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on contract CR3 in Kaohsiung Metro

B.C.B. Hsiung
National Kaohsiung University of Applied Sciences, Kaohsiung, Taiwan

ABSTRACT: In this paper, ground movements induced by shield- machine bored tunnels in sand 
were explored. The main ground condition on site consists of silty sand with high groundwater table. 
 Observations show the accumulated maximum surface settlement caused by tunnel construction reached 
up to 3.5 to 27.0 mm at the end. Back analyses of transverse surface settlement using some empirical 
methods were delivered to determine two parameters, width parameter K and volume loss V. It was found 
that K is in the range of 0.35 to 0.51, no matter 1st or 2nd drive tunnel. While, V varies from 0.20% to 
1.05% for the 1st drive tunnel and 0.18% to 1.27% for the 2nd drive tunnel so no large difference is seen. 
Finally, numerical analyses were carried out and results were compared with observations in order to 
determine a parameter VL which is ratio of convergence area of tunnel. It was recommended that VL in 
general is in the range of 0.5% to 1.0% based on results of this study.

Data taken from Contract CR3 of Kaohsiung 
Metro Project, Taiwan were used for this study. 
Contract CR3 is located at ChienJian and Lingya 
District of Kaohsiung City and it also has three 
cut-cover stations (R7, R8 and R9) and four single- 
line twin- bored tunnels (LUR15, LUR16, LUR17 
and LUR18) with three cross- passages. Figure 1 
presents the network of Kaohsiung metro and the 
location of CR3. For the purposes of this paper, 
only the construction of the tunnels is considered, 
and station construction is not included.

As stated above, there are four tunnels at CR3. 
The track alignment mainly went alone Chung- 
Shan Road, one of main roads in north- south 

1 INTRODUCTION

Due to fast development of urban areas, the shield- 
machine bored tunnels are widely applied for use 
of underground utilities, such as water and power 
supply, metro and common conduits.  However, 
additional ground movements may be induced 
by construction of underground structures which 
may lead to damage of structures and should be 
well- predicted.

Several studies have been conducted to evaluate 
the magnitude of ground and structure settlements 
induced by shield tunnelling but most of them 
were based on cases in clay (Peck, 1969, Attewell & 
Farmer, 1974, Mair et al., 1981, O’Reilly & New, 
1982, Rowe & Kack, 1983, Clough & Leca, 1993, 
Lake et al., 1996 and Sigl & Atzl, 1999) and the 
study of performances of shield- machine bored 
tunnel in sand is comparatively limited.

Ground movements induced by shield tunnel-
ling in silty sand with high groundwater level is 
examined in this paper. Moreover, a back analysis 
of field observed data using an empirical method 
is undertaken in order to interpret two parameters, 
width factor K and volume loss V. Finally, a numer-
ical analysis is delivered and results from numerical 
analysis and observations are compared.

2 PROJECT BACKGROUND

Kaohsiung is the political and economical centre 
in southern Taiwan and the city began to design 
its new metro system in the 90’s and construction 
commenced in 2002. Figure 1. The location of site.
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direction of Kaohsiung City. Two tunnels (up-line 
and down- line) run parallel at the same depth. The 
depth of centre of tunnels varies from 13 m to 20 m 
below surface level and centre to centre distance of 
twin tunnels is in the range of 16.5 to 19.0 m.

For CR3, two Earth- Pressure- Balance (EPB) 
machines (refer to Fig. 2) are used for construc-
tion of tunnels and the construction sequence of 
these tunnels is indicated in Figure 3. The diameter 
of the machine was 6.3 m and the outer and inner 
diameter of tunnel lining was 6.16 m and 5.60 m, 
respectively The rings were 1.2 m wide reinforced 
concrete and each ring consisted of six segments, 
one K-type segment, two B-type segments and 
three A-type segments.

Kaohsiuung City is located at southwest coast 
of Taiwan and the geological formations have been 
developed in either late Tertiary or Quaternary. 
Figure 4 presents geology of Kaohsiung City. In 
the city, it is seen that the ground mainly consists 
of alluvial material, such as sand, silt and clay.

Figure 2. EPB shield machine used for Contract CR3.

Note1: “ “ means the drive direction of shield machine
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Figure 3. Construction sequences of tunnels at CR3.

Figure 4. Geology of Kaohsiung city.

Some field investigations were delivered at CR3 
and it was found that the main soil stratum at 
CR3 consists of very thick silty sand, occasionally 
with sandy silt and clay. Tables 1–3 present brief  

Table 1. Brief  description of ground strata at LUR15.

Layer
Description 
of ground Depth

γt 
(kN/m3)

Average 
SPT- N 
value

 I Silty sand 
with clay, 
sily clay 
and sandy 
silt

Surface to 
12.9 m 
below; 
groundwater 
level 
observed at 
2.9 m below 
ground level

20.0 13

 II Soft silty 
clay with 
clayey 
silt

In the range 
of 12.9 m to 
14.6 m below 
the ground 
surface

19.1 13

III Silty sand 
occasion-
ally with 
sandy 
silt

In the range 
of 14.6 m to 
26.0 m below 
the ground 
surface

19.8 16

IV Firm clay Beneath 
26.0 m below 
the ground 
surface

20.2 20
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Table 2. Brief  description of ground strata at LUR16.

Layer
Description 
of ground Depth

γt 
(kN/m3)

Average 
SPT- N 
value

 I Gray silty 
sand. 
Backfill 
 materials 
are 
observed 
on surface 
occasion-
ally

Surface to 
13.8 m below; 
groundwater 
level observed 
at 2.5 m 
below ground 
level

19.9 10

 II Soft silty 
clay

In the range 
of 13.8 m to 
15.5 m below 
the ground 
surface

19.4  9

III Gray silty 
sand

In the range 
of 15.5 m to 
23.3 m below 
the ground 
surface

19.8 16

IV Gray silty 
sand

Beneath 23.3 m 
below the 
ground 
surface

19.5 18

Table 3. Brief  description of ground strata at LUR17.

Layer
Description 
of ground Depth

γt 
(kN/m3)

Average 
SPT- N 
value

 I Yellow and 
grey silty 
sand. 
 Backfill 
materials 
and silty 
clay are 
observed on 
surface 
occa sionally

Surface to 
8.3 m 
below; 
ground-
water level 
observed 
at 1.5 m 
below 
ground 
level

19.7 17

 II Gray silty 
sand occa-
sionally 
with silty 
clay and 
sandy silt

In the range 
of 8.3 m 
to 21.9 m 
below the 
ground 
surface

19.8 13

III Gray silty 
sand

Beneath 
21.9 m 
below the 
ground 
surface

19.6 17

-5

0

5

10

15

20

25

30

-50 0 50 100 150 200

Time after pass of shield head (Day)

S
u

rf
a
ce

 s
et

tl
em

en
t,

 m
m

1st drive

2nd drive

Figure 5. Time history of settlements measured at 
LUR15.

is high, approximately at surface to 3.0 m below 
surface level and remains in the same hydrostatic 
condition as prior to tunnel construction.

3 EVALUATION OF GROUND 
MOVEMENTS AND VOLUME LOSS 
RATE

For CR3, instruments installed on site include 
bench marks for surface level, tiltmeters, crack 
gauges, extensometers, observation wells and 
inclinometers.

In this paper, only the surface settlement meas-
urement is addressed. Selected time history of sur-
face settlement measured exactly above the centre 
of tunnel from LUR15, LUR16 and LUR17 were 
shown in Figures 5–7. From these  figures, it was 
indicated that the settlement mainly occurred 
immediately after passing of head and 3.5 to 
18.2 mm of surface settlement was induced when 
driving the 1st tunnel. The adjacent second drive 
might cause further settlement and the maxi-
mum accumulated surface settlement varied from 
3.5 to 27.0 mm. Ground reached fully stable at 
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Figure 6. Time history of settlements measured at 
LUR16.

descriptions of ground strata at LUR15, LUR16 
and LUR17. The SPT- N value varies between 9 
and 20 and total unit weight of soil at CR3 is in the 
range of 18.4–20.2 kN/m3. The groundwater level 
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 approximately 20–40 days after passing of shield 
head and no consolidation settlement was seen. It 
is seen that the ground slightly heaves several days 
after passing of the shield at LUR16 and LUR17 
and this might be connected with additional grout-
ing from inside the segment.

In order to determine the transverse surface 
settlement trough induced by construction of the 
tunnel, several survey arrays on ground level were 
installed perpendicular to the tunnel, as shown in 
Figure 8. “SG” on Figure 8 means the locations 
of surface settlement points. In this paper, seven 
selected sections (LUR15-1 at LUR15; LUR16-1 at 
LUR16; LUR17-1, LUR17-2, LUR17-3, LUR17-4 
and LUR17-5 at LUR15) were chosen for further 
analyses. Back analyses were undertaken based on 
the method suggested by Peck (1969) and O’Reily & 
New (1982) in order to obtain two parameters, width 
factor K and volume loss rate V.

Peck (1969) concluded that transverse surface 
settlement trough induced by a circular bored tun-
nel could be simulated by the use of a normal dis-
tribution curve. Therefore, the volume loss rate V 
is determined by

V
i

R
=

δmaδδ x

.0 126 2
 

(1)

In which δmax is the maximum surface settlement 
and R is radius of tunnel. i is defined by

i KZKK 0ZZ
 

(2)

Where Z0 is the depth of tunnel.
To carry out the transverse surface settlement 

analysis, settlement trough induced by each tunnel 
has to be interpreted from field observations individ-
ually. Table 4 presents the interpreted δmax from each 
section and it is in the range of 3.5 to 24.5 mm.

Tables 5 and 6 present the results by the use of 
empirical methods suggested by Peck (1969) and 

Figure 8. Survey array for surface settlement 
measurement.

Table 5. Interpreted K and V for 1st drive tunnel.

Name of section K V (%)

LUR15-1 0.35 0.82

LUR16-1 0.43 1.05

LUR17-1 0.47 0.72

LUR17-2 0.57 0.45

LUR17-3 0.46 0.20

LUR17-4 0.40 0.30

LUR17-5 0.51 0.43

Table 4. Interpreted δmax at LUR15, LUR16 and 
LUR17.

Name of 
section

Up- track or 
Down- track 
tunnel

Number of 
drive at the 
section

δmax 
(mm)

LUR15-1
Down- track 2nd 18.8

Up- track 1st 13.7

LUR16-1
Up- track 1st 24.5

Down- track 2nd 17.3

LUR17-1
Up- track 1st 16.2

Down- track 2nd 15.0

LUR17-2
Up- track 1st  4.3

Down- track 2nd 10.2

LUR17-3
Up- track 1st  3.5

Down- track 2nd  7.8

LUR17-4
Up- track 1st  6.4

Down- track 2nd  9.4

LUR17-5
Up- track 1st  6.8

Down- track 2nd  3.5
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Figure 7. Time history of settlements measured at 
LUR17.

O’Reily & New (1982). It is seen that K is in the 
range of 0.35 to 0.51 for both of 1st drive and 2nd 
drive tunnel. V varies from 0.20% to 1.05% for the 
1st drive tunnel and 0.18% to 1.27% for the 2nd drive 
tunnel. Both of them are close. Hsiung & Lu (2008) 
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and Hsiung (2010) undertook similar works for 
other tunnels in Kaohsiung metro and it was found 
that V of CR3 is comparatively higher. The differ-
ence might be connected with ground treatment and 
performance of machine and workmanship.

4 NUMERICAL ANALYSIS

Considering the rate and capability of development 
of computer software, commercial  computer soft-
ware is commonly used nowadays to simulate  surface 
settlement induced by shielding tunnels. Studies 
using numerical simulation for ground movement 
predictions have been delivered by Sagaseta (1987), 
Addenbrooke & Potts (1996), Inokuma & Fujimoto 
(1996), Melis et al. (2002), Cooper et al. (2002) and 
Pound & Beverage (2003). However, most of studies 
stated above aim to evaluate induced movements of 
tunnels in clay, not in sand. Therefore, a study is car-
ried out to evaluate ground deformations induced 
by bored tunnels in sand using observed data of 
CR3 and computer software PLAXIS (PLAXIS 
BV, 2002) in this paper.

Similar to works completed using empirical 
methods, the same seven sections were selected 
for numerical analyses. A schematic drawing of 
the mesh is shown in Figure 9. For analyses of a 
shallow tunnel, Chen et al. (1997) suggested that 
the vertical boundary should be placed at least 
eight times the tunnel diameter from centre of tun-
nel so the vertical boundary of the mesh was set 
at 55.0–60.0 m away from centerline between two 
tunnels. In addition, the horizontal boundary was 
put at approximately 31.9–55.0 m below surface 
level based on deepest borehole.

An elastic- perfect plastic “Mohr- Coulomb 
(MC)”model was taken to simulate soil behaviour. 
Tables 7–9 present soil parameters selected for 
analyses. In these tables, φ is the effective friction 
angle of the soil, γt is the total unit weight and c’ 
indicates the cohesion of the soil. For definition 
of parameters used, the physical characteristics 
of the soil (such as total unit weight) were meas-
ured in the laboratory, φ ιs given by CECI (2000) 
from interpretation of SPT- N value since results 

Figure 9. Schematic drawing of analytical mesh.

Table 7. Simplified soil parameters used for analyses 
at LUR15.

Soil type 
(from surface)

Thickness 
(m)

φ 
(degree)

γt 
(kN/m3)

C′ 
(kPa)

Silty sand 12.9 30 20.0  0

Soft clay  1.7 32 29.1  0

Silty sand 11.4 33 19.8  0

Firm clay 29.0  0 20.2 160

Table 8. Simplified soil parameters used for analyses at 
LUR16.

Soil type 
(from surface)

Thickness 
(m)

φ 
(degree)

γt 
(kN/m3)

C′ 
(kPa)

Silty sand 13.8 34 19.9 0

Soft clay  1.7 30 19.4 0

Silty sand  7.8 33 19.8 0

Silty sand  8.8 33 19.5 0

Table 9. Simplified soil parameters used for analyses at 
LUR17.

Soil type 
(from surface)

Thickness 
(m)

φ 
(degree)

γt 
(kN/m3)

C′ 
(kPa)

Silty sand  8.3 36 19.7 0

Silty sand 13.6 36 19.8 0

Silty sand 10.0 31 19.6 0

from triaxial consolidated drained/undrained 
tests were not available. At last, based on previous 
studies in areas nearby (Hsiung & Hwang, 2009), 
the recommended elastic stiffness of soil (E) was 
interpreted.

After boring the tunnel, tunnel reinforcement 
concrete segments were used to construct tunnel 
lining and these segments were simulated by the 
use of plate elements.

Table 6. Interpreted K and V for 2nd drive tunnel.

Name of section K V (%)

LUR15-1 0.42 1.27

LUR16-1 0.46 1.21
LUR17-1 0.51 0.52
LUR17-2 0.46 0.42
LUR17-3 0.47 0.41
LUR17-4 0.56 0.46
LUR17-5 0.34 0.18



874

Except soils and tunnel segments, the actual 
groundwater level seasonally varies from surface to 
3.0 m below surface level so it was assumed to be 
on surface level in the analyses.

An additional parameter VL has to be used 
for the simulation of tunnel-induced surface set-
tlement using PLAXIS and it means the ratio of 
convergence area of tunnel to the whole area of 
tunnel. In this paper, VL was assumed to be 0.5%, 
1.0%, 1.5% and 2.0%.

Considering analytical results and observations 
taken from the site, it is seen that interpreted VL 
at up- track tunnel of LUR16 is even greater than 
1.5% accompanied with observations from the 
site, as indicated in Figure 10. VL determined from 
rest of tunnels is smaller, in the range of 0.5% to 
1.0%. Since up- track tunnel of LUR16 is a tun-
nel constructed by the 1st drive of machine, it is 
suspected that larger ground movement and VL are 
thus induced.

5 CONCLUSIONS

In this paper, the ground movements induced by 
bored tunnels in sand were studied and it could be 
concluded at first that the maximum accumulated 
surface settlement reached up to 3.5 to 27.0 mm. 
Ground reached fully stable condition at approxi-
mately 20–40 days after passing of shield head and 
no consolidation settlement was seen.

Secondly, back analyses of transverse surface 
settlement trough by the use of some empirical 
methods were delivered in order to interpret two 
parameters, width parameter K and volume loss 
rate V. Based on results of this paper, K is in the 
range of 0.35 to 0.51 for both of 1st drive and 2nd 
drive tunnel. In contrast, V varies from 0.20% to 
1.05% for the 1st drive tunnel and 0.18% to 1.27% 

for the 2nd drive tunnel. There is no large  difference 
for K and V values determined from the 1st and 2nd 
drive tunnel. However, V is comparatively higher 
than other cases having similar conditions and this 
might be connected with ground treatment and 
performance of machine and workmanship.

Finally, numerical analyses were carried out and 
results were compared with observations in order 
to determine a parameter VL. It was recommended 
that VL in general is in the range of 0.5% to 1.0%.
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