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ABSTRACT: A 3D elasto-plastic finite element model is used to study the face stability and the corresponding stresses
around the face of a tunnel constructed in stress and geological environments prevalent in Shales in southern Ontario. The
effect of the rock mass strength on the tunnel stability and distribution of stresses at and close to the tunnel face are
investigated based on the results of the 3D analyses. The response of the tunnel face to high in-situ horizontal stresses for
different rock mass strengths was also examined. To facilitate comparison with plane strain analysis, 3D results are
presented for several cross-sections along the tunnel. The potential implications of the results obtained are discussed.

1. INTRODUCTION

When an underground opening is excavated
into a stressed rock mass, the stresses in the
vicinity of the opening are redistributed such
that the tangential stresses are maximum at the
periphery of the excavation and decrease with
the distance from the tunnel. Therefore, the
rock may vyield in the overstressed zone
surrounding the excavation. Closed form
solutions for calculating the stress distribution
provide great value for  conceptual
understanding of behavior and for testing and
calibration of numerical models. However,
these solutions are restricted to plane strain
analysis of simple geometries and material
models.

It is known that the ground behavior near the
face of an advancing tunnel is a problem that
cannot be analyzed by closed form solutions or
by simplified plane strain or axisymmetric
finite element models because of the strong 3D
effects. Several authors have addressed the
problem of face stability of tunnels in weak
rock. Lo et al. [1] presented a theoretical elastic
solution for stresses and displacements during

the face advance. Lo et al. [2] utilized the
results of elasto-plastic axisymmetric finite
element analysis together with a plane strain
closed form solution to introduce the concept of
load sharing ratio between the rock mass at the
tunnel face and the supporting system. A
fictitious support pressure was considered in
their analysis by gradually reducing the initial
radial stresses inside the tunnel. These studies
provided a conceptual framework for
interpreting and predicting the displacements,
stresses, and stability around the tunnel face.

The objective of this study is to demonstrate
some aspects of 3D behavior of large openings
in weak rock subjected to high horizontal
stresses. A 3D elasto-plastic finite element
model is used to study the face stability and the
corresponding stresses of a tunnel in Queenston
Shale with geometrical and geological
conditions similar to those considered for Sir
Adam Beck Niagara Generating Station
Number 3 (SABNG No. 3) project [3].
Relationships between rock mass strength,
circumferential stresses, and plastic zone
development at and near the tunnel face are
established.



2. ROCK MASS PARAMETERS

The tunnel considered is 13 m diameter and 10
km long located in Queenston Shale at a depth
of about 200 m from ground surface. Rock
formations in this region are characterized by
high initial  horizontal  stresses.  Their
magnitudes and directions may vary according
to local topographic conditions and geometries.

Based on hydraulic fracturing tests at depth
encompassed by most sections of the tunnel,
the maximum and minimum horizontal stresses
are 24 MPa and 18 MPa respectively. In the
analysis, average horizontal stress = 21 MPa,
vertical in-situ stress = 5.2 MPa, and initial
stress ratio (K,) = 4 will be employed.

Reliable estimates of the strength and
deformation characteristics of rock mass are
required for any analysis  involving
underground excavation. A representative set
of rock parameters used in the analysis is
shown in Table 4.1. The uniaxial compressive
strength of the rock mass is related to the
Mohr-Coulomb parameters by the well known
relationship ocm = (2c cosd ) / (1 - sing)

where, ¢ and ¢ are the cohesion and angle of
internal friction respectively.

Table 1. Rock mass parameters

Rock parameters

Young’s Modulus (E) 15,800 MPa
Poisson’s ratio (v) 0.3
Uniaxial compressive strength:

- Intact rock (o) 37 MPa

- Rock mass (o¢m) 37 -5 MPa
Cohesion (c') 9-1.2 MPa
Friction angle (¢) 38°
Friction angle (/) 0°
Initial stress ratio (K,) 4
Unit weight (y) 26 kN/m®

3. METHOD OF ANALYSIS

The analyses are performed using three-
dimensional (3D) elasto-plastic finite element
computer program developed based on the
library of routines published by Smith and
Griffiths [4] employing the following aspects:

3.1. Full 3D analysis

The rock mass is modeled using 20-noded brick
elements. The element performance has been
checked against simple cases where closed-
form solutions exist for comparison. Details are
given elsewhere [5].

3.2. Varied construction sequences

Material is removed at several stages so that,
for the non-linear analyses, the final stress data
is appropriate to the sequence of excavation
that would be performed. This process must be
conducted in such a way that equilibrium is
maintained in the rock elements around the
tunnel. Element removal was carried out using
procedure described by Brown and Booker [6].
Initially, the ground is stressed by its own
weight. For each excavation stage, the
geometry is modified and a new stiffness
matrix and load vector is formed. The loads are
removed in increments and the nonlinear
equations were solved using a modified
Newton-Raphson technique. A full integration
scheme (27 integration points) was used in the
present analysis.

3.3. Material non-linearity

It is assumed that the onset of plastic failure of
the rock mass is defined by the Mohr-Coulomb
criterion. This failure criterion has an irregular
hexagonal shape in principal stress space as
shown in Figure 1. The presence of corners at 6
= + 30° creates a non-continuous and non-
differentiable failure surface. In the present
study, the smoothing algorithm suggested by



Smith and Griffiths [4] is adopted, whereby a
smooth surface is substituted in the corners
when (see Figure 1)

|sin™ 0 | > 0.492424 (6 = 29.5).

In this region, the surfaces are evaluated
explicitly with either 6 = 30° or 6 = -30° giving
a circular surface over a small arc. Different
assumptions can be made, but no numerical
difficulties have been encountered with the
above scheme.
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Figure 1. Mohr-Coulomb Failure Criterion in the
principal stress space

3.4. Solution algorithm

In a 3D analysis which does not seek to model
collapse, reforming and factorizing the global
stiffness matrix for the tangent stiffness
approach is computationally very costly. Thus
for the analyses reported herein, a simple
viscoplastic algorithm with a modified Newton-
Raphson iterative scheme is used to redistribute
stresses that have strayed outside the failure
surface.

3.5. Pre and post processing
The graphical interface program GID [7] was

used to generate the finite element mesh and to
interpret the results of the analysis.

approximation

4. ANALYSIS DETAILS

A parametric study was conducted to ensure
that the lateral boundaries of the mesh were
located sufficiently distant such that they would
not significantly influence the predicted
displacement of the tunnel lining. To meet this
criterion it was necessary to locate the
boundaries 88 m (7D) from the tunnel
centerline in the x and z-directions. Behind the
tunnel face, a distance of 70 m was necessary
to ensure that plane strain conditions was
reached based on the observed stress and
displacement patterns.

The 3D finite element analysis was performed
using 1210 twenty-noded isoparametric
elements with a total of 6033 nodes arranged as
shown in Figure 2. Nodes along the vertical
boundaries may translate freely along the
boundaries but are fixed against displacements
normal to these boundaries. The nodes at the
base are fixed against displacements in both
directions.

In describing the results of 3D analysis, two
stability criteria are presented as suggested by
Lo et al. [2]; the first is the displacement
around the tunnel opening that may be
considered to indicate ground instability if
excessive displacement developed. The second
stability criterion related to the development of
plastic zones around the advancing face. For
stable tunnels, plastic zones only develop at the
face corners whereas for unstable ground a
continuous plastic zone is formed at and in
front of the tunnel face.

In order to investigate the effects of the rock
mass strength on tunnel stability and
deformation, the strength was reduced
gradually by reducing the cohesion (c). Five
cases were examined representing a range of
rock mass quality from good to poor quality
rock mass using ¢ = 9, 4.5, 3.5, 25 and 1.2
MPa. These values correspond to a ratio of rock



mass strength to in situ stress (ocm/po) of about
3.0, 1.4, 1.0, 0.8 and 0.4 respectively. The in
situ stress is represented by the average
principal stress defined as p, = (oy + oy) / 2,
where o, and oy, are the vertical and horizontal
stresses respectively.

200 m

88 m

Figure 2. Finite element mesh used in the 3D analysis

5. TANGENTIAL STRESSES

The results of analyses give a complete
description of stresses, displacements and
plastic zones around the tunnel. For space
limitations, only some results of stresses and
plastic zones can be presented in this paper.

The advancement of a tunnel face in a stressed
rock mass result in the disturbance and
redistribution of the primary in situ stress field.

This disturbance involves both changes in
magnitude and orientation of stresses in the
proximity of the tunnel boundary. The
tangential stress distribution at a plane strain
cross section as well as the changes in
tangential stresses with distance from the
tunnel face is presented in the following
sections.

5.1 Tangential stresses at a plane strain cross
section and the tunnel face

The distribution of tangential stresses at a plane
strain cross-section across the tunnel is shown
in Figure 3. Compressive stresses were
calculated at the tunnel crown and invert for the
entire range of rock mass strengths examined.
These stresses decreased from 52 MPa for
(oem/po) = 3.0 to about 25 MPa for (ocm/po) =
0.4. Tensile stresses were observed at the
springline for the range (ccm/po) Of 3 to 1. As
the strength decreased, compressive stresses
started to develop and reached a value of about
5.6 MPa for (ocm/po) = 0.4. The calculated
tangential stresses for the elastic case were
compared with the closed form solution from
which maximum stresses of about 58 MPa and
-5 MPa were found at the tunnel crown and
springline respectively. These values are
slightly higher than the calculated values using
the finite element analysis. This may be
attributed to the fact that stresses are being
calculated in the finite element analysis at the
Gauss points, which are located at a distance of
about 0.5 m from the tunnel perimeter for the
elements surrounding the tunnel opening.

The significance of the previous results is that,
under a given high in situ stress value, the rock
mass strength has a great influence on the
redistributed tangential stresses around the
tunnel opening. A failure pattern in the form of
cracking along the springline may develop due
to the possible development of tensile stresses
in the rock, for unlined tunnels in strong rock.
It should be noted that high tensile stresses



induced at the springline level have been
measured by Lo et al. (1984) in strong rock
(oem/po = 17) and are consistent with the
theoretical results.

To investigate the effect of the stress
redistribution on the tunnel face and to examine
the possible overstressing of the rock mass at
the face, tangential and radial stresses along the
crown-invert diameter were calculated and
shown in Figures 4 and 5 respectively.
Tangential stresses are compressive near the
tunnel crown and invert for the range of rock
mass strength examined as shown in Figure 4.
These stresses ranged between 2.5 to 3 times
the average in situ stresses, po. In Figure 5,
tensile stresses were found for high strength
rock mass with a maximum value at the face
center as shown in Figure 5a. These results are
consistent with those reported by Lo et al. [1].
Under such conditions, tensile fracture occurs
as a phenomenon of rock burst. Case histories
reported by Martna [8] indicated that severe
rock bursting conditions occurred in high
strength rock during the excavation of a tunnel
in Sweden. Rock bursting was manifested near
the tunnel heading, following the face advance,
and seldom at distance greater than 3a, where a
is the tunnel radius, from the face.

As the strength decreased, compressive stresses
started to develop at the edges near the crown
and invert (see Figure 5). With further decrease
in the strength, an almost uniform distribution
of compressive stress was observed. It is well
known that rock burst seldom occurs in weak
rock. These results suggest that face stability
may  involve  fundamentally  different
mechanism of failure in strong and weak rock.

A summary of results is given in Figure 6. It
can be seen that similar behavior for the rock at
the face center and springline, where tensile
stresses started to develop at rock mass strength
of about 1 to 1.5 times the in situ stress and
elastic response was found at (ccm/po) Of about

2. These results are of practical importance for
preliminary design assessment. In addition to
controlling  deformations, the temporary
supporting system should be designed to resist
the stresses induced instability of the tunnel.
The existence of stress concentration at the
crown and invert may lead to roof fall and floor
heave in weak rock mass or rock bursting in
high strength rock mass.

5.2 The effect of face advance on the
tangential stress distribution

In the previous section, the final stresses at the
tunnel face and the stresses developed at a
plane strain cross section were presented.
During the face advance, however, stress
magnitude and orientation keep changing until
the plane strain conditions are reached. The
effect of face advance on the tangential stress
changes is discussed in this section.

Tangential stresses at several cross sections
along the tunnel are plotted in Figures 7a and
7b for the crown and springline respectively. At
the tunnel crown, tangential stresses close to
the face are higher than at the plane strain
cross-section for low quality rock mass,
(oem/po) = 0.4-1.0 with significant stress
increase of about 100% for (ocm/po) = 0.4 at a
distance of 5 m from the face. As the rock mass
strength increased, a more uniform stress
distribution was found along the tunnel. The
practical significance of this observation is that
the stress redistribution near the face due to
tunnel excavation depends on the ratio of the
rock mass strength to in situ stress. Higher
tangential stress concentrations occur near the
face for the relatively poor quality rock mass.
Therefore, excavation in poor quality rocks
should proceed with caution and temporary
lining should be installed as close to the face as
possible to avoid local instability at the tunnel
crown.



At the tunnel springline, similar but less
pronounced trend was found for low quality
rock where the tangential  stresses
(compressive) increased near the face. For
(oem/po) greater than 1.0, tensile stresses
developed along the tunnel with a significant
increase of about 100% for (ccm/po) =3.0 as
shown in Figure 7a. The implication of this
finding is obvious. Although stress levels
developed at the springline are small compared
to in situ stresses, tensile stresses can rapidly
develop close to the face which may lead to
local instability and cracking along the
springline if tensile stresses exceeded the
tensile strength of the rock.

6. PLASTIC ZONE DEVELOPMENT

In order to simplify the identification and 3D
plotting of plastic zone, elements with several
(more than 9) plastic Gauss points are
considered to become plastic and are plotted in
Figures 8a and 8b. Using this method, the
extent of plastic zone is approximated to a
distance of half an element width. To illustrate
the extent of plastic zone at the tunnel crown
and haunches (at 45°), two cross sections were
considered as shown in Figures 8a and 8b
respectively.

For the cases of (ocm/po) = 1.4, plastic zone
was uniformly distributed around the tunnel
circumference near the tunnel haunches and
extended along the excavated part of the tunnel
up to a distance of about 10 m from the tunnel
face. The radius of the plastic zone based on
these results was about 4 m from the tunnel.
For (ocm/po) = 1.0 the distribution of plastic
zone was not uniform, such that, plasticity
concentrated at the tunnel haunches with a
radius of about 8 m from the tunnel
circumference and 4 m elsewhere. Local
plasticity at the tunnel face near the crown and
invert was observed. As the rock mass strength
decreased the plastic zone developed around
the tunnel opening followed the same pattern

discussed. However, the radius of plastic zone
extended further at the tunnel haunches to a
distance of about 16 m (see Figure 8b) from the
tunnel circumference and increased to 8 m at
the crown (see Figure 8a). Continuous plastic
zone developed at the tunnel face with further
strength decrease.

It is evident, from the previous results that the
size of plastic zone around the tunnel opening
shows a dramatic increase and a continuous
plastic zone formed at the face when the
uniaxial compressive strength of the rock mass
was around about 0.4. Unless adequate support
is provided, the tunnel may be unstable under
such conditions.

7. SUMMARY AND CONCLUSIONS

The behavior of a large diameter tunnel in
weak rock subjected to high horizontal stresses
has been investigated. The analysis allows the
computation of the complete stresses and
deformation patterns as well as plastic zone
development around the length of the tunnel
and at the face.

Face stability involves fundamentally different
mechanisms of failure in strong and weak rock.
For the case of weak rock, stress concentration
may lead to overstressing of the rock mass at
the face causing local instability and possibly
failure. Strong rock may experience a different
failure mechanism where tensile stresses may
occur at the face causing tensile fracture as a
phenomenon of rock bursting.

Plastic zones concentrate at the tunnel
haunches and extend along the excavated part
of the tunnel up to a distance of about one
tunnel diameter from the tunnel face. Adequate
support at the face and springline is required
when the ratio between rock mass strength to in
situ stress falls below 0.4 at which a continuous
plastic zone is formed.
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