
 
 

 

 
 

Centrifuge modeling of tunneling-induced ground surface settlement in sand

Lu, Hu; Shi, Jiangwei; Wang, Yu; Wang, Rong

Published in:
Underground Space

Published: 01/12/2019

Document Version:
Final Published version, also known as Publisher’s PDF, Publisher’s Final version or Version of Record

License:
CC BY-NC-ND

Publication record in CityU Scholars:
Go to record

Published version (DOI):
10.1016/j.undsp.2019.03.007

Publication details:
Lu, H., Shi, J., Wang, Y., & Wang, R. (2019). Centrifuge modeling of tunneling-induced ground surface
settlement in sand. Underground Space, 4(4), 302-309. https://doi.org/10.1016/j.undsp.2019.03.007

Citing this paper
Please note that where the full-text provided on CityU Scholars is the Post-print version (also known as Accepted Author
Manuscript, Peer-reviewed or Author Final version), it may differ from the Final Published version. When citing, ensure that
you check and use the publisher's definitive version for pagination and other details.

General rights
Copyright for the publications made accessible via the CityU Scholars portal is retained by the author(s) and/or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal
requirements associated with these rights. Users may not further distribute the material or use it for any profit-making activity
or commercial gain.
Publisher permission
Permission for previously published items are in accordance with publisher's copyright policies sourced from the SHERPA
RoMEO database. Links to full text versions (either Published or Post-print) are only available if corresponding publishers
allow open access.

Take down policy
Contact lbscholars@cityu.edu.hk if you believe that this document breaches copyright and provide us with details. We will
remove access to the work immediately and investigate your claim.

Download date: 24/05/2023

https://scholars.cityu.edu.hk/en/publications/centrifuge-modeling-of-tunnelinginduced-ground-surface-settlement-in-sand(0a6187a9-de73-4ce8-9671-a6410566277a).html
https://doi.org/10.1016/j.undsp.2019.03.007
https://scholars.cityu.edu.hk/en/persons/yu-wang(e0ffdaec-7f56-462d-87ad-d4795df050d2).html
https://scholars.cityu.edu.hk/en/publications/centrifuge-modeling-of-tunnelinginduced-ground-surface-settlement-in-sand(0a6187a9-de73-4ce8-9671-a6410566277a).html
https://scholars.cityu.edu.hk/en/publications/centrifuge-modeling-of-tunnelinginduced-ground-surface-settlement-in-sand(0a6187a9-de73-4ce8-9671-a6410566277a).html
https://scholars.cityu.edu.hk/en/journals/tunnelling-and-underground-space-technology(595c62b1-7309-497e-adaf-8d5ef5fb2202)/publications.html
https://doi.org/10.1016/j.undsp.2019.03.007


Available online at www.sciencedirect.com
www.elsevier.com/locate/undsp

ScienceDirect

Underground Space 4 (2019) 302–309
Centrifuge modeling of tunneling-induced ground surface settlement
in sand

Hu Lu a, Jiangwei Shi b,⇑, Yu Wang c, Rong Wang d

aShenzhen Polytechnic, No. 7098 Liu Xian Avenue, Nanshan District, Shenzhen, China
bKey Laboratory of Geomechanics and Embankment Engineering of the Ministry of Education, Geotechnical Research Institute, Hohai University, 1

Xikang Road, Nanjing 210098, China
cDepartment of Architecture and Civil Engineering, City University of Hong Kong, Tat Chee Avenue, Kowloon, Hong Kong, China

dChina Harbour Engineering Company Ltd., No. 9, Chunxiu Road, Dongzhi Gate, Dongcheng District, Beijing, China

Received 18 April 2018; accepted 21 March 2019
Available online 13 May 2019
Abstract

Stress changes in the soil induced by tunnel excavation may cause excessive ground settlement. However, high-quality experimental
data on ground settlement due to tunnel excavation are limited. In this study, centrifuge tests are conducted to investigate the three-
dimensional ground surface settlement, considering different intersection angles and cover-to-tunnel diameter ratios. The results indicate
that the major influence zone along the longitudinal direction on the ground surface settlement is ±1.25D, where D is the tunnel diam-
eter. When the monitoring section is perpendicular to the tunneling direction, the transverse ground settlement due to the tunnel exca-
vation is symmetrical with respect to the tunnel centerline. In contrast, an asymmetric ground settlement profile is observed when the
monitoring section intersects the tunneling direction at an angle of 60�. Applying a Gaussian curve to fit the ground surface settlement
curve, the width parameter, K (i.e., the distance between the tunnel centerline and the inflection point of the settlement trough to the
tunnel burial depth), varies from 0.33 to 0.39. The ground surface settlement induced by twin tunnel excavation can be captured reason-
ably by superimposing two identical Gaussian curves. When the cover to tunnel diameter ratios (C/D) are 1.5 and 2.7, the maximum
ground surface settlements are 0.67% of D and 0.35% of D, respectively. It is clear that the maximum ground surface settlement decreases
with an increase in the C/D ratio.
� 2019 Tongji University and Tongji University Press. Production and hosting by Elsevier B.V. on behalf of Owner. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords: Ground settlement; Centrifuge modeling; Intersection angle; Cover-to-tunnel diameter; Three-dimensional
1 Introduction

With increasing demand for underground systems in
urban areas, particularly for mass transit, tunneling has
become a preferred construction technique for infrastruc-
ture development in many cities, such as London, Hong
Kong, and Shanghai. Tunnel excavation inevitably causes
https://doi.org/10.1016/j.undsp.2019.03.007
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stress changes in the surrounding soil, which may induce
significant ground movement. To ensure the safety and ser-
viceability of existing structures, it is necessary to evaluate
the ground surface settlement due to single or twin tunnel
excavations.

Many studies have been conducted to investigate the
ground settlement due to a single tunnel excavation
(Attewell, Yeates, & Selby, 1986; Deane & Bassett, 1995;
Hergarden, van der Poel, & van der Schrier, 1996; Mair
and Taylor, 1997a,b; O’Reilly & New, 1982; Peck, 1969).
Peck (1969) found that tunneling-induced ground surface
and hosting by Elsevier B.V. on behalf of Owner.
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settlement can be reasonably described as a Gaussian dis-
tribution. By analyzing settlement data for a tunnel excava-
tion in the United Kingdom, O’Reilly and New (1982)
found that the settlement trough width parameter, i,
increases approximately linearly with the tunnel burial
depth. Typical K values (i.e., the distance between the tun-
nel centerline and the inflection point of the settlement
trough to the tunnel burial depth) are 0.5 for clay and
0.35 for sand and gravel. Mair and Taylor (1997a,b) sug-
gested that the K value for clay varies from 0.4 to 0.6, while
the K value for sand and gravel is in the range of 0.25–0.45.
By conducting centrifuge tests in clay underlying sand,
Hergarden et al. (1996) found that the value of i is fairly
constant when the volume loss is less than 3%.

Various researchers have published closed-form solu-
tions for the prediction of tunneling-induced ground move-
ments. By assuming the soil is elastic, homogeneous, and
isotropic, Loganathan and Poulos (1998) presented a
closed-form solution for the prediction of soil movement
due to tunnel excavation. Through centrifuge tests, Mair
(1993) found that the tunneling-induced subsurface settle-
ment in clay can also be described by a Gaussian curve.
The trough width parameter, K, varies with depth.
Marshall, Farrell, Klar, and Mair (2012) carried out a ser-
ies of plane strain centrifuge tests to investigate the effects
of the size, depth, and volume loss on the Greenfield dis-
placements. It was found that the settlement trough width
decreases with increasing tunnel volume loss.

Based on several case studies, Mair and Taylor (1997a,
b) found that asymmetrical settlement profiles are induced
by twin tunnel excavation; the settlement profile normally
shifts to the second tunnel. Through a comprehensive finite
element study of a twin tunnel excavation in stiff clay,
Addenbrooke (1996) found that the ground settlement
due to the second tunnel is larger than that due to the first
tunnel when the spacing between the two tunnels is less
than seven times the tunnel diameter. Chapman, Ahn,
and Hunt (2007) carried out ‘‘1g” model tests to investigate
the ground surface settlement due to twin tunnels and mul-
tiple tunnels. It was found that a superposition of the
Gaussian distributions due to the individual tunnels cannot
provide accurate results.

In this study, centrifuge tests were conducted to explore
the three-dimensional ground settlement due to single and
twin tunnel excavations. Based on the measured ground
surface settlement, the major influence zone of the tunnel
excavation was identified. A prediction method was pro-
posed to evaluate the ground settlement due to twin tunnel
excavation at different buried depths. The effects of the
intersection angles and cover-to-tunnel diameter ratios
were also studied. Because there are no existing data to val-
idate the Gaussian settlement profiles for different intersec-
tion angles (i.e., the angle between the tunneling direction
and the monitoring section, as shown in Fig. 1), two cen-
trifuge tests with intersection angles of 60� and 90� were
conducted. To investigate the influence of the cover-to-
tunnel diameter ratio on the ground settlements, C/D ratios
of 1.5 and 2.7 were considered.

2 Three-dimensional ground settlement due to tunnel

excavation

Figure 1 shows a three-dimensional a view of the ground
settlement due to tunnel excavation. In practice, a Gaussian
distribution is commonly adopted to fit the transverse
ground surface settlement due to tunnel excavation as fol-
lows (Peck, 1969):

SðxÞ ¼ Smaxexp � x2

2i2

� �
; ð1Þ

where Smax is the maximum settlement, i is the distance
between the tunnel centerline and the inflection point of
the settlement trough, and x is the lateral distance from the
tunnel centerline. Based on the equation proposed by
O’Reilly andNew (1982), the width of the ground settlement
profile can be estimated from the parameter K as follows:

i ¼ K � Z0; ð2Þ
where Z0 is the vertical distance from the ground surface to
the center of the tunnel.

3 Centrifuge modeling

3.1 Experimental program and setup

In this study, four three-dimensional centrifuge tests
were designed and carried out at the Geotechnical Cen-
trifuge Facility at the Hong Kong University of Science
and Technology (Ng et al., 2001, 2002). The outer diameter
of the model tunnel was 152 mm, which is equivalent to
6.08 m in the prototype when the gravitational acceleration
is 40g. The tunnel diameter simulated in the centrifuge is
similar to that of Shanghai metro tunnels (i.e., 6.2 m). Thus,
the gravitational acceleration is defined as 40g. In all the
centrifuge model tests, the model tunnels were embedded
in the sand before tests. In reality, the intersection angles
between new tunnel excavation and nearby tunnels or
pipelines are not always 90� (Cooper, Chapman, Rogers,
& Chan, 2002). When an existing tunnel or pipeline inter-
sects inclined to the tunneling direction, ground movement
at an inclined angle determines the pipeline and tunnel
responses. An intersection angle of 60� is considered in
the centrifuge tests to investigate a settlement trough profile
that is not perpendicular to the direction of tunneling. The
centrifuge test results can be used to investigate the three-
dimensional settlement trough resulting from tunnel exca-
vation. As shown in Fig. 2(a), the intersection angles (h)
between the axis of the monitoring section and the tunnel
are 60� and 90� in Tests O and P, respectively. As shown
in Fig. 2(b), the depth of sand in the model is 700 mm,
which is equivalent to 28 m in the prototype. The model
tunnel has a cover depth (C) of 225 mm (i.e., 9 m in the pro-



Fig. 1. Three-dimensional view of tunneling-induced ground settlement
(Wang, Shi, & Charles, 2011).
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totype) and a diameter (D) of 152 mm (i.e., 6.08 m in the
prototype), resulting in a cover-to-tunnel diameter ratio
(C/D) of 1.5. The distance from the tunnel invert to the
bottom of the model box is 323 mm (model scale), which
is 2.1 times the tunnel diameter (2.1D). Key model and pro-
totype dimensions are shown in Table 1.

Figure 3 shows the centrifuge model package for tunnel
burial at different depths. Two centrifuge tests were con-
ducted to investigate the influence of the cover-to-tunnel
diameter ratio on the ground surface settlement. In these
two tests, twin tunneling was performed (i.e., excavated
one-by-one) either near the pile shaft or near the pile toe.
In tests SS and TT, the cover-to-tunnel diameter ratios
were 1.5 and 2.7, respectively. Each model tunnel consists
of five excavation sections. Linear variable differential
transformers (LVDTs) were installed to measure the
ground settlement along the transverse directions.
3.2 Model preparation

Because the properties of Toyoura sand are well known,
the centrifuge tests in this study were performed in sand.
This is a poorly graded fine sand with a sub-angular particle
shape. The mean grain size (D50), maximum void ratio
(emax), minimum void ratio (emin), specific gravity (Gs),
and angle of internal shearing resistance at the critical state
(u0

c) are 0.17 mm, 0.977, 0.597, 2.65, and 31�, respectively
(Ishihara, 1993). According to Jamiolkowski, Lo Presti,
and Manassero (2003), Toyoura sand is a uniform fine sand
consisting of sub-rounded to sub-angular particles; it is
composed of 90% quartz, 8% feldspar, and 2% mica. It
was suggested by Fuglsang and Ovesen (1988) that the grain
size of a soil only becomes significant when it exceeds 1/30th
the value of an important model dimension such as the tun-
nel diameter. In this study, the grain size of Toyoura sand
(0.17 mm) is only 1/1118th the value of the tunnel diameter
(152 mm), suggesting the scale effect is likely to be negligible.

Figure 4 shows a typical view during preparation of the
centrifuge model. The pluvial deposition method is used to
ensure a relatively uniform sand sample, which could be
obtained by raining the sand from a hopper 500 mm above
the sand surface. Themodel tunnel is installed when the sand
reaches the level of the tunnel invert. After addition of the
sand, the relative sand densities (Dr) in Tests O, P, TT, and
SS are 68%, 70%, 65%, and 62%, respectively. Upon comple-
tion of the model preparation, LVDTs are installed to mea-
sure the ground surface settlement induced by tunnel
excavation (see Fig. 4(b)).

3.3 Simulation of tunnel excavation

In this study, several pairs of cylindrical rubber bags are
fabricated to simulate tunnel excavation. A rigid aluminum
divider is used to separate the volume of water inside two
adjacent rubber bags. Simulation of tunnel excavation is
achieved by draining a controlled amount of water from
each pair of rubber bags. Although this method cannot
simulate all the tunnel construction activities encountered
in practice, it does capture the essential tunneling-induced
effects (i.e., the overall volume loss). This simulation tech-
nique is commonly used in centrifuge tests (Mair and
Taylor, 1997a,b; Marshall et al., 2012; Marshall, Klar, &
Mair, 2010; Vorster, 2005; Vorster, Klar, Soga, & Mair,
2005). According to Mair and Taylor (1997a,b), the typical
volume losses due to tunnel excavation using earth pressure
balance shields in sand and soft clay are up to 1% and 2%,
respectively. Based on the field measurements reported by
Shirlaw et al. (2003), the volume loss due to earth pressure
balance shields ranges from 1% to 4%. To evaluate the
effect of volume loss on the ground settlement, volume
losses ranging from 1% to 2% are adopted in this study.
For Tests P and O, the volume loss is 2%, while it is 1%
for Tests TT and SS.
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Fig. 2. Centrifuge model package: influence of the interaction angle.

Table 1
Model and prototype dimensions.

Model and
prototype

Parameter

Tunnel
diameter

Cover depth
of tunnel

Depth of sand

Model 152 mm 225 mm 700 mm/750 mm
Prototype 6.08 m 9.0 m 28.0 m/30.0 m
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Fig. 3. Centrifuge model package: influence of the C/D ratio.
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4 Results of the ground settlement due to tunneling in sand

4.1 Influence of the intersection angle on ground surface

settlement

Figure 5 shows the relationship between the normalized
ground surface settlement (S/D) and the normalized dis-
tance from the tunnel centerline (X/D). The measured
ground surface settlement is normalized by the tunnel
diameter (D). All the excavation stages were successfully
simulated, except for Section 6 in Test P.

As the tunnel excavation advances, increasing transverse
ground surface settlement is observed. Upon completion of
the tunnel excavation, the maximum ground surface settle-
ments induced in Tests P and O are 0.45% of D (27.4 mm)
and 0.51% of D (31 mm), respectively. The ground surface
settlement along the transverse tunnel direction extends
more than 2D from the tunnel centerline. Before the tunnel
face reaches the monitoring section (i.e., Section 3), the
ground surface settlement increases at an increased rate.
In contrast, the ground surface settlement increases at a
reduced rate after the tunnel face advances beyond the
monitoring section. It should be noted that the ground



Fig. 4. (a) model tunnel, and (b) centrifuge model package.

Fig. 5. Influence of the interaction angle on ground surface settlement.
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surface settlement difference for Sections 6 and 7 is negligi-
ble. These results demonstrate that the major influence
zone along the longitudinal direction for ground surface
settlement is ±1.25D.

When the monitoring section is perpendicular to the
tunneling direction (i.e., in Test P), the transverse ground
settlement due to tunnel excavation is symmetrical with
respect to the tunnel centerline. In contrast, an asymmetric
ground settlement profile is observed when the monitoring
section intersects the tunneling direction at an angle of 60�.
As the tunnel excavation advances, greater ground surface
settlement is observed in the soil located closer to the tun-
nel face (i.e., X/D < 0 for Sections 1–3, X/D > 0 for Sec-
tions 4–7). Thus, the tunneling-induced ground surface
settlement varies from an asymmetric profile to a symmet-
ric profile. When the tunnel excavation area is symmetrical
with respect to the monitoring section (i.e., upon comple-
tion of excavation stage 5), the profile of the transverse
ground surface settlement is also symmetrical. Two best-
fit curves are also included in Fig. 5. Although there are
some discrepancies between the measured and fitted results,
a Gaussian curve can reasonably capture the ground
surface settlement due to tunnel excavation in sand. Upon
completion of the tunnel excavation, the fitted i values are
0.67D and 0.65D for Tests O and P, respectively. Accord-
ingly, the respective K values are 0.34 and 0.33, which fall
within the range (0.25–0.45) reported by Mair and Taylor
(1997a,b).
4.2 Influence of tunnel C/D ratio on ground surface

settlement

Figure 6 shows the ground surface settlement (S) due to
twin tunneling near the pile toe (i.e., Test TT). Because the
ground surface settlement increases as the tunnel excava-
tion advances, only the settlement at the final stage of each
tunnel excavation is presented in this section. Upon com-
pletion of the first tunnel excavation, the tunneling-
induced maximum ground surface settlement is 0.24% of
D, which occurs above the tunnel centerline. After complet-
ing the second tunnel excavation, the incremental maxi-
mum ground surface settlement is 0.22% of D, which is
close to the ground settlement due to the first tunnel exca-



Fig. 6. Ground surface settlement due to twin tunneling near the pile toe. Fig. 7. Ground surface settlement due to twin tunneling near the pile
shaft.

Fig. 8. Variation in the settlement in the middle of the model.
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vation. Upon completion of the twin tunnel excavation, the
accumulated maximum ground surface settlement is 0.35%
of D.

Herein, the Gaussian curve proposed by Peck (1969) is
used to fit the ground surface settlement due to the twin
tunnel excavation. At the end of the first tunnel excavation,
the Gaussian curve gives a maximum settlement (Smax) of
0.24% of D and an i value of 7.5 m. According to the equa-
tion proposed by O’Reilly and New (1982), the value of K
is 0.39, which also falls within the range (i.e., 0.25–0.45)
proposed by Mair and Taylor (1997a,b).

To predict the ground surface settlement due to twin tun-
nel excavation, Attewell et al. (1986) suggested a summation
of two Gaussian curves. Based on the ground surface settle-
ment due to the first tunnel excavation, the best-fit Gaussian
curve is obtained. Assuming the ground surface settlement
due to the second tunnel can also be fit by this Gaussian
curve, the superimposition of the two Gaussian curves is
shown in Fig. 6. The results show that the superimposed
Gaussian curves can reasonably capture the ground surface
settlement due to twin tunnel excavation.

Figure 7 shows the measured ground surface settlement
due to twin tunneling near the pile shaft (i.e., Test SS).
Upon completion of the first tunnel excavation, the
excavation-induced maximum ground surface settlement
is 0.50% of D, which occurs above the tunnel centerline.
After completing the second tunnel excavation, the maxi-
mum ground surface settlements is increased to 0.67% of
D. Using a Gaussian curve to fit the ground surface settle-
ment due to the first tunnel excavation, the values of Smax

and i are 0.50% of D and 4.68 m, respectively. Because the
vertical distance from the ground surface to the center of
the tunnel is 12 m, the width parameter, K, is 0.39. By
superimposing two Gaussian curves, the fitted ground set-
tlement profile is also shown in Fig. 7. The superimposed
Gaussian curves can still reasonably capture the ground
surface settlement due to twin tunnel excavation.

It should be noted that the maximum ground surface
settlement induced by the twin tunneling in Test SS is
0.67% of D, which is substantially larger than that in Test
TT (i.e., 0.35% of D). This is because the cover-to-tunnel
diameter ratio (C/D) in Test SS is 1.5, which is much smal-
ler than that in Test TT (C/D = 2.7). For a given volume
loss and tunnel excavation diameter, Mair (1993) also
found that the maximum surface settlement due to single
tunnel excavation is inversely correlated with the tunnel
depth. Obviously, the maximum ground surface settlement
decreases with increasing C/D ratio.
4.3 Variations in the ground surface settlement in the middle

of the model

Figure 8 shows the variation in the ground surface set-
tlement in the middle of the model. For clarity, the ground
surface settlements due to single tunnel excavation (i.e., at
an intersection angle of 60�) and twin tunnel excavation
(Test SS) are presented. When the normalized distance
between the tunnel face and the monitoring point is less
than 0.75, the ground surface settlement in the middle of
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model increases rapidly as the tunnel excavation advances.
However, the rate of increase of the ground settlement is
decreased when the normalized distance between the tunnel
face and the monitoring point is greater than 0.75. The
changes in the ground settlement are negligible when the
normalized distance varies from 1.25 to 1.75. This again
demonstrates that the major influence zone for tunnel exca-
vation on the ground surface settlement is ±1.25D.

5 Summary and conclusions

In this study, three-dimensional centrifuge tests were
conducted to investigate the ground surface settlement
due to single and twin tunnel excavations. The influences
of the intersection angle and cover-to-tunnel diameter ratio
were studied. Based on the results, the following conclu-
sions can be drawn:

(1) Before the tunnel face reaches the monitoring section,
the tunneling-induced ground surface settlement
increases at an increased rate as the tunnel excavation
advances. In contrast, the ground surface settlement
increases at a reduced rate when the tunnel face
advances beyond the monitoring section. The major
influence zone along the longitudinal direction for
ground surface settlement is ±1.25D.

(2) When the monitoring section is perpendicular to the
direction of tunneling, the transverse ground settle-
ment due to tunnel excavation is symmetrical with
respect to the tunnel centerline. In contrast, an asym-
metric ground settlement profile is observed when the
monitoring section intersects the tunneling direction
at an angle of 60�. When the tunnel excavation area
is symmetrical with respect to the monitoring section,
the profile of the transverse ground surface settlement
is also symmetrical.

(3) Tunneling-induced ground surface settlement in sand
can reasonably be captured by a Gaussian curve. The
width parameter, K, varies from 0.33–0.39, which lies
in the typical range (i.e., 0.25–0.45) proposed by Mair
and Taylor (1997a,b). By assuming that the ground
surface settlement due to each tunnel excavation
can be fitted with the same Gaussian curve, two
superimposed Gaussian curves can reasonably cap-
ture the total ground settlement due to twin tunnel
excavation.

(4) For cover-to-tunnel diameter ratios (C/D) of 1.5 and
2.7, the maximum ground surface settlements are
0.67% of D and 0.35% of D, respectively. It is clear
that the maximum ground surface settlement
decreases with an increase in the C/D ratio.
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