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ABSTRACT: Underground express highway tunnel as the 2nd belt way of which the length is 28.8km as wide 6 lane was completed in 
early 2017. The 5.7km long underground highway passes through the weathered zone of offshore area. The New Austrian Tunneling 
Method was adopted for tunnel excavation work. The tunnel was collapsed during excavation work at the region of old coastal line of 
Incheon, Korea. In order to overcome the geotechnical problem, several methods were conducted such as field investigations, in-situ 
tests, and numerical analysis. In this study, it is analyzed the stability of tunnel around the collapsed zone. Influence factors with 
regard to the excavation were analyzed through field monitoring data like ground water level, crown displacement, side-wall 
displacement, rock bolt axial force and bending compressive stress of internal face of tunnel. Settlement and displacement monitoring 
data were compared with result of numerical analysis. Otherwise, physical exploration like horizontal boring, 3D TSP and GPR were 
applied to find a condition of ground surface and layer of rock mass. 

RÉSUMÉ : Tunnel d'autoroute souterraine, dont la longueur de la deuxième courroie, dont la longueur est de 28,8 km, une large voie 
de 6 voies a été achevée au début de 2017. L'autoroute souterraine de 5.7 km de long traverse la zone intempéries de la zone 
extracôtière. La nouvelle méthode autrichienne de tunnels a été adoptée pour les travaux d'excavation de tunnels. Le tunnel a été 
effondré lors des travaux d'excavation dans la région de l'ancienne ligne côtière d'Incheon, en Corée. Afin de surmonter le problème 
géotechnique, plusieurs méthodes ont été menées telles que les enquêtes sur le terrain, les tests in situ et l'analyse numérique. Dans 
cette étude, on a analysé la stabilité du tunnel autour de la zone effondrée. Les facteurs d'influence en ce qui concerne l'excavation ont 
été analysés à travers des données de surveillance de terrain telles que le niveau de l'eau souterraine, le déplacement de la couronne, le 
déplacement de la paroi latérale, la force axiale de la rotule et la contrainte de compression de flexion de la face interne du tunnel. Les 
données de surveillance de l'établissement et du déplacement ont été comparées avec le résultat de l'analyse numérique. Sinon, 
l'exploration physique comme l'ennui horizontal, 3D TSP et GPR ont été appliquées pour trouver une condition de la surface du sol et 
de la couche de masse de roche. 
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1  INTRODUCTION 

The capital region 2nd ring road is a highway around Seoul 
Metropolitan area has been constructed since year 2012. Some 
parts of this highway passes through the residential and 
commercial area of Incheon city by adoption of deep tunneling 
methods to avoid of conflict with urban populated problems.  
Several method were conducted such as field investigations, in-
situ tests, and numerical analysis. The proper control of water 
during tunneling is important for preventing the rock strength 
reduction and reduction of effective confining pressure. 
Sometimes shale and limestone are predominantly existed in the 
small scale fault zone with fractured rocks. The surface water 
could be triggered to infiltrate into the fracture zone in the 
tunneling site during the heavy rain fall. 

Many large underground tunnels are being developed for the 
passages of road and railway. The convergence confinement 
analysis is one of the most appropriate ways to estimate 
geomechanical behavior of the rock mass around the tunnel 
(Egger 1973, Kastner 1974, Hoek and Brown 1980, Kitagawa et 
al. 1991, Hoek and Morinos 2001). It is not convenient to make 
a definitive test in support of engineering decision involving 
rock. The classification systems were developed by Barton 
(1974), Bieniawski (1974, 1984), and Wickham (1974). 
Bienawski suggested a general rock mass rating based on 
strength of the rock, drill core quality, groundwater conditions, 
joint and fracture spacing, and joint characteristics. Several case 
histories of collapse of tunnel were reported during the 
construction work of highways in Korea (Shin et al., 2016). 

The major purpose of this paper is related to the stability of 
underground highway tunnel due to rock blasting. Stability 
analysis with uniaxial compression test, point load test, sonic 
test as well as numerical analysis are described. General map of 
highway around Incheon metropolitan city including the capital 
region 2nd ring highway tunnel. Incheon-Gimpo section in 
capital region 2nd ring highway is shown in Figure 1. 

 

 
 

Figure 1. General Map of highway around Incheon metropolitan area 
including the capital region 2nd ring expressway tunnel.   
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 2  CLASSIFICATION OF ROCK MASS BY STRENGTH 

2.1 Strength of rock mass by loading test 

Rocks can be classified on the basis of their intact strength 
using the approximate strength criteria. Strength is the 
maximum stress level that can be carried by a specimen. It can 
be determined from pieces of core using uniaxial compressive 
strength test, point load test, triaxial test or tensile strength 
test(ISRM 1978, 1979).  

As the rock compression test results are highly sensitive to 
style of loading, the strength of rock has to be determined 
carefully. Index using the point load test is useful if the 
properties are reproducible from one laboratory to another. The 
point load strength is proposed as given Eq. (1),  
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where Is is index of point load strength, P is the load at rupture, 
and D is the distance between the point loads. The point load 
index is reported as the point load strength of a 5.0cm core. The 
correlation between point load index and unconfined 
compression strength is given by Broch and Franklin as Eq. (2) 
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where qu is the unconfined compressive strength of cylinders 
with a length to diameter ratio of 2 to 1, and Is(50) is the point 
load strength corrected to a diameter of 50mm. The strength 
grades are related to uniaxial compressive strength and to point 
load strength index. The approximate strength criteria set out in 
Table 1. 
 
Table 1. Classification of rock with respect to strength (after Marinos 
and Hoek, 2001) 

Grade Term 

Uniaxial 
Comp. 

Strength
(Mpa) 

Point 
Load 
Index 
(Mpa) 

Examples 

R6 
Extremely 

strong 
>250 >10 

Diabase, gneiss, 
granite, quartzite 

R5 Very strong 100-250 4-10 
Sandstone, basalt, 
gabbro, rhyolite 

R4 Strong 50-100 2-4 
Limestone, schist, 
marble, sandstone 

R3 
Medium 
strong 

25-50 1-2 
Concrete, phyllite, 

schist, siltstone 

R2 Weak 5-25 * 
Chalk, claystone, 
siltstone, rocksalt

R1 Very weak 1-5 * 
Highly weathered 

rock, shale 

R0 
Extremely 

weak 
0.25-1 * Stiff fault gouge 

* Rocks with a uniaxial compressive strength below 25MPa are likely 
to yield highly ambiguous results under point load testing 

2.2 Classification of rock by sonic velocity test  

The laboratory pulse velocity test is run using sections of 
cylindrical core with a piezoelectric crystal and a second crystal 
at the other end. The travel time is determined by measuring the 
phase difference with an oscilloscope equipped with a variable 
delay line. It is possible to resonate the rock with a vibrator and 
then calculate its sonic velocity from the resonant frequency 
and density. Both longitudinal and transverse shear wave 
velocities can be determined.  

Theoretically, the velocity with which stress waves are 
transmitted through rock depends exclusively upon their elastic 
properties and their density. In case of sonic velocity test, it was 
tested by ASTM Designation D2845-69 (1976) which is 
described laboratory determination of pulse velocities and 
ultrasonic elastic constants of rock. Longitudinal velocities of 
typical minerals were tabulated in Table 2.   
 
Table 2. Longitudinal velocities of minerals 

Material Velocities(m/s) Material Velocities(m/s) 

Quartz 
Olivine 
Augite 
Amphibole 
Muscovite 
Orthoclase 
Plagioclase 

6,050 
8,400 
7,200 
7,200 
5,800 
5,800 
6,250 

Calcite 
Dolomite 
Magnetite 
Gypsum 
Epidote 
Pyrite 

6,600 
7,500 
7,400 
5,200 
7,450 
8,000 

3  LABORATORY TEST FROM HORIZONTAL BORING 
ROCK SPECIMEN 

The 2nd beltway construction site 2-2 is comprised of 3.3km 
long underground tunnel at the depth variation from 20m to 
50m. Unfortunately, with the blasting rock of tunnel work, the 
ground shaking mobilized the sudden collapse of tunnel at the 
front of the construction site.  

3D TSP and 50m-long horizontal rock boring with obtaining 
rock specimens from the tunnel facing area were carried out to 
identify the rock condition for the prospective tunnel section. 
Figure 2 shows the 50m-long horizontal rock specimen of 
underground highway which is Incheon direction (Southward) 
in the construction site 2-2. 
 

 
Figure 2. TB-46, horizontal rock specimens (Incheon direction)  

 
The classification of rock on Incheon direction, TB-46 was 

consisted of medium strong rock from 0.0 to 42.0m and of 
extremely strong rock like gneiss between 42.0 and 46.0m.  

RQD value at the depth of 7.0m and 13.8m spot which was 
located at the Sta. 4+964 for Incheon direction showed lower 
values. On the other hand, the same station of TB-47 on 
Gimpo direction (Northward) appeared by high value due to 
extremely strong rock like gneiss. Figure 3 shows the 25m-
long horizontal rock specimen of underground highway which 
is Incheon direction in construction site 2-2. 

 
(1) Distance 0.0m~7.0m (2) Distance 7.0m~13.8m 

 
(3)  Distance 13.8m~19.7m (4)  Distance 19.7m~25.7m 

 
(5)  Distance 25.7m~31.7m (6)  Distance 31.7m~37.7m 

 
(7)  Distance 37.7m~44.0m (8)  Distance 44.0m~46.0m 
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Figure 3. TB-47, horizontal rock specimens (Gimpo direction)  
 

 
(1) Distance 0.0m~7.0m (2) Distance 7.0m~12.0m 

 
(3) Distance 12.0m~17.8m (4) Distance 17.8m~22.2m 

Laboratory tests conducted for the rock specimen obtained 
from horizontal pilot boring are specific gravity test, ultrasonic 
wave test, and point load test. Figure 4 shows point load test 
device and sampled specimen. 
 

 

(b) Specimen, TB-46 (Incheon)

(a) Point load testing device (c) Specimen, TB-47 (Gimpo) 
 
Figure 4. Point load test for rock specimens of TB-46 on Incheon 
direction and TB-47 on Gimpo direction 
 

The horizontal pilot rock boring data indicates that the rock 
quality for the distance of 25m from the tunnel collapsed 
section is classified as soft rock to medium hard rock, and after 
distance of 25m, hard rock and extremely hard rock are existed. 
The view of uniaxial compression test is shown in Figure 5.  
 

 
(a) Compression device (b) Rock specimen 

 
Figure 5. Uniaxial compression test device and cracked specimen 
 

For the purpose of exact identification of soil stratification of 
strength of rock and other geological information, soil boring 
data by the vertical boring at the tunnel design stage and soil 
boring data from the additional 50m-long horizontal pilot 
boring with the diameter of 50mm were collected and analyzed 

The results of strength tests for the horizontal rock 
specimens are tabulated in Table 3. 

Table 3. Results of laboratory test for the horizontal boring rock 
specimens.  

Specimen
Depth 

(m) 

Compression strength 
(MPa) 

Tensile strength 
(MPa) Sonic test

(m/s) Uniaxial 
test 

Point 
load 

Brazilian 
test  

Point 
load 

TB-46(1) 5.8-7.5 - 127.01 - 4.23 - 

TB-46(2) 7.5-15.5 - 122.3  4.08  

TB-46(3) 17.0 152.9 - - - - 

TB-46(4) 20.0-25.0 224.5 305.76 10.5 10.19 5556 

TB-46(5) 27.0-31.0 - 235.20 8.33 - 4976 

TB-46(6) 32.0-37.0 120.75 159.94 - 5.33 5882 

TB-46(7) 38.0-44.0 111.28 169.34 7.84 7.84 5543 

TB-46(8) 44.0-46.0 166.85 277.54 7.44 9.25 4698 

TB-47(1) 4.8-6.8 126.81 122.30 6.77 4.08 5189 

TB-47(2) 8.0-11.5 101.3 188.16 13.89 6.27 5351 

TB-47(3) 12.3-17.5 136.85 282.24 14.50 9.41 5263 

TB-47(4) 18.0-22.0 224.75 258.72 7.84 8.62 5556 

 
The measured data was compared with the results of 

convergence confinement analysis. The mechanical properties 
of Dong-gu granite at Incheon were classified in Table 4. 
 
Table 4. Mechanical properties of Dong-gu granite in Incheon (Jung, 
2016). 

 
From the uniaxial compression tests and elastic wave test, 

Young’s modulus ranges from 6.89 to 92.80Gpa and the 
average was 46.5GPa. Poisson’s ratio ranges from 0.23 to 0.30. 
Standard deviation of the values is 0.02.  

The relationship between rock property and elastic wave 
velocity is, 

 
sVE 03.014.16                              (3) 

 
And the relationship between Young’s modulus and 

Poisson’s ratio is as follows, 
 

sVEv 5.026.23.0                           (4) 

4  STABILITY ANALYSIS BY NUMERICAL ANALYSIS 

The numerical analysis for tunnel stability was performed by 
using the finite element method. The boundary conditions for 
both side and bottom of tunnel are roller condition, and x-axis 
in side and y-axis in bottom of tunnel are fixed condition.  

The typical soil properties and all the material properties for 
support, shotcrete, and rock bolt for the inputs of numerical 
analysis for tunnel stability are not described in this paper.  
The supporting patterns which categorized by excavation length 
due to rock condition between P-2 and P-5 on design and 
construction are tabulated in Table 5. . 

Physical Property Range Average 

Unit weight (kN/m3) 24.66∼27.53 26.39 

P wave velocity (m/sec) 1760∼5882 4030.37 

S wave velocity (m/sec) 1080∼2942 1836.77 

UC strength (MPa) 13.39∼276.14 106.37 

Young’s modulus (GPa) 6.89∼92.80 46.50 

Poisson’s ratio 0.23∼0.30 0.26 

Point load index (MPa) 0.30∼22.15 4.78 

Tensile strength (MPa) 4.70∼14.67 8.95 
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 Table 5. Application of supporting pattern due to rock condition 

Station 

(Direction) 

Supporting pattern 

Incheon direction Gimpo direction 

Design Construction Design Construction

STA. 4+964 P-3* P-5(P-5-1) P-3 P-5(P-5-1) 

STA. 5+050 P-3 P-4 P-3 P-2(P-4) 

STA. 5+080 P-4 P-3 P-3 P-2 

STA. 5+365 P-3 P-2 P-3 P-2 

* Excavation length : P-3(1.5m), P-4(1.2m), P-5(1.0m), P-5-1(0.8m) 
** Value within curly brace is recommended supporting pattern 

 
Numerical analysis of tunnel stability was carried out for 

four different cases, that is, already completed tunnel without 
lining (sta. 5+050), joint directions of fracture zone (sta. 4+964), 
and civil complaint section (sta. 5+080, 5+365). Figure 6 shows 
stability analysis of tunnel by numerical modeling method.  
 

 
(a) Crown displacement 

 

 
(b) Side-wall displacement 

 

 
(c) Rock bolt axial force  

 

 

(d) Shotcrete bending compressive strength 

Figure 6. Stability analysis of tunnel by numerical modeling method. 

Each tunnel section has two highway directions, Incheon and 
Gimpo directions are the displacements at ceiling (crown) and 
side-wall of internal tunnel, shotcrete tensile strength and axial 
force on the rock bolt were estimated by numerical analysis. It 
is found out that all the design values are stable condition with 
comparison of design required values.  

Many residents are being worried about the stability of their 
houses or properties due to tunnel construction work. Therefore, 
stability analysis for 2 critical buildings was conducted with 
considering superstructure and tunnel location. It was compared 
with field monitoring and GPR survey data. The maximum 
subsidence, differential settlement, angular displacement, and 
horizontal strain rate were estimated through the numerical 
simulation and compared with the required levels described in 
Table 6. 
  
Table 6. Stability analysis of building by numerical modeling. 

Station 
Maximum 
subsidence

(mm) 

Differential 
settlement 

(mm) 

Angular 
displaceme

nt 

Horizontal 
strain rate 

STA. 5+080 0.61 0.12 2.67e-5 1.63e-8 

STA. 5+365 0.54 0.13 9.73e-6 5.55e-9 

Limit 25 0.003S 1/500 1/2,000 

5  CONCLUSION REMARKS 

The stability analysis of prospective tunnel section was 
performed through the numerical simulation on joint directions 
of fracture zone, already completed tunnel section using the 
horizontal pre-boring results.  

The crown and side-wall displacements, rock bolt axial force, 
bending moment and settlement are satisfied the allowable 
values. However it needs to construct more precisely based on 
rock mass ratio for excavation because ground information is 
unpredictable. The reinforcement methods of prospective tunnel 
section are proposed with medium size steel casing with 
grouting and concrete lining method. 

Finally, field monitoring and analysis of measured data with 
using the various instrumentations are most important to predict 
and prevention of disaster in the underground tunnel highway 
project. 
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