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7 Stresses around a Pressurized Concrete Tunnel

7.1 Problem Statement

This example demonstrates the stress analysis of a water tunnel that is excavated in rock, subse-
quently lined, and then pressurized. The analysis presented here considers the lining as a monolithic
structure, and includes gravitational loading of the surrounding rock mass.

The objectives of this analysis are to simulate stress relaxation in the rock after excavation and
prior to liner installation, and to examine rock stresses after the lining is installed and the tunnel
pressurized.

The section to be analyzed is illustrated in Figure 7.1. The circular water tunnel has an excavated
radius of 5 ft 10 in, and the monolithic liner is 10 in thick. The centerline location has been
positioned, for convenience, at coordinate (0,0) and is located 30 ft below the ground surface. The
water table is 5 ft below ground surface. The overburden is composed completely of a mica-schist
rock with negligible amounts of decomposed rock and clay sediments over the top.
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Figure 7.1 Geometry for water tunnel

It is assumed that the rock is at equilibrium under gravity loading prior to making the excavation.
Further, it is assumed that there is sufficient time delay between excavation and liner installation to
permit the perturbed stress field to come to equilibrium.
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The following properties describe the rock behavior.

dry unit weight 151.3 pcf

elastic modulus (E) 2 × 106 psi
Poisson’s ratio (ν) 0.32
friction angle (φ) 45◦
cohesion (c) 30 psi
tensile strength (σt ) 30 psi

For this study, the rock is assumed to be a homogeneous, isotropic material with no anisotropy
(petrographic, bedding or jointing). The vertical in-situ stress is assumed to increase hydrostatically
with depth as the sum of the water weight and the buoyant rock weight. The ratio of horizontal
to vertical effective stress is 0.3. Depth stress gradients are assumed linear, with zero stress at the
ground surface. Gravity is specified in the analysis.

Groundwater flow is neglected for this analysis. The unlined tunnel boundary is assumed to be
impermeable, and change in pore pressure around the tunnel is assumed to only occur as a result of
mechanical deformations. In order to evaluate the effect of the tunnel excavation on pore pressure
change, two different effective-stress analyses are performed: one neglecting pore pressure change;
and the other including mechanical generation of pore pressure.

The concrete liner is a continuous monolithic structure and is assumed to behave as a homogeneous,
isotropic, linearly elastic material with elastic properties:

elastic modulus (E) 3.6 × 106 psi
Poisson’s ratio 0.2

The analysis focuses on the installation of a 1 ft section of the liner. In order to account for the
plane-strain conditions assumed for the rock mass, the input value for E of the liner is divided by
(1 − ν2). The moment of inertia, I , for the lining is determined from I = t3/12, where t is the liner
thickness.

After the liner is installed, the tunnel is pressurized to 200 psi. For this analysis, the pressurization
is performed at the same stage during which the liner is installed.
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7.2 Modeling Procedure

The basic assumptions that are applied for the FLAC analysis include the following.

1. The geometry of the tunnel is the same along the tunnel length, permitting the
three-dimensional problem to be modeled in two dimensions as a plane-strain
analysis.

2. The layout and geometry of the tunnel are symmetric about the center of the
tunnel, permitting only half of the problem to be simulated along the line of
symmetry.

3. The excavation face is advanced instantaneously and left unlined for sufficient
time to permit the stress field to come to equilibrium. However, the time is not
sufficient for flow of groundwater into the tunnel.

4. The liner is installed and pressurized instantaneously, permitting the stress field
to respond to radial strain of the liner. The liner is also assumed to be rigidly
connected to the rock, and acts as an impermeable barrier to groundwater.*

The Build / Generate / Geometry builder tool is used to create the grid for this problem. The FLAC mesh is
shown in Figure 7.2. The model extends 60 ft below the centerline of the tunnel.

* For other scenarios for modeling forces on submerged lined tunnels, see Section 1.9.5 in Fluid-
Mechanical Interaction.
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Figure 7.2 FLAC grid for water tunnel analysis

A roller boundary is used to model zero x-displacement along the line of symmetry at x = 0 and
the right boundary at x = 100. The bottom of the mesh is pinned in both the x- and y-directions.

The modeling sequence consists of three stages:

Stage I establish equilibrium conditions to initialize stresses
Stage II excavate water tunnel and allow stresses to come to equilibrium
Stage III install tunnel lining, add pressure, and cycle to equilibrium

The FISH function “ININVT.FIS” is used to set the initial pore pressure, effective stress and total
stress distributions. The input for ininvt is the location of the water table wth = 25.0, the ratio
of effective horizontal to vertical effective stress, k0x = k0z = 0.3, and the total vertical stress
distribution defined by table 1: (30,0), (25,-756.47), (-60,-15208.0).

The lining is represented by structural liner elements connected from node to node around the
excavation. Thus, the liner segments are effectively bonded to the rock.

Each structural element has nodal endpoints that coincide with gridpoints describing the excavation
periphery. The internal tunnel pressure (200 psi) at the tunnel boundary is reduced to account for
the thickness of the liner.

The effect of groundwater pressure on the liner is obtained automatically, because the total stress
exerted by each rock zone contains a pore pressure component. As the liner deforms under load,
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it will affect the rock stresses and local pore pressures. The influence on pore pressures can be
evaluated by the following approach.

Both effective stress analyses are run using CONFIG gwflow mode. In the first analysis, pore pressures
do not change; the water bulk modulus is set equal to zero.

In the second analysis, mechanical generation of pore pressures is included. A groundwater bulk
modulus of 4 × 107 psf is used in this case. SET flow off is specified in order to exclude groundwater
flow.

Both analyses are at a stress equilibrium state with the same total and effective stress distributions
before the tunnel is excavated.
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7.3 Results and Discussion

The results for the first case (no change in pore pressure) are plotted in a sequence of eight figures.
Figures 7.3 and 7.4 show effective and total principal stress plots (in psf) after stress equilibrium
for the far field and the near field. It is seen that the major principal stress is vertical. As expected,
these stresses increase with depth. The location of the water table is also shown.

The next plots, Figures 7.5 and 7.6, are of the effective and total principal stresses after the excavation
is made and stresses have come to equilibrium, but prior to liner installation. It is clear that the
principal stress tensors rotate about the circumference of the excavation for a distance of about 1
tunnel diameter. Comparing the unexcavated to excavated stresses, it can be seen that the maximum
principal stress has increased around the tunnel. However, the radial stresses are relaxed in the
vicinity of the tunnel, and there is a tensile-stress region immediately surrounding the tunnel, as
shown in Figure 7.6. Change in principal stress tensor direction between the unexcavated and
excavated states represents shear stresses due to excavation.

Figures 7.7 and 7.8 indicate the principal stress distribution after the lining is installed and pres-
surized, and stresses have come to equilibrium. The tensile-stress region now extends farther away
from the tunnel, all the way to the ground surface. The radial stresses surrounding the tunnel
increase as a result of the pressurization, but the tangential stresses decrease and become tensile.
This can be seen by comparing Figure 7.8 to Figure 7.6.

The plasticity plot in Figure 7.9 shows that many zones around the tunnel either are at yield, or were
at yield in the past. However, none of the zones have failed yet in tension. The currently yielded
zones are in the higher shear-stress regions.

Figure 7.10 plots the pore pressure distribution at the final state. Note that the pore pressures do
not change for this analysis.

For the second analysis, pore pressures can generate as a result of mechanical volume change
during the tunnel construction stages. Pore pressure change is governed by the water bulk modulus.
Figure 7.11 shows the pore pressure distribution after the tunnel excavation, and Figure 7.12 shows
the distribution after the liner is installed and pressurized.

Figures 7.13 and 7.14 show the principal stress distribution for the analysis, including mechanical
generation of pore pressure. The effect of mechanical deformation on pore pressure is indicated in
these figures by the change in the pore-pressure contours around the tunnel (as shown in Figures 7.11
and 7.12). However, as these figures also indicate, the influence of change in pore pressure on the
effective stress distribution, and the extent of the tensile stress region, is insignificant. Compare
Figures 7.13 and 7.14 to Figures 7.5 and 7.7.
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Figure 7.3 Effective principal stress distribution under gravity loading
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Figure 7.4 Close-up view of initial total stresses before tunnel excavation
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Figure 7.5 Effective principal stress distribution and tensile stress region
after tunnel excavation
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Figure 7.6 Close-up view of total principal stress distribution after tunnel
excavation

FLAC Version 8.0



Stresses around a Pressurized Concrete Tunnel 7 - 9

   FLAC (Version 8.00)

LEGEND

   10-Jun-15  10:36
  step      5021
 -1.000E+01 <x<  1.100E+02
 -7.500E+01 <y<  4.500E+01

Effective Principal Stress
Max. Value =   3.105E+03
Min. Value =  -1.418E+04

0   5E  4

Phreatic surface

Boundary plot

0   2E  1

Tension Region Contour

-6.000

-4.000

-2.000

 0.000

 2.000

 4.000

(*10^1)

 0.000  0.200  0.400  0.600  0.800  1.000
(*10^2)

JOB TITLE : STRESSES AROUND A PRESSURIZED CONCRETE TUNNEL                                             

Itasca Consulting Group, INC.           
Minneapolis, MN, USA                    

Figure 7.7 Effective principal stress distribution and tensile stress region
after liner installed and pressurized
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Figure 7.8 Close-up view of total principal stress distribution, axial forces in
liner and applied forces at tunnel boundary after liner installed
and pressurized
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Figure 7.9 Plasticity indicators after liner installed and pressurized
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Figure 7.10 Pore pressure distribution after liner installed and pressurized
(no mechanical generation of pore pressure)
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Figure 7.11 Pore pressure distribution after tunnel excavation (mechanical
generation of pore pressure)
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Figure 7.12 Pore pressure distribution after liner installed and pressurized
(mechanical generation of pore pressure)
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Figure 7.13 Effective principal stress distribution, pore pressure contours and
tensile stress region after tunnel excavation (mechanical gener-
ation of pore pressure included)
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Figure 7.14 Effective principal stress distribution, pore pressure contours and
tensile stress region after liner installed and pressurized (mechan-
ical generation of pore pressure included)
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