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Recent underground construction projects in Korea—from rock 
to soft ground

C. Yoo
Sungkyunkwan University, Suwon, Korea

ABSTRACT: This paper presents design and construction aspects of recent large underground 
construction projects executed in Korea. Two projects were presented; one for an underground low and 
intermediate level nuclear waste repository construction project and the other for a large diameter railway 
tunnel construction project executed under a domestic airport. A number of design and construction 
issues were brought up when executing these projects due largely to difficult ground conditions and 
construction constraints. The first case history illustrates implementation of large scale finite element 
computing for design of the underground nuclear waste repository which involved with construction of 
six mega size underground silos in complex, unfavorable geological conditions with high initial in-situ 
stresses. The second case history involves construction of the railway tunnel directly under the domestic 
airport, where excessive settlements occurred due to inappropriate groundwater control during tunnelling, 
which eventually raised significant concerns over operational safety of the airport facilities situated in the 
settlement affected area. This paper presents details of the design and construction aspects of the two case 
histories together with practical implications of the findings.

Korean peninsula, approximately 2.1  km2, where 
a nuclear power plant is located in the near vicin-
ity, was selected as the construction site (Park 
et al. 2009). Data collected during site characteri-
zation were used for an assessment of long term 
performance based partly on its hydrogeological 
and geochemical characteristics, and groundwater 
flow modeling (Park et al. 2009). An environmen-
tal impact assessment was derived from this data 
as well. The permeability of the soils underlying 
the silo site is on the lower bound of the regions 
values. This is in favor of selecting the site for a 
storage facility, as lower permeability is correlated 
to slower movement of groundwater and minerals.

The first phase of the repository consists of 
six underground silos, each with a diameter of 
approximately 24 metres and located deeper than 
80 metres below sea-level (Figure 1). Construction 
of the 1.56 trillion won ($1.5 billion) disposal facil-
ity was started in 2006 and completed in June 2014. 
Such deep underground space for a disposal facil-
ity of Low and Intermediate Level Waste (LILW) 
was constructed solely in Finland and Sweden 
where geotechnical condition is relatively good 
compared to Korea. This project is a winner of 
2015 ITA Tunnelling Project of the Year Awards.

A number of technical difficulties were emerged 
during the design stage due to unexpected difficult 
ground conditions including high initial stresses. 
For example, the initial primary support and 

1 INTRODUCTION

South Korea’s nuclear program is fully integrated 
into the national infrastructure, supplying 30% of its 
electricity, and 8.6% of its total energy usage (Park 
and Choi 2012). A total of 21 reactors operated in 
the country currently, generating 18.7 GWe. Ongo-
ing and planned projects are estimated to bring 
South Korea’s generating capacity to 32.9 GWe by 
2030 (Park and Choi 2012). Due to short of storage 
facility for low level and intermediate level wastes, 
the Korean government estimated that the storage 
pools within the nuclear power plants would be 
completely filled by 2021. Low Level Radioactive 
Waste (LLRW) includes radio isotope waste gener-
ated in industry, hospitals, research, and the objects 
associated with the nuclear fuel cycle. LLRW rarely 
needs shielding and consists mainly of items with 
short lived radioactivity. Usually they are com-
pacted and shallowly buried. Materials include 
paper, clothing, and other materials which may 
have been exposed to radioactivity. Intermediate 
Level Radioactive Waste (ILRW) has greater levels 
and periods of radioactivity. These materials may 
require a geologic burial. These materials include 
resins, reactor fuel rod cladding, and strongly con-
taminated materials. High level radioactive waste is 
generated as byproducts of the nuclear fuel cycle.

After years of searching for a radioactive waste 
disposal site, the southeastern coastal area of 
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excavation design based on the general characteri-
zation of the ground (rock mass) in terms of RMR 
(Bieniawski 1989) and Q-System (Barton 2002) 
did not meet the stability requirement set by the 
regulatory agency. In order to ensure that the silo 
design becomes feasible, a different approach(es) 
for rock mass classification was developed to come 
up with different options for the support design. 
The different options for support design and exca-
vation method were then checked by a series of 
large scale, full 3D finite element analyses (KTA 
2011, Saanio & Riekkola oy 2010). Details of site 
characterization, support and excavation design, 
and 3D finite element analysis are given in the fol-
lowing sections.

Seoul Metro (Seoul subway system) has recently 
undergone a number of extension works during 
the past 10 years in response to the demand for 
significant upgrade to existing infrastructures in 
Korea. One of the extension projects that has sig-
nificant geotechnical implications is Incheon Air-
port Rail Express (AREX) construction project 
(Figure 2), which connects Seoul Metro to Incheon 
International Airport (Yoo 2013). The project was 
awarded on a BTO (Built-Transfer-Operate) basis 
with 13 shareholders.

Among the stretch of AREX construction sites, 
a 460 m long section was built by the conventional 
tunneling technique known as NATM under a 
domestic airport. The tunneling was executed in 
close proximity to Han River, and therefore the 
geotechnical aspects of the tunneling condition 
were rather difficult due to the high groundwater 
table. The approximately 460  m long tunnel sec-
tion was constructed directly under apron of the 
airport, where the owner of the airport imposed 
strict settlement control limits to ensure the opera-
tional safety of the airport facilities. Although the 
control of groundwater during tunnelling was the 
key design and construction issues, the tunneling 
caused excessive surface settlements over the 
apron area due to inappropriate groundwater con-
trol, raising serviceability issues for nearby airport 

facilities. An extensive investigation was carried 
out in order to identify the causes and mitigation 
measures for the excessive settlements. This paper 
summaries the tunnelling condition and causes of 
the excessive settlements, and settlement charac-
terization based on measured data.

2 DESIGN ISSUES WITH LILW 
REPOSITORY

2.1 Project site

Due to the complex geological setting in the 
project area, proper ground characterization was 
considered to be the key to success of the LILW 
repository construction project. Comprehensive 
site investigation programs were therefore designed 
and executed in preliminary as well as detailed 
design phases to confirm silo locations and struc-
tural design. The results of site investigation indi-
cated that the ground is manly hard rock with some 
fractures of various degree. For example, as shown 
in Figure 3, the site mainly consists of cretaceous 
sedimentary rocks and tertiary plutonic rocks con-
sisting of diorite, granodiorite and biotite granite 
and intrusive rocks. Main underground structures 
(silos) was constructed in the region composed 
of granodiorite. Limited fault zones with a thick-
ness of few centimeters to several meters were also 
observed, consisting mainly of heavily fractured 
and sheared rock mass. Fault gouges, with a thick-
ness of millimeters up to some centimeters of 
coarse to fine grained in nature, were also found.

Figure 4 shows the cross section and plan layout 
of the LILW repository silos. As shown, each silo 
consists of an upper dome having a diameter and 
height of 27.3 m and 16.2 m, respectively, and the 
lower cylindrical body with a diameter and height 
of 23.6  m and 33.8  m, respectively. For the geo-
metrical shape of silos, the shape of a dome and a 
cylinder was chosen to ensure both the mechanical 

Figure  1. Schematic view of LILW repository (after 
Park et al. 2009).

Figure  2. Schematic view of AREX construction 
project.
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stability and the maximum storage space with less 
excavation. Silos are constructed in a square grid 
pattern with a center to center spacing of 90 m as 
shown in Figure 4(b).

2.2 Rock mass characterization for silo design

In order to make the silo design feasible, the rock 
mass at the project site was classified by the con-
cept of Engineering Geological Model (EGM) 
proposed by Fookes (1997) considering rock 
type, condition and orientation of discontinuities, 
among others. This approach yielded six ground 
types, i.e., from GT-I to GT-V-2, as shown in 
Figure 5 in which typical rock cores of each rock 
type are shown. As can be seen in Figure 5, GT-IV 

and V represent essentially highly fractured rocks. 
Details of the approach adopted can be found else-
where (KTA 2011).

After characterizing the rock types for the site 
based on the information given, the engineering 
design parameters were determined based on the 
results of a series of laboratory tests as well as 
available empirical relations. Table  1  summarizes 
the material properties used for design.

Figure  6  shows cross section of silo with the 
detailed geological condition identified in this 
study. As shown, Silo I is mainly located in GT-IV, 
which was identified as fractured rock mass. 
A major fault zone, GT-V-2, with a thickness of 
approximately 5 m intersects from the left part of 
the dome to the right bottom part of body. A wider 
secondary fault zone, GT-V-1, crosses the left edge 
of Silo I. The ground condition for Silo II appears 
a bit better than Silo I as the major portion lies in 
GT-II and III, which can be considered as massive 
to slightly fractured rock. Although not shown, 
the remaining silos were located in rather favorable 
rock types.

Figure 3. Plan view of geological setting (after Saanio & 
Riekkola oy 2010).

Figure 4. Cross section and plan layout of silos.

Figure 5. Typical rock cores for rock types.

Table 1. Geotechnical parameters for ground types.

Type
c′
(MPa)

Ø

(deg.)
Em

(MPa)
γ 
(kN/m3) µ

GT-I 18 47 30 27 0.18

GT-II 8 42 20 26 0.21

GT-III 4 38 11 25 0.23

GT-IV 2.5 35 7 25 0.25

GT-V-1 0.9 32 4.4 23 0.28

GT-V-2 0.3 30 4 22 0.32

Note: c′  =  cohesion, Ø′  =  internal friction angle, 
Em = deformation modulus of rock mass, γ = unit weight, 
µ = Poisson’s ratio.



50

2.3 Design of temporary support and excavation 
method

2.3.1 Temporary support
Based on the results of ground characterization, 
five standard support patterns were developed for 
preliminary design purposes. The design concept 
of the structural elements of the primary support 
was based on Q-Chart shown in Figure 7.

Details of the support patterns adopted for dif-
ferent ground types are summarized in Table  2. 
As shown, the support patterns for GT-I, II, III 
consist of 150 to 250 mm thick shotcretes together 
with 7 m long rock bolts installed at 2.5 to 3.0 m 
transverse and longitudinal spacing while 10 to 
20 m long cable bolts installed at 1.6 to 2.0 m spac-
ing together with 350 to 450 mm thick shotcrete are 
adopted for the weaker ground types, i.e., GT-IV, 
GT-V-1, and GT-V-2. Additionally adopted was 
the pipe umbrella technique using 1000 mm diam-
eter grout injected 4 m long steel pipes for Silo I 
and II in the areas within which the ground type 
GT-V exists.

Figure  8  shows the primary support patterns 
for Silo I adopted. As shown, support patterns IV 
and V were adopted due to the worst case ground 
condition.

2.3.2 Excavation method
During the design stage, several alternatives for the 
dome and body excavation method were reviewed. 
Considering both stability and time require-
ment issues, the detailed excavation steps shown 
in Figure  9 were adopted. As shown, the dome 
was excavated from the construction tunnel with 
a slope of 10% until reaching approximately 70% 
of the dome diameter. After excavating the bench 
portion from the unloading tunnel towards the 
temporary face in the dome area, the dome was 

successfully widened laterally, followed by cast-
ing of the 1.2∼2.8  m thick concrete arch lining. 
The excavation was then continued with the same 
sequence until reaching the bottom of the dome. 
For the body area, approximately 5  m diameter 
pilot raise bore was first excavated to facilitate 

Figure  7. Q-Chart for support design (after Barton 
2002).

Table 2. Primary support patterns adopted.

Support  
pattern I II III IV V*

Ground type GT- 
I

GT- 
II

GT- 
III

GT- 
IV

GT- 
V-1

GT- 
V-2

Excavation  
length (m)

3.0 2/5 2/0 1.0 0.8 0.8

Shot’c thickness  
(mm)

150 200 250 350 450 450

Rock  
bolts 
(m)

Length 7.0 7.0 7.0 – – –

Spacing 3.0/ 
3.0

3.0/ 
3.0

2.5/ 
2.5

Cable  
bolts  
(m)

Length – – 10 10 20

Spacing – – 2.0/ 
2.0

2.0/ 
2.0

1.6/ 
1.6

Figure 8. Primary support patterns for Silo I.

Figure 6. Geological setting of Silo I and II.
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excavation muck disposal after which successive 
excavation was continued in steps of 3 m to reach 
the bottom (Figure 10).

2.4 Three-dimensional finite element stability 
analysis

Owner of LILW repository required a set of Class 
A numerical analyses using continuum as well as 
discrete approaches to verify the primary support 
and excavation design with strict serviceability as 
well as stability requirements. In this section, the 
results of continuum based numerical analysis on 
Silo I are presented, which has a burial depth of 
approximately 100 m with a “worst case” ground 
condition.

Figure 9. Excavation sequence of dome area.

Figure  10. Excavation sequence of body area (after 
Saanio & Riekkola oy 2010).

For the continuum based analysis, the finite 
element modeling approach was adopted using 
a commercially available finite element software 
package Abaqus (2013). A full three-dimensional 
finite element model capable of simulating the 
sequential excavation and support installation 
process was adopted in order to make realistic 
stability assessment of the silo construction in a 
three-dimensional domain. A particular attention 
was paid to modeling of the detailed geological 
condition together with the sequential excavation 
and the support installation process to allow for 
a realistic simulation of the silo behavior during 
excavation. Details of the three-dimensional model 
are given under the subsequent subheadings.

2.4.1 Finite element modeling
Figure 11 shows the cross sectional view of FE rep-
resentation of Silo I with the geological condition 
together with the model for structural elements. 
As shown, the silo was modeled in a cylindri-
cal domain having a diameter and height of 6D 
and 6.3D, respectively, where D is the diameter 
of dome, i.e., D = 27.3 m. In order to reduce the 
size of the finite element model, only 80 m region 
(2.8D) above the dome was included in the finite 
element model. The remaining upper 2.5D zone 
was replaced with an equivalent surcharge of 
q = 1750 kPa, which was calculated based on the 
unit weight of the ground.

In the FE representation, approximately 308,000 
three-dimensional elements with over 112,000 
nodes were used. Considering the asymmetric con-
dition in terms of the geological condition and the 
excavation sequence, the entire silo was considered 
in the finite element model. In order to define the 
domain, the lateral boundaries were placed at loca-
tions with sufficient distance to eliminate possible 
boundary effects; i.e., 3D from the silo center for 
the lateral vertical and the bottom boundary at 
1.6D from the silo bottom (Figure  11). In terms 

Figure 11. Geological model and FE model (Silo I).
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of the displacement boundary condition, roller 
boundaries were placed on the vertical faces of the 
mesh, i.e., Ux = 0 or Uv = 0, while a fixed boundary 
condition was assumed at the bottom boundary 
considering the rigid rock layer.

In discretizing the model, the ground was mod-
eled using 10-node tetrahedron elements (C3D10), 
while three-dimensional conventional shell ele-
ments with five degrees of freedom (STRI65) and 
truss elements (T3D2) were used for the shotcrete 
lining and rock/cable bolts, respectively, as shown 
in Figure  11(b). With regard to the constitutive 
modeling, the ground was assumed to be an elasto-
plastic material conforming to the Mohr-Coulomb 
failure criterion, together with the non-associated 
flow rule proposed by Davis (1968), while the shot-
crete lining and rock/cable bolts were assumed to 
behave in a linear elastic manner. The material 
properties defined in Table 2 were used for analysis 
with a dilatancy angle of ψ = 20º for GT-IV and 
V with ψ  =  0º for other rock classes higher than 
GT-IV. The time dependency of the strength and 
stiffness of the shotcrete lining after installation 
was not explicitly modeled in the analysis; instead, 
an average value of Young’s modulus of 10 GPa, 
representing the green and hard shotcrete con-
ditions reported in the literature Queiroz et at. 
(2006), was employed with a Poisson’s ratio and a 
unit weight of 0.25 and 23 kN/m³, respectively.

After creating the initial stress condition of 
the ground with the appropriate boundary con-
ditions, the excavation of unloading (upper) and 
construction (lower) tunnels were first simulated 
with appropriate primary supports. Excavation of 
the dome and body areas was then progressed fol-
lowing the excavation steps described in section 2.3 
with appropriate primary supports installed at des-
ignated steps. Figure 12 shows the excavation mod-
eling scheme for selected excavation steps adopted 
in the analysis. Due to the scale of the domain and 
nonlinearity of the material, 72 hours of CPU time 
was required to complete the analysis using a high-
end server with 12 cores and 24 GB memory.

2.4.2 Stability assessment
A number of primary support patterns were simu-
lated in order to optimize the support pattern that 
meets the allowable limits for the silo deformation 
and induced stresses in the structural elements. 
Presented in Figure  13 are the progressive devel-
opment of silo deformation, shotcrete stress, and 
cable bolt axial load during the excavation process.

As shown in Figure 13 (a), as soon as the dome 
excavation commences the crown settlement of 
dome area of 0.02%D or 5.3 mm develops, after 
which no significant increase can be observed. 
The trend of dome convergence is a bit more dra-
matic than the crown settlement. For example, the 

dome convergence gradually increases as excava-
tion progresses and registers as great as 0.05%D 
or 14  mm of convergence at the completion of 
dome excavation. Further excavation of the body 
area adds additional 0.033%D, totaling 0.08%D or 
23 mm at the completion of entire silo excavation. 
A similar magnitude of convergence develops in 
the body area as great as 0.075%D or 20 mm. Note 
that the calculated deformations at the monitoring 
points fall within the threshold values set by the 
owner.

Development of shotcrete stresses and axial 
loads in cable bolts are shown in Figure 13 (b) and 
13  (c). Of salient feature that can be observed in 
these figures is that larger shotcrete stresses and 
cable bolt axial loads are developed in the dome 
area than in the body area. For example, the shot-
crete stress in the dome area of 7  MPa quickly 
develops immediately after its installation, after 
which it further increases to 17 MPa by the time 
the dome area excavation is completed. Further 
top-down excavation in the body area however 
tends to decrease the shotcrete stress in the dome 
area. The trend of axial loads in cable bolts devel-
opment in Figure  13  (c) is similar to that of the 
convergence shown in Figure 13 (a) with a maxi-
mum load of 17 ton and 10 ton being developed in 
the dome and body areas, respectively.

Figures  14 to 16  show contour plots of silo 
deformation, shotcrete stress, and cable bolt axial 

Figure  12. FE modeling scheme for excavation  simu- 
lation.
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load for selected excavation stages. As shown in 
Figure  14 (a) for deformation, larger deforma-
tions tend to develop where the highly fractured 
zone, i.e., GT-V-2, crosses, especially in the dome 
area, suggesting that an auxiliary method such 
as jet grouting may need to be implemented as a 
precautionary measure. The contour plots of shot-
crete stress shown in Figure  15  show that larger 
shotcrete stresses develop at the dome and the 
unloading tunnel junction where stress concentra-
tion is expected, requiring additional measures to 
reinforce the area. Similar to the shotcrete stress, 

larger axial loads in cable bolts are developed in 
the vicinity of the unloading and construction tun-
nels, although they are below the allowable limit of 
21 ton as shown in Figure 16.

The results of the 3D FE analysis are summa-
rized in Table 3 for the selected excavation steps so 
that the calculated maximum deformation as well 
as support stress/load can be compared with the 
allowable values. As shown, the calculated defor-
mation in the dome and body areas are within the 
threshold values set by the owner based on the crit-
ical strain concept defined by Sakurai (1997). Axial 
load developed in the cable bolts are also within 
the allowable value of 21 ton. Although the shot-
crete stresses are generally within in the allowable 

Figure 14. Contour plot of deformation.

Figure 15. Contour plot of shotcrete stress.

Figure 16. Contour plot of cable bolt axial load.

Figure  13. Progress development of silo deformation 
and support stress/force.
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limit σ all MPa=( )14 ,  there are locally isolated 
areas where the calculated shotcrete stresses 
slightly exceed the allowable limit which has no sig-
nificance in the stability requirement perspective. 
Nevertheless, the results of 3D FE analysis con-
firm that the stability of silo can be achieved with 
the primary supports and the excavation method 
adopted.

The large scale three-dimensional finite element 
analysis presented above were successfully used in 
the stability assessment of the underground silos 
with emphasis on the ground and primary sup-
ports to excavation. This example highlights ben-
efits that can be obtained from a large scale, Class 
A finite element analysis when designing a large 
underground structure introduced in this study.

3 IMPACT OF TUNNELLING-INDUCED 
GROUNDWATER DRAWDOWN

3.1 General

It is well known that groundwater drawdown dur-
ing tunnelling intensifies ground settlements, thus 
causing wider and deeper settlement troughs that 
have significant practical implications to surface 
as well as subsurface structures within the tunnel-
ling influence zone (Yoo 2005, Yoo and Kim 2008, 
Attewell et al. 1986). In this section, a case history 
of excessive surface settlements during tunnelling 
under the airport introduced earlier is presented. 
For further detail, readers should refer to Yoo 
et al. (2012).

3.2 Project site

The project site is located 20 km west of the city of 
Seoul, the capital of Korea, nearby a busy domes-
tic airport (Incheon Airport Railway Construction 
Authority 2002). Han River is located approxi-
mately 4 km away from the project site (Figure 17).

The ground at the site is characterized by thick 
highly permeable water bearing soil layers with 
relatively high groundwater table at 4 to 6 m from 
the ground surface as shown in Figure 18.

Figure 19 shows the longitudinal profile of the 
tunnel section. Although the tunnel was initially 
expected mainly through the weathered rock, the 
weathered soil appeared at the tunnel heading dur-
ing actual excavation. Geotechnical properties of 
the soil/rock layers are given in Table 4.

Figure 17. Bird’s eye view of project site.

Figure 18. Cross sectional profile.

Table 3. Summary of 3D FE results.

Dome Body

EX3 EX5 EX7 EX9 EX11 EX12 EX34

Deform. (mm) Crown   6.39   7.67   8.84   6.39   8.21   8.41   8.76

Dome  12.80  13.46  13.90  12.80  24.40  24.81  25.16

Body  21.81  22.12  22.72

Shotcrete stress 
(MPa)

Dome   6.82  14.31  16.39   6.82   9.03   9.26   9.41

Body   8.62   9.36   9.76

Cable bolt Axial  
load (kN)

Dome 102.1 103.9 104.0 151.6 168.5 169.2 169.7

Body  98.5  99.7  99.5

Note: Shotcrete allowable stress σall = 14 MPa, Allowable axial load for cable bolt Fall = 21 ton.
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3.3 Tunnel design and filed instrumentation

The tunnel having an excavation width and height 
of approximately 12.3  m and 9.9  m, respectively, 
is a double track tunnel, approximately 1,700  m 
in length, and was constructed using the drill and 
blast technique (Figure  20). The primary sup-
ports adopted consisted of a 0.2 m thick steel fiber 
reinforced shotcrete (SFRS) layer with 4  m long 
system rock bolts at 1.0 and 1.2  m, respectively, 
longitudinal and transverse spacing. The pipe 
umbrella technique using 800 mm diameter grout 
injected 12  m long steel pipes was additionally 
implemented to promote the face stability through 
improving the load carrying capacity of the ground 
ahead of the face (Figure 19). Also adopted was 
a trumpet shaped micro cement injection (MSG) 
pre-grouting around the tunnel periphery to create 
a 5 m thick watertight shell for sections in which 
the weathered soil layer extended to the tunnel 
crown level (Figure 20). The pre-grouting scheme 
was later extended to cover the whole face area 
after the settlement problem had become an issue 
as will be discussed late.

East and west bound tunnel excavations were 
commenced currently from STA22  km500 and 
STA22 km960, respectively, as shown in Figure 19. 
After advancing east and west bound tunnel head-
ings to some distance, significant surface settle-
ments in the region ahead and behind the west 
bound tunnel heading were developed. In order to 

Figure 19. Longitudinal sectional profile.

Table 4. Geotechnical properties of soil/rock layers.

Type
c′
(MPa)

Ø

(deg)
E 
(Mpa)

γ 
(kN/m3) µ

K 
(cm/sec)

Fill   0 27   5 18 0.4 3.8 × 10−4

Alluvial  15 30  10 20 0.4 3.8 × 10−4

Weathered  
soil

 15 30  50 25 0.3 2.4 × 10−4

Weathered  
rock

 60 35 120 25 0.3 8.8 × 10−5

Hard rock 100 35 200 26 0.2 5.0 × 10−5

Note: K = coefficient of permeability.

Figure 20. Tunnel cross section and pre-grouting scheme.

closely monitor surface settlements, the contrac-
tor installed approximately 300  settlement points 
in total by adopting an additional grid of settle-
ment points at 10  m transverse and longitudinal 
spacings along the tunnel route. At each transverse 
section perpendicular to the tunnel driving, seven 
settlement points were installed at 10  m spacing. 
Such a layout was later found to be insufficient 
to cover the entire settlement affected zone in the 
transverse sections. In addition to the settlement 
points, conventional porous tube type piezometers 
were installed two locations at STA22 km780 and 
STA22 km840 to monitor changes in the ground-
water level during tunnelling.

3.4 Measured data

3.4.1 Piezometric data
Figure  21  shows the measured piezometric levels 
during tunnelling, presented in such a way that the 
effect of tunnel advancement on the piezometric 
level at the site can be identified. Two sets of data 
are shown in this figure; one for STA22 km780 and 
the other for STA22 km840. Note that the piezom-
eter at STA22  km840 was additionally installed 
when the top heading arrived at STA22  km878, 
immediately after the excessive settlement has 
become an issue. As shown, it can be clearly seen 
that the tunnelling caused a groundwater draw-
down as great as 25 m at STA22 km780, and that 
more than 60% of the drawdown was completed 
before the tunnel heading arrived at the monitor-
ing section. Of importance implications of the 
measured piezometric data are two folds. First, a 
significant portion of groundwater drawdown may 
occur well before the tunnel heading passes a mon-
itoring section, suggesting that post-grouting is no 
alternative to pre-grouting in terms of the measure 
for groundwater control. Second, such a ground-
water drawdown may have been a contributing fac-
tor to the excessive settlements).

3.4.2 Ground surface settlement
Figure  22 presents the measured longitudinal sur-
face settlement profiles along the tunnel center 
line at various excavation stages for the 250 m long 
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stretch of the tunnel. Also shown in this figure is 
the locations of the top heading. As shown, the 
tunnel advancement gradually increased the settle-
ment both ahead and behind the top heading with 
a maximum settlement of approximately 160  mm 
occurring at STA22  km880 upon completion of 
the tunnel excavation. Also noted in this figure is 
that for a given top heading location, the settlement 
tended to start approximately 4∼5D ahead of the top 
heading, suggesting that the settlement affected area 
could extend up to 4∼5D ahead of the top heading. 
In addition, it is observed that the settlement seized 
its development when the top heading advanced 
approximately to 7D from a monitoring section. 
Such a trend implies a wider settlement influenced 
zone than that for tunnelling cases with no ground-
water drawdown, and is well in accordance with the 
three-dimensional numerical investigation reported 
by Yoo (2005), Yoo and Kim (2008), and Yoo et al. 
(2012) for an urban tunneling situation involving 
tunnel excavation in water bearing ground.

Settlement history plots for six monitoring 
points installed in the region STA22 km860∼920, 
where relatively larger settlements were developed, 
are shown in Figure  23 from which the trend of 
progressive development of settlement with the 

top heading advancement can be identified. As 
shown, the settlement plots for STA22  km860, 
870, and 880 are almost identical following the 
shape of the cumulative probability function as 
reported by Attewell and Woodman (1982). As the 
settlement monitoring in this region started well 
before the top heading reached the region, these 
plots were thought to represent the complete set-
tlement development process. The settlement plots 
for STA22 km900, 910, and 920 however tend to 
deviate from one another, which may have been 
due in part to the settlements that had occurred 
prior to the monitoring points installation in 
this region. As the settlement data in the region 
STA22  km900∼920  in Figure 24 did not seem to 
represent the whole settlements induced by the 
entire tunnelling process, a further correction to 
include the settlements that had occurred prior 
to the installation of the settlement grid (termed 
pre-settlement hereafter) was necessary in order to 
properly assess the operational safety of the air-
port facilities in the settlement affected area.

Figure  21. Progressive change in groundwater levels 
during tunnelling.

Figure  22. Progressive development of longitudinal 
ground surface settlement profile.

Figure  23. Progressive development of surface settle-
ments at STA32 km860∼880.

Figure  24. Progressive development of surface settle-
ments at STA32 km900∼920.
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3.5 Settlement characterization

In order to make the necessary correction for the 
settlement data at STA22  km900∼920, a settle-
ment characteristic curve was first constructed 
by fitting the settlement data at STA22  km860, 
STA22  km870, and STA22  km880 which were 
thought to represent the whole settlement induced 
by the tunnelling activity. The settlement character-
istic curve was then used to infer the pre-settlement 
at each monitoring section as described below.

The cumulative probability function (New and 
O’Reilly 1991) was used to construct the settlement 
characteristic curve, given as
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where Vs is the volume of the settlement trough 
per unit distance of tunnel advance and i is the 
inflection point defining the form and span of 
the settlement trough on the assumption that the 
semi-transverse (y-axis) settlement profile can be 
described by a normal probability equation. xi and 
xf are the tunnel start point and the tunnel face 
position, respectively, along the tunnel axis (y = 0). 
G(α) can be determined from a standard probabil-
ity table. As shown in Figure  25, the cumulative 
probability function provided excellent fit to the 
measured settlement data with the location of the 
inflection point (i) of 2.5D. Note that i = 2.5D is 
five times larger than that computed using Eq. (2) 
given by Clough and Schdmit (1982), which has 
been proven to be applicable for tunnelling cases in 
Korea (Yoo 2001).

i
D z

D
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2

0 8.
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where D and zo are tunnel diameter and cover 
depth, respectively. A larger i value in fact implies 
a wider settlement trough, thus suggesting that a 
wider settlement affected area should be expected 
when groundwater drawdown occurs during tun-
nelling in water bearing ground.

The settlement characteristic curve was then 
used to make corrections to the settlement data for 
STA22 km900, STA22 km910, and STA22 km920 
with an assumption that the settlement imme-
diately above the top heading corresponds 
approximately to 45 mm as in the case for the set-
tlement data for STA22  km860, STA22  km870, 
and STA22  km880 where the monitored data 
are believed to fully represent the whole settle-
ment developing process. As shown in Figures 26 
and 27, the pre-settlements were inferred directly 
from the plots as 15 and 40 mm for STA22 km900 
and STA22 km920, respectively. The fitted cumu-
lative probability function was later used to assess 
the operational safety of the airport facilities. 
Assessment of the operational safety of the airport 
facilities is beyond the scope of this study and can 
be found in Kim et al. (2005).

Figure 25. Settlement characteristic curve constructed 
using the cumulative probability curve.

Figure 26. Corrected settlement curves for STA22 km900.

Figure 27. Corrected settlement curves for STA22 km920.
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3.6 Practical implications

The monitored data in fact provided important 
practical implications concerning the settlement 
control in tunnelling in water bearing ground as 
summarized below.

 A significant portion of groundwater drawdown 
may occur well before the tunnel heading passes 
a monitoring section, thus implying that post-
grouting is no alternative to pre-grouting as a 
mitigation measure for groundwater control.

 Tunnelling-induced groundwater drawdown 
results in a wider settlement affected area than 
that of tunnelling cases without significant 
groundwater drawdown. A proper groundwater 
control is key to the settlement control for tun-
nelling cases in water-bearing permeable ground.

 The cumulative probability function can be used 
to describe the longitudinal settlement curves for 
tunnelling cases with groundwater drawdown but 
with a much larger value for the inflection point 
than cases without groundwater drawdown.

4 CONCLUSIONS

In this paper, recently executed underground con-
struction projects in Korea are introduced. Two 
projects were presented; one for an underground 
low and intermediate level nuclear waste reposi-
tory construction project and the other for a rail-
way tunnel construction project under an operat-
ing domestic airport.

The underground nuclear repository project 
consisting of construction of 4  km long tunnel 
and six mega size silos was highlighted by its large 
scale of excavation volume with high initial stress 
and complex geological conditions. A site-specific 
ground characterization was performed in order to 
make preliminary support design feasible consid-
ering rock types, rock mass classification results, 
among others. The design was then verified by car-
rying out a series of large scale 3D finite element 
analysis in which the excavation sequence and 
detailed support systems were closely modeled. 
This design case history illustrated a good example 
of a systematic approach combining ground char-
acterization, support and excavation design, and 
3D large scale finite element analysis for design of 
a large underground nuclear waste repository.

The case history on urban, conventional tunnel 
construction under a domestic airport presented 
in the second part of this paper highlighted the 
interaction mechanism between the tunnelling-
induced groundwater drawdown and ground 
surface settlements during tunnelling operation. 
The results indicated that a significant portion 
of groundwater drawdown may occur well before 

the tunnel heading passes a monitoring section, 
thus implying that post-grouting is no alterna-
tive to pre-grouting as a mitigation measure for 
groundwater control. Also illustrated was that the 
tunnelling-induced groundwater drawdown results 
in a wider settlement affected area than that of 
tunnelling cases without significant groundwa-
ter drawdown. A proper groundwater control is 
key to the settlement control for tunnelling cases 
in water-bearing permeable ground. A thorough 
analysis on the measured settlement indicated that 
the cumulative probability function can be used to 
characterize the longitudinal settlement curves for 
tunnelling cases with groundwater drawdown but 
with a much larger value of inflection point than 
for cases without groundwater drawdown.

The two case histories presented in this paper 
illustrated 1) how the large scale computing can 
assist non-routine design of large (mega) under-
ground project; 2) the importance of proper exe-
cution of pre-grouting during tunnelling in water 
bearing environment for groundwater control; and 
3) the settlement development mechanism for tun-
nelling cases with tunnelling-induced groundwater 
drawdown.
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