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Development and Trial Application of a Face Safety Monitoring System 
Based on Multi-point Simultaneous Displacement Measurement 

9" :" ;" <=�" " " >" ?" @" A=B" " " C" D" E" F=G"""""

Koki Kumagai           Hiroaki Matsuda        Yoshihiro Terashima 
H" I" " J=G" " " " K" L" M" N=O" " " P" Q" " R=O""" """"

Isao Ogawa� �  Katsurou Fujimoto       Shin Kaneko        

���
���	
��ð�ä�	ñ�
��1y�¯°,������������ �	�36TU
!L

M1(),�Pd1��2LM�()@Õ|*$_L�`a @û�*�36TU�&V�@©h¬����!	�

LMVl�WX@S®![\*�K�&'�@ÝÞ,�Pd1i����2KP��jkR	mnopqr@�#

�yz{Z}»r|!s�LM&V[\���x@��*�2C7���û�@b�$|'`�ã���1|'�

¸!��,��@��*�2¬R!�%�
�������/!"#$LMWXr|!��_�*�K�û��@

��*�2��û�+��_�����LM�ú*�@ ¼1!D"��|'�¸1mm#��S®yzr|�å
�Pd@$Rf!*�2

STUVUWX� LM� � ()� � %&vt�'� � tu�vwx� � mnopqr

1. ( )U��� *+,-�� � 2. ( )U��� ßà./0� � 3. 12>3� ( )U�� � 4. 45678>3� 78)U�



"

�����
��	
��
����
�������������
������� �!

�"�#$�����
��������"%�$%�
��&'()*��� �!

�+,-����
����������./�
0 �+,1�21�34��
� �!

5$�06 7058905 6589705 6:

;<=�>? >?�@A >?�@A897B4 >?�7CDB4

;<�E�� E���D E���A897B4 E���A F

��>?GH�I!
;<JH�KL�

MN KL�OP KL�D

Q��� "���
RS

��

T�

6:�� GH�U
VW	XYZ�
.[\]^_`

abcd>?G ebcdfgG

hi
jklcm2nopqr
�stuvwxy�z
{|>?oGH}!~

W	lcm2n�H��
89�H�����f
gobcd��okF
t��4�H�}!~

W	lcm2n�H��
89�H�����f
gobcd��H�}
!~

�{|GH KL MN MN

H��4 ���� ��� ����

H�fg��� �D����B4 �D��B4 �D����B4

H�34 �C���B4�� ������ ����

����GH
H�����!&��
GH�� ¡tMN

¢£1¤o¥¦t�§¨
-���GH�MN

H�����tu��
GH�KL

���" 
������Y!�	
Z[��� ���" ��'()*���\]���"

����" ^_���Z[ "̀����" a!���Z[ "̀ ����" b!���Z[ "̀

9:�nv���n�í�ÃTSÆ	|z�3=;}»@
r|�å�1�1|z�r|!5~10!<¸�ZD@�*
{Z!yzr|1�å�#2mno}»r	|'�¸1

��md=�¸���1�|'>?1 �1m<¸��8�
LM!ýO*$r|,�J�1��2<¨�mnopq

r	|'�¸	±1mm<¸dmno}»rs8Ñ@�1�
|'>?	 �100md�å#2����	�()º�}
»�1�mmfR�10mm#hdA'¬Q���
��
�()WX@[\,�Pd@§ed*�mnopqr@

�#�LM&V[\���x���@bcPdd*�2

��	
-.
�/012�\]

3.1 34cd

� mnopqr@�#�LM&V[\���x���!

B*�øC,DåEÚd*$#F�4G§@ '*�2
� HLMVl1[\�å�sc�yz{Zr|1�å�

Pd

� Ir|Jnv@K'*�ZDD"Ã ¼1!D"Æ�L
=?ô*�K�MZ}~@NO�å�Pd

� Pr|Q1R:Q@SÜ�d������T�LMT

U�!���å�Pd2{Z!����x!ý®¬

Q�UÒ¡�JÓv�+V1?ô�å�Pd

� WLMVl�}»WX@\Xe!NO�å�Pd

� EÚH"s�I	�YRQ�r|Jnv@<;R:*�

}»�+}»Z¸@L=[',�Pd!s8LM�&'

�ÝÞ@tu�vwx!û�,�Pd@§\d*$#�2

EÚP"s�W	�LM�TU
�TU�!ÝÞ��@

]Z!^_*�_L�bXÃTU
`�LMfRabñÆ

@d�sc!cdef,�Pd@§\d*$#�2

3.2 
�/012�\]

� e��!�
�g�mnopqr!s��yz{Zr

|1ÙÚ�LM&V[\���x��hi@�,2mn

opqr	jt�Ók�lÑ*½	LMOm�no>?

 ! p*Ã���f����gh�r|Jnv	jt�

Ók�l�! p*�qr�PCÃe��stÆ!uwv
m��Jnvwx,�2qr�PC�y[9:@L=b#�
r|Q1R:Q@SÜ�/0!	�ÐzÑ*½	{z�

ý®¬Q�UÒ¡+��T1TX,�2

� |�,�mnopqr�}~	#F�d"8���2

� êÒnU�o���Leica� DISTOTM� D8
� ê|'>?�0.05m�200m 
� ê|'�¸��1.0mmÃ\����2�Æ
� ê|'î¸� ¼1!D"
� êCÛ�qr�PC��Jnvwx	�BLUETOOTH�

1|�ÙÚ

�

3.3 )*ij�klmn

� LM&V[\���x!s8YRQ�r|Jnv	�



e��" 	
-.
�/012�op "̀

���f" Wqrstuvw�xy "̀

���g" z{|}~w�xy "̀

mnopqrfR|zC��pq��8�P�pq@S

®e!r|,�Pd��mno����¨©�}»�@

|'�å�2PP��mnopqr	LMF!`*�z

¨©! p¬Q�d	�R�#���|'Q	��!	

LM��}»�d<�*�#2*f*�1R�LMfR

20m;¨���2�zðFÃ�10mÆ���!mnopq
r@ p*�/0�LM
��100mm�}»�1�Â,
�d|'Q	103mmd��2P�sc!�Ïk��	3%
<¸d¼¬#���û�h	���#dïð*�2

� ���!�mnopqr!s�|'�YRQ�ÝÞK

\dÝÞ��@�,2
��}»�@ÝÞK\d,�/

0�
����á7â3)fR��RQ�}»�+)º��

Q���Õ|¬Q�}»�d�¼��,�Pd�ÝÞ�

å�2����`�d����
��	�LM�}»	

e��!�,étn��z! cd¡'�å�Ñ�d,

�d�}»Z¸@ÝÞK\d*�}»Z¸1¢£!��

/0!	¤&'¥Ãe��F¦�§n�¨�§n�©Æ�

}»Z¸1Ç�,�/0!	¤%&'¥Ãe��F¦�§

n�ªÆdïð�å�2

� ¬R!�}»Z¸�«�4)@ÝÞK\d,Q¬�LM(

)C��ZD@Õ|�å�ÙÚ�1��2

� ��*����x�	��µ�dP­�1g�qr�
PC� �8|zC��}»r|1ÙÚ���236�
10m<¸������	�e��!�,sc!LM@8
g!®n&�'*�®n�¯d!&'�@°�±�*$

tu�vwx²��å�2PQ!s�$�§\�	³´

�å�#
���¯°+K�µ¶1\Xe!'�e!³

´�å�LM&'`a �� ·¸�� r"s�� 

!¹��å�2

©ª«¬ �­®>?¯ �­®>?°4 �­®>?°4�±�

©ª²³

´µ¶·¸�IP¹
�rº>?¯»�
¼½¾�I!>?
JH¼&¿Àrt�
�����oÁÂ
}!

>?°4��Ã�
������oÁ
Â}!

>?°4�±��
ÄÅ��!�Æ89
;<JH}!

���" )*ij�kl�d���"

e��" �qU��[�����klmn�\]"

>
?
¯

�

�Æ T

1{
1YcX

2{
1YcX

3{
1YcX ;<

ÇcÈ�ÉÊ��

ÇcÈ�É��

ÇcÈ�É��

>
?
°
4

��
/�
T

�Æ T

1{
1YcX

2{
1YcX

3{
1YcX

;<

ÇcÈ�É��
ÇcÈ�É��

ÇcÈ�ÉÊ��



"

3.4 ����56ij

� mno1tº¬Q�|'`�ã���1|'�¸!�

�,��@NO,����»¼Fd½N�F@`�d*

����¸û�@b��2����!|'`�ã@�e

�f!û���@�,2»¼F	�¡��çèéo�¾

��8�|'pq�>?	5mfR25m���2
� e�fs8�¿Àû�*�|'pq�	�|'Q�\

���	tºF���!ÁÂ�½dÑ!0.5mmÃÄ��
Ïk��Å1¼¬#PdfR�tºF���	|'�¸

!��*�#dïð*�2"

f�5678

4.1 ^_�������������`
5)

(1) 78�u�r ��\]
� }�@~!s8��~*�ËÌÍÎ¶�
���LM

()1�����Â*�������!"#$�LM&

V[\���x@��_�*�K�ÐÆ�@��*�2

� ���� )���	FÇ�È8���2

 )��12
�HX��� �ÉÂ���� )

 � Ê�»h19Ë3Ì20��»h23Ë2Ì28�
 )/0�ÍÎÏÍÎÐ�ÉÂ
�

�ck�Ñ7ÒÈÓ� 12
¨ÔCÕ

����Ö5�2 ,089m 
36ðF� ×89m2� ÃD -̈bÆ
(2) )*ij���
� e�g!�7Ø8100m��ËÌÍÎ¶1¯°,�D¨
-b�hÙ
��LMÃ����Æ�|'*�r|Jnv

e��" 	
-�Y� Uu�¡ "̀

e�f" *�¢�£¤�¥¦"

����" *���§�¨©"

0.0�

0.1�

0.2�

0.3�

0.4�

0.5�

0 10 20 30

¬
³
Ë
Ì
(m
m
)

H�fg(m)

X�ÈÍÎ21Ï

ÐÑÒÓ

e��" 	
ª«�¬�­&'�®¯°ª«�h

����" ±²	
!³°�����"

�5

0

5

10

15

20

21:50 21:57 22:04 22:12 22:19 22:26 22:33

>
?
¯

(m
m
)

�Æ

}»�ÇÈ }»�<'

|'ZD�×35¯

×20¯ ×15¯

e��" '(´��­&'�"

�4

�3

�2

�1

0

1

2

3

4

21:50 21:57 22:04 22:12 22:19 22:26 22:33

>
?
°
4

(m
m
/Ô
)

�Æ

µ¶°·�¸¹ºG»¼½



e�g" 	
ª«�¬�­&'�e"

27.52

27.57

27.62

27.67

27.72

20
:2
5

20
:2
7

20
:2
8

20
:3
0

20
:3
2

20
:3
4

20
:3
5

20
:3
7

20
:3
9

20
:4
1

20
:4
3

20
:4
6

20
:4
7

20
:4
9

20
:5
1

20
:5
3

20
:5
5

20
:5
7

20
:5
9

21
:0
1

21
:0
3

21
:0
5

21
:0
7

21
:0
9

21
:1
2

21
:1
3

21
:1
5

21
:1
7

21
:1
9

21
:2
1

21
:2
2

21
:2
4

21
:2
6

21
:2
8

21
:2
9

21
:3
1

21
:3
3

21
:3
5

21
:3
7

21
:3
9

21
:4
1

21
:4
3

21
:4
5

21
:4
7

21
:4
9

21
:5
1

21
:5
3

21
:5
7

21
:5
9

22
:0
1

22
:0
3

22
:0
5

22
:0
7

22
:0
9

22
:1
0

22
:1
6

22
:1
8

22
:2
0

22
:2
2

22
:2
4

22
:2
6

22
:2
7

22
:2
9

H
�
f
g
Õ
�
Ö

�Æ

1{ÐÑÒ�

×Ø7

¾¿ÀÁÂ

'(¬" ÃÄÄÅGÆÇ"

@�,2C��e���e��!	�KQÚQE½N�

AB;×35¯D�}»�"s�}»Z¸�MZ}~@�,2
� e�gs8�36�1=½N�
"s�½N�AB;�
LM�WX1S®e!r|�å$#�Pd1Ûf�2C

��r|Ü0!E½N�1� ¬Q�º;�×30mmp
q1}~*$#�PdfR�E½N��Ý¬R:!Ñ¹

��å�2�"�¦
�r|Jnv!"#$|'Q1�

å½}X*$#��	�mnopqr pÜ0dLM|

zD!36EÞ+TU�1IÊß��Pd!fà*$#

�2������x�	�|'Jnv�}X!*å#Q

@ ��K�*å#Q@áÜ�}X1���/0!	r

|Jnv@HXe!äâ,�EÚ@NÈ*$#�2

� =!�e��s8�E½N�AB;�LM�}»�	

×20¯�8mm<¸�Â*��Ê�ãä*$#�Pd1Û
f�2PQ	�e��!�,}»Z¸�MZ}~@É$

Ñ{~�Pd1åâæQ�2�|'ðF�	�LM�}

»�110mmÃÄd¼¬#���çÊ}»Z¸	¼¬f
��1�LMWX	e���F¦!�,¤§n�©¥!

¯è�å�|'Ü0�
�	&'*$#�dïð�å�2

� #h�PdfR�LM()º!��e�å�}»1�

Â,���
�!"#$	�LM@
��®n�!é¯

*�®n�¯d!LM�}»�+}»Z¸�}~@êÜ

�Pd�LM&'�@ÝÞ�å�ÙÚ�1�¬Q�2

4.2 ÈÉiÊ_�����`

(1) 78�u�r ��\]
� 
F¿»F��Ãë�
���LM&'`ad*$c

ßì5íîï� �1_�¬Q$#�������!"

#$�cßZ�LMWX[\!��_�*�K�ÐÆ�

@��*�2

� ���� )���	FÇ�È8���2

 )��6��� ðñ����K�4 )
 � Ê�»h22Ë2Ì26��»h24Ë2Ì29�
 )/0�òóÏ5Âô5õö¶÷�ÐøÐù9

�ck�Ñ7ÒÈÓ� Á1
¨ÔCÕ

���Ë" 	
ª«�¬�
�!³"

*$Ì"

*$B" *$G" *$O"

ÍUÎÏÐ)OÑ"

ÍUÎÏÐ)"



"

����Ö5�V52 ,420m�hÙ36
628.3m�FÙ36690.6m�ú ê
û¿ � 1,354.5m 

36ðF� ×102.86m2� ÃW-D F̈Æ
üýþ� r|��dÛ�

� LM�ú*�r|	����Ë!�,

LM&'`a � 
!�4g�mnop
qr@�#$û�*�2e�Ë!|z

No.3�LM�ú*��MZ}~¦@�,2
� e�Ës8�E½N���·¬Q�L

M	��mv��cß��cß!s8�

mm<¸�*ú¬Q�;�<'Q!ãä
*$#�Pd1¯f�2õ!�2À§�c
ßZ!	×2.5mm�*ú¬Q$#�Pd
@$³!êÜ$#��1¯f�2P�PdfR����

�x@LM`a � Z!_�,�Pd!s8�`a 

� 
�LM�&'�@[\êÝÞ�å�dÛÜRQ�2

g�ÒÓÔ�

� �������� !"#$�36TU1�
,�L

M��}»WX@YZ[\*�K�&'�@tu�vw

x!ÝÞ,�Pd	�36 )�&V�@©h¬���

�!%Ù����2����	�78(	 )�|�!


�¬Q$#�mnopqr@�#$���e}»��

�å#��
�@`�d*�LM&V[\ßà����

�d��_���@�*�2K������
��	m

nopqr@�#$S®e!yz�LMWX@r|*�

}»��ãä²©+}»Z¸!�ÖåLM�&'�1Ý

Þ�å�ÙÚ�@�*�2¿;	è�
�+Å��¶�

��_�)i@ã�*�R:��� '¨�!g#$�

�@ÈÜ���e!LM�&V[\!_�*$#å�#2

C��E½N�+El��ñ�LM&'`a �� ·

¸��
� r!Ñ¹�*$#½Õ'���2¬R!�

����x	��!�üýþ�
�+��ã�}»WX

1�"[\�å�PdfR�Iß81×Ø��F+��

ãñ�X�[\!Ñ¹�*�#dÛÜ$#�2

ÕÖ°LM&V[\���x���!B*$��ì��

xn�!	y½�¯��@�#�2�����/���

�_�!B*$	�Ñ7ÒÈÓ12
¨ÔCÕÍÎ��

 ))�0�"s�Á1
¨ÔCÕòóÑ�)�0��

~�¯K��̄  !@�#�2PP!Ç*$"d@²,2

S×�ØÙX

1) #$%�ê&8'(ê)*+,� AE³F()Õ|-
�!"���.e./, 78����� No.523/
III-32, pp.163-173, 1996. 

2) 0$�1���vn2è�ìmnon}»r@�#�
����
�ÝÞ!g#$, 3) U(�) ßà./
0�, No.34, pp.37-42, 2009. 

3) 4*56�NATM!"���/r|dR:��Q, 7
d�., Vol.34, No.2, pp.5-10, 1986. 

4) Í789�²F¶XZ¸�«�@�#�:;!s�³
F()�ÂZ<�Õ|�, 
,D8, Vol.22, No.2, 
pp.8-13, 1985. 

5Æ=Î>?�¼�@�A$BC�DùEF�GHIB�
yz{Z}»r|!s�LM&V[\���x��

�d%�
�!"����_�,���� ����
J20K, pp.219-223, 2010. 

Summary   The cutting face sometimes collapses during the excavation of a mountain tunnel because the geological 
structure is complicated in Japan and numerous vulnerable sections are distributed such as fault fracture zones. Predicting 
the collapse of cutting face, implementing appropriate control measures and enhancing the safety of excavation work 
require continuous monitoring of the behavior of the entire face and assessment of face safety. Then, the authors have 
developed a face safety monitoring system based on the multi-point simultaneous displacement measurement using laser 
distance meters. First, the authors examined the effect of the unevenness of measurement objects on measurement 
accuracy by conducting laboratory tests. Then, the authors applied the system on a trial basis for measuring face behavior 
at a tunneling site in poor ground, and verified its practicality. As a result of various tests and pilot applications, it was 
found possible to make continuous multi-point measurement of the thrusting of the face at a minimum interval of one 
second and with a measurement accuracy of plus or minus 1 mm.

Key Words :  Tunnel Face , Collapse, Monitoring, Real-time, Laser Distance Meter
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