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Three-dimensional analysis of ground settlements. due to tunnelling:
Role of K0 and stiffness anisotropy
G. T. K. Lee & C. W. W. Ng
The Hong Kong University of Science and -Technology, Hong Kong _

ABSTRACT: Ground settlements due to tunnelling are three-dimensional (3D) in nature, especially at the
tunnel heading. A series of 3D elasto-plastic coupled-consolidation finite element analyses has been con
ducted to investigate the effects of K0 and stiffness anisotropy on ground settlements due to tunnelling.
\.

1 INTRODUCTION _

In recent years, the demand for tunnels is increasing
worldwide. In each _tunnelling project, an accurate
and appropriate design is very important for excavat

ing the tunnel safely and economically. With the
advance of technology, 3D numerical simulations of
complex soil-structure interactions become more and
more feasible and economical in engineering prac
tice. Over the years, 'many researchers have studied

the influence of different soil models on' surface
settlements due to a tunnel excavation. Lee & Rowe
(1989) conducted a series of two dimensional (2D)
elastoplastic undrained finite element analyses to de

termine the effect of elastic anisotropy on surface
settlements caused by tunnelling. They found out
that theratio of independent shear modulus to verti
cal modulus (Gvh/EQ) governs the shape of a settle
ment trough. By using a range of Gvh/Ev values from
0.2 to 0.25, they could produce a reasonable match
between their computed results with the centrifuge
model tests conducted in kaolin clay by Mair (1979).
Theoretically, Gvh/EV should be equal to 0.33 for the
centrifuge model tunnel constructed in an isotropic
ground under undrained conditions. Moreover, they

found that soil stiffness anisotropy in terms of
stiffness ratio and Poisson’s ratio (i.e., n = Eh/EV <
1.5 and vhh ¢ vvh) does not greatly affect the ground
settlement due to tunnelling. Addenbrooke (1996)

conducted a series of comprehensive 2D (plane
strain) numerical analyses of tunnelling in stiff clay
with different pre-yield constitutive soil models (iso

tropic linear elastic, anisotropic linear elastic and
isotropic non-linear elastic model) and different ini
tial ground conditions (i.e., K0 = 0.5 and K0 = 1.5).
Tunnels with 4.146m diameter excavated in London
Clay at different depths (i.e., depth of tunnel axis, zo

= 20m, 29.3m' and 34m) were modelled. In his
undrained analyses, he showed that there was no

significant difference between the isotropic and ani

sotropic cases regarding predicted ground move
ments around the tunnel with the use of anisotropic
soil parameters (Gvh/EV’ = 0.44) given by Burland &

Kalra (1986) for London clay. He also conducted a
parametric study to investigate the effects of Gvh and
n on surface settlements and concluded that by vary
ing n with a constant Gvh the surface settlement pro

file was not greatly affected. On the other hand, a
variation of Gvh has more significant influences on
surface settlement with a constant n. The smaller the
Gvh value, the deeper surface settlement trough will
result. Moreover, by assuming a low K0 zone around
a 2D tunnel cross-section, he showed that a deep set
tlement trough could be reproduced by using a non
linear isotropic soil model and parameters.

Obviously, a tunnel excavation is truly three
dimensional (3D) in nature. In this paper. a series of

3D elasto-plastic coupled-consolidation analyses
was conducted using the finite element -. method
(FEM) to investigate the effects of K0 and soil stiff
ness anisotropy (n) on ground surface settlement due
to tunnelling. In the 3D numerical simulations, dif
ferent K0 values (i.e., 0.5 and 1.5) and soil stiffness
anisotropy ratio (n=~_Eh'/Ev' = 1.0 for isotropic cases
and n = 1.6 for anisotropic cases) were considered.

2 THREE-DIMENSIONAL NUMERICAL
MODELLING

2.1 Finite Element Mesh and Boundary Conditions
In this 3D numerical study, a hypothetical tunnel ex

cavation in a stiff homogenous overconsolidated
London clay layer was modelled. The diameter of
the tunnel (D) was taken as 9m and a constant cover
depth (C) of 18m was assumed. The finite element

program, ABAQUS (Hibbitt, Karlsson & Sorensen
Inc., 1998), was used to model the tunnel excavation
with coupled consolidation.
Figure 1 _showsthe finite element mesh adopted

in the analysis. It should be noted that only half of

The tunnel lining was modelled as linear elastic
material. The Young’s modulus and Poisson’S Ratio
for the tunnel lining was taken to be 30x106kPa and

0.3, respectively. The unit weight of the shotcrete
lining was 24kN/m3.

the tunnel was analysed as a plane of symmetry
could be readily identified at x = 0. The finite ele
ment mesh was 101.25m long, 45m high and 75m

An open face sequential tunnel excavation was
modelled in this study. Tunnel excavation and ¢0n_

wide. It consisted of approximately 5040 elements
and 5642 nodes/ A section located at the middle of
the mesh (i.e. at y = Om, called monitoring section),
was monitored during every stage of excavation and
construction. Soil and shotcrete lining was modelled
by eight-noded brick and four-noded shell elements,

elements within the proposed_tunnel excavation zgaa

respectively.

unsupported span.

Monitoring section at y = Om
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Note: -* Direction of tunnel advancement
Figure 1. Three-dimensional finite element mesh.

Roller supports were applied on all vertical sides
of the mesh while pin supports were assigned to the
base of the mesh. Therefore, the movement in nor
mal direction to all vertical- sides of the mesh and the
movements in all directions at the base of the mesh
were restrained. The water table was assumed to be
located at the ground surface.
i
1

struction were simulated by deactivating the Soil
at a rate of 2.25rn/day. No support was applied on
the tunnel face. A 250mm-thick shotcrete lining was
applied on the tunnel wall at 2.25m (i.e., D/4) behind

the tunnel face as the tunnel advances. This was
done by activating the lining elements behind tha
Table 1. Soil parameters used in the finite element analyses,

n = 1.0 n = 1.6

E; (kPa) 12000+6240z 7500+3900z

Vyh,
= Vhh,
Ga/ E; 0.44
0.44

Eh' (kPa) 12o0o+6240z 12000+6240z

l5*
15*
ec'pd (kN/ma)
1.0
1.0
(kPa) 5 5

k (rn/s)» 1 x1o'? 1 x 10`9

<|>'
(°)122
22
11; (°)
1 11

Note: z is the distance measured from the ground surface in me
ter.
* equivalent to saturated unit weight of 20 kN/m3

3 COMPUTED RESULTS
3.1 Transverse Ground Settlements

As suggested by Peck (1969), measured transverse
surface settlements in the field can be represented by
a normal distribution or Gaussian distribution as fol
lows:

2.2 Constitutive Model, Model Parameters and

SX =Smax exp(-x2/2i2) (1)

An elastic-perfectly-plastic soil model governed by

where SX is the transverse surface’ settlement; SM, is

Simulation Procedures `

the Drucker-Prager failure criterion with a non
ass`ociated flow rule was used in this study. In all
cases, the effective angle of friction (<|>') was as

sumed to be 22° and the angle of dilation (uf) was
assumed to be ll°. The effective cohesion (c') was
5kPa. The soil stiffness parameters published by
Burland & Kalra (1986) for the London clay at the
New Queen Elizabeth II Conference Centre were
adopted to simulate the clay layer. The variations of
Ev' and Eh' were assumed to increase linearly with
depth. The ratio of the independent shear modulus
(Gvh) to the vertical effective Young’s Modulus (E,/)

was assumed to be 0.44 in all cases. The initial Ka
conditions were assumed to be either 0.5 or 1.5. All
the soil parameters used in this study are summa

rised in Table 1.

the maximum transverse surface settlement on the
tunnel centreline; x is the transverse distance from
the tunnel centreline and i is the point of inflection
of the settlement trough. New and Bowers (1994)
have reported measured values -of Sm” and i for
oval-shaped tunnels excavated by the New Austrian
Tunnelling Method (NATM) in London clay. The
tunnel had a face area of about 59m2 with an equiva

lent tunnel diameter of 8.7m and the depth of the
tunnel axis (zo) was located at approximately 21m
below ground. The measured values of Sm,/D and
i/zo ranged from 0.24% to 0.46% and from 0.3520 to
0.48zo , respectively and volume losses lied between

1.1% and 1.4%. For shield tunnels constructed in
London clay, Lake et al. (1992) reported that the
measured values of_ Smax/D ranged from 0.10% to

0.17% and i/zo lied between 0.45 and 0.52. The vol

ume losses were ranging from 0.19% to 1.38%
(based on reported Sm” and i).
Figure 2- shows the normalised immediate trans

verse surfaceisettlements induced at the monitoring
section (at y i 0) when the tunnel face just reaches it.
For the K0 = 0.5 and n = 1.6 case, it gives the deep
est settlement trough. The Smax is 0.18%D with i/zo
= 0.44 (Note that the i value was deduced from the
numerical analysis). For the case with K0 = 0.5 and n
= 1.0, the Smax reduces to 0.09%D and i increases to
0.51z., (see Table 2a). Obviously, n has significant
influence on the magnitude and the shape of surface
settlements. Since stress change due to tunnelling is
governed by Kg, values only, irrespective n value
used in the analysis. Thus, for a given KO, the higher
the n value, the smaller the ratio of the horizontal to

vertical strain. This leads to a deeper settlement

1.5 cases. `

trough. Similar trends are also obtained for the K0 =

On the other hand, for a given constant n = 1.6,
the Smax reduces from 0.18%D- (KO = 0.5 case) to
0.06%D (KO = 1.5 case) and i increases from 0.4420
(KO = 0.5 case) to 0.5825 (KO = 1.5 case). Similar
trends are also obtained for n = 1.0 cases. It is clear
that at a given KO, the ground settlement trough be
comes shallower and wider as n reduces from 1.6 to

Based on the _Smax and i deduced from each nu
merical analysis, `a Gaussian distribution is fitted to
the transverse surface settlement trough and plotted
in Figure 2 for comparisons. It can be seen from the
figure that immediate surface settlements can be rep
resented by Gaussian distributions for the two K0 =
0.5 cases (i.e., n = 1.6 and 1.0). Parameters obtained
to describe the Gaussian distributions are given Ta
ble 2a. As K0 increases, the discrepancy between the
Gaussian distribution and the numerical prediction
appears to be more significant at the remote bound
ary (away from the tunnel). For K0 = 1.5 and n = 1.6
case, the numerical result gives a much wider set

tlement trough than the Gaussian distribution. In
addition for the K0 = 1.5 and n = 1.0 case, numerical

predicted settlements do not show the form of a
Gaussian distribution as the Smax does not occur at
the tunnel centreline (i.e. at x/D = 0).

Table 2a - Summary\of Sm., i and V, for the immediate surface
settlement troughs obtained from the numerical analyses.

K0 = 0.5 _ K0 = 1.5

Il
1.6 1.0 1.6 1.0
Sm,/D (%) 0.18 0.09 0.06 0.02
i/Z0 0.44 0.51 0.58 N/A

VL (%) 0.64 0.41 0.46 0.31

1.0 whereas at a constant n, the ground settlement
becomes shallower and wider as K0 increases from
0.5 to 1.5. Although the effect of n on the magni
tude of maximum surface settlements is more sig
nificant in the low K0 case than that in the high K0
case, the ratio of the maximum surface settlement
computed in the n = 1.6 case to that in the n = 1.0
case is 2.65 and 1.96 for K0 = 1.5 case and K0 = 0.5

Table 2b - Summary of Sm., i and V, for the plane strain sur

case, respectively.

Figure 3 shows the normalised transverse surface
settlements at the' monitoring section when the sec
tion reaches the plane strain condition (i.e., when the
tunnel face advances to a distance at 3 times the tun
nel diameter or more away from the monitoring sec
tion). Similar to the immediate surface settlements
directly above the tunnel face, for _a given KO, the
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Figure 2. Immediate transverse surface settlements at the moni
toring section (tunnel face at y = 0).

face settlement troughs obtained from the numerical analyses.

K0 = 0.5 K0 = 1.5

n
1.6 1.0 1.6 1_0
sm/D (%) 0.22 0.14 0.05 0.03

i/Z., 0.47 0.51 0.80 N/A

VL ('%) 0.84 0.61 0.56 0.33 p y

magnitude of plane strain surface settlements de
creases with the n value. On the other hand, for a
given n value, the magnitude of plane strain surface
settlement decreases as K0 increases.
The deduced Smax/D and ifzo from the numerical
analyses for the plane strain surface settlements are
summarized in Table 2b. By comparing the deduced
values and the field observations from shield tunnels
reported by Lake et al. (1992), it is clear that com
puted results from the two analyses using K0 = 0.5
are generally consistent with field measurements.

However, this is not the case for predictions ob

tained from analyses using K0 = 1.5.
Previous studies have revealed that Gvh has a sig

nificant effect on the depth of plane strain surface
settlement (Simpson & Ng, 1995 and Addenbrooke,
1996). Using a smaller value of Gvh in an analysis

will predict a deeper settlement trough. In the cur
rent study, Gvl, is assumed to be a function of Ev' (i.e.
Gvh/EV' = 0.44). Since Ev' used in the n = 1.6 analy

sis is smaller (see-Table 1) than that in n = 1.0 one,
this results in a smaller value of Gvh in the former
than that in the latter analysis. Therefore, for a given
constant KO, the plane strain surface settlements for

5

will increase if soil stiffness is allowed to vary with
strains within the yield surface. Also Tang (2091).
demonstrated that volume loss in a 3D linear elastic
analysis is proportional to the length of unsupported
span. The longer the unsupported span assumed in
an analysis, the larger the volume loss will be.

n = 1.6 are deeper than those in the n = 1.0 cases (see
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in Figure 3). _The same explanations are likely
applicable to the immediate settlements shown in
Figure 2.

ln Figure 3, the results from a relevant two di
mensional plane strain numerical study of tunnelling
at 20m below ground (zo = 20m) in London clay re
ported by Addenbrooke (1996) are also included for
comparisons. 'The surface settlements shown are ob
tained from isotropic and anisotropic linear elastic
analyses. Since the tunnel diameter and the depth of

tunnel axis in the Addenbrooke’s study (D =

4.l46m, zo = 20m) are different from this current
study (D =r9m, zo = 22.5m), only qualitative com

parisons are possible. It can be seen from the figure
that the general trends of the predicted settlement
troughs from the Addenbrooke’s and this study are
consistent. Both sets of analyses show the impor
tance of K0 in predicting ground settlement profiles
due to tunnelling. However, for a given' KO, it ap
pears that the effects of n value on the depth~of sur
face settlement trough in this study are far more sig
nificant than that in Addenbrooke’s one. In his study
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Figure 3. Plane strain transverse surface settlements at moni
toring section (tunnel face at y = 3 times tunnel diameter ahead
of the monitoring section).

su1'face settlements were mainly govemed by KO, but

were very little influenced by n value. This 'may be
attributed to the undrained assumptions (i.e., con
stant volume) used in his study.
Moreover, the wider settlement troughs (for K0 =
0.5 cases) obtained from the Addenbrooke’s study
than those from this study, may be attributed to dif
ferent modelling techniques adopted in these two
types of. analyses. ln the 2D _plane strain analyses
conducted by Addenbrooke, a prescribed volume
loss was imposed in his analyses. The tunnel lining
was applied to the tunnel wall until the prescribed

X/D

0.00

different modelling techniques.

Due to the assumption of linear elastic soil stiff
ness within the yielding surface, the predicted vol
ume losses in this study range from 0.38% to 0.84%
(see Table 2b), which fall between measured values
of 0.19% to 1.4% for shield tunnels constructed in
London clay. However, the computed values are
smaller than the measured ranges from 1.1% to 1.4%
for tunnels constructed using the NATM in London

clay. It is believed that the predicted volume loss
0
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volume loss (i.e., Vs = l.3%) was reached. How

span behind the tunnel face. Therefore, it is not sur
prising to obtain different settlement profiles from
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ever, in this study, actual tunnel excavation sequence
was closely simulated three-dimensionally. Soil ele

ments were removed in the tunnel and lining was
applied to the tunnel wall at a 'specific unsupported

J
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Figure 4. Irmnediate and plane strain transverse ground settle
Il'lCI`ltS.

Figure 4 shows the comparisons between normal
ised immediate and plane strain surface settlements
obtained in the 3D analyses. For K0 = 0.5, there is a

significant increase in surface settlements at the
monitoring section when the tunnel face advances
from the monitoring section to a distance at three
times of the tunnel diameter away from the monitor
ing section (i.e., the monitoring section reaches the
plane strain conditions). The increased maximum
settlement is about 22% and 56% for n = 1.6 and 1.0,
respectively (refer to Table 2a and 2b). On the con

trary, there is no major difference between the com
puted immediate. and plane strain settlements' for K0
= 1.5. Due to the low water permeability in the clay,
the increase in settlement for the low Kocase cannot
be mainly attributed _by the dissipations of excess
pore water pressure. In fact, the increase in settle
ment in the plane strain section is attributed to the

significant increase in vertical effective stress be
neath the invert. Relatively speaking, there is only a
small increase in the vertical stress for the high K0
case. Details of the 3D stress transfer mechanisms
during the tunnel advancement are given by Ng &
Lee (2003).

3.2 Longitudinal _Sulface Settlements

Attewell and Woodman (1982) studied a number of
case histories of tunnel excavation in clays and they
suggested a cumulative probability function for es
timating longitudinal settlement profile due to tun
nelling as follows;

_ V. i y-yi _ J’ yf

S’ '_@f"" Q# il* l Gi f Q)
where Sy is the longitudinal surface settlements; Vs
is the volume of the transverse settlement trough per
unit distance of tunnel advancement; x is the, trans

verse distance from the tunnel centreline; i is the

point of inflection of the settlement trough; yi is the
start point of tunnel; yf is the final position of tunnel
face, and probability function G is defined as

.G=-J;-_rigexpifdb <3>
the result of the above probability function can be
obtained from standard probability tables.

Attewell & Woodman (1982) found that the im
mediate surface settlement directly above the tunnel
face corresponds to about 0.5Smax (at the plane strain
conditions) for tunnel constructed in stiff clays with
out face support. However, for tunnels excavated in
soft clay with full-face support (e.g., shield tunnel
ling), the surface settlements are mainly caused by
movements at the tail void. The immediate surface
settlement directly above the tunnel face is consid
erably less than 0.5Sma,.. Therefore, a translation of
the cumulative probability function is required in or
der to match the field observation.
Figure 5 compares computed longitudinal settle
ments along the centreline of the tunnel (x = 0) by

the numerical analyses and predictions using the
cumulative probability function. For estimating the
longitudinal surface settlements, values of Vs and i
obtained from the numerical analyses are applied to
the cumulative probability function. For K0 = 0.5,
the computed longitudinal surface settlements from
the FEM analyses in the n = 1.6 case is deeper than

the n = 1.0 case. The maximum computed settle
ment (Smax) does not appear at the tunnel heading
(i.e., y/D = 0) but it occurs at the plane strain sec
tions (i.e., at y/D = -3 or -4). On the contrary, the
Smu occurs directly above the tunnel face for the two
K0 = 1.5 cases.
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Figure 5. Longitudinal ground settlement along the tunnel cen
treline.

As shown in the figure, for K0 = 0.5 (both n = 1.0

and n :1.6 cases), the cumulative probability func
tion is compared with the longitudinal settlement
troughs obtained from the numerical analyses. It can
be seen that for the n = 1.0 case, the computed sur
face settlement directly above the tunnel face is ap
proximately 0.5Sma,¢. Therefore, the numerical re

sults can be represented by the cumulative

probability function. On the other hand, for the n =
1.6 case, the anisotropic soil parameters give deeper
surface settlement trough ahead of the tunnel face.
The surface settlement directly above the tunnel face
is approximately 0.8Sma,¢. The cumulative probabil
ity function is therefore required to shift ahead the
tunnel face by one tunnel diameter in order to fit the
computed results.
For the K0 = 1.5 cases, the ground surface behind
the tunnel face slightly heaves when the tunnel face
reaches the monitoring section. Therefore, the longi
tudinal settlement troughs cannot be represented by
the cumulative probability function.

4 CONCLUSIONS
Based on the 3D numerical simulations of the tunnel
advancement at 2.25m/day (unsupported length), it

is clear that surface ground settlements including
immediate and plane strain settlements are govemed
by the combined effects of K0 and anisotropic stiff

ness ratio, n. A combination of low K0 condition
with high degree of stiffness anisotropy will produce
the deepest settlement trough. For the cases consid
ered in this paper, it appears that the effects of K0 are
relatively more important than stiffness anisotropy
on the calculations of ground settlements. Only un
der the low K0 ground conditions, computed trans
verse and longitudinal settlements can be fitted well
by empirical Gaussian distributions and Attewell and

Woodman’s cumulative probability functions, re
spectively.
By comparing the computed transverse immediate
and plane strain settlements, it is found that there is a

significant increase in surface settlements at the
monitoring section under the low K0 = 0.5 ground
conditions. The increased maximum settlement at
the monitoring section as the tunnel face advances
from the monitoring section to a distance three times
the tunnel diameter away are about 22% and 56% for
n = 1.6 and 1.0, respectively. On the contrary, there
is no major difference between the computed imme
diate and plane strain settlements for K0 :A 1.5.
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APPENDIX I. NOTATIONS

C Cover depth

c' Effective cohesion
D Tunnel diameter
Eh'I Horizontal effective Young’s modulus of soil
Ev Vertical effective Young’s modulus of soil
Gvh Independent shear modulus

i Point of inflection of the settlement trough
k Coefficient permeability of soil

K0 Coefficient of earth pressure at rest
n Ratio of horizontal effective Young’s modulus to
vertical effective Young’s modulus of soil

Sm, Maximum surface settlement

S, Transverse surface settlement
Sy Longitudinal ground settlement
VL Volume of ground loss expressed as a fraction of
the tunnel area

V, Volume of the transverse settlement trough per unit
distance of tunnel advancement

x Horizontal distance from tunnel centreline
y Horizontal distance measured in the longitudinal
direction

yi Start point of tunnel

yf Final position of tunnel face
z Depth measured from ground surface
zo Depth of tunnel axis
¢' Effective
angle of friction
I

vvh Effective Poisson’s ratio for the effect of vertical

stress on horizontal strain
vhh’ Effective Poisson’s ratio for the effect of horizon

tal stress on horizontal strain '

pd Dry density
\|I Angle of dilation

