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Abstract Tunnels are structures which have vital

roles in the development of societies. In the numerical

models of underground cavities, such as tunnels,

loading due to zone elimination is induced instanta-

neously in the soil mass, and it might cause a

disturbance in the stress state especially around the

excavation area. However, this is not compatible with

the principles of elastoplastic constitutive models used

in soil behavior simulations. Besides, the predicted

load on the tunnel liner will be larger than the actual

value in this kind of modeling. In other words, it

causes the so-called overestimated design. Using an

appropriate constitutive model could lead the numer-

ical analyses to accurate results. In this research,

loading increment in the simulation of soil behavior is

evaluated according to experimental data. Next, a

correct way for numerical simulation related to

underground excavation is described according to

gradually eliminating (incremental) stress around

tunnels based on the numerical modeling in the

finite-difference code called FLAC. Hence, the effect

of releasing the stress on the results is illustrated by the

stress paths and deformations around a tunnel. Finally,

the installation time of the tunnel liner and its impact

on the numerical results are considered based on some

experimental and field data. It is concluded that the use

of software default in modeling the tunnel issues might

lead to extreme oscillations in the stress paths, and it

could affect the numerical results. Therefore, it is

reasonable to utilize a proper way to release the stress

around the excavation area gradually.

Keywords Numerical analysis � Constitutive
model � Incremental loading � Stress release �
Excavation � Tunnel liner

1 Introduction

With the development of cities, the needs for under-

ground ways are felt more than ever. Hence, many

researchers have been attracted to the investigation

into tunnel issues. In order to analyze and design

geotechnical engineering structures, there are two

main methods including physical model experiments

and numerical simulations (Afshani and Akagi 2015;

Afshani et al. 2014). Gao et al. (2017) have analyzed

some field data recorded in engineering activities on

tunnels. For these purposes, the linear and nonlinear

problems are solved using different numerical meth-

ods and constitutive models. Cai (2008) has shown

that the results obtained with FLAC and Phase may be

very different depending on the properties of the
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materials and methods used for excavation. Zhang

et al. (2008) have evaluated the effects of two-

dimensional analyses instead of three-dimensional

analyses on tunnels using the stress release ratio. The

optimal time for installing the tunnel liner in a rock has

been studied with a rock constitutive model in the

FLAC software by Lee (2017).

Besides, the deformation of rocks and soils around

tunnels is due to the turbulence of the conditions

induced by tunneling and releasing the stress (Zhang

et al. 2019). Time-dependent behavior of rock and

soil, gradually releasing stress and deformation during

the time are other issues that attracted the attention of

many researchers (Aksoy et al. 2012; Do et al. 2016;

Oliaei and Manafi 2015). Cao et al. (2018) have

carried out a series of field experiments on a tunnel

constructed on soft soil. They have found that tunnel

behavior is a time-dependent problem, and therefore it

needs to be considered the effect of time on the

numerical analyses of tunnel issues, especially for the

tunnel liner installation.

Xiao et al. (2016) have presented a new index based

on the rate of energy release around the tunnel

excavation region in order to evaluate rock stability.

The stress release around the deep tunnels at the time

of the liner installation has been investigated by

Graziani et al. (2005). In addition, Dao (2009) has

applied the convergence-confinement method to

determine the stress and displacement of tunnels and

to evaluate the effect of stress release of the rock

surrounding them.

FLAC software (a finite-difference application) is

one of the famous applications in geotechnical engi-

neering that has been used by many researchers to

analyze various geotechnical issues, including tunnel

analysis and design (Oliaei and Kouzegaran 2017).

But, in the majority of the common numerical

softwares (applications), especially in FLAC software,

it is not easily possible to model tunnels in view of the

gradual stress release in the soil around the tunnels and

their liner installation time. The interaction between

soil and structure is an important issue that could be

investigated in engineering problems such as tunnel-

ing (Kamgar et al. 2019a, b). In this paper, a proper

method is described with a special focus at FLAC to

release the stress gradually in the materials (rock and

soil) surrounding tunnels and a proper way to consider

the liner installation time. In summary, this research

consists of three general sections. First, the

significance of the gradual stress release in numerical

analyses has been evaluated to simulate tunnel exca-

vations. The nature of the nonlinear and elastoplastic

behavior of soil is examined by various researchers

(Najma and Latifi 2017; Sadeghian and Latifi 2013;

Jafarzadeh and Zamanian 2014; Jafarzadeh and

Zamanian 2018). It is proved that the predicted results

obtained by these constitutive models are dependent

on the loading increments. In this regard, two consti-

tutive models have been selected (i.e. Mohr–Coulomb

as a very commonly used constitutive model in

geotechnical engineering and Modified-Cam-Clay

(MCC) (Roscoe and Burland 1968) as a well-known

constitutive model in the framework of the critical

state soil mechanics). These constitutive models are

examined with various loading increments within the

FLAC software. For this purpose, the experimental

data provided by Gasparre (2005) on London’s clay is

used. Therefore, a numerical model of the triaxial test

is constructed in the FLAC. This model is calibrated

based on the experimental data, and the effect of

loading increment size on the results obtained by both

constitutive models is evaluated. In fact, it could be

also considered as a kind of numerical model verifi-

cation. It should be noted that the Modified-Cam-Clay

model built-in (preexisting in) the FLAC software has

a weak point which has been explained by Hei-

darzadeh (2019). Therefore, in this paper, the Modi-

fied-Cam-Clay model revised by Heidarzadeh (2019)

in FLAC software is used, and it has been added to the

software by coding with the FISH programming

language. One of the advantages of the MCC revised

by Heidarzadeh (2019) is that it requires only the

initial pre-consolidation ratio to be entered in the

revised model. But, the initial void ratio and the initial

position of yield surface should be entered for each

element (zone) in the MCC pre-existing in FLAC. It is

noted that these parameters (i.e., initial void ratio and

position of yield surface) are not independent and they

have to be entered in agreement with each other in the

use of the MCC pre-existing in FLAC.

In the second section, an appropriate method to

model numerically underground excavation is

described, and how to release the stress around the

tunnels is investigated with a special emphasis on the

FLAC software. The algorithm related to this purpose

is presented in the ‘‘Appendix’’ section based on FISH

programming within the FLAC software. Then, the

tunnel constructed on the London’s clay named
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Eastbound (Addenbrooke et al. 1997; Hejazi et al.

2008) is modeled in FLAC, and the effect of the stress

release on the numerical models is evaluated accord-

ing to the stress paths and displacements occurred

around the excavation region.

Finally, in the third section, the installation time of

the tunnel liner is investigated considering the per-

centage of the stress release in the soil around the

tunnel. The soil deformation around tunnels is due to

the gradual increase of the load on the retaining

system. Therefore, the effect of the installation time of

the tunnel retaining-wall (liner) on the value of the

ground settlement is investigated in this paper. Then,

the results of the numerical analyses are compared

with the field data reported in the literature (Adden-

brooke et al. 1997; Standing et al. 1996).

Therefore, in this research, it has been attempted to

introduce a correct method to model tunnels numer-

ically with focus on the FLAC software. In addition, it

has been illustrated that it is necessary to reach a

certain result releasing gradually the stress around the

excavation area. Otherwise, some oscillations might

be occurred in results. Finally, a simple way has been

described to take into account the installation time of

lining.

2 Evaluation of the Effect of the Loading

Increment Size on the Results (Sensitivity

Analysis)

The results of the numerical analyses are essentially

dependent on the constitutive model assigned to the

materials. Basically, the nature of soil behavior is non-

linear and elastoplastic. Also, the behavior predicted

by elastoplastic constitutive models depends on the

loading increment size. Therefore, at the outset, the

behavior of the constitutive models used in this paper

is examined for various loading increments; and so-

called ‘‘sensitivity analysis’’ of these models related to

the loading increment size is presented.

For this purpose, some experimental data on

London’s clay provided by Gasparre (2005) have

been taken into account. This soil has already been

utilized by Addenbrooke et al. (1997) and Hejazi et al.

(2008). Therefore, in addition to calibration of the

constitutive models (Mohr–Coulomb and Modified-

Cam-Clay) for the soil to model the tunnel excavation,

the effect of the loading increment size on the results is

exhibited. The experimental data used for the sensi-

tivity analysis has been obtained from an undrained

triaxial test on normal-consolidated clay (pre-consol-

idation ratio of 1) with an initial confined effective

stress of 600 kPa. This experimental sample has been

named as ‘‘r25nc’’ by Gasparre (2005). The main

reason for choosing this soil is that the tunnel intended

in this research has been excavated into this soil and its

field data is available. Therefore, in the next section, it

could be somewhat possible to compare the results of

numerical analyses with field-measured data. How-

ever, the main purpose of this paper is to exhibit the

importance of the gradual stress release in numerical

tunnel simulations.

The triaxial test has been modeled numerically in

the FLAC using one single zone in axisymmetric

configuration as it is explained comprehensively in the

FLAC user guide (Itasca 2011) in the section of

verification problems.

The parameters of the constitutive models for

London’s clay have been presented in Table 1. These

parameters have been calibrated based on the various

oedometer and triaxial tests conducted by Gasparre

(2005). In Table 1, q is the soil density, C0 shows the

cohesion, /0 is the internal friction angle, w shows the

angle of dilatancy,Kave is the average bulk modulus, t
is the Poisson’s ratio, N shows the interception of the

normal consolidation line on the plane e� ln p0, M is

the slope of the critical state line on the plane p0 � q.

The parameters k and j indicate the slope of normal

consolidation line and swelling (unloading) line on the

plane e� ln p0, respectively. Also, Rc is the pre-

consolidation ratio.

A numerical model of the undrained triaxial test on

London’s clay has been created in the FLAC software.

Table 1 The parameters of the constitutive models for Lon-

don’s clay

Parameters of Mohr–Coulomb Parameters of MCC

q 1950 kg=m3 q 1950 kg=m3

C0 7 kPa N 3.02

/0 20.5� M 0.83

w 4.8� k 0.164

Kave 20,000 kPa j 0.068

t 0.28 t 0.28

– – Rc 1
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The simulation results obtained by each constitutive

model in various loading increments are studied.

Figures 1, 2 show the numerical results in comparison

with the experimental data. The loading increment has

been applied based on the size of the axial strain

increment. In these figures, the strain increments range

from 0.005 to 0.0001. Based on Fig. 1, when the size

of the strain increment is 0.005, the predicted values

have oscillation and the results have very low accu-

racy. When the loading increments are chosen to be

smaller, the amount of the oscillations decreases and

the graphs converge toward a certain value.

A similar trend can be seen in Fig. 2 for the

predictions done by the MCC constitutive model.

According to this figure, the values predicted by the

MCC constitutive model have reached approximately

to a certain value after a strain increment about 0.001,

and the excessive reduction in the strain increment will

not have meaningful effect on the final results.

The reason for the large oscillation of the results

predicted by the Mohr–Coulomb model, especially in

the large loading increments, could be attributed to its

yield surface. This is due to the reason that the yield

surface of the Mohr–Coulomb model has hexagonal

sharp edges in the deviatoric plane (octahedral). This

weak point does not exist in the MCC constitutive

model, because the MCC model does not have sharp

corners.

3 Numerical Model of the Tunnel

In order to model tunnel excavation and assess the

effect of the gradual release of the stress around the

excavation area on the numerical results, the tunnel

named Eastbound in London’s clay (Addenbrooke

et al. 1997; Hejazi et al. 2008; Standing et al. 1996) has

been intended and modeled in this paper. In this

regard, the soil medium of dimension 100 m� 70 m is

considered to model the excavation of the tunnel in

this area (see Fig. 3). The tunnel has a diameter of

4.77 m approximately. Its center is approximately

located in depth of 20 m. Although the soil properties

may vary slightly in depth, it is assumed that the soil

parameters are the same as the values previously

presented in Table 1. A concrete wall (liner) has been

used to protect the walls of the tunnel from excessive

deformations and downfall (failure). The used con-

crete liner properties have been presented in Table 2.

It should to be mentioned that London’s clay is

over-consolidated clay (with OCR[ 1.0). Therefore,

based on Gasparre (2005), the over consolidation ratio

is varied along depth so that it could be assumed to be

about 5–6 at the level of the tunnel. According to

Hejazi et al. (2008), the groundwater table could be

assumed at 2.5 m below the ground surface. However,

the existence of the groundwater does not have any

effect on the purpose of the present paper. Therefore, it

could be ignored the groundwater table for simplifi-

cation, in this study; because the main aim is to

evaluate and illustrate the importance of releasing the

stress around tunnel gradually.’’
Fig. 1 The effect of the loading increment sizes on the

numerical results obtained by the Mohr–Coulomb constitutive

model (triaxial test data taken from (Gasparre 2005))

Fig. 2 The effect of the loading increment sizes on the

numerical results obtained by the Modified Cam-Clay consti-

tutive model (triaxial test data taken from (Gasparre 2005))
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In the MCC constitutive model (Roscoe and

Burland 1968), the variation of the elastic moduli

(i.e., bulk and shear moduli) with mean effective

pressure is defined as follows:

K ¼ vp0

j
ð1Þ

G ¼ 3ð1� 2tÞvp0
2ð1þ tÞj ð2Þ

where v is the specific volume, p0 shows the mean

effective stress, k is the slope of the swelling line

(unloading line in isotopic consolidation test),t is the
Poisson’s ratio, K is the bulk modulus, and G shows

the shear modulus. The dependence of the elastic

moduli on the mean stress causes these moduli to

increase with depth.

In order to increase the accuracy of the analyses

performed by the Mohr–Coulomb constitutive model,

based on Addenbrooke et al. (1997), the soil moduli

have been defined in such a way that their values

increase as the depth increases. According to the

experimental data at different levels of stress, the

relationship between the bulk modulus K and the

depth h has been defined as follows:

K ¼ 920h ð3Þ

where the parameter h shows depth (i.e. distance from

the ground surface). The units of the parameters K and

h in Eq. 3 are kPa and meter, respectively. Also, the

shear modulus G could be estimated as:

G ¼ 3ð1� 2tÞ
2ð1þ tÞ K ð4Þ

As shown in Fig. 3, the numerical model has been

meshed in a way that the sizes of elements are smaller

and denser in the area near the tunnel excavation, and

the sizes of the elements enlarge by distance from the

excavation region. It should be noted that both left and

right sides of the numerical model are fixed in the

x-direction (they can freely move in the y-direc-

tion).At the bottom of the model, all grid-points

(nodes) should be necessarily fixed in the y-direction.

However, it is not necessary that the bottom of the

model be fixed in the x-direction.

During the process of analyses, the following steps

have been taken into account. At first, after the

definition of the constitutive model for the soil

medium, initial analysis has been done to reach the

initial equilibrium. Then, the tunnel has been exca-

vated and the concrete liner has been installed. The

stress release around the excavation region has been

Fig. 3 A view of the meshed zone to analyze with FLAC software using the Finite-Difference Method (FDM)

Table 2 Properties of the concrete used in the tunnel liner

Density
kg
m3

Young modulus (GPa) Poisson’s ratio Area m2�
m

Second moment of area m4=m Thickness (m)

2400 28 0.15 0.1 8:3� 10�5 0.1
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carried out in various stages and the results are

evaluated. It should be noted that the tunnel excava-

tion is modeled in one stage (i.e. the entire excavation

occurs simultaneously) by default in the majority of

the numerical software in geotechnical engineering

such as FLAC. In order to release gradually the stress

around the excavation region in FLAC, it needs to use

FISH programming as it is described in the following

(for more details, see ‘‘Appendix’’).

In order to study the effect of the tunnel excavation,

as well as the effect of the gradually releasing stress on

the results of analyses, the displacements of the

several points and the stress paths of the several zones

are investigated. According to Fig. 3, the point ‘‘1’’ is

located above the center of the tunnel on the ground

surface, and the point ‘‘2’’ is on the crown of the tunnel

(the crest of the tunnel line). The vertical displace-

ments of these points are also evaluated. In addition,

the horizontal displacement of the point ‘‘3’’ is

studied. This point is located at the center level of

the tunnel at the right side of the tunnel wall (Fig. 3).

The stress paths induced due to excavation are

evaluated in zones named a, b, and c (see Fig. 3).

4 The Effect of the Number of the Stress Release

Stages (Loading Increment Size)

on the Numerical Analysis of the Tunnel

It should be noted that the number of steps (stages) in

releasing the stress around the excavation region

represents the incremental loading in the tunnel

problem. Therefore, if the numbers of steps (stages)

of the stress release increase, the loading increment

sizes to model the tunnel excavation decrease. There-

fore, it is expected to obtain more accurate results.

Basically, constitutive models (especially elastoplas-

tic constitutive models) are defined based on incre-

mental loading, and the sizes of the increments affect

the results. Therefore, the smaller loading increment

leads to obtain more accurate results.

In order to study the effect of the incremental

loading on the results of tunnel excavation, the

required force for each node around the perimeter of

the tunnel is determined in such a way that no change

(in terms of stress and displacement) happens in the

natural state of the earth when the soil around the

excavation region is removed (see Fig. 4).

In Fig. 4, fi shows the force on the ith node. It

should be noted that the forces on the nodes

(f1; f2; f3. . .fi) are not necessarily to each other. An

overview on the components of the external forces

(prior to starting loading due to tunnel excavation) is

shown in Fig. 4. These forces are required to apply to

the nodes around the excavation region to prevent any

change in the stress and displacement conditions in the

soil medium. For this purpose, at the same time as soil

is removed from the excavation region, the forces fi are

applied to the nodes; therefore, the stress and defor-

mation conditions in the soil do not alter. Then,

according to the number of steps (stages) required to

release the stress in the numerical model of tunnels,

the amount of the forces fi should be reduced in each

stage until all the components fi become zero. When

all the components fi are equal to zero, it means that

the release of the stresses in the soil around the

excavation region has been fully accomplished. It

should be noted that the release of the stress around the

tunnel excavation is done only with one stage (i.e.

instantly and suddenly) by default in FLAC. These

components fi are determined by the described steps 5

and 7 in the ‘‘Appendix’’.

Herein, it is assumed the tunnel-lining (liner) to be

installed after releasing the stress by about 30%. This

percentage of the stress release is just selected to

evaluate the importance of the gradual stress release in

the soil around the tunnel using the displacements and

stress paths at some special points (see Fig. 3). In the

next section, it could be seen that the lining probably is

constructed in the Eastbound Tunnel (Addenbrooke

et al. 1997; Hejazi et al. 2008; Standing et al. 1996)

after releasing the stress about 30%.

Instantaneously releasing the stress as it is the

software default (i.e. removal of the material to

represent the excavation in one stage) causes severe

turmoil (oscillation) in the stress paths of the zones

around the tunnel to reach the equilibrium. This issue

is obviously exhibited in Figs. 5, 6, 7, 8, 9 and 10.

Fig. 4 Schematic diagram

of the nodal forces intended

to begin incremental loading

(in tunnel excavation)
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However, the tunnel has been evaluated for various

numbers of steps (stages) in releasing the stress. The

effect of the incremental loading on the results of the

analysis is shown in Figs. 5, 6, 7, 8, 9, 10, 11, 12 and

13. As the default of the FLAC software, the first

analysis has been done in one step (stage) and the

Fig. 5 Stress paths in the zone ‘‘a’’ due to different stages in

releasing the stress around the tunnel (analyses done by Mohr–

Coulomb)

Fig. 6 Stress paths in the zone ‘‘b’’ due to different stages in

releasing the stress around the tunnel (analyses done by Mohr–

Coulomb)

Fig. 7 Stress paths in the zone ‘‘c’’ due to different stages in

releasing the stress around the tunnel (analyses done by Mohr–

Coulomb)

Fig. 8 Stress paths in the zone ‘‘a’’ due to different stages in

releasing the stress around the tunnel (analyses done by

Modified Cam-Clay)

Fig. 9 Stress paths in the zone ‘‘b’’ due to different stages in

releasing the stress around the tunnel (analyses done by

Modified Cam-Clay)

Fig. 10 Stress paths in the zone ‘‘c’’ due to different stages in

releasing the stress around the tunnel (analyses done by

Modified Cam-Clay)
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displacements and stress paths have been recorded at

the key points and zones (the points 1, 2 and 3; zones a,

b and c). After that, the problem has been examined

again, but the stress release has been carried out in two

steps (stages). Various analyses have been repeated

with different numbers of the steps (stages) of the

stress release, and their effects on the results have been

studied.

The stress paths in the intended zones (a, b, c)

obtained by the analyses using the Mohr–Coulomb

constitutive model in the plane q� p0 in Figs. 5, 6 and
7. Also, Figs. 8, 9 and 10 show the stress paths in the

intended zones obtained by the analyses using the

Modified Cam-Clay constitutive model. In these

figures, the stress paths for releasing the stress in one

stage (software default), the stress release in 10 steps

(stages), and 100 stages are presented as two instances.

As it is clear, the more number of the stage to release

the stress, the less oscillation in the stress paths occurs.

In other words, with the increase in the number of the

stages in the stress release, the stress paths become less

disturbed (oscillated). As it is known, oscillation in the

stress path might have a direct impact on the results of

numerical analyses. If the oscillations in the stress path

were minimized, the results of the analyses would be

more stable and accurate.

According to Figs. 5, 6, 7, 8, 9 and 10, there is a

change in the stress paths so that they deviate

sometimes form their first path. This behaviour is

because of the lining installation at that time. In other

words, the lining installation could generally change

the path of stress in the soil around the excavation area.

Besides, the above-mentioned concepts are com-

pletely obvious in Figs. 11, 12 and 13. Figure 11

shows the vertical displacement of the point ‘‘1’’ as a

result of the various numbers of the steps (stages) in

releasing the stress. Also, Fig. 12 shows the vertical

displacement of the point ‘‘2’’, and Fig. 13 depicts the

horizontal displacement of the point ‘‘3’’ for the

different number of the steps (stages) in releasing the

stress. As it has been shown, the results change with an

increase in the number of the steps of the stress release

(i.e. decrease in the loading increment size). As the

number of the steps in releasing the stress increases

(and correspondingly the loading increment size

decreases), the results converge toward a certain value

in such a way that the size of the loading increment

does not affect the obtained result. According to

Figs. 11, 12 and 13, when the total number of stages in

Fig. 11 The vertical displacement of the point 1 due to the

different number of steps (stages) in releasing the stress

(different loading increments)

Fig. 12 The vertical displacement of the point 2 due to the

different number of steps (stages) in releasing the stress

(different loading increments)

Fig. 13 The horizontal displacement of the point 3 due to the

different number of steps (stages) in releasing the stress

(different loading increments)
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releasing the stress in the considered issue becomes

larger than 20, the results would be stable and have

slight dependence on the increment size (the number

of stages in releasing the stress).

4.1 Evaluation of the Liner Installation Time

The supporting structures to improve the bearing

capacity of the soil mass should be installed during

tunnel construction. If a rigid retaining structure is

installed very soon, it will take more forces because

the deformation of the materials around the excavation

region is not large enough and it has not reached

equilibrium condition, path 2 in Fig. 14. In Fig. 14, rr
shows the radial stress, pi is the pressure applied to the

tunnel retaining-wall (liner), Dr shows the radial

deformation, and ri is the radius of the tunnel. When

the liner is installed at the point A after a certain value

in displacement, the systemwill be in equilibriumwith

smaller force on the tunnel liner (see path 1 in Fig. 14).

If the curve of the radial stress rr reaches its minimum

value (point B in Fig. 14), then the loosening behavior

begins, and the pressure on the tunnel liner increases

very rapidly. Based on Fig. 14, the pressure on the

retaining structures will be minimal without the

occurrence of the instability in the tunnel, if they are

installed within the permissible deformation range

(Pacher 1964).

It is obvious that there may be a short or long period

of time between the tunnel excavation and the

installation of the tunnel liner. During this time period,

some stresses in the soil around the excavation region

will release, and it leads to a deformation in the tunnel

walls before the liner installation. Therefore, it cannot

be a correct assumption that the liner is installed as

soon as excavation (without considering any stress

release) or after fully releasing the stresses around the

excavation area (as it is the default in many compu-

tational softwares, e.g. FLAC).

Therefore, despite the fact that the gradual release

of the stress in the numerical models of tunnels

increases the accuracy of the analyses, it makes

possible to model the installation time of the tunnel

liner (after releasing a certain percentage of the stress

around the excavation region). In other words, the

gradual release of the stress around the excavation area

makes it possible to model the interval time between

the excavation and installation of tunnel liner.

Figures 15 and 16 show the ground settlement due

to tunnel excavation. In these figures, each curve refers

to the installation time of the tunnel liner after a certain

percentage of the stress release. The data obtained

from field measurements have also been shown

according to the literature (Addenbrooke et al. 1997;

Standing et al. 1996).

Figure 15 shows the analyses using the Mohr–

Coulomb constitutive model. It is observed that if the

liner installation is performed after 20% of the stress

release, the numerical ground settlement will be in

agreement with the field data. In addition, Fig. 16 is

obtained by numerical analyses using the MCC

constitutive model. In this figure similar to Fig. 15,

it could be concluded that if the liner is installed after

20% of releasing the stress, the predicted ground

Fig. 14 The relationship between the pressure on the tunnel

liner and the radial deformation (Dao 2009; Pacher 1964)

Fig. 15 Ground settlement due to tunnel excavation at the

different installation times of the lining by the Mohr–Coulomb

constitutive model (installation of the lining after releasing a

certain percent of the stress around the excavation region)
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settlements will have a good match with the measured

filed data. It should be noted that the tunnel might fail

if the tunnel liner does not be installed after 65% of

releasing stress (based on the numerical analysis done

using the Mohr–Coulomb constitutive model).

As it is shown in Figs. 15 and 16, if there is a long

delay in installing the tunnel lining, the deformations

will be high, and there is a possibility of complete

failure and collapse. Therefore, by estimating the

percentage of the stress release around the excavation

region and installation of the tunnel-lining in an

appropriate time, more suitable modeling can be

performed to simulate the behavior of the tunnels and

soil mass around it.

Besides, radial stress in the zone ‘‘a’’ (see Fig. 3)

and its radial deformation towards the center of the

tunnel has been recorded during excavation with 10

stages and 100 stages of releasing stress. Also, shear

and axial forces of lining installed in this area have

been taken during these analyse, and the results are

exhibited in Fig. 17. In this figure, lining is installed

after 20% of stress relaxation. As it could be seen in

Fig. 17, when stress is released in 100 stages, the

relaxation of the stress during the excavation occurred

gradually and the forces are formed in the lining

smoothly with the radial deformation of the tunnel.

But if the stress does not release gradually enough (e.g.

when the stress releases in 10 stages), the stress

relaxation and forces in the lining encounter severe

oscillations.

5 Conclusion

The accuracy of the numerical modeling depends on

the constitutive models used to simulate the behavior

of materials. The more powerful models used in the

analyses lead to more accurate results. On the other

hand, the performance of the elastoplastic constitutive

models is strongly dependent on the loading incre-

ment. The smaller sizes of the loading increments lead

to more accurate predictions. Therefore, due to the

incremental nature of the elastoplastic constitutive

models used in soil behavior analyses, the loading

increment should not be too large, since it would cause

the computational errors. This issue should also be

considered in the numerical model of tunnels, and

loading should be done gradually so that the consti-

tutive model could properly simulate the soil behavior.

Therefore, in this paper, based on the FLAC software

platform, an incremental loading method has been

described to analyze the tunnel issues and the impor-

tance of this type of loading has been illustrated to

reach acceptable results.

In summary, in this research, two constitutive

models (i.e. Mohr–Coulomb and MCC) have been

used to simulate the soil behavior during the excava-

tion of a tunnel. At first, the importance of the

Fig. 16 Ground settlement due to tunnel excavation at the

different installation times of the lining by the MCC constitutive

model (installation of the lining after releasing a certain percent

of the stress around the excavation region)

Fig. 17 Radial stress in the soil element near crown (zone a),

lining shear and axial forces versus radial deformation in crown;

a with lining axial force, b with lining shear force
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incremental loading with small increments has been

demonstrated by the stress–strain curves obtained in

the triaxial test on London’s clay. In order to illustrate

the compatibility of the numerical results with the

experimental observations, the data presented by

Gasparre (2005) on the London’s clay have been

used; and a comparison between the numerical

analyses results and experimental data has been done.

It has been shown that for large loading increments,

the results are very inappropriate. Also, the simula-

tions are more logical by reducing the size of loading

increments. Also, it could be considered as a kind of

verification of the numerical code (especially the

constitutive model written by FISH programming in

FLAC).

Besides, the importance of the incremental loading

(gradual release of the stress) in the soil around the

excavation region has been evaluated. For this

purpose, the field data presented by Addenbrooke

et al. (1997) and Hejazi et al. (2008) concerning the

Eastbound Tunnel constructed on London’s clay has

been utilized. First, the effects of the number of steps

(stages) in releasing the stress on the displacement of

different points and stress paths in various zones have

been evaluated. In spite of the fact that the FLAC

software divides each type of load into smaller ones,

the simultaneous release of the whole stress due to

excavation (as FLAC default) causes errors in the

results. In addition, it has been concluded that the

results converge toward a certain value by increase in

the number of steps (stages) in releasing the stress (that

is equivalent to the decrease in the loading increment

sizes). Therefore, in the numerical model of tunnels, it

is necessary to unload gradually (i.e. release gradually

the stress in the soil around the excavation region).

This leads to eliminating the effect of loading

increment size on the results of the numerical

computations.

In addition, the effect of the liner installation time

on the deformation has been evaluated. The results

showed that the gradual release of the stress allows the

tunnel liner to be installed after releasing a certain

percentage of the stresses around the tunnel. There-

fore, the precision of the numerical simulation could

be increased as it could be observed in comparison

with some field data. The results of the simulations

performed with the MCC and Mohr–Coulomb consti-

tutive models in comparison with the field data

indicate that the lining installation has been done

approximately when about 20% of the stress in the soil

surrounding the tunnel region is released. It is also

noted that if the lining installation was carried out late

so that more than 50% of the stresses around the

excavation region were released, the deformation

around the tunnel would be very large and might lead

to destruction (or collapse). Generally, it could

improve the numerical simulation of the tunnel issues

if the amount of the stress release is estimated

appropriately. This kind of issue (the main subject of

this study) could be raised and evaluated even on the

other kind of excavation such as excavation for

building, vertical excavation, retaining wall, etc.

Acknowledgements This work has been financially supported

by the research deputy of Shahrekord University. The Grant

Nos. were 97GRN1M1829 and 97GRN1M1709.

Appendix: The algorithm Used in FLAC by FISH

Programming to Release the Stress

The general steps of the numerical model for the

gradual release of the stress around the excavation

region in the FLAC software.

For this purpose, it is necessary to use the possi-

bility of programming in the FLAC software, which is

executed in the FISH language. The intended algo-

rithm has been listed as follows:

1. First, the overall soil medium (mass) is defined

and run to reach the initial equilibrium.

2. The excavation region becomes vacant.

3. The nodes numbers on the boundary of the

excavation region are specified.

4. The nodes on the excavation boundary along the

x- and y- axes should be fixed.

5. Again, an analysis is performed to be formed

(created) the reactions into the supports placed

on the tunnel’s boundary nodes mentioned in

the step 4.

6. The nodes on the tunnel’s boundary became free

(the supports placed on the tunnel’s boundary

are removed).

Note: It could be easily implemented in the

FLAC software and does not require coding

with FISH programming until step (6). Next

steps should be done with coding by FISH

language programming.
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7. Two additional grid variables are intended for

each node on the excavation boundary. For

example, ex_1(i,j) and ex_2(i,j) are defined to

save the horizontal and vertical forces of the

nodes placed on the excavation boundary,

respectively (that are calculated in step 5). The

indices i and j are represented the coordinates of

zones and grid-points (nodes) in x and y

directions, respectively.

8. Also, the horizontal and vertical external forces

of each node (which are calculated in step 5 and

used in step 7) are stored in two other new

variables such as xfa and yfa. These forces are

applied to the corresponding nodes by command

and apply commands in FISH programming.

9. After applying the opposite of the external

forces computed in step 8 (xfa and yfa) to the

boundary nodes, an analysis is performed to

reach the initial equilibrium. Now, the system is

ready to begin the unloading (excavation).

10. The number of steps (stages) to release the stress

of the soil around the tunnel is specified.

11. Considering the number of the stages to release

the stresses, the external forces of each bound-

ary nodes are reduced. Then, the reduced forces

are applied to the boundary nodes for each stage

of the stress release.

12. In each stage, after applying the reduced forces

on each node, the problem is analyzed to

achieve equilibrium.

13. This operation is performed until the end of the

loading (i.e. the reduced forces to be zero).

It should be noted that from step 11 onwards, it

could be placed in a loop. In addition, if the

tunnel liner should also be considered, it can be

controlled that the liner should be installed after

releasing a certain (intended) percentage of the

stress. In this way, it is possible to install the

tunnel liner at the intended time (after a certain

percentage of the stress release).
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