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ABSTRACT: Due to limitations with a conventional cut and cover method in urban areas and instability issues
and long construction duration with the New Austrian Tunneling Method, a new shallow tunneling technique,
the M-CAM, has been developed and applied to the Busan Subway Line No.1 Extension Project in South Korea.
The method includes installation of umbrella arch and additional steel arch supports to form a roof at the tunnel
crown. Then, the roof is structurally integrated with a pre-installed CPW(Continuous Pile Wall) to transfer load
at the roof to the base ground. To verify structural stability and safety of the M-CAM, numerical analyses and
real-time monitoring have been conducted. The monitoring results showed 9 mm ground settlement, 5.9 mm
displacement at the tunnel crown and 0.7 MPa stress of the shotcrete, corresponding to 45%, 26% and 37% of
the analysis results, respectively. Furthermore, the method showed significant advantages in duration and cost
during construction.
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INTRODUCTION

Busan metropolitan city is the second largest city in
South Korea, and a population of the city reaches to
3.6 million. Recently, many construction projects for
urban underground railways in Busan have been undertaken to enhance the current traffic system by utilizing
underground space.
Urban underground railways are usually and
inevitably planned to pass across highly congested and
urbanized areas. As a consequence, construction conditions become more difficult due to various existing
underground structures, traffic congestion, environmental issues, miscellaneous civil petitions, safety of
adjacent existing structures, etc. To overcome these
obstacles, many non-cut and cover methods by using
pipe jacking techniques have been developed and
applied, or drilling and blasting methods with enormous quantities of reinforcements are adopted. But
they have certain limitations to apply for a long railway
tunnel in urban areas.
In view of these circumstances, we developed the
M-CAM(Modified CellularArch Method) and applied
to the Busan Subway Line 1 Extension Project. The
M-CAM provides a new concept of tunneling that
enables to shorten construction duration and to secure
sufficient stability in unfavorable soil condition during shallow tunneling. In this paper, the mechanism
of the M-CAM is introduced. Stability analyses using
the total stress-seepage coupled FEM and monitoring results are presented and compared to verify the
performance of the M-CAM.

PROJECT OVERVIEW

2.1 Site condition of the project
The Lot 5 of the Busan Subway Line 1 Extension
Project is located along a shore of the Dadae-po beach.
This project includes one subway station and three ventilation shafts and the total length reaches to 1.27 km
as shown in Figure 1. The lot 5 is planned to pass along
under the existing 30 m-wide road. In the vicinity of
the construction site, the Dadae fish market and highdensity commercial and residential areas are located.
As the area has fully been occupied by these structures,
there were difficulties to find an alternative route for
a diversion of the existing road. Furthermore, the various underground utilities such as sewer pipes, water
supply pipes, gas pipes, etc. are located along the route,
requiring huge numbers of additional works for relocations or protections if a cut and cover method is
applied.
2.2 Geological characteristics
In the project site, weathered soil layer is distributed
from 2.5 m to 23.8 m below a ground level as shown in
figure 2. The groundwater level varies between 2.0 m
and 6.0 m below a ground level, which shows similarity with the seawater level as the site is located in
close proximity to the shore of the Dadae-po beach.
Several numbers of boreholes were selected to acquire
accurate geotechnical properties of the thick weathered zone by performing various in-situ and laboratory
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Figure 1. Overview of the project site.

Figure 3. Background of development of the M-CAM.

Figure 2. Geological profile.

tests such as the boring survey, borehole load test, borehole shear test, direct shear test, etc. According to the
test result, the weathered soil is classified as ML or
SM on a basis of the unified soil classification system.
The PI(Plasticity Index) and deformation modulus are
varied as 8∼13% and 30∼79 MPa.

Figure 4. Conceptual diagram of the M-CAM.

3

CONSTRUCTION OF THE M-CAM

3.1 Introduction of the M-CAM
2.3

Background of development of the M-CAM

During a design stage, it was found that a conventional cut and cover method would not be practical
due to the site characteristics, for instance, surrounding structures, underground utilities, the existing road
with high traffic volume and unfavorable ground condition. Therefore, tunneling through the whole project
was considered except a station, ventilation shafts
and temporary shafts for construction to minimize
cut and cover sections. As a tunneling method, the
NATM had been selected and reviewed thoroughly.
According to our study, the NATM will require massive quantities of various reinforcements resulting in
increase of construction cost, long construction duration, deterioration on tunnel stability and construction
performance. This result is mainly because the ground
above the tunnel crown is shallow and consists of
weathered soil.
To solve these limitations, a research for a new concept of tunneling was started, and the M-CAM was
developed and applied to the project as an outcome of
the research.According to the result of the research, the
M-CAM can improve the construction performance,
reduce the construction duration and enhance stability
and safety of the construction, compared to the NATM.
It also can resolve most of problems incurred with a
conventional cut and cover method.

The M-CAM includes an installation of large-diameter
steel pipe umbrella arch (diameter: 114.3 mm) and
steel arch supports at tunnel crown to form the roof
of the tunnel. They are structurally connected with a
pre-installed CPW(Continuous Pile Wall) in order to
transfer load of the upper ground to the CPW, securing
tunnel stability. And the CPW will deliver the load to
a stable base ground.
The M-CAM does not require a leg pile, elephant foot, temporary invert, side pile, which usually
required in the NATM. As a consequence, the method
enables to reduce a cycle time by simplifying the
reinforcement works, and to shorten construction
duration by performing the installation of the CPW
and the underground reinforcement works at the same
time.

3.2 Construction sequence of the M-CAM
The construction sequence of the M-CAM is; i) preinstallation of the CPW (diameter: 500 mm, CTC
distance: 500 mm) from ground surface to bearing
points. ii) an installation of large-diameter steel pipe
umbrella arch and excavation of upper half. iii) a partial removal of the CPW and connection of steel arch
supports. iv) shotcreting and excavation of lower half
(refer to Figure 5).
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Figure 6. Connection details of CPW and steel arch
supports.

Figure 5. Construction sequences of the M-CAM tunnel.
Table 1. Comparison of cycle time between the M-CAM
and the NATM with conventional reinforcement methods.

Items

M-CAM
(➀)

NATM
(➁)

Ratio
(➀/➁)

Reinforcement

CPW

–

Cycle time

13.0 hr/face

leg pile, elephant
foot, side pile,
temporary invert
17.0 hr/face

3.3

Figure 7. Equipment for CPW cutting.

77%

Cycle time of the M-CAM tunnel

As mentioned above, the M-CAM enables to reduce
the cycle time and to shorten construction duration as
reinforcement works are simplified. To verify the cycle
time, one of the NATM tunnel in the same project
is selected as a comparison case. The NATM tunnel
had been constructed with multiple reinforcements, for
instance, leg piles, elephant foot, side pile, temporary
invert, etc, and ground condition and geological profile
of the NATM tunnel was slightly more favorable than
those of the M-CAM tunnel. The result of the comparison showed that the cycle time of the M-CAM tunnel
had been reduced by 77% compared to the NATM
tunnel.

3.4

Figure 8. Connection details of CPW and steel arch supports using brackets.

Figure 9. BIM Simulation result.

steel arch supports were connected to the CPW by
using additional brackets as shown in Figure 8.

Connection details

In the M-CAM section, load above the tunnel crown
will be supported by the large-diameter steel pipe
umbrella arch, steel arch supports and CPW. Therefore, it is important to secure not only the stability of
the each structure itself, but also the stability of the
joint between the steel arch supports and the CPW.
The CPW will be partially removed and anchors will
be installed into the CPW to connect between the steel
arch support and CPW (refer to Figure 6). For partial
cutting of the CPW, a new cutting equipment(refer to
Figure 7) was invented. In most of cases, verticality
of the CPW was well-controlled, generally less than
1/100. Therefore, there was not an issue for direct
connection by using concrete anchors. For few cases
where verticality of the CPW was more than 1/100,

3.5 Construction management using BIM
The BIM (Building Information Modeling) was
employed to improve the construction performance
and to pre-check the overall construction process.
The virtual equipment operation system was developed to simulate each individual procedure in advance.
Through this process, all tunneling sequences were
simulated in the virtual reality and the interferences
and the angles of steel pipe umbrella arch were
adjusted for optimization. This system was also utilized for temporary traffic diversion plan for operation
of piling rigs in order to minimize adverse effects on
traffic flows as shown in Figure 9.
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Table 3. Comparson between numerical analysis and monitoring result of the M-CAM.

Table 2. Result of numerical analysis of the M-CAM.

Items

Monitoring Analysis Ratio
(➀)
(➁)
(➀/➁)

Ground settlement (mm)
Displacement at crown (mm)
Convergence (mm)
Stress of shotcrete (MPa)

7.0∼9.0
3.3∼5.9
1.1∼6.8
0.3∼0.7

20.20
22.78
2.35
1.96

45%
26%
290%
37%

Figure 10. Monitoring result of the M-CAM.

M-CAM tunnel were 55∼74% smaller than the results
in the numerical analysis. Also, stress of shotcrete in
the monitoring results was 63% smaller than the estimated value of the numerical analysis. Though the
measured tunnel convergence is slightly larger than
the result of the numerical analysis, the value was still
within the criteria. Based on the results of the comparison, it is inferred that the M-CAM can ensure stability
during tunneling with a shallow overburden depth.

4

6

STABILITY ANALYSIS OF M-CAM

The suitability of the M-CAM is evaluated through
numerical analysis on displacement and stress of the
tunnel structures. The Mohr Coulomb criterion is
applied for the numerical analysis. The width of the
numerical model is set as 6 times of the tunnel diameter and the depth from the tunnel invert is determined as
4 times of the tunnel diameter. The total stress-seepage
coupled FEM is performed and the result shows that
a settlement at the ground surface is estimated as
20.2 mm and a displacement at the tunnel crown
is 22.78 mm. The compressive stress of shotcrete is
calculated as 1.96 MPa. The result of the analysis is
shown in Table 2.
5
5.1

MONITORING RESULTS OF THE M-CAM
Monitoring result of the M-CAM

For monitoring of the behaviors during tunneling using
the M-CAM settlement markers on the ground surface and prisms inside the M-CAM tunnel have been
installed including strain gauges, load cells, inclinometers, piezometers, etc. According to the result
of monitoring, the maximum ground settlement was
measured as 9.0 mm, displacement at tunnel crown
was measured 5.9 mm, and all results were within the
allowable limits. The maximum stress of shotcrete was
calculated as 0.7 MPa and it complied with the allowable stress of shotcrete 8.4 MPa. The influence zone
by tunneling was approximately 2D∼5D (D: diameter
of the tunnel at the spring line).
5.2

Comparison between numerical analysis and
monitoring result of M-CAM

According to the comparison between the results
of monitoring and numerical analysis, the measured
ground settlement and displacement at the crown of the

CONCLUSIONS

The M-CAM is a new tunneling method, which applicable for shallow tunnels through a weathered soil
with low permeability. The method had been applied
to one of the Busan subway project in South Korea
and the construction has been successfully completed.
According to the construction case, the M-CAM can
resolve most of problems usually incurred with a conventional cut and cover method. It also can improve
instability issues of the NATM and reduce construction cycle time to 23% in comparison with the NATM
as the method does not require various reinforcements.
According to the results of the monitoring during construction, displacements, stresses were smaller than
the estimated values and all results were complied with
the criteria. Therefore, the M-CAM is one of the effective alternatives that can replace a conventional cut and
cover method and the NATM for shallow tunneling in
a weathered soil.
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