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싱가포르 케이블터널 프로젝트 NS2현장 

SCL 터널에서의 숏크리트 라이닝의 변형거동 특성

Han Fook Kwang, 김영근*

Numerical Analysis for Shotcrete Lining at SCL Tunnel 

in NS2 Transmission Cable Tunnel Project in Singapore

Han Fook Kwang, Kim Young Geun*

Abstract This technical paper is a study on the unique displacements of Shotcrete Lining at the mined tunnel during 

excavation period through deep consideration with real time data from monitoring instrumentations correlation with 

the numerical analysis to identify the rock stresses and the rock spring points at the working face of the Conventional 

tunnelling by the Drill and Blast, based on the geological face mapping results of the project NS2, Transmission 

cable tunnel project in Singapore. The created geometry of numerical model was prepared to the real mined tunnel 

construction site including, vertical shaft, construction adit, tunnel junction area, and 2 enlargement caverns. The 

convergence measurements by the monitoring instrumentation were performed during the tunnel excavation and shaft 

sinking construction stages to guarantee the safety of complicated underground structures.
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초  록 본 논문은 싱가포르 케이블 터널NS2 현장 SCL(NATM)터널구간에서 숏크리트 라이닝의 역학적 변형거동

을 평가하기 위하여, 터널 막장관찰(Face Mapping)자료에 근거한 암반분류결과와 현장계측을 통한 내공변위결

과를 바탕으로 NATM 터널의 공학적 거동 특성을 분석하고자 하였다. 또한 본 현장의 수직구, Adit 터널 및 

Enlargement 터널의 NATM 터널 전체를 3차원 모델링하였으며, 시공중 암반분류값에 근거한 암반하중을 산정하

여 3차원 유한요소해석을 실시하였으며, 해석결과를 현장계측결과와 비교 검토하였다.  

핵심어 숏크리트 라이닝, 굴착터널, 수치모델링, 내공변위측정

1. INTRODUCTION

In 2012 SP PowerAssets Ltd commissioned the 

construction of two networks of deep cable tunnels; 

in the directions of North-South and East-West 

alignments (Fig. 1). The entire length of the tunnels 

are 35 km across Singapore. 

The North-South alignment as shown Figure 2 is 

approximately 18.5 km long from Gambas shaft (in 

the north) to May shaft (in the south) with a total of 

7 shafts. The alignment was split into 3 contracts 

namely North-South Contract 1 (NS1), North-South 

Contract 2 (NS2) and North-South Contract 3 (NS3). 

This paper discusses the Tagore Shaft design 

located along the North-South Contract 2 alignment.

The NS2 alignment is approximately 5.5 km long 

and comprises of 3 permanent shafts as shown below. 

The NS2 shafts were constructed predominately in 

granite rock and were designed as Double Shell 

Lining (DSL) mined tunnel and shaft structures. 
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Fig. 1. Alignments of cable tunnel

Fig. 2. North-South alignment

Fig. 3. Overall isometric layout

Fig. 4. Shaft and tunnel cross section

The temporary stability to the mined tunnel and 

shaft was from the Primary Lining (i,e Shotcrete 

Lining, SCL). 

The long term stability to the mined tunnel and 

shaft shall be from the Secondary Lining (i.e Permanent 

Lining) which shall be constructed within the Primary 

Lining envelope with the waterproofing membrane in 

between. 

1.1 Tagore Shaft

As shown in Figure 3, the shaft consists of a 14 m 

clear inner diameter vertical shaft constructed of 

diaphragm walls from ground level to minimum 0.5 

m socketing into the G-III rock layer. In the rock 

layer, the shaft was constructed via controlled blasting 

and temporarily supported by (Shotcrete Lining SCL). 

On the inner face, a reinforced concrete wall was 

constructed as a permanent structure.

The overall depth of the vertical shaft is approximately 

65 m deep; the diaphragm walls are 800 mm thick 

and the reinforced concrete walls are 500 mm thick 

from the top of the rock layer and 1000 mm thick 

from 4 m above the adit tunnel crown towards the 

bottom (Fig. 4).

The mined tunnel layout to the bottom of the shaft 

consists of a 9.5 m high by 11m wide adit tunnel 

linking to 2 nos 8.5 m high by 8.5 m wide enlargement 

tunnels via a junction.

The purpose of the mined tunnels is to link the 

shaft to the bored tunnel alignment which does not 
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Fig. 5. Geological map of NS2 Project

connect directly to the vertical shaft. 

2. OBJECTIVE

This paper aims to better identify the rock loads 

and springs influencing the displacements of a mined 

tunnel for the temporary lining design via numerical 

modeling. 

A 3-D finite element STAAD Pro model was created 

based on the geometry and layout of the Tagore SCL 

mined tunnel and shaft. 

By understanding these factors, more reliable instr-

umentation monitoring regime can be adopted for a 

safer working environment and improvements to the 

current design assumptions can be studied.

2.1 Methodology

Temporary numerical models were created with 

various rock load and rock springs. Displacements 

from these models were compared with onsite con-

vergence monitoring at the primary lining (temporary) 

stage at similar locations to identify the most probable 

rock load and rock springs. 

3. GEOLOGICAL CONDITION

With reference to the Geological Map of Singapore 

(DSTA, 2009), the Tagore Shaft is located in Bukit 

Timah Granite zone as shown in Figure 5. In Singapore, 

Bukit Timah forms one of the major formations and 

it is recognized as the base rock as it underlies all 

other formations. 

Bukit Timah Granite predominately includes granite 

and other less common rocks such as adamellite, 

granodiorite, and diorite. In terms of mineralogy contents, 

Bukit Timah Granite composes with quartz (30%), 

fieldspar (60-65%), biotite and hornblende (less than 

10%).

In general, the texture of Bukit Timah Granite is 

medium to course grained, light grey colour (sometimes 

pinkish – orthoclase), however, greenish dark grey, 

course grained Granite is encountered at during 

Tagore Shaft excavation. It has an average UCS of 

160 MPa with the highest value in over 300 MPa in 

some cases. 

3.1 Tagore Site condition

The rock head levels are largely undulating at Tagore 

Shaft location, ranging from 20 m (shaft side) to 42 

m (adit and enlargement sides) and overlain by 

residual soil with small extent of peaty clay and sand 

layers.

During the mining activity, each shaft advance was 

approximately 2 m and each tunnel advance was 

approximately 1.5 m via controlled blasting method. 

For each advance, blasting, scaling and face mapping 

activities would take place to determine the quality of 

the rock based on the Q-system.

The mined tunnel was constructed approximately 35 m 

below the rock head level approximately 60 m below 

ground level. The inclusions and intrusions within the 

Bukit Timah Granite in the form of dykes and fault 

zones were encountered during the mined tunnel work.

According to the geological information from 

ABH-34, a dark greenish grey, medium grained 

DIORITE Dyke was recorded at the depth of 56 m 

to 58 m. This finding was validated during adit excavation 

and rock mapping as a dyke and highly fractured 

zone were encountered as shown below. Although a 

dyke and fault zone were encountered during adit 

tunnel excavation, generally the crown and face were 
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Fig. 6. Face mapping for tunnel heading

Fig. 7. Face mapping results

Table 1. Temporary Shotcrete Lining Design

STRUCTURE Q

TOP HEADING BENCH AND INVERT

BOLT SPACING

(RADIAL×

LONGITUDINAL)

ROCKBOLT

LENGTH

(m)

SHOTCRETE

THICKENESS

(mm)

ROUND

LENGTH

(m)

BOLT SPACING

(RADIAL×

LONGITUDINAL)

ROCKBOLT

LENGTH

(m)

SHOTCRETE

THICKENESS

(mm)

ROUND

LENGTH

(m)

INTERSECTION ZONE 

BETWEEN

ADIT AND 

ENLARGEMENT

＞40 1.8 m × 1.8 m 4.0 150 SFRS* 1.5 1.8 m × 1.8 m 4.0 150 SFRS* 3.0

10-40 1.8 m × 1.5 m 4.0 150 SFRS* 1.5 1.8 m × 1.5 m 4.0 150 SFRS* 3.0

1-10 1.5 m × 1.2 m 4.0 200 SFRS* 1.2 1.5 m × 1.2 m 4.0 200 SFRS* 2.4

＜1 1.2 m × 1.0 m** 4.0 250 SFRS* 1.0 1.2 m × 1.0 m 4.0 250 SFRS* 2.0

found to be fairly stable and insignificant water ingress 

was observed.

Figure 6 shows the exposed rock face of the heading 

excavation (during the face mapping phase) which 

illustrates the varying quality of rock encountered 

during the mining activities.

4. TEMPORARY SHOTCRETE LINING 

SUPPORT

According to the face mapping Q-value results, 

various combinations of shotcrete thicknesses and 

rockbolts were installed in accordance to the design. 

Figure 7 shows the face mapping results and Table 

1 shows the temporary support design. 

Onsite, adjustments were made to install the actual 

rockbolts as close as possible to the design requirements 

as shown in Table 1. Figure 8 shows a sample of the 

installed temporary lining supports based on the design.

5. NUMERICAL ANALYSIS FOR SCL 

TUNNEL 

Rock classification for the mined shaft and tunnel 

was determined by averaging the quality of the rock 
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Fig. 9. Section of shaft for mapping

Fig. 8. Installed temporary supports

Fig. 10. Tunnel layout for mapping

encountered. Figure 9 and Figure 10 show the Q-value 

for each face mapping and the rock classification for 

the mined shaft and tunnel. From these mapping 

results as summarized in Table 2 and Table 3, the 

rock was classed as good quality for the estimation 

of the rock load for the numerical model design.

5.1 3D-Numerical Model

The tunnel geometry as shown in Figure 11, layout 

and inner dimensions for the model was based on a 

horse-shoe shape with similar dimensions to the 

as-built and SCL tunnel.

The flat mesh plates were created to be ap-

proximately 1 m by 1 m with fixed joints. These plates 

were modelled to be 250 mm thick concrete elements 

which replicated the SCL design and was generally 
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Table 2. The results of face mapping at shaft 

Station (mRL) Q Value Rock Class

1 99.4 8 Fair

2 97.4 10.0 Good

3 95.3 11.25 Good

4 93.5 5.0 Fair

5 91.0 3.3 Fair

6 89.0 5.0 Fair

7 86.0 8.75 Good

8 84.0 5.775 Fair

9 82 8.75 Fair

10 79.5 8.75 Fair

11 77.0 13.32 Good

12 75.0 15.0 Good

13 72.3 12.5 Good

14 70.1 15.0 Good

15 67.7 15.0 Good

16 65.2 15.0 Good

17 62.5 18.75 Good

18 59.5 18.75 Good

Fair and Good

Table 3. The results of face mapping at tunnel

Station (mRL) Q Value Rock Class

Adit 1 0.0 10.725 Good

Adit 2 1.5 9.90 Good

Adit 3 2.5 9.90 Good

Adit 4 4.0 15.0 Good

Adit 5 5.5 20.0 Good

Adit 6 7.0 20.0 Good

Adit 7 9.5 20.0 Good

Adit 8 11.5 20.0 Good

Adit 9 14.0 20.0 Good

Adit 10 16.5 21.0 Good

Adit 11 18.5 22.5 Good

Adit 12 20.5 22.5 Good

Adit 13 22.5 22.5 Good

Adit 14 24.5 20.0 Good

Adit 15 26.5 20.0 Good

Adit 16 28.0 22.5 Good

Adit 17 30.0 22.5 Good

Adit 18 32.5 22.5 Good

Adit 17 34.5 22.5 Good

Adit 18 36.5 22.5 Good

Good

Fig. 11. Numerical model of shaft and tunnel

Fig. 12. Terzaghi rock load factor diagram

the average applied shotcrete thickness. The applied 

shotcrete was Fibre Reinforced Concrete however to 

be conservative the model adopted plain concrete 

elements additionally, no base slab was modelled. 

The plates were modelled to have the axes consistent 

with the Z-axis orientated perpendicularly outwards to 

the model surface. Releases were only considered at 

the bored tunnel and mined tunnel interface. 

The overburden rock load adopted were based on 

Terzaghi Rock Load Factor method as shown in 

Figure 12 and Table 4 where the face mapping results 

influcened the category and formula to estimate the 

rock load to be applied as vertical overburden loads 

to the tunnel walls. 

From the face mapping exercise, the quality of the 

rock observed was found to be very blocky and seamy 

hence the vertical overburden category used was 0.35 

to 1.10(B+Ht). 

Based on the range of factors (i.e 0.35 to 1.10) as 

summarized in Table 5, different vertical overburden 

loads were computed with varying rock springs 

applied (i.e 100 MPa, 200 MPa, 300 MPa, 400 MPa 

and 500 MPa) to the temporary model. The nodal 

displacements at similar locations from the varying 

model boundary conditions were compared to the 
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Table 4. Terzaghi rock load factor classification

Rock condition Rock load Hp in feet Remarks

1. Hard and intact. Zero Light lining required only if spalling or popping 

occurs

2. Hard stratified or schistose
**

. 0 to 0.25 B Light support, mainly for protection against spalls.

Load may change erratically from point to point.3. Massive, moderately jointed. 0 to 0.5 B

4. Moderately blocky and seamy. 0.25 B to 0.35 (B+Ht) No side pressure

5. Very blocky and seamy 0.35 to 1.10 (B+Ht) Little or no side pressure

6. Completely crushed but chemically intact. 1.10 (B+Ht) Considerable side pressure.

Softening effects of seepage

towards bottom of tunnel requires

either continuous support for lower

ends of ribs or circular ribs.

7. Squeezing rock, moderate depth 1.10 to 2.10 (B+Ht) Heavy side pressure, invert struts

required. Circular ribs are

recommended
8. Squeezing rock, great depth. 2.10 to 4.50 (B+Ht)

9. Swelling rock Up to 250 feet,

irrespective of the value

of (B+Ht)

Circular ribs are required. In

extreme cases use yielding support.

Table 5. Rock Load Combinations

Combination Load case considered

1010
Rock load factor = 0.35

Selfweight
Adit vertical overburden (172.2 kN/m

2
)

Enlargement overburden (142.8 kN/m
2
)

Shaft lateral load (137.76 kN/m
2
)

1020
Rock load factor = 0.4

Selfweight
Adit vertical overburden (196.8 kN/m

2
)

Enlargement overburden (163.2 kN/m
2
)

Shaft lateral load (157.44 kN/m
2
)

1030
Rock load factor = 0.5

Selfweight
Adit vertical overburden (246 kN/m

2
)

Enlargement overburden (204 kN/m
2
)

Shaft lateral load (196.8 kN/m
2
)

1040
Rock load factor = 0.6

Selfweight
Adit vertical overburden (295.2 kN/m

2
)

Enlargement overburden (244.8 kN/m
2
)

Shaft lateral load (236.16 kN/m
2
)

1050
Rock load factor = 0.7

Selfweight
Adit vertical overburden (344.4 kN/m

2
)

Enlargement overburden (285.6 kN/m
2
)

Shaft lateral load (275.52 kN/m
2
)

1060
Rock load factor = 0.8

Selfweight
Adit vertical overburden (393.6 kN/m

2
)

Enlargement overburden (326.4 kN/m
2
)

Shaft lateral load (314.88 kN/m
2
)

1070
Rock load factor = 0.9

Selfweight
Adit vertical overburden (442.8 kN/m

2
)

Enlargement overburden (367.2 kN/m
2
)

Shaft lateral load (354.24 kN/m
2
)

1080
Rock load factor = 1.0

Selfweight 
Adit vertical overburden (492 kN/m

2
)

Enlargement overburden (408 kN/m
2
)

Shaft lateral load (393.6 kN/m
2
)

1090
Rock load factor = 1.1

Selfweight 
Adit vertical overburden (541.2 kN/m

2
)

Enlargement overburden (448.8 kN/m
2
)

Shaft lateral load (432.96 kN/m
2
)
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Fig. 13. Onsite convergence monitoring points

measured onsite convergence monitoring results.

No hydrostatic loadings were considered because 

the SCL lining was supposed to allow the seepage of 

water into the tunnels until the permanent linings are 

introduced. Rock loads were applied as vertical over-

burden on the top 120 degrees of the tunnel crown. 

Ko = 0.8 as prescribed in the contract Ground Investigation 

Baseline Report was adopted for the lateral loads 

which were applied only to the shaft walls. No lateral 

loads were considered on the sides of the tunnel 

walls.

Spring supports were spaced uniformly around the 

circumference of the tunnels and shafts at distances 

which are similar to the spacings of the actual rock 

bolts used in the temporary SCL stage. Where no 

rock bolts are modeled, rock springs were included to 

simulate the resistance from the rock mass. 

These rock and rock bolt springs were only 

activated in the Z-axis direction, the other axes were 

released. The moments for these springs were also 

released.

6. DETERMINING ROCK SPRING AND ROCK 

LOADS FOR NUMERICAL MODELS

Convergence monitoring of the mined SCL tunnel 

was carried out via a series of 3-D prisms located at 

specific intervals. These instruments were installed as 

the blasting works progressed through the mined shaft 

and tunnels. These instruments were monitored through-

out the construction phase to ensure a safe working 

environment.

For this paper, the convergence monitoring of the 

adit tunnel was adopted because the rock springs for 

numerical model of the adit tunnel portion can be 

considered to be modeled most realistically as the 

actual lateral rock pressure would not have been 

mobilized in the short space of time during the con-

struction stage. Hence effectively there should be little 

to no lateral loads applied to the tunnel walls on the 

sides. Additionally in the numerical model, this lateral 

rock pressure would contribute a beneficial effect to 

the overall structure thereby further reducing the 

convergence displacements.

6.1 Convergence monitoring for adit tunnel

A total of 9 convergence monitoring points as shown 

in Figure 13 were carried out onsite. The convergence 

array adopted for this paper was at approximately 20 

m from the shaft-adit tunnel junction location.

Figure 14 shows the studies were carried for each 

convergence monitoring point comparing the 5 different 

rock springs (i.e 100 MPa, 200 MPa, 300 MPa, 400 

MPa and 500 MPa) with the range of overburden 

loadings (i.e 0.35-1.1(B+H)) against the site monitored 

measurements.

From the above graphs, the information was collated 

in Figure 15 showing the most probable rock spring 

to be 200 MPa and the most probable applied rock 

load factor to be 0.4(B+H).

7. CONCLUSIONS

In this study, the measurement results of displacements 

of shotcrete lining at the mined tunnel during excavation 

in comparison with the numerical analysis were reviewed 

to identify the rock stresses and the rock spring points 

at the working face of tunnelling in NS2 Transmission 

cable tunnel project in Singapore. The major conclusion 

remart are as follows;

1. Ground investigations carried out prior to the 

excavations suggested the rock quality to be Blocky 

to Seamy and Good to Fair. Throughout the mining 

process, the rock mass at the tunnel level was found 

to be Blocky and Good. This suggested that the 

rock mass strength should be 3.5 MPa or higher 

which would be more than the values adopted by 
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Fig. 15. Collated information from convergence, rock spring and rock load study

Fig. 14. The results of numerical analysis for tunnel convergence

all the numerical models. Therefore the displacements 

obtained from the numerical models will had been 

conservative.

2. The Terzaghi’s Rock Load Classification method 

for rock loads provides reasonable support pressure 

estimates for small tunnels but over estimates for 

tunnels having diameter more than 6 m and is 

generally applied to softer and/or weaker rocks 
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condition with lower rock mass shear strength. 

Therefore the 196.8 kN/m
2 

[i.e 0.4(B+H)] rock load 

and 0.2 MPa rock spring discussed in this paper 

can still be considered to be conservative.

3. As mentioned above the quality of rock from site 

observations was found to be good, the Q-system 

empirical method discussed in this paper found to 

be approximately 5 times smaller at 35kN/m
2
 can 

be considered to be reasonable since Q-system is 

best utilized for drill and blast tunnels.

4. This is consistent with author’s opinion where the 

rock load obtained from Q-system empirical method 

should be lesser than the numerical method which 

would be more realistic to the actual case. Measured 

site convergence was also recorded to be small, i.e 

the largest measured was approximately 5.2 mm 

(in total displacement). This is further evident in 

the small change in movement estimated to be 

0.52 mm. 

Understanding the effects of the displacements 

relative to the ground condition can help future designs 

to provide a safer environment during the construction 

process by having a more reliable displacement limits. 

This will also allow designers to better estimate the 

rock load and rock spring to apply for more realistic 

and economical design for future deep tunnels.

8. RECOMMENDATIONS FOR FURTHER 

STUDY

Further study should be carried out where deep 

settlement marks are installed along a mined tunnel 

alignment and measurements taken during the mining 

process to help study the rock arching or relaxation 

phenomenon. 

Other types of rock and commonly used tunnels 

shapes should be studied to understand if different 

shaped tunnels would greatly influence the arching 

and relaxation of the rock or the convergence of the 

mined tunnel.

Inclinometers or similar monitoring instruments 

could be installed in the tunnel and shaft walls for 

future projects to help study the deformation of the 

linings in the permanent state. This could help to back 

analysis the loadings applied to the tunnel linings to 

better understand the rock loads applied based on 

varying depths and rock quality which can be observed 

from face mapping results.
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