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ABSTRACT: The aim of this work is to compare two approaches for evaluating the stability of a tunnel 
face that is reinforced by bolts: the limit equilibrium method of Anagnostou & Serafeimidis (2007) and 
the numerical stress analysis method. The comparative calculations have been carried out in respect of 
a dry cohesive—frictional soil. The numerical solutions were obtained by employing the finite difference 
code FLAC3D assuming an elastic, perfectly plastic material obeying the Mohr-Coulomb yield criterion. 
The paper starts with the relatively simple case of an unreinforced tunnel face, comparing the model pre-
dictions concerning the necessary support pressure and discussing the influence of tunnel shape, in situ 
stress and dilatancy. The calculations show that the limit equilibrium method and the numerical stress 
analysis method provide results which are close to those obtained by other existing analysis methods. 
The second part of the paper investigates the reinforcing effect of the bolts. The numerical stress analysis 
method shows clearly that shear failure of the soil around the bolts governs the bolt-soil interaction ahead 
of the face, suggesting that the bond strength (i.e. the resistance of the interface between grouted bolt and 
soil) to be used in the limit equilibrium methods should take due account of the shear resistance of the 
ground and thus the normal stresses prevailing in the core ahead of the face. As shown in the paper, this 
can be done reasonably well by means of a simplified procedure.

ahead of the face, while the installation of a lining 
limits the plastic zone and the radial displacements 
around the tunnel. Ng & Lee (2002) performed 
parametric 3D FEM analyses to study the influence 
of the axial stiffness of the bolts with respect both 
to the stability of the tunnel heading and surface 
settlement in stiff  clay. Yoo & Shin (2003) studied 
the effect of several reinforcing parameters (spac-
ing, length and axial stiffness) on stability, both 
for cohesive and cohesive-frictional soil and for 
different cover-to-diameter ratios. Dias & Kastner 
(2005) investigated–by means of 3D finite differ-
ence analyses–the behaviour of a reinforced face of 
a deep tunnel in soft rock for different bolt spacings 
and different assumptions concerning the interface 
between the grouted bolt and the surrounding soil 
(perfect adherence or finite bond strength). Fur-
thermore, they compared the numerical results 
obtained from a model that took account of each 
bolt individually with the results of simplified 
numerical analyses, where the effect of bolting is 
taken into account either by introducing an equiva-
lent face support pressure or by increasing the 
cohesion of the core. Kavvadas and Prountzopou-
los (2009) performed 3D FEM analyses in order to 

1 INTRODUCTION

When tunnelling through low strength ground the 
stability of the excavation face is a major concern 
for the geotechnical engineer. In mechanized tun-
nelling, closed shields are applied for stabilizing 
the face. In conventional tunnelling, several tech-
niques could be applied: ground reinforcement of 
the excavation face by bolts, partial excavation, 
ground improvement by grouting or artificial 
freezing. Face reinforcement is a popular solution 
because of its relatively low cost, its great flexibility 
and its adaptability to local geological conditions. 
The bolts are installed on the face with a distribu-
tion that depends on the stratigraphy and quality 
of the encountered ground and are removed as 
the excavation advances. Fiberglass bolts are often 
employed because–besides having a high tensile 
strength–they exhibit brittle behaviour, which is 
favourable for the excavation process.

Many researchers have studied the stabilizing 
effect of face bolts through spatial numerical stress 
analyses. Peila (1994) performed 3D FEM compu-
tations which illustrated that reinforcement reduces 
the deformations and the plastic zone in the core 
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find out the optimum bolt length and the equiva-
lent face support pressure for different soil shear 
strength parameters and cover-to-diameter ratios.

For practical engineering purposes, a 3D numer-
ical stress analysis is a heavy and time consuming 
method. It is also an unnecessarily complex way 
(actually a long way round) if  it is only the stabil-
ity of the face (but not the deformations of the 
ground) that is concerned. Simpler approaches, 
like the limit equilibrium methods (Cornejo,1989; 
Anagnostou & Kovári, 1994; Broere, 1998; Anag-
nostou & Serafeimidis, 2007), or methods based 
on plasticity theorems (Leca & Dormieux, 1990, 
Mandel & Halphen, 1974; Caquot & Kerisel, 1956) 
are typically used for this purpose. These methods 
take into account the reinforcing effect of the bolts 
either by introducing support forces or by assum-
ing a higher cohesion for the ground.

The present paper investigates the stability of the 
reinforced tunnel face in cohesive-frictional soils by 
means of 3D numerical stress analyses. More spe-
cifically, for a given soil friction angle, tunnel geom-
etry and depth of cover, the minimum soil cohesion 
needed for equilibrium is calculated numerically for 
different bolting densities and compared with the 
results obtained by the limit equilibrium method of 
Anagnostou & Serafeimidis (2007). The investiga-
tion consists of two phases: (i) in the first phase, the 
comparison is performed in terms of the face sup-
port pressure at limit equilibrium, i.e. by means of 
a simplified numerical model that does not consider 
any bolt individually; (ii) the satisfactory results of 
the first phase encouraged the Authors to continue 
the comparative analyses with a complex model of 
reinforcement, which takes account of individual 
bolts and their interaction with the surrounding soil.

2 INVESTIGATED PROBLEM

We consider a square, 100 m2 big tunnel face exca-
vated through homogeneous soil at a depth of 
23 m (Fig. 1). The choice of the unusual square 
shape is due to the aim of the work: the compari-
son between the numerical analysis and the limit 
equilibrium method of Anagnostou & Serafeimidis 
(2007), which is based upon the simplified model 
of a rectangular face. However, in order to inves-
tigate whether the assumption concerning the face 
shape affects the results of the stability analysis sig-
nificantly, numerical calculations were carried-out 
also for a more realistic geometry (Fig. 1).

A low-strength, cohesive-frictional ground and 
dry conditions are considered. All calculations 
were carried-out for a friction angle ϕ′ of  25°, a 
unit weight γ of  17 kN/m2 and cohesion values c′ 
between 0 and 15 kPa. Specifically for the stress 
analysis, assumptions have to be made concerning 

the initial stress field and the deformability of the 
ground. The parameters can be found in Table 1. 
The influence of the angle of dilatancy ψ and 
of the coefficient of earth pressure at rest k0 was 
numerically investigated only for the simplified 
numerical model, which considers a face support 
pressure instead of the individual bolts.

3 LIMIT EQUILIBRIUM METHOD

The computational method of Anagnostou & Ser-
afeimidis (2007) is based upon a failure mechanism 
that consists of a wedge and the overlying prism 
(Fig. 1). The critical inclination ω of  the inclined 
slip plane is determined iteratively so that it maxi-
mizes the support requirements. The method repre-
sents an improvement of the model of Anagnostou 
& Kovári (1994) in that it eliminates the need for 
an a priori assumption of the distribution of the 
vertical stress σz in the wedge and offers the pos-
sibility of analyzing a layered ground with an arbi-
trary distribution of reinforcement.

The stabilizing effect of the bolts is considered 
as a support pressure s given by:

s = n ⋅ min[Fz, max(πdτm a, Fp), πdτm (L′-a)], (1)

Where n denotes the reinforcement density (e.g., 
number of bolts per sqm), Fz is the tensile strength 
of the bolt, τm is the bond strength at the soil–grout 
interface, d is the grouted borehole diameter, a is 
the bond length inside the wedge and L′ denotes 
the actual bolt length. Note that the bond lengths a 
and (L′-a) vary over the height of the wedge and, 
moreover, they depend also on the specific mecha-
nism considered, i.e. on the angle ω. Consequently, 

Figure 1. Failure mechanism with square face after 
Anagnostou & Serafeimidis (2007) and non-square face 
of equivalent area.
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the support force offered by the reinforcement will 
not be uniformly distributed even in the case of 
constant bolt spacing (Fig. 2).

In the present paper, the method is employed 
firstly assuming that the support pressure s is uni-
form, i.e. without considering the reinforcement 
peculiarities (Section 4). Subsequently, in the cal-
culations considering a reinforcement, the needed 
bolting density is determined as a function of the 
soil cohesion for fixed values of the parameters d, 
L′ and τm (Section 5).

4 STRESS ANALYSIS OF THE 
UNREINFORCED TUNNEL FACE

4.1 Numerical model

The stress analyses were performed by the 3D finite 
difference code FLAC3D Vers. 4.1. The ground is 
modeled as an elastic, perfectly plastic material 
obeying the Mohr-Coulomb yielding criterion and 
a non-associated plasticity flow rule. The relevant 
geotechnical parameters are reported in Table 1; 
two values of the coefficient of earth pressure at 
rest k0, 0.57 and 0.7, are considered.

Due to the vertical symmetry plane, only one half  
of the entire domain needs to be discretised. Fig-
ure 3 shows the dimensions of the computational 
domain, which consists approximately of 75000 
nodes and 69000 zones. The displacements of the 
vertical model boundaries parallel and perpen-
dicular to the tunnel axis are fixed in the direction 
x and y, respectively. All displacement components 
are fixed at the bottom model boundary.

In order to avoid rather secondary effects and 
to focus directly to the tunnel face behavior, the 
details of the excavation and support sequence 
are not simulated. Instead a simplified excavation 
scheme is adopted, where the position of the tun-
nel face remains fix in the model and the excavation 

process is simulated by a gradual reduction of the 
longitudinal stress acting on the face. The tunnel 
support is considered rigid and extends up to the 
face. The analysis consists of the following steps: 
(i) initialization of the in situ stress, considering 
a lithostatic distribution; (ii) removal of the brick 
elements representing the excavated tunnel volume, 
fixing of the grid-points on the tunnel boundaries 
and calculation of the reaction grid-point forces; 
(iii) replacement of the restraint conditions for the 
grid-points on the face by support forces equal to 
the reactions; (iv) gradual reduction of the support 
forces at the face grid-points, equivalent to a reduc-
tion of the original horizontal stress by a factor, 
which is constant along the face.

4.2 Face stability criterion

The common way to investigate the face stability 
is to evaluate the relation between the longitudinal 

Table 1. Geotechnical parameters of the investigated 
problem.

Soil

Unit weigth γ [kN/m3] 17

Young modulus E′ [MPa] 400

Poisson ratio ν 0.3

Friction angle ϕ ′ [°] 25

Cohesion c′ [kPa] 0–15

Dilatation angle ψ ′ [°] 0 or 10*

Initial State

Litostatic stress distribution

Coefficient of earth pressure at rest k0 0.57 or 0.70*

*used only in the analysis of the unreinforced face
Figure 2. Example of support pressure distribution in 
the limit equilibrium method of Anagnostou & Serafei-
midis (2007).

Figure 3. Computational domain and boundary 
conditions.
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displacement of a control point of the face (here, 
the center of the face) and the applied support 
pressure normalized by the initial horizontal stress 
(Vermeer & Ruse, 2001). The instability is repre-
sented by the asymptotic increase of the displace-
ment to infinity, when the face support pressure 
approaches the limit value.

Figure 4 shows examples of this relation for 
a particular parameter set. The left end of each 
curve indicates the minimum pressure, for which 
equilibrium was achieved, and represents an upper 
bound of the limit pressure. The vertical dashed 
lines show the values of the face support pressures, 
for which an equilibrium was not found, and indi-
cate a lower bound of the limit pressure. As the dif-
ference between two bounds is very small, the limit 
support pressure slim was calculated as the mean 
value of the two bounds.

4.3 Results

Table 2 contains the results of all performed cal-
culations, while Figure 5 shows the relationship 
between the limit support pressure and the cohe-
sion according to the results of the numerical 
analyses under different assumptions concerning 
k0-value, dilatancy angle ψ and face shape (single 
marked points). The diagram includes for the pur-
pose of comparison the numerical results of Ver-
meer & Ruse (2001), which concern a circular face 
of equivalent area, and the results of the limit equi-
librium analyses after Anagnostou & Serafeimidis 
(2007) and Anagnostou & Kovári (1996) for coeffi-
cients of lateral stress λ of  0.80 or 1. Our numerical 
results are close to those of Vermeer & Ruse (2001) 
and confirm their conclusion, that the influence of 
k0-value on the limit support pressure is negligible. 
A higher dilatancy angle increases only slightly 

face stability. The differences between the square 
and the other, more realistic tunnel shapes are very 
small. The limit equilibrium method of Anagnos-
tou & Kovári (1996) overestimates the necessary 
support pressure. The limit equilibrium method 
of Anagnostou & Serafeimidis (2007) gives results 
very close to those of the stress analysis particularly 
for λ = 1, i.e. for the value proposed by Terzaghi 
and Jelinek (1954). The value of λ = 0.8 (suggested 
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Figure 4. Longitudinal displacement at the center of 
the face as a function of the normalized support pressure 
(square tunnel face, k0 = 0.57, ψ = 0).

Table 2. Stress analysis results for unreinforced face.

ψ ko c′ δequil δnon-equil
slim

**

Geom* [°] [-] [kPa] [-] [-] [kPa]

Q  0 0.57  0 0.150 0.1250 37.80

Q  0 0.70  0 0.125 0.1000 37.49

Q 10 0.57  0 0.125 0.1000 30.93

C  0 0.57  0 0.125 0.1000 31.65

Q  0 0.57  5 0.100 0.0900 26.12

Q  0 0.70  5 0.080 0.0600 23.32

Q 10 0.57  5 0.080 0.0600 19.25

C  0 0.57  5 0.090 0.0800 23.91

Q  0 0.57 10 0.060 0.0500 15.12

Q  0 0.70 10 0.050 0.0250 12.50

Q 10 0.57 10 0.050 0.0250 10.31

C  0 0.57 10 0.050 0.0400 12.66

Q  0 0.57 15 0.025 0.0150  5.50

Q  0 0.70 15 0.025 0.0125  6.25

Q 10 0.57 15 0.025 0.0125  5.15

C  0 0.57 15 0.010 0.0050  2.11

*Q = square face; C = sub-circular face (Fig. 1)

**Mean value along the face obtained from slim = δ Sh′ 
where Sh is the initial horizontal stress at the center of 
the face

0 4 8 12 16 20
c' (kPa)

0

20

40

60

slim (kPa)

C face, k0=1-sinϕ', ψ=0

Q face, k0=1-sinϕ', ψ=0

Q face, k0=0.7, ψ=0

Q face, k0=1-sinϕ', ψ=10°

Anag. & Seraf. (2007) 

(λp, λw)=(0.8, 0.8); (1, 1)

Anag. & Kov. (1996) 

(λp, λw)=(0.8, 0.4); (1, 0.5)

Vermeer & Ruse (2001)

ϕ'=25°

Figure 5. Limit support pressure slim as a function of the 
soil cohesion for φ′ = 25º according to different methods.
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by the model tests of Melix, 1987, and adopted 
by Anagnostou and Kovári, 1996, for elaborating 
design nomograms) is on the safe side.

Figure 6 compares the limit support pres-
sures obtained by several methods for the case of 
a cohesionless soil. For lower values of  friction 
angle (ϕ′ = 20–25°), the solution of  Anagnostou & 
Serafeimidis (2007) is located between the lower 
bound solution of  Leca & Dormieux (1990) and 
upper bound solutions of  Mandel & Halphen 
(1974) and Caquot & Kerisel (1956). The predic-
tions of  Anagnostou & Kovári (1996) are close 
to the upper bound solutions. At higher values 
of  the friction angle, the differences between all 
these methods became negligible and the model 
predictions are close to experimental results (cen-
trifuge modeling). The results of  the FLAC3D 
calculation of  Figure 5 are closer to the solution 
of  Vermeer & Ruse (2001) and Leca & Dormieux 
(1990).

In conclusion, in the simpler case of an unrein-
forced face, the results obtained after Anagnostou 
& Serafeimidis (2007) are absolutely close to the 
predictions of stress analysis and comparable with 
other existing methods.

5 STRESS ANALYSIS OF THE 
REINFORCED TUNNEL FACE

5.1 Computational model

The numerical analysis of the reinforced face was 
performed for the same geometrical and geotech-
nical parameters as in the last Section (Table 1). 
On account of the main objective of the present 
work (the comparison with the limit equilibrium 
method) and also of the small effect of face geom-
etry, only the square face was investigated.

The bolts were modeled individually using the 
“cable” element in the FLAC3D code. This struc-
tural element behaves like an elastic, perfectly plas-
tic material that may yield in tension but cannot 
resist a bending moment. The assumed Young 
modulus Eb and cross-sectional area Ab of  the cable 
elements (Table 3) are typical for fiberglass pipes. 
The tensile strength of the cable was taken infinite, 
i.e. bond failure is the only failure mechanism con-
sidered. The reason for this modeling decision is 
that we want to focus to the effect of the grouted 
bolt—soil interface.

Since the cable elements are fully grouted, the 
force developing along its length is the response to 
relative motion between the cable and the grid. The 
numerical formulation of the interface between the 
structural element and the grid, which represents 
conceptually the interface between soil and grouted 
bolt, is incorporated in the numerical formulation of 

the structural element. The code allows for an elas-
to-plastic interface model defined by the stiffness 
Kint′ perimeter pint and shear strength parameters 
cint and ϕint. The present work assumes practically 
rigid-plastic interface behavior, i.e. a high value 
of the interface stiffness Kint′ (Table 3). Concern-
ing the bond strength the assumption was made 
that it depends on the confining stress according 
to Mohr-Coulomb criterion with strength param-
eters equal to those of the soil (“stress-dependent 
bond strength”). For the purpose of comparison 
(Section 5.2), also a simplified model (“constant 
bond strength”) considering a shear resistance 
of τm = 160 kPa was considered (Table 3). Such a 

20 25 30 35 40 45 50

ϕ' (°)

0
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80

slim (kPa)

FLAC3D

Anag. & Seraf. (2007) 

(λp, λw)=(0.8, 0.8); (1, 1)

Anag. & Kov. (1996) 

(λp, λw)=(0.8, 0.4); (1, 0.5)

Vermeer & Ruse (2001)

Centrifugal tests

Mandel-Halphen (1974)

Chambon & Corté (1989)

Caquot (1956)

Leca & Dormieux (1990)

c'=0

Figure 6. Limit support pressure slim as a function of 
the soil friction angle for c′ = 0 according to different 
methods (diagram after Ribacchi 1993).

Table 3. Parameter values of the grouted bolt model.

Cable elements

Length L′ [m] 7  

Area Ab [m
2] 0.00785  

Young modulus Eb [GPa] 20  

Interface cable-grid

Borehole diameter d [m] 0.1  

Shear stiffnes Kint [GPa] 10  

Strength τm = σtanϕint+cint
(i)* (ii)

cint [kPa] 160 c′

ϕint [°] 0 ϕ′ = 25°

*Only in Section 5.2
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value corresponds to the bond strength of a loose 
to medium dense sand at a depth of more than 4 m 
(Ostermayer, 1991).

The bolt length L′ is taken equal to 0.7 H, 
i.e. 7 m. (This value is, for example, equal to the 
minimum length of  initially 12 m long bolts over-
lapping by 5 m.) The bolts are horizontal and uni-
formly distributed on the face on a rectangular 
grid. Four different bolting patterns were investi-
gated, consisting of  3 × 6, 5 × 10, 6 × 12 or 7 × 14 
bolts in the modeled half  face and corresponding 
to bolt densities n of  0.36, 1, 1.44 and 1,96 m−2, 
respectively.

In order to simulate better the behavior of the 
soil between the bolts in the case of high bolting 
density, a finer mesh is adopted than in the numeri-
cal model for the unreinforced face (Fig. 3): the size 
of the square brick elements, which discretize the 
face, is here 0.125 m instead of 0.25 m in the previ-
ous mesh. The excavation process was simulated as 
described in Section 4.1.

For each bolting pattern the face stability was 
investigated for a series of closely spaced cohesion 
values in order to determine an upper and a lower 
bound of the minimum cohesion needed for sta-
bility for the given bolting pattern (Table 4). The 
limit cohesion c′lim was taken as the mean value of 
these bounds (last column of Table 4). The black 
circular markers in Figure 10 show the relationship 
between limit cohesion c′lim and bolt density n cal-
culated in this way. They will be compared to the 
limit equilibrium predictions in Section 5.3. But 
before doing this the issue of bolt—soil interface 
modeling will be addressed.

5.2 On the assumption about the bond strength

This section compares the results obtained when 
assuming a stress-dependent bond strength with 
the results for a constant bond strength consid-
ering the case of  a face reinforcement by 6 × 12 
bolts (bolt density n = 1.44 m−2). The two analy-
ses provide close values of  limit soil cohesion: 
c′lim = 6–8 kPa in the case of  a constant bond 
strength τm of  160 kPa and 8–10 kPa in the case of 
a stress-dependent bond strength. As can be seen 
from Figure 7, however, relevant differences exist 
concerning the soil—bolt interaction close to limit 
equilibrium.

In the case of  a constant bond strength 
(τm = 160 kPa, c′ = 8 kPa), the contour lines of 
longitudinal displacement and the extrusion pro-
file show clearly big gradients in the vicinity of 
the bolts (Fig. 7a). At the grout–soil interface the 
soil displacement is practically zero because the 
shear stress does not reach the bond strength of 
160 kPa and a perfect adherence is preserved at 

the interface, while the surrounding soil fails. So, 
shear failure occurs not exactly at the interface 
(this is not possible due to the assumed high bond 
strength) but within the soil close to the inter-
face. The soil flows around the grouted bolt, thus 
“by-passing” the constraint imposed by the 
assumed high bond strength.

In the case of  the stress-dependent bond 
strength, shear failure occurs at the grout—soil 
interface resulting in a discontinuity of  the dis-
placements of  soil and bolts, in a smooth extrusion 
profile and in larger longitudinal displacements 
(Fig. 7b). The bond failure observed in this case is 
due to the low bond strength in the ground close 

Table 4. Stress analysis results for reinforced 
face (stress-dependent bond strength).

n
[bolts/m2]

c′equil 
[kPa]

c′non-equil

[kPa]
c′lim

[kPa]

0.36 14 12 13

1.00 12 10 11

1.44 10  8  9

1.96  7  5  6

0 0.008
x

z

uy(m)No plas
Plas now
Plas in the past

x=0

x=0.875m

z

y

-8.58E-03

-6.0E-03

-4.0E-03

-2.0E-03

1.82E-04

Longitudinal soil
displacement uy(m)

(a)

τm=160kPa

0 0.016

uy(m)
x

z

y

z

-1.77E-02

-1.2E-02

-8.0E-03

-2.0E-03

2.94E-03

(b)

τm=c'+σ'tgϕ'

c'=8kPa  ϕ'=25°

c'=10kPa  ϕ'=25°

Bolt interface 
condition

Longitudinal soil
displacement uy(m)

No plas
Plas now
Plas in the past

Bolt interface 
condition

x=0

x=0.875m

Figure 7. Extrusion profiles of the face, contour lines 
of the soil longitudinal displacement and bolt interface 
condition for the upper bound of the limit cohesion (i.e., 
for the minimum considered cohesion satisfying equilib-
rium): (a) constant bond strength τm = 160 kPa (results 
for c′ = 8 kPa and n = 1.44 bolts/m2); (b) stress-dependent 
bond strength τm = σ tanϕ′ + c′ (results for c′ = 10 kPa and 
n = 1.44 bolts/m2).
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to the face: The bond strength is low overthere 
because it depends on the confining stress, which 
decreases strongly in the vicinity of  the face due 
to the soil plastification associated with the axial 
stress release (Fig. 8).

These results indicate that the simplifying 
assumption of a constant bond strength (which is 
often made in limit equilibrium analyses) should 
take due account of the strength parameters of the 
soil and of the stress level in the core ahead of the 
face.

5.3 Comparison with limit equilibrium method

The lowest curve in Figure 10 shows the neces-
sary bolt density n as a function of  the soil cohe-
sion according to the limit equilibrium method of 
Anagnostou & Serafeimidis (2007) and assum-
ing a constant bond strength τm of  160 kPa. The 
numerical stress analyses (black markers) lead to 
considerably higher reinforcement densities than 
predicted by the limit equilibrium method. This 
is true not only for the stress-dependent bond 
strength FLAC3D model (black circles), but also 
for the numerical model assuming a constant 
bond strength (single triangle) of  160 kPa—the 
same value as in the limit equilibrium analysis. 
The reason is that in the stress analysis the soil 
flows around the grouted bolt irrespectively of  the 
practically perfect bond that was assumed specifi-
cally for the grout–soil interface (see last Section). 
The significant overestimation of  the reinforcing 
effect of  the bolts is due to the assumed bond 
strength τm, which as discussed in last section, 
is not consistent with the resistance of  the sur-
rounding soil to shearing. The bond strength in a 

cohesive—frictional material should consider the 
shear strength parameters of  the soil and the con-
fining stress on the bolts as the later influences the 
frictional resistance.

A consistent assumption about the confining 
stress (and finally about the bond strength τm) can 
be made by considering the stress distribution in 
the ground within the wedge. Following Anagnos-
tou & Kovári (1994), we assume that the ratio λw 
of  the horizontal to the vertical stress σx/σz is con-
stant, while the vertical stress σz changes linearly 
from γH in the tunnel floor to the silo pressure 
at the top of  the wedge (see inset of  Fig. 9). The 
confining stress needed for the calculation of  the 
bond strength is taken equal to the mean stress 
0.5(1 + λw)σz. For simplicity, a constant bond 
strength is assumed in the limit equilibrium analy-
sis based upon the average vertical stress, i.e. the 
stress σz in the centre of  the face. As suggested by 
Anagnostou and Kovári (1994) and as assumed 
also for the computation of  the nomograms of 
Anagnostou and Serafeimidis (2007), the value 
of  λw is taken equal to 0.4, i.e. half  as high as the 
value used for calculating the silo pressure from 
the overlying prism (λp = 0.8).

Figure 9 shows the computed bond strength τm 
as a function of the soil cohesion c′ for two values 
of the angle ω (The angle ω plays a role because 
it affects the silo pressure and thus the confin-
ing stress and the frictional resistance.) The bond 
strength values calculated in this manner are by a 
factor of 4 to 5 lower than the initially assumed 
value of 160 kPa and, combined with the nomo-
grams of Anagnostou & Serafeimidis (2007), lead 
to bolt density predictions which are very close to 
the stress analysis results (Fig. 10).
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Figure 8. Contour lines of the minimum principal 
stress (compressive stresses are negative) in the vertical 
symmetry plane for the upper bound of the limit cohe-
sion (i.e., for the minimum considered cohesion satisfying 
equilibrium) assuming a stress-dependent bond strength 
τm of σ tanϕ′ + c′ (n = 1.44 bolts/m2).
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Figure 9. Bond strength τm determined based upon 
the shear strength parameters of the soil and assuming 
a trapezoidal confining stress distribution according to 
Anagnostou & Kovári (1994).
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6 CONCLUSIONS

The limit equilibrium analysis after Anagnostou & 
Serafeimidis (2007) and the numerical stress analy-
sis with the finite difference code FLAC3D pro-
vide very close predictions about the stability of an 
unreinforced tunnel face in dry cohesive frictional 
soil. The predictions are also absolutely compara-
ble to the predictions obtained by other methods 
reported in the literature.

The numerical results confirmed that the effects 
of the lateral earth pressure coefficient, of the dila-
tancy angle and of the face shape (square, circular, 
sub-circular) are not important.

In the particular geotechnical and geometrical 
conditions investigated, the stress analysis of the 
reinforced face, with modeling of the individual 
bolts, shows clearly that the failure of the soil 
around the bolts limits the shear stress developing 
at the interface bolt—soil and, therefore, the rein-
forcing effect. For this reason, the bond strength 
used in the limit equilibrium analyses should con-
sider the shear strength parameters of the ground 
and the confining stress in the core ahead of the 
face. Adopting a bond strength based upon the 
stress distribution after Anagnostou & Kovári 
(1994) represents a consistent approach and leads 
to limit equilibrium results which agree very well 
with the numerical results.
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Figure 10. Necessary bolt density as a function of 
soil cohesion ϕ′ = 25° according to stress analysis with 
a stress-dependent bond strength and after Anagnostou 
& Serafeimidis (2007) under different assumptions con-
cerning the bond strength.
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