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ABSTRACT

In the use of non-open cut methods in construction, the press-fitting of steel pipes
causes surface settlement and deformation. Although the causes for surface settlement
and deformation are being extensively studied, research on the surface settlement and
deformation that occur in the excavation of a non-open cut tunnel after the completion of
press-fitting is limited. Therefore, in this study, an indoor model experiment was
performed to analyze the surface settlement that occurs under various ground conditions
during tunnel excavation and to determine the optimal anchor force. In addition, the
facility size and quality control can minimize; owing to its high precision, excellent
durability, and corrosion resistance, the economical CMR(Concrete Modular Roof)
method was applied, where a propellant was used as the body structure. After applying
the CMR method in sandy soil, the amount of settlement according to the relative density
was found to be insignificant; however, it was confirmed that the better the ground
condition, the lesser the amount of settlement. Furthermore, analysis of each anchor
force based on loose ground conditions resulted in an average decrease of
approximately 22% in maximum settlement when the force was increased by 0.8 kN per
segment. The experimental results indicated that the introduction of an anchor force of
2.0 kKN or more per segment is advantageous for the settlement of the upper ground.
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1. Introduction

The open cut method of upper structures in metropolitan cities is difficult because of
the limited land and poor road conditions; thus, non-open cut methods that can be safely
employed for construction without affecting existing road and railway operations are
gaining attention [1]. Non-open cut methods include the structure towing method, steel
pipe propulsion method, element towing and propulsion method, and panel propulsion
method. To select the optimal non-open cut method, various conditions such as depth of
ground and application site should be considered [2]. Existing non-open-cut methods
require high construction costs and detailed quality control, and the construction process
is complicated. However, the CMR (Concrete Modular Roof) method can minimize
equipment and quality control. Therefore, in this study, after the completion of an
excavation, a model experiment was conducted to determine the optimal anchoring force
to minimize the amount of settlement by analyzing the ground condition and the surface
settlement that occurs according to the anchoring force by using CMR method.

2. Theoretical background
2.1 Literature review

Currently, during the construction of a tunnel using a non-open cut method in a
metropolitan city, settlement occurs on the ground, affecting the surrounding structures.
To prevent this problem, research on identifying the causes and establishing
countermeasures has been conducted as outlined below.

[3] predicted the ground deformation characteristics observed during sequential steel
pipe compression through three-dimensional numerical analysis, and verified the
reliability of numerical interpretation through field measurements. In addition, the
maximum settlement occurred at the center of the structure, and the ratio between the
settlement occurring at the site and the settlement through numerical analysis was 0.93.

[4] identified ground stress relaxation and track support stiffness relaxation areas by
conducting indoor soil experiments and numerical analysis. The experimental results
revealed that a fracture surface similar to the Rankine earth pressure occurred, and the
numerical analysis confirmed that the vertical stress around the non-open cut structure
was reduced by approximately 40%.

[5] derived a surface settlement prediction formula for sandy soil ground to deal with the
complexity and uncertainty of settlement caused by steel pipe injection when applying a
non-open cut method; furthermore, the Gaussian distribution curve was proposed and
utilized to obtain a high congruence with a predictive coefficient of determination (R2) of
0.96.

[6] conducted a study to prevent stress relaxation from occurring in the ground around
which the press-fitting of steel pipes was realized during the construction of underground
structures using a non-excavation method. The support stiffness of the ground increased
when pipe roofing grouting was realized.

[7] proposed a method for surface settlement prediction during the indentation of steel
pipes in the non-opening method, and conducted a comparison analysis of the gap



parameter and volume loss prediction methods. Consequently, it was confirmed that the
volume loss prediction method exhibited the most similarity in the maximum settlement
amount and settlement tendency.

These studies demonstrate that surface settlement and deformation are observed in the
application of the existing non-open cut methods, mainly owing to the indentation of steel
pipes. However, the surface settlement and deformation that occur during internal
excavation after press-in are also problems that should be addressed prior to the
construction of structures. Currently, research conducted on surface settlement that
occurs during excavation inside a structure after the completion of press-fitting, and
deformation that occurs when introducing various anchoring forces is insignificant in
Korea.

In this study, a model experiment was conducted by adjusting the relative density of
the sandy soil after the press-fitting of steel pipes to configure the ground condition, and
introducing anchor forces of 0.4, 0.8, 1.2, 1.6 and 2.0 kN per segment area of the tunnel.
The amount of settlement was analyzed using photographic measurements. In addition,
a prediction formula for determining the optimal anchor force based on ground conditions
was derived.

2.2 Ground settlement during tunnel excavation

Peck (1969) confirmed that the shape of the ground settlement that occurs during
tunnel excavation is similar to the normal distribution, as shown in Fig. 1. Equation (1)
shows the settlement of the surface:

30 Y Aob- (1)

Where i is the inflection point and represents the width variable of the settlement shape.
The results of previous studies have demonstrated that the ground settlement curve is
similar to that of a normal distribution. The relationship between the inflection point i and
depth Zo is summarized in Table 1.

Fig. 1. Definition of settlement



Table 1. Advanced research of relationship between depth and inflection [8, 9, 10, 11, 12,

13, 14]
Division Point of inflection Research method
Peck (1969) __Q 0 3 Field observations
Y Y
Cording & Hansmire Q e @
(1972) v T8O wels @ -
Attewell & Farmer (1974) é() 0 % Field observations of UK tunnels
C
Atkinson & Potts (1977) Q T8 VO © Field Obse“’f‘;'scigs and model
Mair et al. (1979) 0 TG Field observations and centrifuge
tests
8
Clough & Schmidt (1981) QY % Field observations of UK tunnels
O6Rei Il ly & | Qg ¢ 1P Field observations of UK tunnels

Mamagani [15] analyzed the settlement behavior according to the excavation of a
rectangular box-shaped tunnel instead of a conventional circular tunnel using numerical
analysis and artificial neural networks. Owing to the effect of stress concentration on
excavating a rectangular box-type tunnel, changes in the relaxation zone, and increase
in the excavation area to secure the same inner industrial complex, a larger settlement
occurred in the box-type tunnel. The settlement shapes are shown in Fig. 2.
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Fig. 2. Settlement behaviors for different cresgtional shape



3. CMR method

The CMR method, first patented and constructed in Japan in 1980 [16], is a non-open
cut method wherein an element of the shape shown in Fig 3 is propelled to the lower part
without affecting the upper structure. There is no impact on the upper road surface when
using the element as the structure body, and the construction period and cost can be
reduced. Furthermore, the size of the counter-force facility owing to its small propulsion
can be minimized, while the soil does not enter the upper surface of the CMR beam
because of the use of a thin steel plate with a pre-cushion cut. The rectangular steel pipe
replacement propulsion method can be applied even in the presence of gravel, boulders,
and other obstacles. If the propulsion precision is excellent and the propulsion extension
is long, the CMR beam can be shaped as a convex structure to minimize the work area.
The beam comprises high-strength concrete, and thus, exhibits excellent quality,
durability, and corrosion resistance.
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The construction method is shown in Fig. 4; after propulsion of the square steel pipe
shoe, replacement and excavation are conducted by attaching a double element to the
rear side and repeating this process to complete the tunnel.

b) Jointing andexcavatiorpropulsion
- 3

Fig. 3.CMR Construction materials

4. Laboratory Model test

4.1 Equipment

(c) Parallelpropulsion anaxcavation (d) Construction completed

To analyze the settlement and anchor force of the tunnel using the CMR method, a model

chamber with dimensions 2 m (width) x 1 m (height) x 0.75 m (length) was constructed,

as shown in Fig. 5, to conduct a model experiment. Model CMR structures were produced
Fig 4. Double Element Replacement Propulsion Construction Cycle



using a 3D printer. In addition, for the size of the model structure, approximately 1/10 of
the geometrical similarity was applied to the CMR structures used in the actual field. To
prevent the loss of sand from the small gaps in the structures during the model
experiment, the model CMR structures were simplified to a concave-convex coupling
type, as shown in Fig. 6. In addition, the model experiment was limited by the working
space and the size and shape of the model used to introduce prestress to the completed
structure after model assembly; moreover, the actual reinforcing bar could not be
inserted into the model CMR structures. Therefore, steel wires were inserted into the
model CMR structure instead of rebars, and the anchor force was verified by attaching a
load cell after introducing a tension force. This was realized by hanging a weight, and the
prestress was realized by pressing the steel wire and a sleeve that served as a wedge
between the wires. Furthermore, owing to the lack of viscosity due to the nature of the
sand soil during excavation, it was difficult to construct the inside of the tunnel densely;
Therefore, the experiment was conducted by making a pedestal with a length of 125 mm
to simulate a total excavation of 750 mm over six steps.

a) Model CMR beam (b) Model CMR corner (c) ModelCMR stee ipe
Fig.6. 3D Printed Model Structures



4.2 Method

The construction flowchart for tunnel measurement using the model CMR method is
shown in Fig. 7. & Constructing a model structure; & Inserting a steel wire and

~

introducing prestress to the structure; & Forming the tunnel lower ground and inserting
the structure; @ Using a sand-raining device based on the relative density test results;
4 Forming the ground; & Installing the target to be used for photographic

measurement on the upper ground; ¢ Analyzing the measurement data; e

Performing the excavation and photo measurement sequentially. To confirm the
settlement due to the increase or decrease in the anchor force, each segment was
divided into 0.4, 0.8, 1.2, 1.6, and 2.0 kN anchor forces. The experiment was conducted
using Jumunjin standard sand (KSL I1SO 679), which is a domestic standard sand. In
addition, to simulate the ground state, a relative density experiment was conducted to
construct loose, middle, and dense ground [17], and a total of 15 experimental cases
were implemented. The measurement points of the surface settlement were located at
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the center of each upper structure of the model structure, as shown in Fig 8, and
measured via photogrammetry up to a diameter of the tunnel in the range of 0.5D.
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Fig.7. Experimental process
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5. Experiment result
5.1 Analysis result of settlement amount according to ground condition

The surface settlement measurement according to the excavation length in the model
structure internal excavation experiment demonstrated that most of the maximum
settlement occurred at the center of the CMR tunnel. In addition, as shown in Fig. 9,
when the anchor force per segment area was 0.4 kN during the final excavation, a
maximum settlement of 11 mm in the loose ground, 10 mm in the middle ground, and
9 mm in the dense ground was observed. Furthermore, the better the ground conditions,
the lower the settlement by approximately 97 10%. In contrast, when the anchoring force
was 0.8 kN, the maximum settlement was 8 mm in the loose and middle grounds, and
7 mm in the dense ground. The comparative analysis of the middle and loose grounds
demonstrated that no additional settlement occurred, and in the dense ground, the
settlement amount decreased by approximately 13% that of the normal ground. At an
anchoring force of 1.2 kN, maximum settlements of 6, 5, and 5 mm for the loose, middle,
and dense grounds, respectively, were observed. The amount of settlement was reduced
by approximately 17% in the middle ground than in the loose ground, while the
comparative analysis between the dense and middle grounds demonstrated that no
additional settlement occurred. When the anchoring force was 1.6 kN, maximum
settlements of 5, 4, and 4 mm for the loose, middle, and dense grounds, respectively,
were observed. Although the settlement amount was reduced by approximately 20% in
the normal ground than in the loose ground, no additional settlement occurred as
demonstrated by the comparative analysis of the normal and dense grounds. Finally, for
an anchor force of 2.0 kN, the maximum settlements of 4, 4, and 3 mm occurred in the
loose, middle, and dense grounds, respectively. The comparative analysis of the middle
and loose grounds revealed that no additional settlement occurred, and the settlement
amount of the dense and middle grounds was reduced by approximately 25%. Based on
the results of this analysis, the extent of the decrease in settlement due to the ground
conditions was somewhat insignificant; however, the better the ground conditions, the
lower the settlement amount.

Distance(mm) Distance(mm)
0 500 1000 1500 2000 0 500 1000 1500 2000
0 T T T T 0 p— T T T L»’;’E T
B A - B
B, i R
BT Solbwe” o 2
E L < N Q |Z|/ :/,ﬁ E |
= ¥E, "~ Ground condition = Ground condition
s 10 *\R k4 GES Loose #1~9 E 10 {5EC) Loose #1-9
-1v= AAA Middle #1-9 -1 AAA Middle $1~9
E.a (355 Dense #1~9 E.a (5FF) Dense #1-9
E [” Top View pe Loose #10~18 = ™ Top View Loose #10~18
P g 70 [>>E> Middle #10~18 R ) 0 PP Middle #10~18
15 #100 R ERX] #1.8 CFFT] Dense #10-18 15 #;0 XXX #;H FH Dense #10~18
#?9 000000 #;7 A Loose #19-27 e (0000000 0 A Loose #19-27
B tie0eeese @ Yefesk Middle #19~27 B #g. "YE XY #37 et Middle #19~27
20 0.5D [ 1 Dense #19~27 20 0.5D) [ F]Dense #1927

(@) Anchor force 0.4kN (b) Anchor force 0.8kN



Distance(mm)

0 500 1000 1500 2000
0 T " [ [ I |

- -5

£

~§« Ground condition

E 1 {55 Loose #1-9

g - 0 AAGA Middle #1-9

o %Dense #1~9

‘5 Top View Loose #10~18 Top View

& 7 70 B> Middle #10~18 1 ]

-15 #100 esecnve #108 CFFEFE Dense #10-18 #;0 XXX X #:a

#109 XXX #;‘f W‘VLHIOEE#]%” #:9 XXX #;7
hEjeeeeeeels Ye'ed Middle $19~27 v PRPRPRPRPRPRPY
= EEEDense #1927 L1

(c) Anchor forcel. &N (d) Anchor forcel.6kN

Top View

#1 #9
® (000 R0 ORO O
#10 #18
® (000 ROOO O
#19 #27

LA NN NN N ]
ﬂ..!l')

(e) Anchor force_DkN
Fig.9. Amount of settlement according to ground condition

5.2 Analysis result of settlement amount according to anchor force

Analyzing the anchor force per segment area, as shown in Fig. 10, helped determine
that, when the anchor force was increased from 0.4 to 0.8 kN, the maximum settlement
on the loose, middle, and dense grounds decreased by 27, 20, and 22% from 11, 10,
and 9 mm to 8, 8 and 7 mm, respectively. Furthermore, when the anchor force was
increased from 0.8 to 1.2 kN, the maximum settlement was 6, 5, 5 mm, respectively,
indicating a decrease of 25, 38, and 29%, respectively. When the anchor force was
increased from 1.2 to 1.6 kN, the maximum settlement was 5, 4 and 4 mm, respectively,
decreasing by approximately 17% in the loose ground and 20% in the middle and dense
grounds. Finally, when the anchor force was increased from 1.6 to 2.0 kN, the maximum
settlement decreased by 20% in the loose ground to 4 mm, and by 25% in the middle



