore pressure head difference 
between the chamber and the far field, R (m) is 
the TBM radius, and k (m/s) is the permeability of 
water in the formation soil.

2.3 Rotation induced unlevel muck surface

The pedestals that connect the cutterhead to the 
ring beam will rotate with the cutterhead during 
excavation (Figure 2). In case an air pocket exists at 
the top of the chamber, the rotation would lead to 
a tilted muck surface on the upflow side the down-
flow side (Figure 5), which has been confirmed by 
simulation (Arikawa et al., 1996), laboratory tests 
(Ouchi et al., 2005) and field tests (Bezuijen et al., 
2005).

Due to this unlevel muck surface, pressure 
gauges mounted on the bulkhead even at the same 
height would yield different readings. Assuming 
the muck surface tilt angle is caused by the rotation 
speed ω (RPM), the observed horizontal pressure 
gradient then becomes a function of the rotation 
speed, muck unit weight and sensor depth:

∇ = ( )x f zω γ, ,  (3)

where γ (kN/m3) is the unit weight of muck.

3 SIMULATION BASED ON PHASE 
TRACKING

We propose a model based on muck phase tracking, 
where the phase refers to the solid, liquid and gas 
component in the chamber muck. The idea is, as a 
soil-water-air mixture, muck’s properties are control-
led by its phase composition, and by tracking phase 
evolution over time, its behavior can be predicted.

3.1 The model

The model is presented with a state machine archi-
tecture, as shown in Figure  3. In each time step, 
there exists three quantities: operation (inputs) X(t), 
state variables S(t) and observables (outputs) Y(t). 
Among these three, both operation and observables 
are recorded, and hence known. The state variables 
are hidden, but are the reasons for the observables.

At time step t, the model defines the operation 
vector X (t) as

X t v Q Q Qs air sol adt

t

( ) = { }, , , , ,ω ω  (4)

in which v (m/s) is TBM advance rate, ωs (RPM) is 
the screw conveyor rotation speed, Qair (m

3/s) is the 

Figure 2. Pedestals that rotate with the cutterhead.
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volumetric air injection rate, Qsol (m
3/s) is the foam 

solution injection rate, and Qadt (m
3/s) is the addi-

tive injection rate.
Here, by treating Qair and Qsol as independent 

operations, the foam injection ratio (FIR) and foam 
expansion ratio (FER), which are better known in 
practice, are implicitly defined.

The chamber state vector S(t) includes variables 
necessary to characterize the chamber pressure 
distribution, which the model defines as

S t V V ng l g

t

( ) = { }, ,  (5)

where Vg (m
3) is the total gas volume in the cham-

ber, Vl (m
3) the total liquid volume and ng (mol) the 

total amount of gas substance.
The outputs Y(t) are the bulkhead pressure 

gauge measurements

Y t x x x

t

( ) = { }σ σ σ, , ,, ,1 2 6⋯  (6)

where σx,i denotes the total horizontal pressure 
of gauge i (Figure 5). Here, a common six-gauge 
chamber pressure monitoring setup is used, but is 
applicable to other setups as well.

With the current operation X(t) and state S(t), 
the  model strives to find the current observables 
Y(t) associated with it, and the successive state 
S(t + ∆t). To do that, we first make two assumptions

1. The amount of gas substance is evenly distrib-
uted throughout the chamber and behaves as 
ideal gas;

2. The chamber muck is in quasi-static condition;

With assumption (1), at an arbitrary depth z 
(Figure 4), the phase fractions φ(z) in the muck are
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where the superscript r denotes the reference point, 
and the subscripts g, l and s represents gas, liquid 
and solid phase, respectively. u is the pore pressure.

With Eq. 7, the total volume of gas and liquid, 
as well as gas substance in the chamber is calcu-
lated as
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where R (J⋅K/mol) is the ideal gas constant, and T 
(K) is the temperature. t (m) is the chamber thick-
ness, and D (m) is the chamber diameter.

With assumption (2), for any muck layer at 
depth z, its vertical force equilibrium leads to

∂ ′ ( ) + ∂ ( )
∂

= ( ) + ( ) 
σ

φ φ γz

l s s w

z u z

z
z G z  (9)

in which σz′(z) is the effective stress along z direc-
tion at depth z. Gs is the soil specific gravity, and γw 
is the unit weight of water.

As mentioned previously, the effective stress is 
void ratio dependent and yields two regimes sepa-
rated by emax. To simulate, the model chooses the 
1D compression along the normally consolidated 
line (NCL) as an approximation

′ ( ) =
− ( )





×σ z

max

c

z
e e z

C
Paexp 1  (10)

where Cc is the compression coefficient, and void 
ratio e(z) is computed as e(z) = [φg(z) + φl(z)]/φs(z). 
With Eq. 10, when void ratio e(z) is above emax, the 

Figure 3. Model architecture: A state machine. Figure 4. The discretization of chamber muck body.



131

modeled effective stress will not completely vanish, 
but very close to zero. It is used here for mathemat-
ical convenience.

Please note, the NCL, as opposed to the 
unloading-reloading line, is used here because the 
muck is considered remodel as its stress history is 
believed to be erased during cutting and mixing.

Since the pore pressure, effective stress and 
phase fractions vary over the chamber, to apply 
Eq.  8 and 9, the total volume has to be divided. 
As shown in Figure 4, N integration points divide 
the whole muck body into (N − 1) layers. At each 
point, its depth is zi, with pore pressure to be u(zi), 
effective stress σz

’(zi), and phase fractions φg(zi), 
φl(zi), φs(zi).

Applying Eq. 9 to each of the (N-1) layers and 
combine that with Eq. 8 (3 equations) leads to a 
(N + 2) equation system, in which u(z1), u(z2),…, 
u(zN), φg

r, φl
r are the (N + 2) basic unknowns. Solv-

ing them yields a pore pressure and effective stress 
field that satisfies the two assumptions.

In excavation, the transversal pressure gradient 
caused in part by the unlevel muck surface exists 
and needs to be modeled (Figure  5). Here, the 
model uses a linear relationship to estimate the tilt 
angle from the cutterhead rotation speed

θ βωt ts( ) = ( )  (11)

in which β is a coefficient, fitted from the data. 
With estimated θ (t), the horizontal pressure differ-
ence can be calculated

∆ ( ) = ⋅ ( ) σ β γ θn nt y ttan  (12)

where γ is the vertical gradient regressed from σx(zi).
Using calculated ∆σn(t), the final pressure gauge 

readings can be computed, which is the Y(t).
Next, the state variable needs to be updated to 

find the successive one S(t+∆t). The model achieves 
this with an incremental fashion

S t t S t dV dV dng l g

t

+ ∆( ) = ( ) + { }, ,  (13)

in which the state increment dS(t) is the combined 
result of all physical processes happening during tun-
neling (i.e. excavation, injection, seepage, etc.). The 
following equations are used to find the increment

dv t

t
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in which Qout (m
3/s) is the volume rate of muck enter-

ing the screw conveyor, given by the product of η, the 
screw conveyor efficiency, C, a conveyor geometry-
related constant and screw conveyor speed ωs.

Qfmt(t) = Av(t) is the formation soil (solid, liquid 
and gas) intake rate, where A is the cutterhead area.

Vseep(t) is the seepage velocity calculated in Eq. 2. 
ugeo, uinj and uilt are the geostatic, foam nozzle and 
screw conveyor inlet pore pressure, respectively.

φg
fmt, φl

fmt and φs
fmt are the gas, liquid and solid 

fractions in the formation soil. Similarly, φg
ilt, φl

ilt 
and φs

ilt are the fractions of the muck at the screw 
conveyor inlet.

3.2 Model implementation

The model described above is in fact a differential 
form of the chamber material mass conservation 
equation: The gas volume, liquid volume and air 
substance amount are chosen as state variables to 
characterize the chamber pressure distribution, 
and the operations are used to update the state 
variables.

For demonstration, we implemented this model 
in MATLAB, following the state machine archi-
tecture mentioned above, using Euler forward 
method. To ensure its numerical stability, a small 
time step, ∆t = 1s, is chosen, as the sampling inter-
val of the TBM data is 5s.

The pseudo code below summarized the proce-
dure to implement this model.

1. Model initialization (n = 0)
a.  Soil related parameters: H, Hw, φg

fmt, φl
fmt, Gs, 

k, Cc, emax, T
b. TBM related parameters: A, η, β, C, V0

c. Initial state: S(0) = {Vg,Vl,ng}
0

Figure 5. Diagram showing bulkhead.
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2. For n ≥1, do
a.  Accept the current state vector S(n ⋅ ∆t), find 

the observables associated with it
 i.  Using Eq.  8 and Eq.  9, solve for u(z1), 

u(z2),…, u(zN), φg
r, φl

r

 ii. Using Eq. 7, compute φg(z), φl(z), φs(z)
 iii. Using Eq. 10, compute σz′(z)
 iv. Using Eq. 11, compute θ(t)
 v. Using Eq. 12, compute ∆σn(t), and σx,i(t)

b. Accept the current operation X(n ⋅ ∆t)
c.  Using Eq. 14, compute the state increment 

dS(n ⋅ ∆t)
d.  Using Eq. 13, find the next state S[(n + 1) ⋅ ∆t]

4 CASE STUDY: N125 PROJECT

To evaluate the model, data collected at project 
N125 in Seattle, Washington, USA is used  
(Ghrahabagh et al., 2015). Specifically, the recorded 
operation data are used as inputs, X, to obtain the 
simulated outputs, Y, which is compared to the 
recorded pressure readings for model evaluation.

Figure  6 shows three rings randomly chosen 
along the tunnel alignment, all excavated in cohe-
sionless sand and gravel.

A Hitachi-Zosen EPB TBM is used for the 
project, whose excavation diameter is D = 6.44 m, 
total chamber volume V0 = 54.7m3 and cutterhead 
area A = 32.4m2. It is equipped with a ribbon style 
screw conveyor, whose discharge rate, according to 
the manufacturer, is C = 0.0043 m3/RPM.

The formation soil parameters are determined 
based on the project geotechnical data report 
(GDR): Soil specific gravity is set to be Gs = 2.7, a 
typical value for granular soil. Since the ground is 
complete saturated, formation soil gas fraction is 
set as φg

fmt =  0, and the liquid fraction is estimated 
to be φl

fmt  =  0.3 using water content tested. The 
maximum void ratio is set to be emax = 0.86, which 
again is a typical value for sand. A compression 
coefficient Cc  =  0.027 is used, following the PTC 
test by Mori (2016).

The GDR suggests a horizontal ground per-
meability in the range of (10E-4, 10E-6) m/s and 
(10E-5, 10E-7) m/s in vertical direction. In this 
model, its value is fitted in this suggested range to 
yield the best agreement to the pressure dissipation 
observed at standstill.

The state variables Vg and Vl determine the muck 
void ratio, as well as its unit weight. In our model, 
we set them such that the muck unit weight is the 
same as the initial vertical pressure gradient, and 
at the same time yields a mean void ratio greater 
than that of the formation soil (since muck is looser 
than the formation soil). Air substance amount, ng, 
is determined from the air volume and pressure at 
the springline level, using the ideal gas law.

Other parameters such as the tilting angle coeffi-
cient β and screw conveyor coefficient η are fitted.

All model used parameters for the three rings 
are summarized in Table 1 below.

Figure 7–Figure 9 shows the simulated chamber 
pressure versus the measured chamber pressure, 
for the ring 1125, 1201 and 1310.

The model keeps a track of the volume of the 
three phases–gas, liquid and solid- in the cham-
ber. Figure 10 shows the phase volume evolution 
during the whole tunneling cycle of ring #1125, 
together with the quantities such as degree of 
water saturation, void ratio and porosity that are 
derived (at the springline level).

It can be seen that the phase components dur-
ing the excavation of ring #1125 are relatively 
stable: all volumes fluctuate around their initial 
values. This is a favored situation as opposed to 
dramatic fluctuation in tunneling since it suggests 
a dynamic equilibrium of material flow, paired 
with appropriate soil conditioning configuration, 
is established. It can minimize the disturbance 
of tunneling on the excavation face, and hence 
ground movement.

During standstill, while not obvious from the 
plot, the liquid volume decreases due to the seep-
age process and the gas volume will expand an 
equal amount to compensate.

Figure 6. Tunnel alignment with the three rings chosen 
for model evaluation, modified from geotechnical base-
line report (Jacobs, 2013).

Table 1. Model parameters used for three rings.

Ring # 1125 1201 1310

Tunnel depth, H (m)†  36.8  33.7  34.4

Ground water table, Hw (m)†   4.8   5.6   6.4

Permeability, k (m/s) 3E-6 3E-6 3E-6

Vg (m
3)  18.3  17.8  14

Vl (m
3)  14.3  14.7  16

ng (mol) 1565.5 1585.6 1364.3

Tilting coefficient, β   0.09   0.1   0.08

Screw conveyor efficiency, η   1.00   1.03   0.99

†Measured to the springline.
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The model assumes the vertical pressure gradi-
ent is caused by muck unit weight, and their values 
therefore should be comparable, which is the case, 
as shown in Figure 11.

It can be seen that the simulated unit weight 
is comparable to the measured vertical gradient, 

indicating the validity of the model’s assumption. 
To further verify this, a test of muck component 
discharged by the screw conveyor is needed. How-
ever, this is not performed in this project, partly 
due to the difficulty in obtaining muck samples at 
atmospheric pressure while still representative of 
its original structure under chamber pressure.

Figure 7. Simulated pressure vs. recorded pressure, ring 
#1125.

Figure 8. Simulated pressure vs. recorded pressure, ring 
#1201.

Figure 9. Simulated pressure vs. recorded pressure, ring 
#1310.

Figure  10. Simulated phase volume, saturation, void 
ratio and porosity at springline level, ring #1125.
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5 DISCUSSION

5.1 Model evaluation

By treating the chamber as an enclosed space and 
tracking the phase volumes evolution inside it dur-
ing tunneling, this simplified model is able to simu-
late the chamber pressure variations with respect to 
various operations in granular ground: During exca-
vation, the simulation follows the trend of pressure 
fluctuation. During ring building when the TBM 
is at standstill, the pressure dissipation caused by 
fluid seepage is reproduced. Due to the cutterhead 
rotation, the chamber pressure difference between 
upflow side and downflow side is also captured.

One prominent feature of this model is its capa-
bility in simulating the pressure dissipation dur-
ing standstill: Chamber pressure during standstill 
will decrease and trend towards the geostatic pore 
water pressure, given sufficient time. This capabil-
ity is meaningful for two reasons: (1) Excessive 
pressure dissipation may take place in reality over 
long standstill (e.g. over weekends or days-long 
interventions); (2) the rate at which pressure dissi-
pates provides information about the soil in front. 
To back-calculate the soil and muck properties, 
however, further improvement of the model is still 
required. Interesting readers are referred to the 
work by Bezuijen (2017), which is a model used 
only for the simulation of standstill time.

5.2 Model limitations

The assumption that the gas phase is evenly dis-
tributed in the muck body is the biggest limitation 
of the model. It restrains the model’s application 
beyond granular soils: Despite the extensive use of 
soil conditioning specifically for clay, muck in clay-
rich formation tends to lump together and stay 
sticky, which clearly violates the assumption and 
the model could no longer be used to explain the 
observed pressure fluctuation.

Another issue in the current model is that opera-
tion delays are not considered and all operations 

are treated as if  their effects will come into act 
immediately, which is probably not true: in prac-
tice, it will take some time for certain operations 
to take effect. For example, increasing the foam 
injection ratio is unlikely to result in a muck prop-
erty change. To resolve this issue, technics such as 
operation recurrence may be adopted to simulate 
this delay effect.

6 CONCLUSION

In this paper, a simplified model of chamber pres-
sure model for EPB TBM tunneling in granular 
soils is proposed. The model respects the mass con-
servation constraint but relaxes the phase motion 
equation by assuming quasi-static and gas even 
mixing. The model adopts the architecture of the 
state machine and tracks the phase component 
amount in the chamber muck. It is physically inter-
pretable, computationally cheap and reasonable 
accurate. Three aspects of work are performed:

1. Three physical processes are identified and 
deemed highly relevant to chamber pressure 
fluctuation: Muck compression/decompression, 
chamber fluid seepage and cutterhead rotation 
induced unlevel muck surface.

2. A state machine architecture is employed to 
present the model, in which gas volume, liquid 
volume and gas substance amount are chosen 
as the state variables to characterize the cham-
ber pressure distribution, with their dynamics 
(increments) related to TBM operations via 
physical relations.

3. The model is demonstrated and evaluated using 
data of N125 project. The results suggest the 
model is valid in granular soils, and can be 
applied for applications such as TBM simula-
tor. However, due to its strong assumption on 
gas even mixing, it is not suitable for clayey 
ground.
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