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a b s t r a c t

Erosion voids may develop around buried infrastructures due to several reasons including water infiltra-
tion into leaking joints, dissolution of Karst limestone, and dynamic loading caused by construction
related activities. This study evaluates the effect of erosion voids developing in the close vicinity of exist-
ing tunnels on the circumferential stresses in the lining. A series of simplified void geometries are defined
beside and under the lining. Elasto-plastic finite element analyses are performed to study how those
voids influence thrust forces and bending moments in the lining. The role of other factors such as the lin-
ing flexibility and in situ stress conditions is also investigated. Depending on the flexibility ratio between
the lining and the surrounding soil, the void size can have a significant impact on the circumferential
stresses in the tunnel lining. A void under the invert leads to decrease in the magnitude of bending
moment, and for large void size, the moments can reverse sign. This preliminary study suggests that
efforts to arrest the growth of erosion voids at the invert and springline should be made before the voids
reach this size. All results presented are theoretical in nature, and physical testing is needed to evaluate
the performance of these calculations.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Tunnels are considered to be one of the main underground
structures and are widely used for transportation, waste water,
electricity or communication cables, etc. With the new develop-
ments and upgrade of existing infrastructure, tunnel construction
is increasing all over the world and tunnel engineers are more
aware of the importance of the safety and economics of a tunnel
design and construction. Peck (1969) stated three main issues to
be considered in a successful tunnel design – first, maintaining sta-
bility and safety during construction, second, minimizing unfa-
vourable impact on third party structures, and finally performing
the intended function over the service life of a project.

In engineering practice different methods are often used to cal-
culate lining stresses, including empirical (e.g. Peck, 1969;
Schmidt, 1974; Attwell, 1978; O’Reilly and New, 1982; Mair
et al., 1993); analytical (e.g. Schulze and Duddeck,1964; Morgan,
1971; Peck et al., 1972; Muir Wood, 1975; Einstein and Schwartz,
1979; Sagaseta, 1987; Verruijt and Booker, 1996; Loganathan and
Poulos, 1998; Bobet, 2001) and numerical analyses (e.g. Mair
et al., 1981; Swoboda et al., 1989; Lee and Rowe, 1990; Leca and
Clough, 1992; Chen and Baldauf, 1994; Augarde and Burd, 2001).
These studies significantly contributed to the understanding of
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the soil-lining interaction mechanisms under perfect contact con-
ditions between the lining and the surrounding ground.

It has been observed that during the service life of a tunnel, the
surrounding soils may erode locally around the lining as illustrated
in Fig. 1. This condition may develop due to several reasons includ-
ing water infiltration into leaky joints or a deteriorated lining sys-
tem, dissolution of soils or nearby bedrock strata, and dynamic
loading. Water ingress into tunnels may be encountered as well
in the construction phase of any tunnel as in the operation phase
of drained tunnels (Kolymbas and Wagner, 2007). The negative
consequences of this process can vary from minor surface corro-
sion of tunnel appurtenances to major deterioration of the struc-
ture and thus decreased load carrying capacity of the tunnel.
Most tunnels have problems that fall somewhere in between
(U.S. Department of Transportation, 2005). Possible forms of degra-
dation that can result from water infiltration into tunnels include:
erosion of cement and sometimes aggregates of concrete liners
causing the structure to be weakened; bolts that connect segmen-
tal linings can corrode and fail; fine soil particles can be carried
through cracks with the water creating voids behind the liner,
which can cause settlement of surrounding structures and/or cause
eccentric loading on tunnel that can lead to unforeseen stresses.

Talesnick and Baker (1999) reported the failure of a large diam-
eter (1.2 m) concrete-lined steel sewage pipe buried in clayey soils.
Field investigations revealed the formation of a physical gap of
approximately 20 mm between the invert and the bedding layer
supporting the pipe. Severe cracking developed at the crown and
springline along a 300 m segment of the pipeline. Although the
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Nomenclature

As, Is area and moment of inertia of cross section of liner
C, F compressibility and flexibility ratios
E, m Young’s modulus and Poisson’s ratio of the soil
El, ml Young’s modulus and Poisson’s ratio of the liner
Eoed, E50, Eur initial, secant and unloading moduli of the soil
fs the ratio between the stress at which the unloading

starts and the stress at failure
k dimensionless modulus number

K0 coefficient of earth pressure at rest
Lv void length along the tunnel circumference
pref reference pressure
r tunnel radius
T, M axial force and moment acting on cross section of liner
t, w lining thickness and gap between ground and liner
c0, /0, c cohesion, friction angle and unit wavelength of the soil
r01,r02 major and minor principal stresses
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pipe was installed using the conventional trench excavation meth-
od, this case study emphasizes the importance of a full contact be-
tween the buried structure and the supporting soil.

The objective of this study is to investigate the impact of ero-
sion voids developed around existing tunnels on the circumferen-
tial stresses in the linings. A series of simplified void geometries
are defined beside and under the lining. Elasto-plastic finite ele-
ment analyses are performed to study how those voids influence
thrust forces and bending moments in the lining. The role of other
factors such as the lining flexibility and in situ stress condition is
also investigated.
2. Initial lining stresses

Structural design models including analytical closed form solu-
tions and bedded beam approaches have been extensively used by
engineers for the analysis of both conventional and shield tunnel-
ling. Installation procedures of these tunnelling methods (e.g.
shield tunnelling, sequential excavation, etc.) significantly influ-
ence the magnitude and distribution of loads on tunnel lining
and it has been discussed thoroughly in the literature. Schmid
(1926) was probably the first to present an analytical solution for
a continuum tunnel model. Later analytical solutions for bending
moments and normal forces were presented by Bull (1944),
Engelbreth (1961), Schulze and Duddeck (1964), Morgan (1971),
Peck et al. (1972), Muir Wood (1975), Einstein and Schwartz
(1979), Sagaseta (1987), Verruijt and Booker (1996), Loganathan
and Poulos (1998), Bobet (2001), Chou and Bobet (2002).
Tunnel
Lining

Soil 

Erosion
Voids

Fig. 1. Existing lining experiencing local support loss as a result of erosion voids.
In the above context, Peck et al. (1972) introduced the definition
of stiffness ratios, which are the flexibility ratio and the compress-
ibility ratio, for tunnel liners. The flexibility ratio (F) is the flexural
stiffness ratio between the ground and the liner and is defined as
follows:

F ¼ E
ð1þ mÞ

6ElIl

r3ð1� m2
l Þ

�
ð1Þ

where E is the elastic modulus of the soil, El is the elastic modulus of
the liner, Il is the moment of inertia of the liner cross section per
unit length along the tunnel axis, and r is the radius of the liner.
The compressibility ratio (C) is obtained by dividing the extensional
stiffness of ground by that of the liner and is defines as follows:

C ¼ E
ð1þ mÞð1� 2mÞ

E1t
rð1� v2

l Þ

�
ð2Þ

where t is the lining thickness, m is the Poisson’s ratio of the soil, and
mt is the Poisson’s ratio of the lining. For a given in situ stress con-
dition (shown in Fig. 2), the moment, M, and thrust, T, in the liner
can be theoretically obtained as follows:

M ¼ Pr2

2
ð1þ KoÞ

ð1� 2mÞC
6F

� �
ð1� LnÞ

�

þ0:5ð1� KoÞð1þ Jn � 2NnÞ cos 2hg ð3Þ

T ¼ Pr2

2
fð1þ KoÞð1� LnÞ þ ð1� KoÞð1þ JnÞ cos 2hg ð4Þ

where Ko is the earth pressure coefficient at rest, h is the angle mea-
sured in counter-clockwise from horizontal plane, F is the flexibility
Tunnel

Soil 

σv

r
σh = Ko σv

Fig. 2. Soil and liner under a state of in situ stress condition.
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ratio and C is the compressibility ratio. The parameters Ln, Jn, and Nn

used in Eqs. (1)–(3) are defined below

Ln ¼
ð1� 2mÞðC � 1Þ
1þ ð1� 2mÞC ð5Þ

Jn ¼
½ð1� 2mÞð1� CÞ�F � 0:5ð1� 2mÞ2C þ 2

½ð3� 2mÞ þ ð1� 2mÞC�F þ 0:5ð5� 6mÞð1� 2mÞC þ ð6� 8mÞ ð6Þ

Nn ¼
½1þ ð1� 2mÞC�F � 0:5ð1� 2mÞC � 2

½ð3� 2mÞ þ ð1� 2mÞC�F þ 0:5ð5� 6mÞð1� 2mÞC þ ð6� 8mÞ ð7Þ

It should be noted that many of the analytical solutions are based
on simplifying assumptions regarding the soil and the lining. The
circular tunnel is usually assumed to be so deep that the increase
of stress due to gravity can be ignored. Hence the soil is subjected
to a uniform stress field. The lining is either rough (full bonding be-
tween the soil and the lining) or smooth (no bonding). Both lining
and ground behave linearly elastic.

Bobet (2001) presented analytical solutions for a shallow tunnel
in saturated ground considering two different drainage conditions,
namely, full drainage at the ground-liner interface, and no drain-
age. The solutions covered different construction processes and soil
conditions including (1) dry ground; (2) saturated ground with and
without air pressure; (3) with and without a gap between the
ground and the liner. The lining thrust, T, and bending moment,
M, for the case of saturated ground condition is expressed by
Ground surface

D = 4 m

Tunnel

Thickness = 25 cm

10 m 

GWT

T ¼ 1
2
½2E w

r � chð1þ KoÞð1þ mÞ�ðC þ FÞ
ðC þ FÞð1þ mÞ þ ð1� m2ÞCF

r � 3
2

chð1� KoÞrcos2h
ð1� mÞF þ 6

þ cð1� KoÞr2 sin 3h
ð1� mÞF þ 24

ð8Þ

M ¼ �3
2

ch ð1� KoÞr2 cos 2h
ð1� mÞF þ 6

þ c ð1� KoÞr3sin3h
ð1� mÞF þ 24

ð9Þ
where, w is the gap between the shield and the liner; C and F are
the compressibility and flexibility ratios; r is the tunnel radius; h
is the angle measured in counter-clockwise from the springline.
It has been concluded that the geometry of the tunnel, soil proper-
ties, and construction method affect the stresses in the liner and
the settlements of the ground. It was also found that a smaller
gap or a deeper tunnel produce larger stresses, while a stiffer
ground or a smaller tunnel produce smaller stresses. It should be
noted that the applicability of the analytical solutions as described
by Bobet (2001) is limited to tunnels in homogeneous, isotropic
soils, where the ground does not have extensive yielding.

As indicated earlier, ground pressure on linings depend heavily
on the construction procedures (physical gap, lining installation
method, workmanship, etc.). To incorporate the installation proce-
dure, Chou and Bobet (2002) developed an analytical solution that
accounts for the installation method using a displacement ap-
proach. They considered 28 shield tunnels to find values for the
gap between lining and ground ranging from 10 mm to 128 mm,
depending on tunnel radius. In this study, the theoretical values
of the moment and thrust at the tunnel crown and springline are
used to validate the finite element model before proceeding with
the reported numerical investigation as detailed in the following
section.
10 m 

Bedrock

Fig. 3. Problem geometry used in the numerical analysis.
3. Numerical analysis

Finite element analyses are conducted to investigate the re-
sponse of an existing liner installed in soft ground and experienc-
ing a local loss of contact due to the presence of erosion voids. The
tunnel is assumed to have a circular shape with a diameter of 4 m
and to be constructed at a depth of 10 m below the ground surface
as shown in Fig. 3. Considering the symmetric condition of the tun-
nel, only one half of the tunnel is analyzed. The analyses are per-
formed using Plaxis V8 software (Brinkgreve and Vermeer, 1998).
A plain strain finite element model is used to represent the soil
and the tunnel lining. The lining is modeled using 3-noded beam
elements, whereas the soil is modeled using 9-noded triangular
elements. A typical finite element mesh is shown in Fig. 4. The
model is restrained in the horizontal direction at the symmetry
axis (smooth rigid) and is restrained in both the vertical and hori-
zontal directions at the lower boundary (rough rigid). Fully drained
condition is assumed. The interaction between the lining and the
soil is modeled using interface elements which allows for the inter-
face condition to be simulated. A strength factor Rint is introduced
to define the strength parameters of the interface relative to those
of the original material.

A series of simplified circular voids were introduced at the in-
vert and springline. The size of the voids was selected such that
unsupported length of the lining (Lv) increase in five increments
representing 0%, 3% (actually 3.3), 7% (actually 6.7), 10% (actually
10.6), and 15% (actually 14.5) of the tunnel circumference. Fig. 5
shows a schematic of the simplified void geometry at the spring-
line. It should be noted that the actual erosion voids are usually
three-dimensional in shape; however, in this study the length of
the void is assumed to be long enough in the direction of the tunnel
axis to facilitate the application of the two-dimensional finite ele-
ment analysis.
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Fig. 4. Finite element mesh used in the numerical analysis. Note: mesh refined
around the springline.

Four simplified 
circular voids 

r = D/2

Lv

Fig. 5. Schematic of the simplified geometry of erosion voids located at the
springline.

Fig. 6. Hyperbolic stress–strain relationship in primary loading for a standard
drained triaxial test (Adapted from Plaxis User’s Manual, 2004).
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3.1. Modeling details

For the saturated sand material, the Hardening-Soil model
(Schanz, 1998) as implemented in the Finite-Element code Plaxis
(Brinkgreve and Vermeer, 1998) is used. A detailed description of
this model is given in the program manual. Emphasis will be
placed her on the meaning of the input parameters rather than
describing the mathematical formulation of the model.
Soil stiffness parameters: Fig. 6 shows a typical drained triaxial
test with constant lateral pressure, r3. Under primary loading the
behaviour is distinctly nonlinear and is assumed to be hyperbolic
up to a failure stress. Here compressive stresses and strains are
considered positive. While the maximum stress is determined by
the Mohr–Coulomb failure criterion, the hyperbolic part of the
curve is defined by using a single secant modulus as additional in-
put parameter, E50, as shown in Fig. 6. It determines the magnitude
of both the elastic and the plastic strains. In contrast, Eur is an elas-
tic modulus. In conjunction with a Poisson’s ratio mur, the elastic
modulus Eur determines the soil behaviour under unloading and
reloading; the indices ur stand for ‘‘unloading/reloading”. Both
the secant virgin loading modulus E50 and the unloading modulus
Eur are stress-level dependent defined by

E50 ¼ Eref
50

ccot u� r03
ccotuþ pref

� �m

ð10Þ

Eur ¼ Eref
ur

ccot u� r03
ccotuþ pref

� �m

ð11Þ

Eref
50 and Eref

ur are input parameters for a particular reference pressure
pref. The exponent m can be measured both in oedometer tests and
in triaxial tests and ranges between 0.4 and 1.0. A value of 0.5 is
typical for sands whereas clays tend to have m � 1.0.The virgin
oedometer stiffness, Eoed, for one-dimensional compression obeys
a stress dependency according to the formula

Eoed ¼ Eref
oed

ccotu� r01
ccotuþ pref

� �m

ð12Þ

where Eref
oed is a tangent stiffness at a vertical stress of �r01 ¼ pref .

In the special case of m = 1 one obtains a linear stress-depen-
dency as usual for cohesive material. In addition to Eref

50 and Eref
ur ,

the oedometer modulus Eref
oed is also an input parameter. Together

with the parameters m, mur, ć, w and the dilatancy angle, w, there
are a total of eight material parameters. Often, no triaxial test re-
sults are available for determining mur, Eref

50 and Eref
ur , in which case

one has to rely on oedometer results and general empirical data,
such as mur, = 0.1–0.2. For sands and stiff clays, one can mostly
use Eref

50 =Eref
ur . The elasticity modulus Eref

ur can be determined directly
from a triaxial test or indirectly with the help of oedometer results.
If the unloading modulus from the oedometer test is termed Eur

oed ,



Table 2
Lining and soil properties used in the model validation

Lining properties
Lining radius 2 m
Thickness 0 25 m
EA 8 � 106 kN/m
EI 8 � 104 kN.m2/m

Soil properties
E 1.5 � 105 kN/m2

Ko 0.426
m 0.3
cd 16 kN/m3

Table 3
Comparison between the numerical and closed form solutions

Method Moment (kN m/m) Thrust (kN/m)

Springline Invert Springline Invert

Numerical �44.5 57.6 848.4 9768.3
Bobet (2001) �47.9 54.7 876.4 9223.1

282 M.A. Meguid, H.K. Dang / Tunnelling and Underground Space Technology 24 (2009) 278–286
according to isotropic linear elasticity the following relationship
holds (Vermeer et al., 2002)

Eur ¼ ð1� 2murÞ
1þ mur

1� mur
Eur

oed ð13Þ

Hence the proper estimates of Eur can be calculated from Eur
oed.

The stiffness properties of the saturated sand in this study are
assumed based on the range of values proposed by Kempfert and
Gebreselassie (2006) for r03=pref of about 1.0 as shown in Fig. 7.
The assigned soil properties are listed in Table 1. These parameters
were kept constant throughout the finite element simulations.

Lining properties: Tunnel lining is modeled using 3-noded beam
elements with three degrees of freedom per node. The equivalent
lining thickness is expressed as deq ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12EI=EA

p
based on the flex-

ural rigidity (bending stiffness), EI, and the axial stiffness, EA, of the
lining cross section. To understand the role of flexibility ratio on
the lining response to erosion voids, four different flexibility ratios
were examined, namely, 16, 32, 64, and 128. Initial stress distribu-
tion in the tunnel lining was calculated considering a volume loss
of 1% which represents an acceptable value for shield tunnelling in
stable ground conditions (Attewell and Farmer, 1974; O’Reilly and
New, 1982). Finite element model is first validated by comparing
initial stresses in the lining (before voids are introduced) with ana-
lytical solutions as described in the following section.
Fig. 7. The variation of the modulus of elasticity with confining pressure under CID
test condition (Adapted from Kempfert and Gebreselassie, 2006).

Table 1
Soil parameters for the hardening soil model

E50
ref 3 � 104 kN/m2

Eoed
ref 2.5 � 104 kN/m2

Eur
ref 1.5 � 105 kN/m2

mur 0.20
pref 100 kN/m2

/0 30o

M 0.5
csat 18 kN/m3

cd 16 kN/m3

Ko 0.5 and 1.0
cref 2 kN/m2
3.2. Validation of the numerical model

Elastic analysis has been conducted to validate the numerical
model using the same tunnel geometry and finite element mesh
described earlier in Figs. 3 and 4. The calculated initial stresses in
the lining have been compared with the closed form solutions of
Bobet (2001). The properties of the soil and tunnel lining used in
the analysis are given in Table 2.

The calculated bending moments and thrust forces at the tunnel
crown and springline are summarized in Table 3. The negative sign
of the moment at the springline indicates that the outer fiber of the
lining is subjected to tensile bending stress. It can be seen that the
numerical solution predicted a slightly higher moment and thrust
values at the crown with a maximum difference of about 5%
whereas a slightly lower values were calculated at the springline.
This indicated a general agreement between the numerical and
analytical solutions.

4. Results and discussion

The effect of erosion voids on the circumferential stresses in the
lining is investigated by examining the changes in bending mo-
ments and thrust forces as the void is introduced and incremen-
tally increased in size at the tunnel invert and springline. The
void size is expressed using the ratio (Lv/pD) that relates the
unsupported length, Lv, and the lining circumference, pD, in all pre-
sented figures. It should be mentioned that soil stresses generally
increased in the close vicinity of the void as the void size increased.
For voids introduced at the springline, the stresses were found to
exceed the soil shear strength (causing soil failure) when the
unsupported length of the tunnel, Lv, reached about 10.6% of the
lining circumference. This is indicated by the arrows shown on
the relevant figures (Figs. 8, 9, 12 and 13).

4.1. Effect of void size on bending moment

The calculated bending moments at the springline and invert
are presented in Figs. 8–11 for the two cases of Ko = 0.5 and
Ko = 1, respectively. The presented values are normalized by divid-
ing the calculated moments, M (kN m/m), by czr2, where, c (kN/m3)
is the saturated unit weight of the soil, z (m) is the depth to the
tunnel centerline, and r (m) is the tunnel radius. Peck et al.
(1972) reported that for a flexibility ratio, F, of more than 10,
the lining system is considered to be flexible. In this study, four
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Fig. 12. Thrust at the tunnel springline as a function of the void size: (Ko = 0.5).
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Fig. 13. Thrust at the tunnel springline as a function of the void size: (Ko = 1).
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Fig. 10. Bending moment at the tunnel invert as a function of the void size:
(Ko = 0.5).
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Fig. 8. Bending moment at the tunnel springline as a function of the void size:
(Ko = 0.5).
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Fig. 9. Bending moment at the tunnel springline as a function of the void size:
(Ko = 1).

-0.01

0

0.01

0.02

0.03

0.04

0.05

0 10 15

M
 / 

γ
z 

r2

(Lv / πD) x100

F = 16
F = 32
F = 64
F = 128

Void size causing 
moment reversal

5

Fig. 11. Bending moment at the tunnel invert as a function of the void size: (Ko = 1).
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different flexibility ratios were chosen, namely, F = 16, 32, 64 and
128 which represent relatively flexible lining systems.

At the springline: Figs. 8 and 9 show the relationships between
the normalized void sizes (Lv/pD) and bending moment ratios at
the tunnel springline. The moment ratio generally increased as F
decreased from 128 to 16. For a given flexibility ratio, significant
increase in bending moment was calculated when the void size in-
creased from 3.3% to 10.6% of the tunnel circumference. By exam-
ining Figs. 8 and 9, it can be seen that the moment changes
accelerate once the void size reaches about 3%. It was also observed
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that the calculated bending moments for Ko = 1, were generally
smaller as compared to the case of Ko = 0.5.
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At the invert: Figs. 10 and 11 present the changes in bending mo-
ments at the invert for Ko = 0.5 and 1, respectively. Bending mo-
ments decreased slowly as the void size increased and the sign
reversed from negative to positive as the void size (represented by
Lv) reached about 11% of the tunnel circumference for Ko = 0.5 and
about 7% for Ko = 1. The above finding implies that the inner fibers
of the tunnel lining (that were initially in compression) will be sub-
jected to tensile stresses if erosion voids are to develop at the invert
and grow in size to exceed certain threshold. By inspecting Figs. 10
and 11, it can be seen that the threshold of void size that causes mo-
ment reversal is almost independent of the flexibility ratio for the
investigated range of soil properties and in-situ stress conditions.

4.2. Effect of void size on lining thrust

Figs. 12–15 present the relationship between the lining thrust
and normalized void size for different flexibility ratios and Ko con-
ditions. The calculated thrusts, T (kN/m), were normalized with re-
spect to the saturated unit weight of the soil, c (kN/m3), the depth
to the tunnel centerline, z (m), and the tunnel radius, r (m).

At the springline: Figs. 12 and 13 show the relationship between
the normalized void sizes and the maximum thrust ratios at the
tunnel springline. Very similar trends were observed for the cases
of Ko = 0.5 and 1. Thrust ratios were found to increase slowly up to
a normalized void size of about 3% of the tunnel circumference.
This was followed by a rapid increase as the void grew further in
size. Flexibility ratio was found to have insignificant effects on
the changes in thrust ratios at the springline.

At the invert: Changes in thrust ratios were found to increase ini-
tially with a slow rate up to a normalized void size of about 10% of the
tunnel circumference as shown in Figs. 14 and 15 for Ko = 0.5 and 1,
respectively. Further increase in void size did not correspond to sig-
nificant changes in the magnitude of the calculated thrust. Same
trend was observed for the two cases of Ko = 0.5 and 1.0. In addition,
the increase in flexibility ratio from 16 to 128 did not have any ef-
fects on the magnitude or the rate of change in the thrust ratios.

To visualize the relative changes in thrust and moment along
the tunnel circumference, the above results are summarized in
Figs. 16 and 17 for a given flexibility ratio (F = 16). For Ko = 0.5,
thrust increased by 7%, 18% and 33 % which corresponded to void
sizes of 3.3%, 6.7% and 10.6%, respectively, as shown in Fig. 16.
The moment, on the other hand, increased by 27%, 120% and
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M.A. Meguid, H.K. Dang / Tunnelling and Underground Space Technology 24 (2009) 278–286 285
265% in excess of the design values. This is considered to be signif-
icant changes that could lead to undesirable stress levels in the
tunnel lining. By examining the changes at the invert, the thrust in-
creased by 4%, 7% and 10% and the moment decreased by 20%, 53%
and 95%. Although the changes at the invert were relatively smaller
compared to the springline, the reversal in the moment sign could
render the effects to become significant. As Ko increased from 0.5 to
1.0, the changes almost doubled as shown in Fig. 17.

The investigation indicates that the increase of the normalized
moment ratio was more evident for void size and implies that if
a void becomes relatively large with respect to the tunnel circum-
ference, the induced change in bending moment in the lining is af-
fected by the location of the void and in situ stress conditions.

5. Summary and conclusions

The structural behaviour of a tunnel liner was investigated
numerically with the controlled parameters including flexibility
ratio, coefficient of earth pressure at rest, and void size, and the fol-
lowing conclusions are drawn from the results with the conditions
and assumptions given in this study.

(1) The investigations indicated that the response of an existing
tunnel liner is affected by the presence of erosion voids
around the tunnel circumference.

(2) The increase of the normalized moment and thrust ratios
was found to be dependent on the void size and the earth
pressure coefficient at rest, and the larger the void size and
earth pressure coefficient, the bigger the increase of the nor-
malized moment and thrust ratios at the tunnel springline.

(3) The effects were found to be more critical at the tunnel
invert. The moment reversed its sign from negative to posi-
tive indicating possible cracking in the liner if the tensile
strength of the lining material is to be exceeded.

(4) Efforts should be made to detect and arrest erosion voids
before excessive increase in lining stresses develop leading
to costly failure.

It should be noted that the above conclusions are based on sim-
plified 2D analysis of a problem that may involve 3D void geometry
of irregular shape, size and location. In addition, the reported re-
sults are applicable to cases where the examined tunnels are con-
structed in soft ground represented by the Mohr-Coulomb material
model. All results presented are theoretical in nature, and physical
testing is needed to evaluate the performance of these calculations.
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