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Abstract Stress reduction factor, k, is a dimension-

less coefficient in two-dimensional (2D) analysis

based on convergence confinement method (CCM)

of tunnel which represents stress relaxation in the

tunnel walls at different excavation steps. The aim of

this paper is to look into the influencing factors on

parameter k around the tunnel walls using finite

difference code in order to improve the accuracy of the

CCM. For this purpose, four different ground types

with various tunnel radii, depths and cross section

shapes are considered. Finally, the 2D analysis using

uniform and variable stress reduction factors deter-

mined in this paper is compared with the 3D analysis

of the tunnel. The results of this study enhance our

understanding of the role of geometrical and soil

material parameters of tunnel on stress relaxation

around tunnel walls. The tunnel depth, soil type and

tunnel shape have great influence on k. Variable stress
reduction factor enables the convergence–confine-

ment method to predict the realistic behavior of third

dimension of the tunnel and can also be used as the

best alternative to 3D models.

Keywords Convergence–confinement method �
Elastoplastic behavior � Shallow tunnel � Soft ground �
Non-circular cross section � FLAC

1 Introduction

Deformations and stresses analysis of tunnels is one

of the main issues which has always been of interest

for many researchers. Despite the fact that non-

numerical methods, i.e. experimental, physical mod-

eling and etc., are relatively good in predicting the

ground–tunnel interaction behavior in some cases; in

general, it is not possible to consider all the effects,

parameters and boundary conditions that depend on

the tunnel construction characteristics in these meth-

ods (Attewell 1977; Cairncross 1973; Chen et al.

2013; Mair et al. 1993; Meguid et al. 2008; O’ReiIIy

and New 1982; Orr et al. 1976; Potts 1977; Schmidt

1974).

3D numerical analyses allow a designer to realis-

tically model the tunneling process. These analyses

can well model the ground behavior in front of a tunnel

face and 3D arching phenomenon occurring around

the tunnel face (Bloodworth 2002; Burd et al. 2000;

Ng and Menzies 2004; Ng and Lee 2005). However,

conducting such analyses is time-consuming and

expensive. This means that 2D models are still more

commonly used in initial estimates of tunnels than the

3D ones (Karakus 2007; Vlachopoulos and Diederichs

2014).
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Some assumptions are needed to simulate the third

dimension of a tunnel in 2D models. There are several

approaches for the 2D simulation of tunneling, such as

the gap, convergence–confinement, volume loss con-

trol, gradual softening and disk calculationmethod (Lee

and Rowe 1991; Panet and Guenot 1982; Potts and

Zdravkovic 2001; Rowe et al. 1983; Schikora and

Ostermeier 1988; Swoboda 1979; Swoboda et al. 1994).

Despite the developments made on the gap method

by, Lee and Rowe (1991) it can bemainly used in shield

circular tunnels and cannot be applicable for other

excavation methods (Karakus 2007; Lee and Rowe

1991). The method of volume loss control, considering

accurate estimation of volume loss, is an appropriate

and useful approach. In addition, back analysis of

tunnel can also be performed using this method (Potts

and Zdravkovic 2001). The gradual softening and gap

methods can be used to better understanding ofmultiple

face tunneling. However, the tunnel excavation can be

only performed with a reduction in the modulus of

elasticity and effects of other ground parameters cannot

be taken into consideration for excavation modeling

(Schikora and Ostermeier 1988; Addenbrooke and

Potts 2001; Atzl and Mayr 1994; Higgins et al.1996).

The CCM can consider affecting the third dimension of

the tunnel by three curves (ground reaction curve,

longitudinal deformation profile and support character-

istic curve) (Bouvard-Lecoanet 1988; Brown et al.

1983; Hoek and Brown 1980; Lombardi 1973; Panet

1995; Peila and Oreste 1995). In recent years, there has

been an increasing amount of studies in improving the

CCM (Bernaud and Rousset 1996; Corbetta 1991;

González-Nicieza et al. 2008; Graziani et al. 2005;

Heidari and Tonon 2015; Oreste 2003; Sadeghiyan

et al. 2016; Wong and Kaiser 1991).

CCM has a dimensionless coefficient k, which

represents stress relaxation in the tunnel walls at

different excavation steps. This parameter is considered

as a constant number in previous studies and effects of

various factors such as ground materials, depth, radius

and cross-section of tunnel are not taken into account.

In addition, in most of the previous studies, this

parameter has been determined based on no scientific

reason and merely as a hypothetical choice; this is

despite the fact that parameter k has a direct effect on

stresses and deformations around the tunnel.

This study aims to investigate the influencing

factors including ground material set, radius, depth

and cross section shape of tunnel and distance between

face and lining of tunnel on stress reduction factor

around the cross-section of a tunnel in soft ground

using a series of parametric studies in order to improve

the accuracy of the CCM in shallow tunnels. Finally,

the 2D analysis, using unified and variable stress

reduction factor obtained from the present study, was

compared with the 3D analysis of the tunnel.

2 Convergence–Confinement Method (CCM)

The convergence–confinement method represents an

efficient way for the analysis and design of tunnel

lining. The stress reduction factor near the excavation

face, as seen in Fig. 1, can be obtained by the

following three curves:

Fig. 1 Basic parameters for

determining stress reduction

factor (k) [based on

Carranza-Torres and

Fairhurst (2000), Fairhurst

and Carranza-Torres

(2002)]
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1. Ground reaction curve (GRC).

2. Longitudinal displacement profile (LDP).

3. Support characteristic curve (SCC).

To model the third dimension of tunnel in the 2D

analysis using the convergence–confinement method,

k can be considered in three different modes (Fig. 2):

a. A section in front of the excavation face (Fig. 2a).

b. A section behind the tunnel face, between its face

and lining (Fig. 2b).

c. A section far away from behind the tunnel face

(Fig. 2c).

Different values for the stress reduction factor and

stress in the tunnel walls for these three modes are

presented in Fig. 2. Parameter r0 in this figure is the

ground in situ stress.

In most previous researches, the GRC, SCC and

LDP have been determined by analytical equations

(González-Nicieza et al. 2008; Carranza-Torres and

Fairhurst 2000; Lee et al. 1992). Analytical equations

are generally used for the circular tunnel in isotropic

conditions (Mitaim and Detournay 2005), while an

alternative for estimating these curves is application of

numerical analyses (Shin 2000).

2.1 Ground Reaction Curve (GRC)

This curve presents the convergence taking place

around the tunnel at different pressures in the absence

of lining. In order to determine exact curves, the

numerical modeling of the tunnel was performed using

the finite difference code (FLAC 2D). GRC is obtained

for all the points around the tunnel with the gradual

reduction of confining pressure.

2.2 Support Characteristic Curve (SCC)

This curve represents the relationship between the

inside pressure and deformation of tunnel walls. This

curve can be calculated for different tunnel supports

by considering the deformation occurring before the

tunnel lining installation (Graziani et al. 2005; Oreste

2003): For a circular tunnel, elastic part of curve is

obtained from Eq. (1);

PS ¼ KSur ð1Þ

where Ks is the elastic hardening of the lining obtained

from Eq. (2) and ud is the start point of curve obtained

by the LDP, based on the distance between the face

and lining of tunnel (x).

ks ¼
Econ

1� tð Þ
r2 � r � tð Þ2
h i

1� 2tð Þr2 þ r � tð Þ2
h i : 1

r
ð2Þ

The maximum allowable stress by the lining is

determined by using Eq. (3);

pmax ¼
1

2
rc 1� r � tð Þ2

r2

" #
ð3Þ

where r is the tunnel radius, t is the lining thickness, t
is the Poisson’s ratio of the lining, Ec is the elastic

modulus of concrete and rc is the concrete in 28 days’

compressive strength.

In this paper, for any cross section curves (circular,

horseshoe and double arch), precise SCC is obtained

using finite difference code (FLAC 2D).

2.3 Longitudinal Deformation Profile (LDP)

This curve shows the displacement which occurs along

the axis of the unlined tunnel. This curve is obtained

through local instrumentation or a 3D simulation tool.

In this paper, due to insufficient information from the

longitudinal deformation of the tunnels in various

ground and tunnel geometric conditions, a 3D analysis

was performed using FLAC 3D software to determine

the tunnel LDP.
Fig. 2 Stress relaxation in the tunnel [based on González-

Nicieza et al. (2008), Bernat and Cambou (1998)]
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3 Modeling and Parameters

3.1 Boundary Conditions

In numerical analyses, choosing geometric model

parameters including location and type of lateral

boundary and mesh size are directly affected on the

accuracy of results. Basically, meshes must be fine

enough in the region with stress concentration or near

important details than the ones in other areas. During

tunnel excavation, stress variations in this area are

high. Thus, finer meshes must be used near the tunnel

face to the extent possible. With increasing distance

from the tunnel face, it is possible to reduce the density

of mesh. In this study, a finite difference meshes,

similar to the one in Fig. 3, was used to analyze the

tunnel. Model dimensions were obtained by conduct-

ing a series of sensitivity analyses (Fig. 3).

Vertical boundaries should be so far away from the

center of the tunnel so that ground displacement

induced by tunneling is equal to zero. Such boundaries

are modeled as horizontal rollers due to vertical

displacements. Horizontal boundaries should be con-

sidered sufficiently below the tunnel where the impact

of excavation on the boundaries can be neglected. In

this case, by assuming the bedrock, the amount of

displacement in the horizontal boundaries can be

considered equal to zero.

3.2 Soil Model Parameters

In this study, the constitutive model of Mohr–

Coulomb available in FLAC software is used. This

model presents a linear elastic-perfectly plastic mate-

rial behavior. Moreover, the model required five

parameters for analysis (K: bulk modulus, G: shear

modulus, c: cohesion, u: fiction angle and w: dilation

angle) (Itasca 2002). In order to use all the aspects of

research results, as shown in Table 1, four types of

soils are used in this paper.

The required parameters of lining materials are

presented in Table 2. The behavior of the tunnel lining

is also considered as linear elastic-perfectly plastic.

4 Results and Discussion

In this study, three different tunnel cross-sections

(circular, horseshoe and double arch) are utilized to

measure the effects of the tunnel shape on the stress

reduction factor in the CCM (Fig. 4). The shape of the

upper part was similar for all the tunnels (semicircle

with radius R). The shape of tunnels bottom part

consists of the circle with radius R ? 1 in the double

arch, a rectangle with dimensions R 9 2R in the

horseshoe and a semicircle with radius R in the circle

tunnel.

Fig. 3 Finite difference mesh for analyses (dimensions are in

meter)

Table 1 Soil properties used for simulation of tunnel

Unit LS DS OC NC

Density (q) Kg/m3 1800 2000 2100 1800

Shear modulus (G) MPa 11.5 30.8 22.2 7.1

Bulk modulus (K) MPa 25 66.7 66.7 33.3

Cohesion (C) kPa 1 1 50 20

Friction angle (u) Degree 30 38 20 5

Table 2 Lining properties used in the analysis of tunnel

Unit

Elastic modulus (E) GPa 26.5

Poisson’s ratio (t) 0.15

Thickness (t) m 0.25

Fig. 4 Various cross-sections of the tunnel; a circular, b horse-

shoe, c double arch
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4.1 Ground Reaction Curve

4.1.1 Effects of the Point Position on Tunnel Wall

In order to examine the effects of cross-section of

tunnel on the GRC, depth, radius and type of soils were

assumed constant. Three different locations around the

tunnel (crown, wall and floor) were studied in this

section. Figure 5 shows the tunnel convergence for

various cross-sections. The horizontal axis of the

charts is the total deformation (resultant of horizontal

and vertical displacement) and the vertical axis is the

ratio of confining stress (p) to in situ stress (p0). As

shown in Fig. 5, convergence taking place around the

tunnel was different in various cross-sections. Accord-

ingly, convergence in the horseshoe tunnel was the

smallest amount and in the circular tunnel was the

greatest. This demonstrated the differences in behav-

ior of the three tunnel cross sections in the face of

tunnel unloading. Another important point that could

be obtained from Fig. 5 was the differences in the

graphs of convergence at three points around the

tunnel, which could reflect the different behaviors of

various point positions of the tunnel regarding the

tunneling. These results are consistent with those of

other researchers such as González-Nicieza et al.

(2008) and Amberg (2011).

4.1.2 Effects of Tunnel Depth

By assuming the soil type, radius and point position

around the tunnel as constant, the convergence at

different depths (10, 20, 30 and 40 m) is shown in

Fig. 6. As can be seen in this figure, at a certain depth,

the convergence was greater in the circular than that in

the horseshoe cross-section. The convergence of the

horseshoe was also more than that of the double arc

cross section. However, the convergence was

increased by increasing the tunnel depth. This demon-

strated that the tunnel depth had significant effects on

the GRC.

4.1.3 Effects of Tunnel Radius

By considering three different radii of 2, 3 and 4 m, the

convergence of different cross-sections was investi-

gated, the results of which are presented in Fig. 7. The

curves were considered for over-consolidated clay at

the depth of 10 m on the tunnel wall. In each tunnel

cross-section, its convergence increased with increas-

ing of tunnel radius. The GRC for the circular and

horseshoe cross-sections were more similar than those

Fig. 5 Ground reaction curve in various point position around

tunnel (radius 2 m, over-consolidated clay (OC), depth 10 m);

a floor, b wall, c crown
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for the double arch sections. By increasing the radius,

the convergences in the circular and horseshoe cross-

sections became closer.

4.1.4 Effects of Soil Type

By keeping the other variables constant, the ground

convergence curves of different soil types for different

cross-sections are presented in Fig. 8. As can be seen

in the figure, the convergence occurring for each

tunnel cross-section highly depended on the type of

soils. In the clay material (Fig. 8b–d), the circular

tunnel had greater convergence, while in the sand and

gravel materials (Fig. 8a–c), the convergences of

different cross-sections had fairly similar values.

4.2 Stress Reduction Factor (k)

In this study, k was determined at three surrounding

points of the tunnel (crown, floor and wall) in each

tunnel cross-section.

4.2.1 Effects of Point Position Around the Tunnel

Assuming the constant values of radius, depth, soil

type and also the distance between the tunnel face

and lining, the effect of point position around the

tunnel was investigated for three different cross-

sections, the results of which are presented in Fig. 9.

In this figure, the vertical axis is the k and the

horizontal axis is different points around the tunnel

(floor, wall and crown). The different behaviors of

the k could be seen in three various cross-sections

which could be due to different tunnel shapes in

lower parts. It demonstrated the importance of

considering the effects of the point position around

the tunnel to determine the stress reduction factor in

different cross-sections.

By changing the horizontal angle from -90�
(floor) to 90� (crown), stress reduction factor

variations were about 5, 20 and 60% in double arch,

horseshoe and circular cross section respectively.

However, the change of horizontal angle from -90�
(floor) to 0� (wall) caused the same variations of

stress reduction factor (30%) in all different cross-

sections.

Fig. 6 Ground reaction curve of tunnel in various depth (radius

3 m, position: tunnel wall, over-consolidation clay); a Circle,

b Horseshoe, c Double arch
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Fig. 7 Ground reaction curve of tunnel in various radius (depth

10 m, position: tunnel wall, soil type: over-consolidation clay);

a r = 2 m, b r = 3 m, c r = 4 m
Fig. 8 Ground reaction curve in various soil types (radius: 2 m,

depth: 10 m, position: tunnel wall); a Circle, b Horseshoe,

c Double arch
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4.2.2 Effects of Tunnel Depth

In this section, by keeping all the other variables

constant (soil type, radius, location on the cross

section and distance between the tunnel face and

lining), the effect of depth on the k was studied in

different cross-sections (Fig. 10). The results showed

that the depth had a greater effect on the k in the

horseshoe than the other two cross-sections. In the

horseshoe cross-section, the stress reduction factor

decreased by about 70%, by increasing the depth

from 10 to 30 m. However, by increasing the depth

from 30 to 50 m, this parameter was increased about

300%. This trend was not observed in the other two

tunnel shapes. In the circular tunnel, increase in

tunnel depth from 10 to 50 m caused little variations

(about 4%) in stress reduction factor. However,

increasing depth from 10 to 50 m in the double arch

tunnel caused stress reduction factor to be increased

by about 400%.

4.2.3 Effects of Tunnel Radius

Radius also affected the stress reduction factor as

shown in Fig. 11. The effect of radius was much

greater in the horseshoe and double arch than in the

circular tunnel. However, all the three cross sections

had the same trend of k in beyond 3 m radius of tunnel.

The k in various cross sections had approached almost

the same value by increasing the tunnel radius.

Increase of tunnel radius from 2 to 3 m caused the

increase of stress reduction factor by about 5, 35 and

40% in circular, double arch and horseshoe cross

sections respectively; however, by increasing the

tunnel radius further (more than 3 m), stress reduction

factor decreased by about 10, 20 and 15%

respectively.

4.2.4 Effects of Soil Type

Soil type (loose or dense and cohesive or non-cohesive

soil) had significant effects on the stress relaxation

occurring around the tunnel. Such a finding was

obtained by carrying out a series of analyses on four

different soil types (normal consolidated clay (NC),

Fig. 9 Effect of point position on stress reduction factor

(r = 2 m, depth = 10 m, over-consolidated clay (OC),

x = 1 m)

Fig. 10 Effect of depth on stress reduction factor (r = 2 m,

point position: tunnel wall, over-consolidated clay, x = 1 m)

Fig. 11 Effect of tunnel radius on stress reduction factor

(depth = 10 m, point position: tunnel wall, over-consolidated

clay, x = 1 m)
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over consolidated clay (OC), dense sand and gravel

(DS) and loose sand and gravel (LS)). The results are

presented in Fig. 12. Similar to the variables

mentioned earlier, soil type behaved differently in

various cross-sections. In granular soils (LS and DS),

by increasing the soil strength, variations in k for

double arc, circular and horseshoe tunnel were about

27, 17 and 21% respectively. However, in cohesive

soils (NC and OC), by increasing the soil strength, k
variations were 70, 20 and 12% respectively.

4.2.5 Effects of Distance Between the Tunnel Face

and Lining

The effect of distance between the tunnel face and

lining (x) on the stress reduction factor was also

investigated in this study. The analyses results of the

three cross-sections with the radius of 2 m at the

depth of 10 m on the tunnel wall are shown in

Fig. 13. By comparing the stress reduction factors in

all the three cross-sections, a similar trend could be

seen in all the cross-sections. Accordingly, by

increasing distance from the tunnel face, the stress

reduction factor was increased nonlinearly in all the

three different cross-sections. However, stress reduc-

tion factor was different in each tunnel cross

section. k in circular and horseshoe cross-sections

were more similar than those for the double arch

section. By increasing the distance from tunnel face

(more than 4 m), the stress reduction factor of

circular and horseshoe cross-sections became close

to the same value. By increasing the distance

between face and lining of tunnel, stress reduction

factor variations in circular, double arch and

Fig. 12 Effect of soil type on stress reduction factor (r = 2 m,

depth = 10 m, point position: tunnel wall, x = 1 m)

Fig. 13 Effect of distance from tunnel face on stress reduction

factor (r = 2 m, depth = 10 m, point position: tunnel wall,

over-consolidated clay)
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horseshoe tunnel were 35, 200 and 35% respectively.

As can be seen in Fig. 13, k was independent of the

distance from the tunnel face for more than 2R

(R = tunnel radius). Therefore, the distance from

tunnel face should be considered while determining

the stress reduction factor in distances smaller than

2R.

4.3 Validation of Results

To validate the results of the present work, three

different cross-sections were evaluated by 2D and 3D

analyses, the details of which are presented in Table 3.

Stress reduction factor is variable at the points

around the tunnel in the convergence–confinement

method. However, for the purpose of simplification,

constant values could be used for all the points around

the cross-section, which is shown in Fig. 14.

kuni means that stress relaxation was equal at all the

points around the tunnel and was obtained from the

average of all stress reduction factors around the

tunnel cross-section.

kvar means that stress relaxation had different

values at all the points around the tunnel.

These values, using a FISH software program, were

applied to the points around the tunnel, which led to a

more realistic tunnel behavior in dealing with the

unloading. The accuracy of the present method was

investigated by comparing the horizontal and vertical

displacements occurring around the tunnel in both 2D

and 3D analyses.

4.3.1 Horizontal Displacements

The sections presented in Table 3 were assessed using

2D and 3D analyses. The results of the horizontal

displacements of the ground at the distance of 6 m

from the tunnel centerline are presented in Fig. 15a–c.

In this section, the ground behavior could be clearly

seen in response to tunneling. In these figures, the

vertical and horizontal axes were depth and horizontal

displacements respectively. Horizontal displacement

curves were presented for three different cases (2D

analysis with the same values of the stress relaxation,

2D analysis with the real values of the stress relaxation

and 3D analysis). As shown in Fig. 15a–c, the

horizontal displacements in the three cases were

almost similar, which indicated that the 2D analysis

could well simulate the third dimension of the tunnel.

Therefore, the results obtained by taking parameter

kuni in the analysis were fairly proper, which could be

used in the tunnel initial estimation. However, the

deformation obtained by the 2D analysis with uniform

stress relaxation was different from that obtained by

the 3D analysis. To increase the accuracy of the

analysis and design of the tunnel, real stress relax-

ations should be used according to various points

around the tunnel (kvar), which was well converged

with the 3D analysis results. This issue could be seen

for the three sections located at different depths, soil

types and distances from tunnel face.

Table 3 Cross section

materials analyzed in the

validation

Parameters Symbol Unit Tunnel cross section

Circle Horseshoe Double arch

Radius r m 2 3 4

Depth h m 40 20 10

Material set – – LS OC CS

Distance between lining and tunnel face x m 1 2 1

Fig. 14 Variable and uniform stress reduction factor used in the

validation
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4.3.2 Vertical Ground Surface Movements

Vertical settlements occurring at the ground surface

can also show the effects of stress relaxation on the 2D

and 3D analyses. Figure 16 presents the ground

surface settlements for three different cases (2D

analysis with uniform and variable stress reduction

bFig. 15 Horizontal displacements at the distance of 6 m from

tunnel centerline for various cross-sections; a circular, b horse-

shoe, c double arch tunnel

Fig. 16 Vertical movement of ground surface in various cross-

sections; a circular, b horseshoe and c double arch tunnels
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factor and 3D analysis). In these figures, the horizontal

axis is the distance from the tunnel’s centerline and the

vertical axis is the ground movements induced by

tunneling. By considering the stress reduction factor

variable, the 2D ground settlements were more

consistent with those of the 3D ones, as compared

with the cases in which the stress reduction factor was

considered constant. That was due to more realistic

stresses and displacements induced by tunneling

which could be modeled by considering the variable

stress reduction factor. It represented a great number

of errors in the analysis of tunnel considering uniform

stress reduction factor.

5 Discussion

In this paper, the effect of third dimension of the tunnel

with different cross sections (circular, horseshoe and

double arch) was studied using 2D analysis based on

CCM. For achieving this purpose, 2D analyses of

shallow tunnels were carried out in three different

sections. Firstly, ground reaction curves were inves-

tigated by considering the influence of different

factors including point position around tunnel, depth,

radius and cross-section of tunnel and soil type. The

convergences were different in various point positions

around tunnel walls in each cross section mentioned

above. Depth and radius of tunnel, strength of granular

soils and cohesion of cohesive soils had also substan-

tial effects on tunnel convergences in each tunnel

cross-section. However, tunnel convergence in differ-

ent strength of granular soils had more similar trend

than in various cohesion of cohesive soils.

In the next section, the affecting parameters on the

stress reduction factor including point position, depth,

radius and cross-section of tunnel and soil types were

carried out using a series of numerical models. Stress

reduction factor had different values all around tunnel

walls in each cross section. The most variations of

stress reduction factor occurred in crown to floor

position. Increasing the tunnel radius from 2 to 3 m

caused the increase of stress reduction factor in

various cross sections by different trends. By increas-

ing the radius more (from 3 to 6 m) or increasing the

depth of tunnel, stress reduction factor was decreased.

Soil types had also great effects on stress reduction

factor. Increasing the strength parameters in granular

soils (loose to dense soil) caused to variation stress

reduction factor by about 20% in all different cross

sections. However, increasing the over consolidation

ratio (OCR) of cohesive soils caused drastic variations

in stress reduction factor in various tunnel cross

sections. These variations had minimum values in

horseshoe and circular tunnels and maximum value in

double arch tunnel. Stress reduction factor had differ-

ent values in different distances between face and

lining of tunnel in all cross sections of tunnel.

Finally, the present study was verified by the 3D

simulation of the tunnel in different cross-sections,

depths, radii and soil types. Two different stress

reduction factors (uniform and variable) were used in

2D analysis based on convergence–confinement

method. Horizontal and vertical movements of ground

in 2D analysis using both uniform and variable stress

reduction factors by considering third dimension of

the tunnel could be converged with the 3D analysis

results. However, the variable stress reduction factor

led to more reliable results of 2D analysis.

6 Conclusions

The major results obtained from the present study can

be emphasized as follows:

1. The tunneling model using the 2D simulation based

on CCM was able to simulate the realistic behavior

of the third dimension of the tunnel through

considering the variable stress reduction factor

according to different points around the tunnelwalls.

2. The 2D analysis process presented in this study

was much faster than the 3D analysis with the

same accuracy.

3. The stress reduction factor had different values for

different depths which must be considered in the

2D analysis using CCM.

4. Due to the changes taking place in the tunnel face,

the k had different values in various tunnel radii.

This was despite the fact that many researchers

have considered the same values of k for different

tunnel radii.

5. The stress reduction factor was also dependent on

the points around the tunnel. Moreover, any point

around the tunnel took different values due to the

different stresses and deformations caused by

tunneling. Lack of attention to this issue can lead

to large errors in the 2D analysis and design of the

tunnel.
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6. Comparing the 2D and 3D analyses showed that

the results obtained by the 2D analyses using

uniform stress reduction factors (average of stress

reduction factors all around the tunnel) were

relatively different from three dimensional anal-

yses. However, this average can be used for initial

estimates of tunnel.

7. Variable stress relaxation can accurately simulate

the stress and deformation paths and can also be

used as the best alternative for 3D analysis.
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