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Abstract Examination of tunnel displacement pro-
file is one of the basic requirements in tunnel design
which controls the internal forces of the lining and the
surface settlements. The previous studies on the tunnel
displacement profile have been in the form of elastic
analysis and do not consider changes in the overbur-
den and geomechanical parameters of the host rock.
Therefore, using three-dimensional numerical simu-
lation, this study has investigated the effect of tunnel
diameter, overburden and geomechanical parameters
of the host rock on the tunnel displacement profile.
The results of analysis showed that the average
displacement occurred in the face for diameters of 7
and 10 m was 27 and 26% of total displacement,
respectively, and its value was directly related to
cohesion and inversely related to overburden. The
tunnel overburden as well as its diameter are the main
factors in determining the location where 5 and 95% of
total displacement take place while cohesion influ-
ences only the 5% location of total displacement while
the deformation modulus had no effect on the
displacement profile. The displacement profile pro-
posed by Hoek was fitted to the profile extracted from
numerical simulation. The relationship between the
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overburden, diameter, and geomechanical parameters
of the host rock and the fixed coefficients of the
proposed Hoek function was also evaluated, and
equations were proposed to estimate the fixed coeffi-
cients of the function.
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dimensional numerical simulation - Tunnel face
displacement - Tunnel design

1 Introduction

The population growth makes the development of
public transport in metropolitan areas inevitable.
Facing urban facilities and the impossibility of land
acquisition in dense urban environments have turned
the construction of underground urban train tunnels
into an accepted solution from technical, economic,
and safety points of view in metropolitan areas. The
tunnel displacement profile and the distance from the
tunnel where the maximum subsidence occurs are
notable points in tunnel construction. The deformation
of a tunnel starts from about twice the tunnel diameter
behind the face and increases with the progress of the
face, finally converging to a maximum value, which is
not influenced any by the face anymore (Hoek 1999).
A key point in the tunnel displacement profile is the
amount of displacement in the tunnel face, which has
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been reported to be 25-30% of the total tunnel
displacement (Carranza-Torres and Fairhurst 2000;
Unlu and Gercek 2003). The amount of displacement
on the tunnel face is important since it controls the
minimum expected settlement at the ground surface
and when face displacement increases, the surface
subsidence will increase (Ocak 2008). The amount of
displacement in the face also controls the amount of
ground loss in mechanized excavation (Attewell et al.
1986). The tunnel displacement profile also controls
the amount of load applied to the installed temporary
or permanent support. The minimum support installa-
tion distance from the face is controlled by the tunnel
excavation cycle in drill and blasting technique or
machine specification in mechanized excavation. A
basic parameter that is effective in choosing full-face
single-shield and double-shield excavation machines
is the required thrust, which is measured according to
the machine diameter, tunnel diameter, tunnel dis-
placement profile, and ground response curve. A study
by Unlu and Gercek on the effect of the Poisson’s ratio
on the displacement around a tunnel showed that
experimental equations could be obtained to predict
normalized radial deformations used in the in-situ
hydrostatic stress field (Unlu and Gercek 2003).
Torres and Fairhurst studied the deformation profile
of a tunnel affected by tunneling and evaluated the
tunnel displacement with respect to the face displace-
ment and the tunnel diameter (Carranza-Torres and
Fairhurst 1999). Numerous numerical analyses have
been performed to determine the rock response to twin
tunnels excavated at shallow (Rahim et al. 2015;
Chakeri et al. 2011; Do et al. 2014; Hasanpour et al.
2012) and deep (Addenbrooke and Potts 2001; Chen
et al. 2009; Ghaboussi and Ranken 1977) depths.
Wang et al. proposed a group of analytical solutions to
evaluate the displacements and stresses produced
when two nearly situated circular tunnels are consec-
utively built in viscoelastic rock (Wang et al. 2017).
Wang et al. also introduced a novel analytical solution
by which the ground responses near shallow circular
tunnels subjected to surcharge loads could be rapidly
anticipated. The ground was approximately assumed a
viscoelastic or elastic medium, and the random
distribution of surcharge loads was regarded as a
viscoelastic model (Wang et al. 2018). Zheng et al.
(2019) developed an easy method to estimate the uplift
of underground structures. Moussaei et al. designed
and constructed a model setup to simulate the
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excavation process of a circular full-face tunnel using
the change in tunnel caused by the lost volume.
Particle Image Velocimetry was used to control the
ground deformation during the excavation procedure.
A new experiential relation was presented to forecast
the highest settlement of ground as a function of
ground density (Moussaei et al. 2019). Wang et al.
used multi-point extensometers which were placed in
Beishan Exploration Tunnel in Gansu Province of
China before excavation to perform an in-situ con-
trolling experiment on the surrounding rock’s internal
displacement (Wang et al. 2019). Lu et al. suggested a
displacement function of the shallow circular tunnel
cross-section stated by the Fourier series. Case studies
of Docklands Light Railway Lewisham Extension
were used to prove the applicability and capacity of
the suggested solution, which was found to be an easy
way to assess the tunnel deformation during com-
pound construction and geological conditions (Lu
et al. 2019). Zeng et al. represented novel analytical
solutions for a step-by-step excavation of tunnel cross-
sections, arbitrary tunnel shapes, the ground’s vis-
coelastic properties, and pressures applied at the
internal boundaries of tunnel caused by water or liner
pressures (Zeng et al. 2020). Centrifuge modeling has
been employed as a means to investigate soil move-
ments affected by tunneling and its interactions with
existing structures. In 2D plane-strain centrifuge
models, loss of tunnel volume can be simulated in
various ways. Song and Marshall sought to address
this issue using conflicting results of plane-strain
centrifuge experiments employing a flexible mem-
brane tunnel model and those of a recently developed
unconventional mechanical model of tunnel rigid
boundary. The results help to understand which tunnel
model type can be used in centrifuge tests for the 2D
plane-strain modeling of tunnels (Song and Marshall
2020). Zheng et al. defined the vital effects of yaw
excavation loadings on segmental stress and ground
displacement for a curved shield tunnel. The tangen-
tial compressive stress, axial tensile stress, and axial
compressive stress of recently mounted curve-line
tunnel segments were more than those of the straight
tunnel. The stress levels linearly rose with yaw (Zhang
et al. 2020). Yertutanol et al. performed vertical
displacement controlling and verification together
with primary support design for Konak twin-tube
tunnel in Izmir. It was perceived that neither the rock
nor the mass of support system elements had yielded
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because of the redistribution of stresses caused by the
disturbance due to the tunnel excavation (Yertutanol
et al. 2020). Lu et al. (2020) presented a unified time-
dependent displacement function using a Fourier
series as the tunnel cross-section’s displacement
control boundary condition. Gao et al. (2021)
expressed a new analytical solution for the displace-
ment and stress near circular lined tunnels at a shallow
depth regarding the interaction between the rigid
lining, ground, and distributed surcharge loading.
Kong et al. expressed a stress function using the
Fourier series to consider the complex stress state of
the medium of a shallow tunnel under water. A
fractional viscoelastic solution was defined according
to the attained elastic solution using the correspon-
dence standard. The time-dependent displacement of
ground was studied regarding the stress release
influence (Kong et al. 2021). Zheng et al. suggested
a new probabilistic process to estimate the uncertainty
of tunnel displacement and properties of the rock mass
that incorporated a relevance vector machine and
multivariate distribution function. It was observed that
the anticipated displacements of the tunnel by the
relevance vector machine model were highly compat-
ible with the observed ones. The factors’ correlation
had substantial influences on the uncertainty results.
The uncertainty of tunnel displacement declined,
whereas the tunnel reliability grew with the rises in
the negative correlations between rock mass factors.
Compared to the deterministic technique, the sug-
gested method was more scientific and rational while
being compatible with rock engineering applications
(Zheng et al. 2021).

A review of the studies on the tunnel displacement
profiles reveals that the effect of geometry and
geomechanical parameters of the host rock on the
tunnel displacement profile has not been comprehen-
sively investigated so far. Tunnel displacement profile
is one of the basic requirements in tunnel design, and
the existing displacement profiles are also based on
elastic analysis. So in this research, applying 3D
numerical simulation and Mohr—Coulomb elastoplas-
tic model as a popular constitutive model in geome-
chanics, the effect of overburden, tunnel diameter, and
geomechanical parameters of the host rock on the
tunnel displacement profile was evaluated. Then the
tunnel displacement profiles extracted from numerical
simulation have been compared with tunnel displace-
ment profile purposed by Hoek and three equations

have been developed to estimate the coefficients of
Hoek’s displacement profile based on geotechnical
parameters of the host rock and tunnel geometry.

2 Methodology
2.1 Numerical Simulations

In the numerical simulation, the Mohr—Coulomb
elastoplastic criterion was employed, which is a
well-known criterion used in geomechanics. The
diameter of the tunnel was 7 and 10 m, and three
overburdens of 50, 250, and 500 m were selected for
numerical simulation. Choosing overburden within
this range allows for studying the displacement profile
in shallow and deep tunnels. Table 1 lists the ranges of
the geomechanical parameters used in the numerical
simulation.

In order to eliminate the boundary effects on the
numerical simulation results, the dimensions of the
model in the X, Y, and Z directions were selected as
100 m, and the tunnel was excavated in the Y
direction. The bottom boundary of the model was
fixed in all three directions, and roller supports were
used in the lateral boundaries located in the X and Y
directions. In 250 and 500 m overburden, the remain-
ing weight of the overburden was calculated and
applied in the form of stress in the Z direction at the
upper boundary of the model. The principal stresses
were considered in horizontal and vertical directions

(Fig. 1).
2.2 Discussion

2.2.1 The Effect of Changes in Geomechanical
Parameters, Diameter, and Overburden
on the Occurrence Location of 95 and 5%
of the Total Displacement

Due to the changes in the overburden and geome-
chanical parameters, the tunnel displacement had
different values, and it is not possible to compare
them in this way. Therefore, the displacements in the
tunnel crown were normalized relative to their max-
imum values, and the tunnel displacement profiles
were plotted against the distance from the face. In this
way, the displacement was comparable in all models,
varying from 0 to 100%, and the displacement profile
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Table 1 The ranges of changes in geomechanical parameters used in the numerical simulation

Poisson’s ratio Friction angle (°)

Young modulus (GPa) Cohesion (kPa)

0.3 25-35

1.5-5 300-1000

FLAC3D 5.00
02012 itasca Cansulting Group. inc
Zone

Cglorby Group ~ Any
A

N o

Fig. 1 The geometry of the numerical model

could be compared and reviewed. Analytical equa-
tions that fit the displacement profile do not suggest a
finite range for displacement from 0 to 100%, and the
range is infinite. Therefore, in order to provide the
possibility of comparing the results of the numerical
method with those of the analytical methods and make
analysis easier, the displacement range of 5-95% was
considered the basis of the analysis.

It is necessary to know the occurrence range of
5-95% of the displacement due to its effect on the
surface subsidence and the way the extension and
compression zones are converted to each other,
especially in twin tunnels. In order to investigate the
effect of variable parameters used in numerical
simulation on the occurrence range of 5-95% of
tunnel displacement, analysis of variance was used.
The results obtained for the location of 95% displace-
ment are shown in Table 2. For a significant relation
with a confidence level of 95%, the P-value has to be
less than 0.05. Hence, according to the results, there
was no significant relationship between the deforma-
tion modulus and the location of 95 and 5%
displacement.

The occurrence location of 5 and 95% of the
displacement relative to the tunnel face, which was
normalized relative to the tunnel diameter, is shown
against the overburden in Fig. 2a. With the rise in the
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tunnel overburden from 50 to 500 m, the 95%
displacement occurrence range increased by the tunnel
diameter. In other words, the 95% displacement
occurrence range increased from 1-2 times the tunnel
diameter to 2-3 times the tunnel diameter. There was
no significant relationship between the occurrence
location of 5% displacement and the overburden, and
in general, the 5% displacement occurred within the
range of 1-2 times the tunnel diameter. It may be
caused by the difference in displacement magnitude.

Figure 2b shows the location of 5 and 95%
displacement versus cohesion. In order to clarify the
diagram and eliminate the impact of the overburden,
the overburden was chosen equal to 250 m. The same
trend was also considered for the other overburdens.
As can be seen, there was no significant relationship
between the occurrence location of the 95% displace-
ment and the cohesion, and the range of the mentioned
displacement was 1.5-2.5 times the tunnel diameter.
With the rise in the cohesion, the change in the
location of the 5% displacement increased by the
tunnel diameter. In other words, the range of changes
altered from 1.2 to 1.4 times the tunnel diameter to
1.6-2.8 times it. The internal friction angle had no
effect on the occurrence location of 5 and 95%
displacement. It was found that the location of 5 and
95% displacements was affected by the tunnel
overburden.

Although the deformation modulus, internal fric-
tion and cohesion are the controlling factors of the
tunnel displacement magnitude, when the tunnel
displacement is normalized based on total displace-
ment to extract tunnel displacement profile, these
parameters do not have a significant relation with
occurrence location of 5% and 95% displacement. The
cohesion just affects the occurrence location of 5%
displacement which may be as a result of tunnel face
supporting effect.
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Table 2 Analysis of variance at 95% of tunnel displacement

Parameter under investigation DF SS MS F P

Tunnel diameter 1 4.379 4.3794 82.75 0.000
Overburden 2 75.312 37.656 711.52 0.000
Friction angle 2 8.207 4.1035 77.54 0.000
Young modulus 3 0.211 0.0704 1.33 0.265
Cohesion 3 9.853 3.2843 62.06 0.000

DF degree of freedom, SS sum of squares, MS mean square, F' F-fisher, P significance level calculated based on F

2.2.2 The Effect of Changes in Geomechanical
Parameters, Diameter, and Overburden
on the Face Displacement

As mentioned earlier, the amount of displacement in
the face is one of the key points of the longitudinal
profile of a tunnel, which is reported to be 25-30% of
the total displacement of the tunnel. Based on the
numerical modeling results, the amount of displace-
ment in the tunnel face changed by changing the
geomechanical parameters shown in Table 1. For the
overburden of 50-500 m and tunnel diameter of 7 m,
the range was 18-32%, with an average of 27%, while
for the diameter of 10 m, it changed in the range of
20-28% with an average of 26%. Figure 3 shows the
effect of cohesion on the percentage of displacement
in the face for diameters of 7 and 10 m. For both
diameters, the increase in cohesion led to a limitation
of the range of changes in the percentage of displace-
ment in the face and an increase in its average value
with an increase in cohesion. The increase in diameter
also limited the range of changes in the percentage of
displacement in the face by about 5%, but the average
percentage of displacement in the face was almost
independent of the rise in diameter, experiencing a
reduction by only 1%. The upper limit of the
percentage of displacement in the face was indepen-
dent of the increase in cohesion, being about 31 and
28% for the diameters of 7 and 10 m, respectively.
However, the lower limit of the change in the
percentage of displacement in the face increased with
cohesion rise. The lower limit increased from 18 to
25% for the diameter of 7 m, while raising from 20 to
26% for the diameter of 10 m.

Due to the limited range of changes in the
percentage of displacement in the face for the diameter
of 10 m, especially with the rise in the cohesion, the

effect of other parameters, such as internal friction
angle, deformation modulus, and overburden was
limited and negligible. For more clarification, the
percentage of displacement occurred in the face were
plotted versus the overburden and cohesion when the
tunnel diameter is 10 m (Fig. 4). As it is clear, the
average value of displacement in the face is almost the
same when the overburden is risen from 50 to 500 m.
In addition, the percentage of displacement in the face
slightly increased whit increasing the cohesion.

For the diameter of 7 m, the changes in the
percentage of displacement in the face are plotted
versus overburden and shown in Fig. 4. Unlike
cohesion, the rise in overburden resulted in a decreas-
ing trend in the face displacement. For example, at
50 kPa cohesion, the average displacement percentage
in the face decreased from 30 to 20% with increasing
the overburden. The increasing trend of the percentage
of displacement in the face was also evident with the
growth of cohesion in this diagram, and this trend was
almost the same for the overburdens of 250 and 500 m,
while having a slight increasing trend in the overbur-
den of 50 m, at which the upper bound of the change in
face displacement was constant, being equal to 31%.
In other words, in low overburden, the role of cohesion
on the percentage of displacement released at the face
was lower. In general, for the diameter of 7 m, the
percentage of displacement in the face was a function
of cohesion and overburden, being inversely related to
overburden and directly related to cohesion, while for
the diameter of 10 m, it was only a function of
cohesion (Fig. 5).
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Fig. 3 The effect of 35
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2.2.3 Effect of changes in geomechanical parameters,
diameter, and overburden on tunnel
displacement profile

To investigate the tunnel displacement profile and the
possibility of comparing the obtained displacement
profile with the displacement profile provided by
Hoek, the amount of tunnel crown displacement was
normalized relative to the maximum displacement, the
distance from the face was normalized relative to the
tunnel diameter, and the displacement (%) against the
distance from the normalized face is depicted.

500-7 500-10 700-7 700-10 1000-7 1000-10
Cohesion (kPa)-Diameter (m)
o o N ) o o ) o S
§° AN s L &
< & B A N ~N SRS RS

Cohesion (kPa)-Overburden (m)

Figure 6 demonstrates the displacement profile
obtained from the numerical simulation, along with
the displacement profile proposed by Hoek (Roc-
science 2000-9).

Changes in geomechanical parameters, overbur-
den, and tunnel diameter led to changes in displace-
ment profile. The function proposed by Hoek [Eq. (1)]
was used to investigate the effect of the mentioned
parameters on the displacement profile. The constant
coefficients of this function, including C; to C4, which
are shown in Eq. (2), were evaluated by fitting the
function to the displacement profile, using numerical
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simulation and MATLAB software. By using the
analysis of variance, the results of which are shown in
Table 3, the relationship between the constant coef-
ficients C;—C, and the variables used in the numerical
simulation, including overburden, tunnel diameter,
deformation modulus, cohesion, and internal friction
angle was evaluated.

v— 100 (1)
1+ e~ (X/055)]"7
Cy

Y=
[Cy + e—(X/C2)|S

@ Springer

where Y is the tunnel displacement in percentage,
which is normalized with respect to the maximum
displacement, X is the distance from the face, which is
normalized relative to the tunnel diameter, and C;—C4
are constant coefficients.

According to the results of the analysis of variance,
there was no significant relationship between any of
the variables used in numerical simulation and coef-
ficient C;. The coefficient C; was considered equal to
75, while it was 100 in Hoek’s proposed profile. The
coefficient C, was affected by overburden, and other
parameters had no significant relationship with
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Table 3 Analysis of Coefficient ~ Parameter DF  SS MS F P
variance of constant
coefficients C;—Cq Cl Diameter 1 204.3 204.3 055 0459
Overburden 2 1076.3 538.1 1.45 0.236
Cohesion 3 1126.9 375.6 1.01 0.387
Friction angle 2 639.6 319.8 0.86 0.423
Young modulus 3 1674.6 558.2 1.51 0.213
C2 Diameter 1 0.00009 0.00009 0.00 0.966
Overburden 2 0.70745 0.35373 6.85 0.001
Cohesion 3 0.35073 0.11691 2.27 0.081
Friction angle 2 0.14945 0.07472 1.45 0.237
Young modulus 3 0.25598 0.08533 1.65 0.177
C3 Diameter 1 1.08356 1.08356 383.13 0.000
Overburden 2 3.32619 1.66310 588.04 0.000
Cohesion 3 0.47771 0.15924 56.30 0.000
Friction angle 2 0.18976 0.09488 33.55 0.000
Young modulus 3 0.00427 0.00142 0.50 0.680
C4 Diameter 1 2.0734 2.0734 35.31 0.000
Overburden 2 8.6499 4.3249 73.65 0.000
Cohesion 3 3.9620 1.3207 22.49 0.000
Friction angle 2 0.3217 0.1609 2.74 0.066
Young modulus 3 0.1484 0.0495 0.84 0.472

coefficient C,. The coefficient C; was affected by the
overburden, diameter, cohesion, and internal friction
angle, and the only parameter that did not affect it was
the deformation modulus. The coefficient C4 was also
affected by overburden, cohesion, and tunnel diame-
ter. The ineffectiveness of the deformation modulus on
the displacement profile was also confirmed in the
previous subsections, and the internal friction angle
had a slight effect on the displacement profile. The
nonlinear multivariate regression analysis was per-
formed to investigate the effect of overburden, diam-
eter, cohesion, and angle of internal friction on tunnel
displacement profile and extract profiles proportional
to the geomechanical parameters, diameter, and
overburden. Equations (3)—(5) are the most suit-
able functions to estimate the coefficients C,, Cs,
and C4. The criterion for selecting the functions was
their simplicity and correlation coefficient. These
functions can assist tunnel designers in more accu-
rately assessing the tunnel displacement profile, the
internal forces of the installed support, and the surface
settlement.

R* =1
(3)
Cs = o(—9:54x107°D+12x10°H-4.41x107*C~0.015¢+0.38)

R?>=0.83

C, =—-7x107°H?> + 5 x 107°H + 0.151

(4)
C, = o(~57¥107D+6.85x107*H-2x107C+038)  p2 _ () 63

(5)

where H is the overburden (m), D is the tunnel
diameter (m), ¢ is the internal friction angle (°), and C
is the cohesion (kPa).

3 Conclusion

Investigations on tunnel displacement profiles
obtained from numerical simulations led to the
following results:

Although the deformation modulus affected the
amount of maximum displacement, it had no effect on
the tunnel displacement profile, which was normalized
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with respect to the maximum displacement and tunnel
diameter.

Overburden and tunnel diameter were the two main
parameters affecting the occurrence location of dis-
placement of 5 and 95%. The cohesion also affect‘ted
the occurrence location of 5% displacement. The
location of the 5% displacement was in the range of
— 2.86 to — 0.8 times the tunnel diameter, and the
location of the 95% displacement was in the range of
0.86—4.29 times of the tunnel diameter.

The percentage of displacement released on the
face was 27% on average for the diameter of 7 m and
26% for the diameter of 10 m. Increased cohesion
limited the range of changes in the percentage of
displacement released in the face and increased its
average value.

The percentage of displacement released in the face
decreased with increasing the overburden. Parameters
influencing the percentage of displacement released in
the face included overburden, tunnel diameter, and
cohesion. For the diameter of 10 m, the effect of
overburden on the displacement released in the face
was limited in comparison with the diameter of 7 m.

To compare the results of the present study with
previous studies, the displacement profile proposed by
Hoek was fit with the displacement profile obtained
from numerical simulation, and regression analysis
was performed on the fixed coefficients of the fit
function. The results showed that the value of
coefficient C; was independent of the variables used
in numerical simulation, and its average value was 75.
The coefficient C, was a function of overburden; the
coefficient C; is a function of overburden, cohesion,
diameter, and internal friction angle, and the coeffi-
cient C4 was a function of overburden, cohesion, and
tunnel diameter. In order to evaluate the mentioned
coefficients, functions with acceptable correlation
coefficients were presented, which can be helpful in
more accurately predicting the tunnel displacement
profile.
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