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ABSTRACT
Ground movements result from two primary causes of urban tunneling; ground
loss and groundwater depression that has not been seen as such in previous
researches. This study analyzes the combination effect of the two phenomena on the
transverse settlement trough. At peak acceleration up to 80g, the features of settlement
trough were identified by the centrifuge model tests and numerical analysis. Two
different types of a 180 mm diameter tunnel model were ready to emulate the prototype
of a large 14.4 m diameter tunnel. To simulate the excavation procedure at different
volume loss, a volume loss model was adapted; likewise a drainage tunnel model
simulation presented the decrease in pore pressure distribution. Using FLAC 2D
program, the different groundwater depression effects numerically analyzed on the
settlement trough. Selectively unconfined fluid flow condition was set up to develop the
phreatic surface and groundwater level on the surface. The combination effect of
excavation and groundwater depression were used to study the settlement troughs
from the results. A new curve is designed for elastic settlement in the modified
Gaussian curve; the settlement trough induced by groundwater depression gets deeper
and wider than that by excavation. The correlation is also proposed between maximum
settlement and infection point with the reduced pore pressure at tunnel centerline.

1)

Graduate Student
Graduate Student
3)
Graduate Student
4)
Professor, Corresponding Author
2)

1. INTRODUCTION
The UN technical report announced that by 2050 the urban population will
account for around 70% of the whole world and will double in the next century (UN
2007, 2013; Broere 2016). The traffic congestion cost in OECD countries is reported as
up to 2.0% of their accumulation GDP (Godard 2008). Urbanization is challenged to
tackle with overcrowding and meet the needs of the community. Urban underground
development can provide some breathing space; however, its major problem is the
ground settlement during tunnelling.
Ground settlement resulting from two primary causes of urban tunneling-ground
loss and groundwater depression (FHWA 2009); ground loss inevitably occurs for
technical reasons- one main cause is the difference between ground stresses and
stabilization pressure on the TBM in the tunnel excavation and the other is construction
quality. It provokes the longitudinal ground movement because of stress relief. The gap
between the overcut ground and shield causes the radial ground movement from which
subsequently the shield loss takes place. Tail loss and lining deformation are also
major reasons for ground settlement in TBM tunneling; the tail loss is often associated
with improper backfilling in the gap between the segmental tunnel lining and ground,
and the lining deformation with ground load. Long term settlement is due to
deterioration of ground strength and support degradation leading to the loss of stiffness,
along with the ground consolidation of clays in drainage during the service life for
tunnel. The long term settlement, differential settlement, and land subsidence are
attributed to considerably soft clay layers and aquifers of high groundwater table in
Shanghai region (Shen et al. 2014).Groundwater depression can be often developed
during the construction and drainage stage, and occasionally before construction, for
artificial lowering of groundwater. Groundwater depression increases the effective
stresses in the ground as the change of pore pressure results in elastic (immediate)
settlement. The negative pore pressure makes the effected ground loose and the
strength is also decreased, the phenomenon of which produces the compressible soil
layers or lenses as well as weathered rock materials. Most settlements in cohesive
soils are led by consolidation.

2. CHARACTERISTICS OF GROUND SETTLEMENT; INDUCED TUNNELLING
Peck (1969) suggested that the tunneling; induced settlement trough shape is
generally matched with the Gaussian curve. The settlement Sv(x) can be calculated by
Eq. (1). The detailed characteristics of Gaussian curve are shown in Fig.1.

  x2 
Sv ( x )  S max  exp  2 
 2i 
where
Sv : vertical settlement
Smax : the maximum vertical settlement at the tunnel centerline
x : the horizontal distance from the tunnel centerline

(1)

i : the horizontal distance from the tunnel centerline to the inflection point of the
surface settlement trough
The volume of the settlement trough (Vs) can be obtained from the integration
given in Eq. (2). The volume loss (ground loss) can be expressed as the ratio of Vs to
the notional excavated volume of the tunnel, shown in Eq. (3).
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where
Vs : the volume of the settlement trough (per unit length of tunnel)
D : the tunnel diameter

Fig. 1 Settlement trough of Gaussian curve
O’Reilly et al. (1982) argued that the settlement trough width is irrelevant to the
tunnel diameter and the relationship between i and zt, as shown in Eq. (4) was
suggested. The inflection point is shifted from the tunnel centerline with an increase in
the value of K, and conversely.

i  K  zt
where
K : the trough width parameter according to the ground type

(4)

Some researchers have argued that the Gaussian curve does not accurately
correspond to the settlement trough data (Celestino et al. 2000; Jacobsz et al. 2004;
Vorster et al. 2005). Vorster et al. (2005) suggested a modified Gaussian curve with
three degrees of freedom to obtain better correspondence to soil settlement in Eq.(5)
and (6). The additional parameter  controls the vertical location of the inflection point.
The Gaussian curve is derived by  =0.5 in the modified Gaussian curve. When the
value  increasing, it narrows the trough shape. The optimum value i and  can be
obtained from using the least-squares regression method and analyzing the field
measurement data or experimental data. The settlement trough volume (modified
Gaussian curve, Eq. (7) and Eq. (8)) can be calculated by the value of T * shown in Eq.
(9).
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where
n : the shape function parameter limiting the width of the trough
 : the parameter to ensure that i remains the distance to the inflection point
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T : new function of n and 
T * : used instead of T

3. CENTRIFUGE MODEL TESTS WITH TWO TYPES OF TUNNEL MODELS
3.1 Principle of centrifuge model test
The major centrifugal modeling principle, as given in Eq.(10), applies the
centrifugal acceleration to a 1/N scaled model to regenerate the stress conditions in

prototype. The vertical stresses in the model and prototype are presented in the Eq. (11)
and (12), respectively.

Ng   2 Re

(10)

 vm    N  g  hm     2  Re  hm

(11)

 vp    g  hp

(12)

where
N: centrifuge acceleration scale
 (= 2  rpm / 60 ) : angular velocity of the machine
Re : effective nominal radius
 vm : vertical stress in model
hm : height of model
g : earth gravity (i.e., 1g=9.81 m/s2)
 : density of soil
 vp : vertical stress in prototype
hp : height of prototype

K-water geotechnical centrifuge machine, one of the biggest machines in S.Korea,
launched in 2013 is used to conduct model tests, as shown in Fig. 2. The model weighs
about 20.4 kN and it takes 16-18 minutes to reach 80g. Generally the machine
accelerates at 100-105 rpm to achieve an angular velocity of 10.47-10.99 rad/s.

Fig. 2 Centrifuge machine in K-water from different angles

3.2 Two types of tunnel models
The tests analyzed the ground movement led by ground loss and groundwater
depression. As it was difficult to simultaneously examine ground loss and groundwater
depression in the simulations, two different tunnel models showed the two phenomena
separately in this study. Tunnel volume loss (tunnel model 1) simulates the tunnel
excavation procedure, involved in the extracted volume control of silicone oil. The
target volume loss was induced from reducing the tunnel model diameter at centrifugal
acceleration. Tunnel model 1 was fabricated in use of aluminum cylinder, latex
membrane, silicone oil, and PVC pipe in Fig. 3. The maximum diameter of tunnel model
was 180 mm. When N times g-level was applied to the model, it behaved as N times
180 mm in the prototype.
Drainage tunnel model (tunnel model 2) was developed to simulate the
groundwater drainage during tunneling. Tunnel model 2 was fabricated in use of
aluminum cylinder, non-woven fabric, compressed valve, and plastic pipe reinforced
with wire in Fig. 3. The diameter of tunnel model 2 was 180 mm same as tunnel model
1. The 27 holes of 2.5 mm diameter were drilled in one-fourth of the tunnel model at 45°
on both sides around the periphery of the crown; the transverse and longitudinal
spacing of drilled holes were 23.5 mm and 40 mm, respectively.

Fig. 3 Tunnel design of volume loss and drainage tunnel model

3.3 Test scenarios and measuring systems
The test scenario 1 was performed to analyze the surface and subterranean
settlement by the volume loss of the tunnel at C/D=1.73. Tunnel model 1 was in situ
tested; stresses were generated by accelerating the model of 80g. The tunnel model
diameter was set as 180 mm in order to replace with the 14.4 m diameter prototype.
Tunnel model 1 was prepared at the depth of 312.5 mm from the surface to replace
with the overburden (C) of 25 m in the prototype. Thus, the value of C/D was gained to
be 1.73. Dry sand from Jumunjin was tested under no groundwater condition.
The test scenario 2 was performed to analyze the surface settlement by the
groundwater depression, different from the previous test. Tunnel model 2 was used
without the application of volume loss in this test. The ground conditions were set as
the previous tests, apart from the groundwater level at 100 mm from the surface to
facilitate the drainage in the strong box through the drainage holes. The groundwater

level of the model was to substitute for the groundwater level of 8 m from the surface in
the prototype. In the tunnel drainage model, the water was not discharged from the
boundary and unsteady flow (unconfined fluid flow) condition was developed.
The seven linear variable differential transformers (LVDTs, MHR500MC-006)
measured the surface settlement by tunneling. The transverse interval between the
sensors was set as 95 mm and all the sensors were 120 mm away from the Perspex
wall in Fig. 4 (a). The measuring range of LVDTs was from  0.13 mm to  50.80 mm,
with 0.25% non-linearity. The two pore pressure transducers (PPTs) were used to
measure the reduced pore pressure by the tunnel drainage model 2. The pore pressure
reduction was measured during the experiments because of the difficulty in directly
measuring the groundwater level. The sensors were positioned from the Perspex wall
as the same distance as the LVDTs were, but 225 mm deep from the sand surface
used in the model in Fig. 4 (b).
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Fig. 4 Configuration of the measurement system

4. ANALYSIS OF THE SETTLEMENT TROUGH FROM THE EXPERIMENTAL
RESULTS
The volume loss (%) is a function of maximum settlement, inflection point, and
shape parameters; it can be obtained by the volume of settlement trough. Surface
settlements were analyzed by different parameters such as the volume loss and
groundwater depression in assistance with two types of experimental results. The curve
fitting of measurement data was performed in use of non-linear least squares method of
Matlab (R2014b).
4.1 Analysis of surface settlement trough
In test scenario 1, surface settlement troughs based on seven LVDTs results
were analyzed. The maximum settlements in test scenarios 1-1, 1-2, and 1-3 were
obtained as 0.150, 0.281, and 0.395 mm, while in the prototype were obtained as 12,
22.48, and 31.60 mm, respectively.

Table 1 Result of test scenario 1
Inflection point (mm)

Volume loss (%)

Test scenario

Gaussian
curve

Modified
Gaussian curve

Gaussian
curve

Modified
Gaussian curve

Test scenario 1-1

227.90

185.70

0.34

0.37

Test scenario 1-2

205.80

154.90

0.57

0.63

Test scenario 1-3

202.40

152.10

0.79

0.87

The modified Gaussian curve presented better results than Gaussian curve did.
The inflection point from modified Gaussian curve was far closer than that of Gaussian
curve, whereas, the smaller the value  the more the volume loss.

(a) Test scenario 1-1

(b) Test scenario 1-2

(c) Test scenario 1-3
Fig. 5 Surface settlement trough based of test scenarios 1 (LVDTs)

4.2 Groundwater depression effect on surface settlement trough
The compressed valve opened after reaching 80g condition and water
simultaneously started flowing from the model. The change of pore pressure in Fig. 6 (a)
caused by groundwater depression was measured with two separate PPT sensors
which resulted in 37.92 and 38.23 kPa respectively. The test scenario 2 presented the
surface settlement trough from five LVDTs measurements. The maximum surface
settlement at the centerline was measured as 0.0672 mm equivalent to 5.4 mm in the
prototype. The volume loss induced by groundwater depression resulted in 0.16% in
Fig. 6 (b).

(a) Decrease in pore pressure
during the test

(b) Surface settlement of test scenarios 2
(LVDTs)

Fig. 6 Decrease in pore pressure and its effect on surface settlement

As for the surface settlement effects by either tunnel excavation or groundwater
depression, the superposition method (Suwansawatet al. 2007) was used for the
quantitative analysis in this section, which is mainly because it focuses on immediate
settlement (elastic behavior of soil) by groundwater depression and matches to the
Gaussian curve and other existing curves of the maximum settlement value gained at
the centerline.
The settlement trough was analyzed based on the effects of tunneling (excavation
and groundwater depression) obtained from the sum of the surface settlement of test
scenarios 1 and test scenarios 2, as shown in Fig. 7 (a) to (c). The settlement trough
parameters such as inflection point,  , and R2 value were obtained as shown in Fig. 7.
The results based on modified Gaussian curve show that the effects of groundwater
depression relatively increase when the volume loss only due to excavation is less. The
increment in the value of inflection point was reduced from 12.8 mm to 8.7 mm as the
volume loss changed from 0.37 to 0.87%. Consequently, the maximum settlement,
trough width, and total volume loss increase due to the consideration of the effects of
groundwater depression. The inflection points decreases when the volume loss
increases in the settlement trough due to excavation, whereas, the inflection point
increases when the total volume loss increases in the settlement trough due to
groundwater depression.

(a) Test scenario 1-1 + 2

(b) Test scenario 1-2 + 2

(c) Test scenario 1-3 + 2
Fig. 7 Results from the test scenarios 1 and 2 in application of the superposition
method

5. PREDICTION OF SETTLEMENT TROUGH DUE TO COMBINED EFFECT OF
EXCAVATION AND GROUNDWATER DEPRESSION
5.1 Application of new suggested curve and numerical modeling
The surface settlement due to excavation extended up to 2.5-3i from the
centerline and faded down to zero at the surface, whereas in the case of decrease in
pore pressure, some elastic settlement was observed even at a considerable distance
from the centerline. Thus, the settlement trough obtained in the case of decrease in
pore pressure did not match well with the settlement curves presented in the previous
research work in which decrease in pore pressure was not considered. Due to this
reason, a new parameter, u was added to the modified Gaussian curve, as seen in Eq.
(13), in order to obtain a suitable curve for settlement trough due to groundwater
depression. Here, u represents the elastic settlement at a distance farther from the
tunnel centerline.
Sv ( x) 

n
  x 2 
(n  1)  exp     
  i  

 ( S max  u )  u

(13)

In this study, two dimensional analyses were performed in plane-strain condition
as shown in Fig. 8. The size of tunnel diameter in all cases was used as 14.4 m. In
order to minimize the interference of boundary conditions for accomplishing the fluid
flow analysis, the distance between the model boundary and the tunnel wall and invert
was kept to be more than 5.0D. In order to analyze the settlement only to due to
groundwater depression, the tunnel periphery was fixed in both x and y directions and
unsteady flow condition was developed. The physical properties of sand and
groundwater used in the numerical analysis are given in Table 2.

160

(dimensions in m)

14.4
zero pore pressures condition

fixed displacement and impermeable boundary

Fig. 8 Two dimensional tunnel model in plane-strain condition

Table 2 Physical properties and constitutive model of sand and water
Contents
Density
Bulk modulus
Shear modulus
Elastic modulus
Poisson’s ratio
Cohesion
Friction angle
Dilation angle
Permeability
Porosity
Constitutive model

Unit
kg/m3
MPa
MPa
MPa
Pa
Degree
Degree
m2/Pa-sec
-

Sand
1,600
16.7
10
25
0.2504
0
34
0
1.02  10-10
0.3
Mohr-Coulomb model

Water
1,000
2,000
-

5.2 Numerical simulation for groundwater depression
The overburden value of 25 m was considered in the numerical simulations and
the groundwater level was simulated to be up to the surface in all cases. Numerical
simulation for a total of 5 cases was performed with five different magnitudes of
groundwater depression, as shown in Table 3. The pore pressure distribution and its
effect on the surface settlement trough was analyzed according to the decrease in pore
pressure at C/D ratio condition of 1.73, as shown in Fig. 9. In the case of C/D=1.73
condition, the maximum settlement largely increased from 3.539 mm to 53.04 mm and

the inflection points obtained by the new suggested curve increased after initial
decrement. The reason behind an increase in the settlement trough after initial
decrement was that despite the settlement trough seems to be narrow in shape, the
elastic settlement getting farther from the centerline resulted in changing the trend of
the inflection points.
Table 3 Different cases and their details used for numerical analysis
 p * (kPa)

 p /  p **

1

362.8

0.12

2

615.6

0.20

926.4

0.30

4

1365.4

0.44

5

2130.2

0.68

Case no.

3

C/D ratio

1.73

Groundwater level

Up to surface (25 m)

*  p is sum of reduced pore pressure with respect to depth at the centerline.
**  p /  p is ratio of the summations of reduced pore pressure to total pore pressure with respect to depth.

(a) Variation in pore pressure distribution with depth at tunnel centerline

(b) Surface settlement trough according to the decrease in pore pressure
Fig. 9 Pore pressure distribution and its effect on surface settlement (C/D=1.73)

5.3 Prediction of settlement considering the combined effect of excavation and
groundwater depression
In order to consider the combined effect of excavation and groundwater
depression, the settlement trough obtained from volume loss (0.5, 1.0, and 2.0%) and
the results from section 5.2 were superpositioned for analyzing the surface settlement,
as shown in Table 4.
Table 4 Parameters used for combined cases in application of superposition method
Combined
case no.

C/D
ratio

Ground
water
level

1
2
3

1.73

surface
(25 m)

Volume
loss (%)

 p (kPa)

0.5

362.8

615.6

926.4

1365.4 2130.2

1.0

362.8

615.6

926.4

1365.4 2130.2

2.0

362.8

615.6

926.4

1365.4 2130.2

In the case of C/D=1.73 condition, the characteristics of surface settlement trough
were analyzed by using superposition method in order to obtain five surface settlement
troughs according to the change in groundwater depression, each at three different
volume loss values (0.5, 1.0, and 2.0%). Fig. 10 (a) shows the settlement troughs
based on the combined effect of 0.5% volume loss and groundwater depression
resulting in an increase in the magnitude of reduced pore pressure that caused the
maximum settlement to increase from 14.98 mm to 68.02 mm and the inflection point to
continuously increase from 13.22 m to 20.61 m. There was no trend observed for
change in inflection points due to groundwater depression, but there was a uniform

increase in inflection points when the excavation was also considered besides
groundwater depression. The volume loss obtained only due to excavation was 0.59%
and the combined effect of excavation and groundwater depression caused up to 2.85%
volume loss. Fig. 10 (b) shows the settlement troughs based on the combined effect of
1.0% volume loss and groundwater depression resulting in an increase in the
magnitude of reduced pore pressure that caused the maximum settlement to increase
from 33.39 mm to 86.43 mm and the inflection point to continuously increase from
11.18 m to 16.67 m. The volume loss obtained only due to excavation was 1.19% and
the combined effect of excavation and groundwater depression caused up to 3.38%
volume loss. Fig. 10 (c) shows the settlement troughs based on the combined effect of
2.0% volume loss and groundwater depression resulting in an increase in the
magnitude of reduced pore pressure that caused the maximum settlement to increase
from 81.6 mm to 134.64 mm and the inflection point to continuously increase from
10.50 m to 13.08 m. The volume loss obtained only due to excavation was 1.99% and
the combined effect of excavation and groundwater depression caused up to 4.37%
volume loss.

(a) Effect of increase in 0.5% volume loss due to groundwater depression

(b) Effect of increase in 1.0% volume loss due to groundwater depression

(c) Effect of increase in 2.0% volume loss due to groundwater depression
Fig. 10 Surface settlement due to combined effect of excavation and groundwater
depression (C/D=1.73)

The variation of sum of pore pressure with depth along the tunnel centerline was
used to express the quantitative relationships between inflection points and pore
pressure. A linear relationship (R2 > 0.97) was found between inflection points (is,g) and
 p /  p (always less than 50%) in condition of C/D ratios of 1.73, as shown in Fig.
11. In C/D=1.73 condition, the slopes of regression lines (increment in is,g) were found
out to be 7.88, 6.01, and 2.65 respectively according to the volume loss of 0.5, 1.0, and
2.0% indicating that the effect of groundwater decrease with the increase in volume
loss, as shown in the Fig. 11 (a). Thus, Eq. (14), (15), and (16) were obtained for
different volume loss values at C/D=1.73.

  p 
is , g  7.88 
  K s  zt (VL =0.5%)
 p 

(14)

  p 
is , g  6.01
  K s  zt (VL =1.0%)
 p 

(15)

  p 
is , g  2.65 
  K s  zt (VL =2.0%)
 p 

(16)

where
is,g : the inflection point at the surface due to combined effect of excavation and
groundwater depression
 p : the reduced pore pressure (MPa) at the tunnel centerline, p is the pore
pressure (MPa) at the tunnel centerline

The relationship between Ks,g and  p /  p was also found out to be linear, as
shown in the Fig. 11 (b), making it possible in suggesting Eq. (17), (18), and (19) based
on the sum of Ks and a parameter related to groundwater condition. The maximum
settlement was found out to be increasing continuously without being affected by the
volume loss, as shown in Fig. 11 (c), making it possible to suggest Eq. (20). Although
the inflection point did not increase considerably at 2.0% volume loss, the continuous
increase in maximum settlement caused the total volume loss to reach up to 4.37%.

  p 
K s , g  0.24 
  K s (VL =0.5%)
 p 

(17)

  p 
K s , g  0.19 
  K s (VL =1.0%)
 p 

(18)

  p 
K s , g  0.08 
  K s (VL =2.0%)
 p 

(19)

  p 
Smax, g  64.03 
  Smax
 p 

(20)

where
Ks,g : the trough width parameter at surface due to combined effect of excavation
and groundwater depression
S max, g : increased maximum settlement considering groundwater depression

(a) is,g values at varying reduced pore pressure

(b) Ks,g values at varying reduced pore pressure

(c) Maximum settlement at varying reduced pore pressure
Fig. 11 Linear relationships between  p /  p and parameters related to the trough
(C/D=1.73)

The elastic settlement due to groundwater depression largely depends on the
ground conditions especially elastic modulus. The initially used value of elastic modulus
(25 MPa) was increased by 1.4 and 2.0 times resulting in three elastic modulus cases;
25 MPa, 35 MPa, and 50 MPa in C/D=1.73 condition. The slopes of Ks,g show a linearly
decreasing trend with an increase in ratio E/E25, as shown in Fig. 12. In case of

C/D=1.73 condition, although the slope of Ks,g at VL=0.5% decreased up to a maximum
of 0.16, but when 50% decrease in pore pressure was considered, the increase in
inflection point was obtained as 2.58 m as compared to that in case of considering
excavation only. The relationships between Ks,g and  p /  p according to the elastic
modulus are also given in Fig. 12.

  p 
K s , g  0.21
  K s (VL =0.5%, C /D =1.73, E=35 MPa)
 p 
  p 
K s , g  0.15 
  K s (VL =1.0%, C /D =1.73, E=35 MPa)
 p 
  p 
K s , g  0.06 
  K s (VL =2.0%, C /D =1.73, E=35 MPa)
 p 
  p 
K s , g  0.16 
  K s (VL =0.5%, C /D =1.73, E=50 MPa)
 p 
  p 
K s , g  0.11
  K s (VL =1.0%, C /D =1.73, E=50 MPa)
 p 
  p 
K s , g  0.04 
  K s (VL =2.0%, C /D =1.73, E=50 MPa)
 p 

Fig. 12 Relationships between slope of Ks,g and E/E25 at C/D=1.73

6. Conclusion
(1) The settlement troughs due to groundwater depression match well with the
existing curves. However, the cases where large groundwater depression is considered,
smaller values of the coefficient of determination (R2) were achieved due to the elastic
settlement at a distance farther from the tunnel centerline. Therefore, an additional
parameter was suggested in the modified Gaussian curve (Vorster et al. 2005). Using
the new suggested curve, high R2 values of settlement trough due to groundwater
depression can be obtained as well as the existing concept of inflection point can also
be maintained considering the effect of groundwater depression.
(2) It is difficult to obtain the trend of inflection point due to the individual effect of
groundwater depression, whereas, the combined inflection point (is,g) shows linearly
increasing trend according to the groundwater depression. This trend remains same
even when various settlement troughs due to excavation according to different values
of volume loss are applied. The linear empirical relationships between trough
parameters (is,g, Ks,g, and S max, g ) and the ratio of summations of reduced pore pressure
to total pore pressure with respect to depth were also suggested. The effects of elastic

modulus of ground on the suggested empirical relationships were analyzed and
additional equations were proposed.
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