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Excavation cycle dependent changes of hydraulic properties of granular 
soil at the tunnel face during slurry shield excavations

Z. Zizka, B. Schoesser & M. Thewes
Ruhr-University Bochum, Bochum, Germany

ABSTRACT: Increased pore pressure heads in front of the tunnel face are frequently observed during 
excavations with slurry shields. It is expected that the excess pressures are caused by a flow in front of the 
tunnel face resulting from the interaction between the face supporting fluid (bentonite slurry) and the 
soil. The flow is assumed to be unsteady from two points of view. First, it is influenced by a time depend-
ent change of hydraulic properties of the soil at the tunnel face. The time dependent change is governed 
by the interaction with bentonite slurry. Second, the area of the soil on the tunnel face with changed 
hydraulic properties is disturbed periodically by passing cutting tools which are rotating with the cut-
ting wheel. After each passing of the cutting tool through a particular point at the tunnel face, new local 
flow is induced. The aim of this paper is to investigate experimentally the transient changes of hydraulic 
properties of granular soils due to interaction with bentonite slurries. The time dependent change of the 
soil properties is compared with excavation data of real shield machine describing the time scale of the 
cutting process. Based on the comparison, the hydraulic properties of soil on the real tunnel face during 
excavation can be evaluated. Thus, a better assessment of the pore pressure heads in front of the tunnel 
face can be performed.

 pressure transfer mechanism at the local point at 
the tunnel face is decisive (Fig. 1). The tool pen-
etration depth is higher for the Case A and it is 
vice versa for the Case B. This results in cutting 
of the whole pressure transfer mechanism during 
every tool passing for the Case A, so that the pres-
sure transfer mechanism needs to build-up again 
after every tool passing. Case A is the subject of 
the investigation in this paper.

The aim of this paper is to characterize the 
changes in hydraulic properties of the pressure 
transfer mechanism for Case A during subsequent 
passing of cutting tools by laboratory experiments. 
Comparing the hydraulic properties of the pres-
sure transfer mechanism during excavation with 
the hydraulic properties of the soil may give a clue 
about the excess pore water pressure in front of the 
tunnel face during excavation. It is adopted in this 
paper that the injection pressure in the tests will 

1 INTRODUCTION

Increased pore water pressures in front of the 
tunnel face during slurry shield excavations were 
observed on construction sites in the past. Such 
measurements are presented by Bezuijen et al. 
(2001 and 2016) or Wendl & Thuro (2011). It is 
expected that these pressures are caused by ground-
water flow in front of the machine induced by the 
slurry excess pressure in the excavation chamber. It 
can be explained by the fact that the slurry shield 
adds additional source of fluid to the hydraulic 
equilibrium of the ground. Bezuijen et al. (2001) 
reported that the excess pressure is observable only 
during excavation stage and not during ring build-
ing stage. They suggest that the formation state 
of the pressure transfer mechanism at the tunnel 
face has a significant influence on excess pore pres-
sures development. Accordingly, the existence of 
excess pore pressure in soil in front of the pres-
sure transfer mechanism is also neglected by DIN 
4126 (2014) for the fully formed pressure transfer 
mechanism.

During excavation, two cases of interaction 
between pressure transfer mechanism and rotat-
ing cutting tools may appear at the tunnel face 
(Thewes et al. 2016). They conclude that the com-
parison between the penetration depth of a sin-
gle cutting tool passing and a depth of the slurry 

Figure  1. Cases of the pressure transfer mechanism: 
Case A—left, Case B—right.
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induce the same penetration behavior of the slurry 
as the equal slurry excess pressure at the tunnel 
face. The slurry excess pressure is defined as a dif-
ference between slurry and groundwater pressure.

Xu & Bezuijen (2016) showed that direct trans-
fer of the laboratory infiltration tests on the con-
ditions at the tunnel face is not possible, if  the 
conditions are investigated at the global level.

However, the adopted approach in this paper is 
reasonable as a first approximation, if  the condi-
tions are investigated at the local level considering 
individual cutting tools.

First, hydraulic properties of non-cohesive 
coarse soils and their description using Darcy’s law 
are discussed. Following on this, experimental set-
up and testing program for the characterization of 
local hydraulic properties of Case A pressure trans-
fer mechanism are introduced. Subsequently, it is 
checked by a comparison with real shield excava-
tion data, if  the obtained experimental results are 
relevant for the Case A. This is done on a simpli-
fied manner. Finally, the time dependent hydraulic 
properties of the pressure transfer mechanism at 
the tunnel face for the Case A are provided. Their 
influence on the excess pore pressure during exca-
vation is discussed.

2 HYDRAULIC PROPERTIES OF  
NON-COHESIVE COARSE SOILS

2.1 Darcy’s law

Most commonly, hydraulic properties of soils are 
described by the help of Darcy’s law. Darcy’s law 
(Eq. 1) was originally suggested with the aim to 
correct experimental data obtained for Newtonian 
fluid with viscosity (µ) flowing through a packed 
bed (Slattery 1967). Since that, it is used for quan-
titative characterization of groundwater flow in 
soils (Terzaghi et al. 1996). The Darcy’s law estab-
lishes a dependency of average flow velocity (v) on 
the permeability coefficient of the ground (kf) and 
the hydraulic gradient (i). The hydraulic gradient 
is determined by groundwater head loss during 
flow (∆h) within a particular distance (∆L). If  the 
permeability coefficient (kf) is known, the intrin-
sic permeability (K) can be calculated as a fluid-
independent constant characterizing a porous 
medium—soil (Bear 1988).
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where v  =  average flow velocity in pores (m/s); 
kf  = coefficient of permeability (m/s); n = porosity 
(−); i = hydraulic gradient (−); ρ = density of fluid 
(kg/m3); g = gravity acceleration (m/s2); K = intrinsic 

permeability (m2); µ  =  viscosity of fluid (mPa.s); 
∆h = change in hydraulic head (m); and ∆L  = flow 
path (m)

Accordingly, a discharge through cross-sectional 
area can be formulated (Eq. 2).
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n

i
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where Q = discharge (m3/s); and A = cross-sectional 
area (m2)

Hence, by measuring the discharge of a fluid 
time-dependently, while knowing the pressure gra-
dient and the cross-section area, the permeability 
coefficient after Darcy can be calculated. This 
approach is discussed in the next section and is 
later used in this paper to obtain the permeability 
coefficients.

2.2 Application of the Darcy’s law for the 
interaction between soil and slurry

The application of Darcy’s law has certain limita-
tions regarding the flow regime and fluid proper-
ties (Häfner et al. 2009):

• Only stationary laminar flow (after Herzig et al. 
1970 for Re < 10) can be considered, so that kinet-
ical energy and inertial effects can be neglected.

• Slippage effects between permeating medium and 
soil have to be excluded (Klinkenberg effect—
relevant only for gases or gas-liquid-mixtures).

• The flow has to be controlled by average proper-
ties of the soil, so that the size of the cross- section 
(A) has to be large enough in comparison to the 
grain size. This assumption is also included in 
DIN 18130-1 (1998) defining the experimental 
device for soil permeability testing and

• Constant viscosity of the fluid with regard to its 
shear rate is required, so that the product from 
flow volume and viscosity remains constant.

• Chemical or physical reaction between fluid and 
pore structure must be excluded.

Thereby, the Darcy’s law seems not to be directly 
applicable for characterization of slurry and soil 
interaction. The main reason is here the expected 
time-dependent and nonlinear relationship 
between permeability (K) and the permeability 
coefficient (kf) (Eq. 1). While the time-dependency 
may result from successive clogging of soil’s pores 
by slurry particles, the non-linearity can be caused 
by flow-rate dependent viscosity of bentonite 
slurries, as referenced e.g. in AFTES Recommen-
dations (2000). The density change of the fluid 
during the interaction process will have a negligible 
influence, since the difference between water and 
fresh slurry density is approx. 3%.
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In literature, attempts of  Darcy’s law generali-
zations for consideration of  shear thinning fluids 
as bentonite slurries are presented, e.g. Balhoff 
(2000). This attempts derives the solution while 
assuming the soil as a-bundle-of-tubes with 
exactly the same radius as the hydraulic radius 
of  the soil pores. Another approach is taken by 
Barr (2001), who considers the directly measured 
coefficient of  permeability (kf) as a proportional-
ity coefficient between the velocity of  fluid and 
the head gradient. He states that the term consid-
ers the combination of  the fluid and the media in 
contrast to the intrinsic permeability (K). Similar 
approach will be adopted in this paper. The coef-
ficient of  permeability (kf) will be directly deter-
mined from experiments time-dependently as 
an instantaneous relationship between pressure 
gradient and discharge (Eq. 2) within very small 
time-steps.

3 EXPERIMENTAL SET-UP; 
PROGRAMME AND MATERIALS

The experimental device aims to investigate the 
Case A slurry-soil interaction for local flow gra-
dients at the tunnel face. These gradients appear 
in the Case A at the tunnel face, when the entire 
pressure transfer mechanism is suddenly cut by 
a passing tool. Hence, the hydraulic changes of 
soil due to the interaction with slurry occur only 
within very small distance in front of  the tunnel 
face on limited area of  the tunnel face close to a 
cutting tool. A first approximation for the inves-
tigation assuming equal action of  the same slurry 
excess pressure at the tunnel face and in the exper-
iment was considered here, as already discussed in 
the introduction. Note that the discussed hydrau-
lic gradient is defined by the injection pressure.

3.1 Experimental set-up and methodology

The experimental set-up was designed based on 
the device described in DIN 18130-1 (1998) for the 
investigation of water permeability of soils. The 
experimental set-up is visualized in Fig. 2. The set-up 
consists of a slurry cylinder, a soil cylinder and a res-
ervoir with free surface for the discharged fluid from 
the soil cylinder. The reservoir is located on a scale. 
The scale is connected to a computer for continuous 
data logging during the experiment. Pore pressure 
sensors continuously monitor pressures in the slurry 
and soil cylinder. These data are also transferred to 
the computer. The data were logged every 0.25 s.

Two soil filters and two stiff  plastic grids sta-
bilize the soil sample, which is compacted to a 
prescribed ratio (porosity) and has thickness of 
10  cm. The requirements for the soil filters were 
adopted based on DIN 18130-1 (1998). Addition-
ally to that, the thickness of the bottom filter was 
reduced to 2.5  cm to minimize its influence on 
the slurry penetration behavior. Contrary to that, 
the thickness of the upper filter was increased to 
17.5 cm. Furthermore, the aim of the bottom grid 
is to ensure uniform distribution of slurry in the 
cylinder before entering the soils. In fact, the per-
meability coefficient of the 10 cm thick soil sample 
is obtained by the presented device. However, it is 
adopted that the permeability coefficient of this 
sample is governed by the slurry penetrated zone, 
i.e. by the pressure transfer mechanism.

Before the experiment starts, the injection pres-
sure is adjusted and the slurry is pumped under 
limited flow rate regulated by a valve in the soil cyl-
inder up to the bottom interface between the filter 
soil and the sample. The experiment starts immedi-
ately after the dissipation of eventually occurring 
excess pressure from the previous procedure. 15 
minutes were chosen as a limiting time span for the 
experiment duration.

Figure 2. Experimental set-up used in the investigations: sketch on the left side, photo on the right side.
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The original intention was to assess the time-
dependent slurry penetration depth into soil visu-
ally. However, this turned out to be difficult due 
to very shallow penetration depths obtained (sec-
tion 4). Therefore, only the final penetration depth 
was determined directly visually during disas-
sembling of the experiment and subsequently, the 
time-dependent penetration was obtained based 
on scaling of the final penetration by the time-
dependent volume discharge of the fluid from the 
experiment measured by the scale (Eq. 3).

e t e
V t

V
( )

( )
max

max

= ⋅  (3)

where e(t) = time-dependent penetration depth (m); 
emax = final penetration depth (m); V(t)  = time-de-
pendent volume of discharged fluid (m3); V = final 
volume of the discharged fluid (m3)

3.2 Experimental program

The experimental program (Fig.  3) was designed 
with the aim to investigate the Case A of the sup-
port pressure transfer. One slurry concentration, 
two soil fractions and three levels of injection 
pressure were chosen to approximate slurry excess 
pressure at a real slurry shield. It resulted in six 
combinations. Three experiments for each combi-
nation were carried out in order to check the repro-
ducibility of the results. Thus, 18 experiments were 
performed in total.

Further aim of the experimental program defi-
nition was to check, if the permeability coefficient 
development is dependent on the initial injection 
pressure and thereby on the initial pressure gradient.

3.3 Materials used in the experiments

Medium and coarse uniformly graded sands with 
relatively low characteristic grain size (d10) were 
chosen for the investigation (Fig. 4 and Table 1). 
The installation and compaction of the soils in the 
cylinder were controlled to obtain highly similar 
porosities among all investigated samples.

Moreover, the water permeability coefficient of 
the installed soil sample was checked before every 
slurry experiment (Table 1) to improve the prob-
ability for obtaining of reproducible results from 
slurry testing. From the water permeability coef-
ficient, the intrinsic permeability of the soil sample 
can be calculated.

Another requirement for obtaining reproducible 
results of experiments involving bentonite slurry 
is the monitoring of the slurry properties. Before Figure 3. Experimental program.

Figure 4. Grain size distribution curves of soils used in 
the tests.

Table 1. Characteristics of soils.

Soil fraction [mm] 0.25–0.50 0.50–1.00

Density [g/cm3] 1.569 1.572

d10 [mm] 0.27 0.54

Porosity [−] 0.407 0.408

Compaction ratio [−] 0.597 0.597

Water permeability  
coefficient [m/s]

4*10−4 2*10−3

Intrinsic permeability [m2] 6.1*10−11 3.1*10−10

Table  2. Characteristics of used slurry B1 6% acc. to 
DIN 4127 (2014) and API 13B-1 (1997).

Density [g/cm3] 1.033–1.038

Yield point (ball harp) [Pa] 58–59 (48)

pH [−] 9.4–9.8

Marsh time [s] tM1000 = 47–58
tM1500 = 95–109

Apparent viscosity [mPa.s] 19.1

Plastic viscosity [mPa.s] 2.9

Yield point (Bingham) [Pa] 15.55
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every experiment, the slurry was tested according 
to DIN 4127 (2014). The results and their devia-
tions are outlined in Table  2. Direct-indicating 
viscometer device according to API 13B-1 (1997) 
was used for characterization of only one refer-
ence slurry mixture due to larger complexity of the 
procedure. Deploying the viscometer, the Bingham 
yield point and the plastic as well as apparent vis-
cosity of the slurry were determined (Table 2).

4 COMPARISON BETWEEN SLURRY AND 
TOOL PENETRATION SCALES

As pointed out in the introduction of this paper, 
the comparison between the slurry penetration and 
tool cutting depths decides which case of face sup-
port transfer is relevant during the excavation. The 
aim of this chapter is to compare the obtained time 
dependent penetration behavior of slurry from the 
experiments described in chapter 3 with real exca-
vation data from a chosen reference project.

The cutting wheel of the reference slurry shield 
with excavation diameter 9.8  m is visualized in 
Fig.  5. The wheel has been already analyzed by 
Thewes et al. (2016). It has been divided in three 
homogeneous cutting zones based on the amount 
of the active cutting tools within one cutting track.

The excavation data of the reference project were 
also presented and evaluated in Thewes et al. (2016). 
Here, only the most relevant data for the investiga-
tion purposes of this paper are outlined in Table 3. 
The timespans between subsequent tool passing 
through a particular point were determined for 
respective homogeneous cutting zones while consid-
ering the entire spectrum of machine’s cutting wheel 
Revolutions Per Minute (RPM) from 0.67 to 1.33. 
These timespans were coupled with the most typical 
penetrations of cutting tools in respective homoge-
neous cutting zones based on machine data from 
the reference project. The most typical tool penetra-
tion depths were obtained from penetration rates of 
the cutting wheel Per Revolution (PR).

Consequently, the excavation data are compared 
in Fig. 6 with the time dependent slurry penetra-
tion depths from experiments.

If  the lines describing the slurry penetration cross 
the red (Zone 3), blue (Zone 2) or violet (Zone 1) 
lines in the diagram, the Case A support pressure 
transfer is relevant for the respective homogenous 
cutting zone. In other words, the pressure trans-
fer mechanism is entirely damaged during every 
passing of the cutting tool through the particular 
point at the tunnel face in respective cutting zone. 
After the passing, the pressure transfer mechanism 
has to form again. It turned out that for investi-
gated cases of soil fraction 0.25–0.5 mm, the Case 
A pressure transfer will be relevant for the Zone 
3. Contrary to that, Case A is relevant in Zone 1 
only for experiment No. 1b while considering the 
minimal RPM from the spectrum and correspond-
ing maximal PR. Hence, the obtained results indi-
cate that for the most of investigated experimental 
combinations, there will be partly Case A of the 
pressure transfer and partly Case B present at the 
tunnel face during excavation. Furthermore, it 
can concluded for soil fraction 0.5–1.0  mm that 
the Case A is not relevant, because the slurry in 
experiments No. 4c, 5a, 5b, 5c, 6a, 6b and 6c have 
not even stagnated within the soil sample. The 
slurry in experiments No. 4a and 4b stagnated in 
the soil sample, however, the No 4b did not cross 
any skew line and the No 4a just touched the top 
the red skew line. The experiments with soil frac-
tion 0.50–1.00 mm are therefore not considered in 
further evaluation.

Moreover, laminar flow could be confirmed in 
all experiments by calculation of Reynolds number 
after Herzig et al. (1970). Highest Re =  4.57 was 
determined for the experiment No 5a.

The presented methodology enables to deter-
mine experimental combinations, which can be 
always considered as the Case A of the transfer 
mechanism for the slurry excess pressure equal 

Figure  5. Homogeneous cutting zones on the cutting 
wheel of the slurry shield from the chosen reference 
project.

Table  3. Maximal and minimal cutting 
depths and timespans within the homogeneous 
cutting zones, Advance rate of the machine.

Zone  
(Amount of  
Tools within  
the cutting track)

Penetration 
of a single 
tool per  
passing [mm]

Timespan 
between sub-
sequent tool 
passing [s]

Min Max Min Max

Zone 1 (8 tools)  4.3  7.6  5.6 11.2

Zone 2 (4 tools)  8.6 15.2 11.3 22.5

Zone 3 (2 tools) 17.1 30.5 22.5 45.0

Advance rate  
(min/max) [m/s]

6.78*10−4 / 7.60*10−4
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to the investigated injection pressure. The other 
experimental combinations may belong to the 
Case A depending on their location at the tunnel 
face. The distribution of the pressure gradients at 
the face would have to be taken into account for  
the decision. Higher probability of belonging to the 
Case A is for the location close to the tunnel axis 
where the pressure gradients governing the slurry 
penetration behavior are expected to be smaller.

Furthermore, a clue about the experimental com-
binations surely not-belonging to the Case A may 
be given by the global approach presented by Bezu-
ijen et al. (2016) when the global slurry penetration 
velocity is compared with the advance rate of the 

machine (Table  3). The calculation of the global 
penetration velocity is summarized in Table 4.

If  the calculated global slurry penetration veloc-
ity is higher than the advance rate of the machine, 
the experimental combination belongs to the Case 
B, i.e. not to the Case A. It turned out that only 
the experimental combination with soil fraction 
0.50–1.00 mm and the injection pressure 0.7 bar is 
not-belonging to the Case A, while considering the 
minimal advance rate of the machine from Table 3. 
Thus, all other experimental combinations might 
result in Case A interaction at the tunnel face. The 
exact confirmation about belonging to the Case A 
goes beyond the scope of this paper.

Therefore, in the following, only the experi-
mental combinations are considered which can be 
surely classified as the Case A of the interaction.

5 TIMEDEPENDENT PERMEABILITY OF 
SOIL FOR SLURRY ACHIEVED AT THE 
TUNNEL FACE DURING EXCAVATION

The achieved permeability coefficients of the pres-
sure transfer mechanism in homogeneous cutting 
zones for the Case A are presented in Fig. 7. Addi-
tionally, the homogeneous cutting zones are shown 
in the diagram with boarders for min PR/max RPM 
and max PR/min RPM. The permeability coeffi-
cient lines are showing the coefficient development 
within a cutting track. The crossings between the 
coefficient lines and zone boarders are illustrating 
the minimal permeability coefficients achievable for 
the pressure transfer mechanism in respective zone.

Table 4. Calculation of the global penetration velocity 
of slurry.

Soil fraction [mm] 0.25–0.50 0.50–1.00

Global permeability  
coefficient for slurry*  
(kg) [m/s]

4*10−5 2*10−4

Slurry excess 
pressure (φ) [bar]

0.3/0.5/0.7

Global gradient at the 
tunnel face  
(i = 2*φ/D)[−]

0.6/1.0/1.5

Global slurry  
penetration velocity 
(vg = kg/n*i) [*10−4 m/s]

0.6/1.0/1.4 3.0/5.0/7.0

*The global permeability coefficient for slurry is 10–20-
times lower than water permeability coefficient (A. 
Bezuijen—personal communication), factor 10 was con-
sidered here.

Figure 6. Comparison of the time dependent penetration distance of slurry in experiments with cutting tool penetra-
tion depths and the timespans between tool passing in respective cutting zones of the reference project.
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When excluding experiments No 2b and 3b 
from the evaluation due to permeability coefficient 
development deviating from the other two experi-
ments with the same boundary conditions, a clear 
dependency of the results on the injection pressure 
and thereby the initial pressure gradient can be 
observed. If  the injection pressure and the initial 
pressure gradient are higher, the decrease of per-
meability coefficient is faster and the linear branch 
is achieved sooner. The achieved coefficient at the 
linear branch of the development is also lower. 
This is particularly visible for the experiments with 
0.7 bar injection pressure.

While the faster decrease might be explained by 
higher filtration velocity, it is possible to justify the 
lower achieved coefficient by deeper slurry pen-
etration in respective experiments.

In respect to the homogenous cutting Zones 2 
and 3, where Case A transfer is relevant, the achieved 
permeability coefficients are varying only slightly 
depending on a chosen PR and RPM, hence sug-
gesting, that the machine operation has negligible 
influence on permeability coefficients in these zones.

Moreover, it is necessary to point out, that in 
case of water experiments, the coefficient’s curves 
would be overlapping and horizontal. Thus, as it 
was expected, the Darcy’s law can be applied for 
the slurry soil interaction only while considering 
evaluation for very short time steps as was chosen 
(0.25  s). However, it turned out, that these time 
steps might increase with increasing time since 
the experiment starts. This is due to lower order 

of time-dependency of the coefficient for the 
later stages of the experiments as is show linear 
branches of developments in Fig. 6. Furthermore, 
it turned out, that not only an unique dependency 
exists between permeability coefficient develop-
ment and slurry and soil characteristics as was 
adopted in chapter 2. Based on Figure 7, it can be 
concluded that the permeability coefficient devel-
opment depends also on the injection pressure and 
the initial pressure gradient.

6 CONCLUSIONS AND OUTLOOK

New experimental set-up for characterization of 
permeability coefficient of the pressure transfer 
mechanism in Case A of pressure transfer was 
developed. With the developed device, not only 
permeability coefficients, but also time-dependent 
slurry penetration depths were investigated. These 
time-dependent slurry penetration depths were 
compared with excavation data from the reference 
slurry shield project considering homogeneous cut-
ting zones of the cutting wheel to make simplified 
check, if  the particular experimental combination 
would deliver Case A pressure transfer at the real 
tunnel face. It turned out that in most cases, both, 
the Case A and Case B pressure transfer, might be 
present at the tunnel face simultaneously. There-
fore, it is not yet possible to make a clear statement 
for the reference project about excess pore pressure 
in front of the tunnel face during excavation based 

Figure 7. Permeability coefficient development and it’s minimal achievable values in respective homogeneous cutting 
zones. The horizontal dashed lines signify the extent of the permeability development in respective zone in dependence 
on chosen PR and RPM.
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on the permeability coefficient development inves-
tigated in this paper.

Furthermore, it was found that Darcy’s law is 
applicable for the characterization of slurry soil 
interaction only upon adaptation. The reasons are 
following. First, the dependency between hydrau-
lic gradient and the flow velocity has to be evalu-
ated for very small time steps. Second, the obtained 
permeability coefficient development is unique for 
the particular injection pressure, initial pressure 
gradient and the soil and slurry characteristics.

In the future, the assumption of the same devel-
opment of the permeability coefficient caused by 
equal slurry injection pressure in the experiment 
and slurry excess pressure at the face should be 
adapted. The relationship between slurry excess 
pressure at the tunnel face and in the experiment 
should be investigated by a numerical model of 
flow in front of the slurry shield. In the model, the 
slurry excess pressure at the tunnel face and the per-
meability coefficient development of the pressure 
transfer mechanism should be first considered the 
same as in the experiment. Subsequently, the pres-
sure gradient within the 10 cm in front of highest 
achieved state of the pressure transfer mechanism 
at the particular place at the tunnel face should be 
extracted. The experiment should be repeated with 
the pressure gradient extracted from the numeri-
cal model and the new development of the perme-
ability coefficient will be obtained. Finally, the new 
permeability development should be input in the 
numerical model. The described iterative procedure 
should be carried out until a negligible change of 
the recalculated pressure gradients in comparison 
to the previous step occurs. This should be done 
for different cutting tracks at the face separately.
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