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ABSTRACT: Analytical and numerical models to evaluate tunnel excavation stability are discussed.
Multi layered soil profiles and groundwater flow are included into these models. Collapse and blow out
type of failures, for both drained and undrained conditions, are considered. Comparative example applications are given. Analytical model calculations are straightforward and suited to preliminary studies.
However, due to a series of limitations, analytical models should be replaced by more accurate three
dimensional numerical models, as design progresses into detailed stages.
1

INTRODUCTION

Tunnel instabilities are often reported to occur during an excavation stage, or shortly thereafter. Key
factors for such failures are ground induced stress
concentrations due to excavation, and the fact that
a full structural support cannot be generally relied
upon but at some distance behind tunnel face. Therefore, the objective evaluation of excavation stability
should be a routine procedure in tunnel design.
The objective of this paper is to present a comparative assessment of two distinct tunnel stability
procedures, one derived from an analytical model,
the other being a numerical method.
These methods are intended to be applicable
to continuum media; discontinuum mechanisms
such as sliding wedges and falling blocks should be
treated in accordance with limit equilibrium statics established in the field of rock mechanics, as
discussed by Sozio (1982).
Throughout this paper, a distinction is made
between collapse (cave in) and blow out (heave)
modes of failure.
2
2.1

lishing’s by Caquot (1934), Caquot and Kérisel
(1949), and followed by many other developments,
such as presented by Jaeger and Cook (1975),
Davis et al. (1980), Mühlhaus (1985), Sozio (2006),
and Carranza et al (2013).
The thick wall models presented herewith are
first introduced as single material models, as illustrated at Figure 1, with the inclusion of effective
seepage stresses induced by groundwater flow.
The three basic equations governing a single
material model, for a TWS (3D) drained collapse
mode are:
2.1.1 Equilibrium equation in terms of effective
stresses
dσ r′ 2 (σ r′ − σ θ′ )
= −γ ′ − γ w × i
+
dr
r

(1)

THICK WALL MODELS—SINGLE
MATERIAL
Basic equations

One of the most published methods for evaluation
of tunnel excavation stability is based on Plasticity
Lower Bound analytical models known as Thick
Wall Sphere (TWS) or Thick Wall Cylinder (TWC),
for three dimensional (3D) and two dimensional
(2D) configurations respectively.
The basic concepts of this model theory have
been dealt with by several authors, since early pub-

Figure 1. Cross section view of a thick wall single
material model.
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where:
σ r′ : Effective radial stress,
σ θ′ : Effective circumferential stress,
γ ′: Effective (submerged) material unit weight,
γw: Water (fluid) unit weight,
I: Hydraulic gradient,
R: Geometrical radius from centre of sphere.
2.1.2

Note that the term A3D depends solely on the
geometrical and hydraulic boundaries. The hydraulic gradient at any point in the sphere is given by:
i=

2c ′cosφ ′
1 + sinφ ′
,λ =
1 − sinφ ′
1 − sinφ ′

Q = ( k × 4π ) × A3 D

This fluid flow solution was developed jointly
with Braga and Negro (2000), and the equations
apply both to inward and outward flow, which will
depend on the relative values of the tunnel and
ground surface hydraulic heads.

Darcy’s Law for laminar flow

∆Q = k × i × ∆S

(3)

where:
K: Material isotropic permeability,
∆S: Element surface area subjected to flow ∆Q
The hydraulic gradient i, acting at sphere’s radius
r is related to the hydraulic head h (function of
radius r and applicable to an isotropic material) as:
i=

dh
dr

(4)

Integration of Darcy´s law over the whole sphere
surface gives:
dh
Q=k×
× 4π × r 2
dr

dr k × 4π
=
× dh
r2
Q

2.2 Collapse (3D) drained model
The expression for tunnel support stress at collapse
is found after the following steps:
− The hydraulic gradient of Eq. (9) is introduced
into equilibrium Eq. (1):
dσ r′ 2 (σ r′ − σ θ′ )
A
= −γ ′ − γ w × 32D
+
dr
r
r

dσ r′ 2 (σ r′ × (1 − λ ) − σ c′ )
A
= −γ ′ − γ w × 32D
+
dr
r
r

(6)

The resulting 3D Collapse Drained Equation
is:
p′ =

(8)
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Ri

Re

2 ( λ − 1)



× s ′ +



σ c′

( λ − 1)


+
 2

(7)

The integration of Eq. (6), considering the
hydraulic boundaries of Eq. (7), results in:
Q
k × 4π = A3 D , where the term A3D is given by:
 pwe − pwi 
R × Ri
A3 D = e
× [(Re − Ri ) + 
 ]
(Re − Ri )
γw


(12)

− Eq. (12) is rearranged, and integrated in the
range from inner to outer sphere radii. The
detailed equations covering the rearrangement
and integration steps are shown in Sozio (2016).

The hydraulic heads at internal and external
boundaries are defined respectively as (refer to
Fig. 1):
pwi
pwe
,R +
γw e γw

(11)

− The circumferential stress σ θ′ from Eq. (2) is
introduced into rearranged equilibrium Eq.
(11):

(5)

Alternatively, by rearranging the previous
equation:

Ri +

(10)

(2)

where c′ and φ′ are effective cohesion and friction
angle, respectively.
2.1.3

(9)

The equation for flow is:

Mohr Coulomb strength criterion

σ θ′ = σ c′ + λσ r′, σ c′ =

A3 D
r2

−

γ ′Ri

(



Re (2 λ − 1)  

2
γ A
σ′ 

+
−

Ri (2 λ − 1) ( λ − 1) 

γ ′Re

)

2 λ− 3

(λ − 3 2 )

w

−

3D

γ w A3 D

c

(13)
The following notation is applicable to Eq. (13):
p′:
−s′:
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Effective radial stress (“support pressure”) at
the inner surface, of Radius Ri.
Effective radial stress (“surcharge pressure”)
at outer surface, of Radius Re.

− σ c′ , λ: Mohr Coulomb parameters (refer to
Eq. (2)).
− γ′:
Ground material effective unit weight.
− γω:
Water (fluid) unit weight.
− Α3∆:
Hydraulic constant that depends on geometrical and hydraulic boundaries (refer
to Eq. (8)).
2.3

Blow out (3D) drained model

The Blow Out model solution follows a similar procedure as adopted for collapse, except that there is
a 90° rotation of the principal stresses, radial and
circumferential being respectively major and minor
stress directions. Mohr Coulomb criterion is then
rewritten as:

σ r′ = σ c′ + λσ θ′






{}
Re
Ri

( )

2 1−

1

λ

R 
p = s + γ sat × (Re − Ri ) ∓ σ c × ln  e 
 Ri 

(14)

The resulting expression for 3D Blow Out
Drained Equation is:

p′ = 

where the minus and plus signs apply to collapse
and blow out modes, respectively. Inspection of
Eq. (18) leads to the following correspondences:
p′ + pwi = p, where p is the total collapse or
blow out stress;
s ′ + pwe = s, where s is a total “surcharge”
stress;
γ ′ + γ w = γ sat , where γsat is the material saturated
unit weight.
Eq. (18) can thus be rewritten to express undrained collapse or blow out solely in terms of total
stresses, and not influenced by seepage induced
pore pressures, as it would be expected of an undrained analysis. The 3D Collapse and Blow Out
Undrained Equations are:
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where minus and plus signs apply to collapse and
blow out modes, respectively.
2.4 Thick wall cylinder – (2D) solution
A cylindrical (2D) analysis is similar to a 3D solution, the modification being both in the flow Eq.
(5), and in the rearranged equilibrium Eq. (11),
where the equilibrium element is a sector of a cylinder, instead of a sector of a sphere.
The corresponding 2D equation for flow is:

with the same notation as for the collapse solution,
except that p′ is the blow out effective stress.

Q
k × 2π

Undrained (3D) solution—collapse and
blow out

The above collapse and blow out expressions are
not valid for λ = 1, and hence for ∅u = 0, which
would be applicable to an undrained solution.
Mohr Coulomb criterion in terms of undrained
parameters is given by:

σ c = 2 c, σ θ = σ c + σ r

for collapse,

σ c = 2 c, σ r = σ c + σ θ

for blow out,

(19)

γ w A3 D

(15)

2.3

2

= A2 D =

 pwe − pwi 
 ] A

γw
i = 2D
r
 Re 
ln  
 Ri 

− Ri ) + 

dσ r′ (σ r′ − σ θ′ )
A
= −γ ′ − γ w × 2 D
+
dr
r
r

(20)

(21)

The resulting 2D Collapse Drained Equation
is:
  Ri (λ −1) 
σ c′
γ ′Re γ w A2 D 
p′ =   
−
−
× s ′ +
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Re
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The above undrained strength expressions are
combined with rearranged equilibrium Eq. (11)
and integrated throughout the sphere. The resulting collapse and blow out stresses are given by:
 Re 
 Ri 

e

2D equilibrium is expressed as:

(16)
(17)

[( R

2

(22)

p ′ + pwi = s ′ + pwe + (γ ′ + γ w ) × ( Re − Ri ) ∓ σ c × ln 

The resulting 2D Blow Out Drained Equation

(18)

is:
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The corresponding 2D Collapse and Blow Out
Undrained Equations are:
R 
p = s + γ sat × (Re − Ri ) ∓ σ c × ln  e 
 Ri 



pw11
K 2 × R22 + K1 × R11 × 
− 1
R
R
×
−
γ
(
)
pw12
12
11
 w

=
K 2 × R22
K1 × R11
γw
+
(R12 − R11 ) (R22 − R12 )

(24)

where the minus and plus signs apply to collapse
and blow out modes, respectively.
Collapse or Blow Out pressure values from
drained equations are equal, usually to the second
decimal, to the corresponding undrained equation values when the effective cohesion matches
the undrained shear strength, and an infinitesimal
friction angle is set, e.g. ∅′ = 0.001°.
2.5 Partial safety factors approach
Characteristic geotechnical parameters are recommended to be factored by partial reduction factors
(increase, for unit weight in collapse mode), leading to design values that should be used in these
analyses.
This safety calculation approach is described
as Recommendation R77 (New Safety Factor
Approach) by the German Geotechnical Society
(2008), and is generally in line with the usual procedure adopted for slope stability analysis.
3

outermost boundary (ground surface fluid pressure, which can be >0 for ground under a water
body such as a river, lake, sea etc.), plus n-1 values
at the internal boundaries.
By adopting pressure values at the innermost
and outermost boundaries, this problem reduces
to n-1 unknowns, which can be solved through n-1
Eqns. (25), as simultaneous algebraic equations.
Pressure values at the material internal boundaries
can then be determined, as well as the value of the
flow rate throughout the system.
As an example, the hydraulic pressure pw12 at
the internal (3D) boundary of a two materials system with a constant groundwater level is given by:

(26)
where:
K1,K2 Isotropic material permeability,
Pw11 Tunnel fluid pressure (which should be
zero for tunnel atmospheric pressure)
R11
Inner sphere radius,
R22
Radius equivalent to groundwater level,
R12
Radius at boundary between materials 1
and 2,
γw
Water Unit Weight
It can be noted that the multiple materials
hydraulic pressure solution depends solely on their
relative permeabilities; their absolute permeability
value might be of interest only if the flow rate is to
be evaluated.
3.2 Collapse or blow out solutions
Solution of a multiple material system requires
compatibility of effective radial stress and fluid
pressure at internal boundaries (refer to Figure 2).
The following sequence of calculations leads to the
solution of collapse or blow out stress:

THICK WALL MODELS—MULTIPLE
MATERIALS

3.1 Groundwater flow
Layers of materials with different permeability will
require compatibility of flow through this system.
For n materials there will be n-1 equations:
Q1 = Q2 , Q2 = Q3 , Qn −1 = Qn

(25)

Referring to Eqns. (8) or (20), and considering that the geometric radii and permeability of
each sphere or cylinder are defined, as well as the
water unit weight, there are n+1 fluid pressure values in Eqns. (25). Of these, one is at the innermost
boundary (tunnel face fluid pressure), one at the

Figure 2. Example of multiple (four) materials model
(left) and compatibility requirements for adjacent materials (right).
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Groundwater flow boundary pressures are determined from an explicit solution of simultaneous
algebraic equations, as shown in the example leading to Eq. (26). For layers above the Groundwater
Level, the corresponding water unit weight must
be null in the collapse and blow out equations.
− The outermost sphere or cylinder is analysed
through either a collapse or blow out expression. The definition of the outermost effective
radial stress (known as ground surface load or
surcharge load) enables the determination of the
inner effective radial stress, which maintains that
particular sphere or cylinder in equilibrium.
− The above determined inner effective radial
stress is then input as the outer effective stress at
the immediately below sphere or cylinder.
− This procedure is repeated throughout the system, down to the innermost sphere or cylinder,
enabling determination of the innermost effective radial stress (either the support or blow out
“pressure”), that maintains the whole system in
equilibrium.

Figure 3. Maximum shear strain velocity zone from
numerical model (left) compared to Thick Wall model
slip lines (right), collapse mechanism, cohesionless 30°
dry material.

This sequence of calculations can be implemented into a spreadsheet, in order to rapidly solve
for the groundwater flow boundary pressures, as
well as the tunnel collapse or blow out stresses,
for a multiple materials system. Within the multiple materials system it is also possible to consider
drained and undrained behaviour, e.g. drained
sands interbedded with undrained clays.
4

Figure 4. Maximum shear strain velocity zone from
numerical model (left) compared to Thick Wall model
slip lines (right), blow out mechanism, cohesionless 30°
dry material.

LIMITATIONS OF THICK
WALL MODELS

a. Tunnel excavation geometries must forcefully be
converted into either a sphere (3D analysis) or
an infinite cylinder (2D analysis).
b. Body forces are radial, compared to true vertical gravity. Consequentially, a geometrical distortion regarding failure mechanisms should be
expected.
Figures 3 and 4 compare maximum shear strain
velocity zones from “vertical gravity” finite element
numerical models (cohesionless 30° dry material),
with selected Thick Wall model upward slip lines,
the latter generated from radial lines (directions of
minor or major principal stresses for collapse and
blow out modes respectively), at angles of 45±Ø/2.
Local geometrical deviations between these models
are apparent, such as blow out outlines approaching ground level. Notwithstanding the above deviations, an overall resemblance of failure shapes
may be observed.
The radial body force vs. gravity limitation
should also impair general groundwater flowline
patterns. Nevertheless, vertical pore pressure pro-

Figure 5. Combined block mechanism for assessment
of tunnel face (local) stability conditions, Sozio (2006).

files through failure zones above tunnel crown are
least affected, as shown at the example applications on chapter 7.
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c. Thick wall models imply that the whole soil
mass from inner to outer boundaries is at failure, as a global mechanism. However, collapse
mechanisms restricted to tunnel headings or
their side lengths are not covered by a thick wall
model, due to its radial symmetry where tunnel
crown and bottom are undifferentiated. These
modes of failure were denominated as local collapse mechanisms by Davis et al. (1980), and
should be verified through lower bound or limit
equilibrium expressions for the critical height
of a vertical cut corresponding to the tunnel
face height. The block-wedge limit equilibrium
mechanism described by Sozio (2006), and illustrated at Figure 5, may be alternatively applied
as it is suited to the three dimensional nature of
a tunnel heading, and also allows for groundwater flow pressures.
Local collapse support requirements may be
more critical than those derived from thick wall
models, particularly for cover (C) to diameter (D)
ratios usually (but not limited to) C / D < 1. Local
collapse stability measures may include multi drift
headings, provision of face berms and drilling
of tensile resistant reinforcements, at otherwise
unsupported tunnel faces.
d. Stress redistributions due to a sequentially
advancing tunnel excavation are not accounted
for. However, extensive numerical method simulations made by the author indicate only a relatively small influence of an advancing tunnel
sequence as compared to a single step excavation, in terms of failure loads.
e. Stress-strain and strain-displacement equations
are not taken into account. Therefore, analytical models do not provide information on displacements prior to failure. In this respect it is
worth referencing a tunnel design methodology developed by Negro (1988), where both
deformability and stability are simultaneously
accounted for.
f. Tensile stresses may result from certain multilayer arrangements, e.g. a highly cohesive material underlain by cohesionless soil. The cohesive
layer is generally self-supporting in such cases,
and its removal from the system is likely to overcome this limitation.
g. Hydraulic gradients (and corresponding induced
effective stresses) obtained from numerical models may unfavourably diverge from those related
to thick wall models specially for excavation
geometries conflicting significantly with spherical or cylindrical outlines. Consequently, thick
wall models could lead to unsafe failure loads
for such arrangements, as compared to numerical models.
h. Different materials at tunnel face (mixed face
conditions), and geometrical and geotech-

nical complexities such as adjacent concurrent excavations, inclined layers, anisotropy
and soil reinforcement, cannot be adequately
modelled.
i. Failures triggered by local concentrated hydraulic gradients (known as “piping”) are not
detectable from thick wall models. For assessment of critical hydraulic gradients refer to
Silveira (1983), where it can be concluded that
in order to counterbalance exit seepage forces at
near vertical faces, either some cohesive tensile
strength is necessary, or local drainage measures
need to be adopted.
5

THICK WALL MODELS COMPARED TO
LABORATORY INVESTIGATIONS AND
OTHER METHODS

Results from laboratory tests and analytical models are generally derived from homogeneous isotropic materials and usually for dry conditions.
Although few cases were found where soil mass
is submerged, none of these allowed for groundwater flow.
Dry cohesionless material tests either under natural gravity or run with a centrifuge were presented
by Atkinson and Potts (1977), for plane strain conditions, and fall in the range of about −30% +10%
of Thick Wall Cylinder (TWC) results, as shown
graphically by Sozio (2006).
The Stability Number N as defined by Davis
et al. (1980) for their plane strain Upper and Lower
Bound plasticity solutions is compared to Thick
Wall Cylinder (TWC) results as shown at Figure 6,
for a given dimensionless undrained shear strength
ratio. TWC results are on an intermediate range
but closer to the upper bound plane strain plasticity solution.

Figure 6. Undrained plane strain collapse results from
Davis et al. (1980) Upper Bound (UB) and Lower Bound
(LB) plasticity solutions as compared to Thick Wall Cylinder model (TWC).
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Automatic mesh generation algorithms have
evolved to a point where thin material layers can
be modelled with acceptable element aspect ratios.
Additional procedures to improve accuracy,
such as further mesh refinements around excavation areas subjected to high hydraulic and stress
gradients, are also well documented in specialized
literature, e.g. Zienkiewicz et al. (2013), as well as
in software manuals.
Numerical methods also allow for determination
of the complete displacement field up to failure.
Numerical model safety factors should follow a
partial safety factors approach, in unison with the
procedure indicated for analytical models, item 2.5.
Figure 7. Relative support pressures for Thick Wall
Sphere (TWS) compared to kinematic rotational model
(Mollon) and numerical method (Einsenstein), for dry
cohesionless soil.

Davis et al. (1980) also presented plane strain
centrifuge test data for a given undrained shear
strength ratio, Thick Wall Cylinder (TWC) results
being slightly conservative, as shown by Sozio
(2006).
TWS model is also on the conservative side
when compared to a kinematical rotational three
dimensional mechanism presented by Mollon
et al. (2010) and to numerical method simulations
by Eisenstein et al. (1994), as shown at Figure 7.
Thick Wall Models comply with equilibrium
conditions and do not violate strength criterion,
those being requirements of a Lower Bound
Solution of the Theorems of Plasticity, where a
safe failure load should be expected. However,
as discussed on limitations c. and g., chapter 4,
such conservativeness cannot be always ensured.
6

NUMERICAL METHODS

Three Dimensional (3D) numerical methods have
the potential to enable tunnel stability analysis as a
most reliable procedure, since it is possible to overcome the analytical model limitations.
Tunnel geometrical complexities resulting from
a multi phased excavation sequence, mixed face
conditions and soil strengthening techniques such
as jet grouting can be adequately reproduced in
numerical model mesh elements.
Procedures such as the Arc Length Control,
implemented into Finite Element Methods, allow
for a numerically robust approach of failure loads.
It is noteworthy that in the field of slope stability there is a vast positive experience in comparing
numerical methods to traditional limit equilibrium
methods.
Both global and local failure mechanisms can be
detected.

7

EXAMPLE APPLICATIONS

7.1 Slurry shield blow out
The maximum limiting slurry pressure is evaluated for a shallow 6 m diameter shield in sedimentary sand with a 6 m cover over its crown. The
extent of slurry infiltration into the ground can
be estimated as shown by Anagnostou and Kovári
(1996); a 10 cm thick slurry “cake” was adopted
in the calculations and considered as one material
sphere in the Thick Wall Sphere (TWS) model.
The permeability ratio between sand and slurry
“cake” varied from 1.0 (ineffective slurry), to 104
(effective slurry).
Sand unit weight is 19 kN/m³, friction angle is
38°, and initial horizontal to vertical effective stress
ratio is 0.38. These parameters should be construed as design values, and are also adopted at the
slurry “cake” zone. Slurry fluid pressure is applied
at the face and around a 6 m long shield skin area.
TWS inner sphere diameter is 8.48 m, in order to
envelope a 6 m diameter and 6 m long cylinder.
Comparisons between models are based on fluid
pressures, or equivalent hydraulic heads, at tunnel
crown elevation. The numerical method procedure
to reach a failure state is based on applying small
step increments of hydraulic head, (typically 0.1 m
steps) until equilibrium is no longer attained.
A view of the Plaxis 3D (2014) calculation mesh
is shown at the upper side of Figure 8, with the
corresponding magnified deformed mesh at the
bottom. A rigid lining is applied along a two diameter length from the mesh transverse boundary.
Pore pressure profiles, either radial (TWS), or
on a vertical line at midpoint between tunnel face
and an impervious lining (Plaxis) are shown at
Figure 9, for permeability ratios 1 and 100, with a
satisfactory match between the two model profiles.
Blow out hydraulic heads are shown at
Figure 10, TWS model being on the conservative side. An impermeable “cake” hypothesis
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Figure 10. Blow out analyses—limiting hydraulic heads
at tunnel crown against sand/slurry permeability ratio.

Figure 8. Blow out numerical model—Plaxis 3D mesh
(top) and magnified deformed mesh (bottom).

tion for the invert arch undermines the upper arch
foundation.
Thick Wall (TWS) inner Sphere diameter is
7.21 m, in order to envelope a 6 m diameter and
4 m long cylinder.
Sand parameters are as adopted in the previous
example. Clay is considered a tropical naturally
cemented material, with a true drained cohesion
of 30 kPa, effective friction angle of 25°, saturated
unit weight of 18 kN/m³, and initial horizontal to
vertical effective stress ratio of 0.58. All geotechnical parameters are considered as design values.
Additional analyses were performed considering clay as undrained, with 60 kPa shear strength.
Undrained local failure was verified through the
conservative (2D) lower bound expression:
2.0Su > tunnel height ≈ 6.0 m
γ

Figure 9. Blow out analyses—pore pressure profiles for
permeability ratios 1 and 100, all curves starting from
same reference value at tunnel crown.

(ratio > 104) may lead to unsafe head values for
less effective slurries.
7.2

Conventional tunnel collapse

A head and bench sprayed concrete lined tunnel
approximately 6 m in diameter and with a 6 m
cover to ground level is considered to be excavated
in clay, beneath a sand layer. A surface load of
15 kPa is applied at ground level, and water level is
kept invariant at 2 m below surface. Tunnel lining
is disregarded in the front 4 m owing to an unsupported head advance and to the fact that excava-

(27)

Drained local collapse was evaluated through the
combined block-wedge mechanism, Sozio (2006).
A tunnel face berm was added in response to both
local analyses, to improve local heading stability.
Views of the Plaxis 3D mesh and magnified
deformed mesh are shown at Figure 11, a rigid lining being applied for a two diameter length from
the mesh transverse boundary.
Pore pressure profiles, either radial (TWS
model), or on a vertical line at midpoint between
tunnel face and an impervious lining (Plaxis) are
shown at the graph of Figure 12, confirming that
within the failure zone of the numerical model there
is a good agreement with TWS hydraulic model.
From a stable condition in the numerical model,
undrained and drained cohesive strengths were
gradually reduced in 0.1 kPa steps, to a limit below
which equilibrium could not be maintained.
The graph of Figure 13 represents the strength
reduction factor (SF) at failure, related to the
design values of clay’s effective cohesion (drained),
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and undrained shear strength, other parameters
being kept constant. Clay cover above tunnel
crown varied from 1.0 m to 3.0 m. As in the previous example, Thick Wall Sphere (TWS) results are
on the conservative side. SF≤1 indicates collapse
conditions, for currently adopted parameters.
Further numerical parametric analyses on
both example applications revealed that collapse
and blow out failure results are not significantly
affected by soil deformability, either linear elastic
or nonlinear, as well as by initial stress ratio (K0’).
8

Figure 11. Collapse numerical model—Plaxis 3D mesh
(top) and magnified deformed mesh (bottom).

Figure 12. Collapse analyses—pore pressure profiles for
permeability ratios 10 and 1000, and 1.5 m clay cover.

Figure 13. Collapse analyses—reduction factors on
drained or undrained cohesive strength design values, related to clay cover, for permeability ratio Ksand/
Kclay = 1000.

CONCLUSION

As tunnel excavation failures are frequently being
reported, it is felt that objective stability analyses
should be mandatory for every tunnel design.
Thick Wall analytical models, modified to allow
for groundwater flow and different materials in the
soil mass can be easily implemented into a spreadsheet, allowing for quick initial stability assessments. However, due to a series of limitations
(refer to chapter 4) their use should be restricted
to early studies and preliminary stages of a design.
Three dimensional numerical methods are able
to overcome analytical model limitations, with
allowance for geometrical and geotechnical complexities such as multi-phase excavations, mixed
face conditions, and soil reinforcement. Information on displacements up to failure can also be
obtained.
Three dimensional numerical methods are recommended to be deployed as design advances into
its basic and detailed stages.
REFERENCES
Anagnostou, G. & Kovári, K. 1996. Face Stability in
Slurry and EPB Shield Tunnelling, Geotechnical
Aspects of Underground Construction in Soft Ground,
Rotterdam: Balkema.
Atkinson, J. & Potts, D. 1977. Stability of Shallow Circular Tunnel in Cohesionless Soil, Geotechnique Vol. 27.
Braga, P.I., Negro, A., Sozio, L. 2000. Personal Communication Exchanges.
Caquot, A. 1934. Equilibre des Massifs a Frottement
Interne, Paris: Gauthier Villars.
Caquot, A. & Kérisel, J. 1949. Traité de Mecanique des
Sols, Paris: Gauthier Villars.
Carranza Torres, D. Reich, C. & Saftner, D. 2013. Stability
of Shallow Circular Tunnels in Soils using Analytical
and Numerical Models, Proceedings of the Minnesota
Annual Geotechnical Engineering Conference.
Davis, E., Gunn, M., Mair, R. & Seneviratne, H. 1980.
The Stability of Shallow Underground Openings in
Cohesive Material, Geotechnique Vol. 30.
Eisenstein, A. & Ezzeldine, O. 1994. The Role of Face
Pressure for Shields with Positive Ground Control,

231

Tunnelling and Ground Conditions, Amsterdam:
Balkema.
German Geotechnical Society. 2008—Recommendations
on Excavations—EAB (Empfehlungen des Arbeitskreises Baugruben), Recommendation R77, 2nd Edition
(Translation of the 4th German Edition), Berlin:
Ernst & Sohn.
Jaeger, J. & Cook, N. 1975. Granular Materials—
Chapter XVI, Fundamentals of Rock Mechanics,
London: Chapman Hall.
Mollon, G., Dias, D. & Soubra, A. 2010. Face Stability
Analysis of Circular Tunnels Driven by Pressurized
Shield, Journal of Geotechnical and Geoenvironmental
Engineering, January, ASCE.
Mühlhaus, H. 1985. Lower Bound Solutions for Circular
Tunnels in Two and Three Dimensions, Rock Mechanics and Rock Engineering, nº18.
Negro, A. 1988. Design of Shallow Tunnels in Soft
Ground, Ph.D. Thesis, University of Alberta.

Plaxis 3D, 2014. Anniversary Edition, Software Manual,
Delft.
Silveira, A. 1983. A Note on Critical Hydraulic Gradient,
Solos e Rochas Vol 6, ABMS (Brazilian Soil Mechanics Association).
Sozio, L. 1982. Use of Hemispherical Projections to
Assess Rock Tunnel Stability Conditions, Underground Excavation Symposium, ABMS (Brazilian Soil
Mechanics Association), Rio de Janeiro.
Sozio, L. 2006. Analytical Stability Models for Tunnels in
Soil, Geotechnical Aspects of Underground Construction, Amsterdam: Taylor & Francis.
Sozio, L. 2016. On the Assessment of Stability for Tunnel Excavation through Heterogeneous Materials with
Groundwater Flow, 13th Conference Underground
Construction Prague.
Zienkiewicz, O., Taylor R., Zhu, J. 2013. The Finite Element Method—Its Basis and Fundamentals, 7th Edition, Butterworth-Heinemann.

232

