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要  旨 

 

本研究は，矢板式係船岸の控え工として用いられる組杭の横抵抗メカニズムを実験的に明らかに

するとともに，組杭の横抵抗増加のために効果的な地盤改良方法を検討した．本研究では，杭の水

平載荷に関する遠心模型実験，大型模型実験および X 線 CT 装置を用いた模型実験を行った．実験

結果や既往の知見から，組杭を構成する押込み杭と引抜き杭に挟まれた杭間地盤が発揮する地盤反

力は，単杭における周辺地盤の地盤反力と比べて小さいことがわかった．そこで，地盤反力増加を

目的として杭間地盤をセメント固化改良する方法を考案し，各種模型実験を行って杭間地盤が改良

された組杭の横抵抗特性を詳細に調べた．本研究では，組杭の横抵抗特性に及ぼす改良体の改良深

さおよび改良体の強度・剛性の影響を調べ，効果的な改良方法を明らかにした．これらの実験結果

に基づいて，既存の組杭を改良することを目的として，改良断面の決定方法を示した． 

 

キーワード：組杭，横抵抗，セメント固化改良，水平載荷試験，X 線 CT スキャン 
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Synopsis 
 

The aim of this study is to reveal a useful soil stabilization method to increase lateral resistance 
of existing coupled piles. The authors conducted three kinds of lateral loading tests of coupled 
piles; centrifuge model test, large-scale model test and X-ray CT scanning model test. The authors 
discuss how a pair of coupled piles resists against lateral loading compared with a single tilted pile. 
The experimental results show the ground intermediating between two tilted piles composing a pair 
of coupled piles exerts lower ground reaction compared with the ground surrounding a single tilted 
pile. 

The paper describes a method to stabilize the intermediate ground of coupled piles using cement 
treating technique. The paper also describes experimental results of the model tests to evaluate 
effects of several conditions in terms of depth and strength of cement-treated soil on the lateral 
resistance of coupled piles for which the intermediate ground is stabilized with its mechanism of 
increasing lateral resistance. Based on the experimental results, the authors introduce how to 
determine the specific of soil stabilization of intermediate soil. 

 
Key Words: Coupled piles, lateral resistance, cement-treating method, horizontal loading test,  

X-ray CT scanning 
 

* Researcher of Foundations Group, Geotechnical Engineering Department 
**   Shikoku Regional Development Bureau (Formerly Member of Soil Stabilization Group, Geotechnical 

Engineering Department) 
*** Member of Soil Stabilization Group, Geotechnical Engineering Department 

**** Head of Foundations Group, Geotechnical Engineering Department 
***** Director of Geotechnical Engineering Department, Head of Soil-Mechanics and Geo-Environment Group  

****** Sendai Research and Engineering Office for Port and Airport, Tohoku Regional Development Bureau 
 3-1-1, Nagase, Yokosuka, Kanagawa 239-0826, Japan   National Research and Development Agency, 

National Institute of Maritime, Port and Aviation Technology, Port and Airport Research Institute 
 Phone: +81-46-844-5057   Fax: +81-46-844-0618   E-mail: matsumura-s@pari.go.jp 



 - 5 - 

 
目    次 

 

 

要  旨  ························································································································   3 

 

1. はじめに ·····················································································································   7 

 

2. 既往の研究  ················································································································   7 

 

3. 模型実験  ···················································································································   8 

3.1 概要  ·····················································································································  8 

3.2 遠心模型実験  ·········································································································  9 

3.3 大型模型実験  ·······································································································  11 

3.4 X線CT模型実験  ·····································································································  12 

 

4. 実験結果  ···················································································································  14 

4.1 組杭の横抵抗特性  ································································································  14 

4.2 杭間改良された組杭の横抵抗特性  ··········································································  16 

4.3 杭間改良による横抵抗増加のメカニズム  ·································································  18 

 

5. 杭間改良された組杭の横抵抗評価手法  ··········································································  20 

 

6. 結論  ··························································································································  21 

 

7. おわりに  ···················································································································  22 

 

謝辞  ······························································································································  22 

参考文献  ························································································································  22 

記号表  ···························································································································  22 

付録A  ·····························································································································  23 

付録B  ·····························································································································  25 





 

- 7 - 

 

 

 

 

X CT X CT

 

  

 

 

 

 

 

2007a

 

 

1963

Chang

2007a

Chang

 

1970 1963

 
(Pull-out)

(Push-in)

���



 

- 8 - 

1963

 

1970

Sawaguchi, M. 1970

 

 

2011

 

1999 Terauchi, K. et al. 2000

SCP

2

2

SCP

SCP

 

SCP

 

 

 

 

 

 

2

 

3

2

 

X CT

X

CT���



 

- 9 - 

 

 

1.5

1964

30  

 

 

  

9

C-02 C-04

3

C-05 C-06

C-07 C-08

C-09

C-02

C-06

1MPa 2012

C-07

C-09

2017

 

 

 

-3.1  

 

 

 
mm 1 

m  

 

MPa  

MPa  

C-01    

C-02  180 9  

 

1.2  

281 

C-03  180 9  

C-04  180 9  

C-05  90 4.5  

C-06  45 2 2.25  

C-07  90 4.5  
 

N/A  

2500 3 

C-08  45 2 2.25  

C-09 
 

 
45 2 2.25  

1 2 C-01

3 HP

2017  

 

 

  

1/n

ng

1995  

 

 

 

 

 ���



 

- 10 - 

  

G  113 

mm  9650 

mm  3400~3800 

rpm  163 

mm  
1600×1600 

kg  2760 

 

  

 1/n 

 1 

 n 

 1/n2 

 

  

C-03

512mm 750mm

200mm

2mm 197mm 439mm

12 12

2  

+20mm

5

�s=2650kg/m3, emax=1.115, emin=0.710

80%

 

C-02 C-06

�s=2692kg/m3, wL=64.8%, 

wp=25.2% 40% 14

1.2MPa E50 281MPa C-07

C-09

C-09

2500 4100MPa

2017

 

50G

4mm/min 700�m

2.45kN

 

 

C-03  

 

 

18
0

3
0

3
8

0

750

30 5
5

50

1
0

0

41
0

mm

  

6060

180

LVDT

500

3
8

0

75°

M3×6

43
8.

81

197

98.5

:mm����



 

- 11 - 

 

 

 

  

a) C-06  b) C-08  

 

 

 

 

 

 

 

 

   

G-01   

G-02  push-in   

G-03  pull-out   

G-04   

G-05   

250mm G-04

 

 

 

  

5

G-01 G-03

G-01 G-02 G-03

15 G-04

G-05

 

 

  

4000mm 2000mm

1500mm

40mm 20mm 2mm 1350mm

75mm

18 1 36

18

 

80% 4

�s=2644kg/m3, emax=0.970, emin=0.634

 ����



 

- 12 - 

C W

4 S K

C W S K 1.0 2.1 4.0 1.5

7

1.7MPa

7

C-05 C-08

 

1mm/min

2500�m 3000�m

15

 

 

 

 

 

 

 

G-04

X CT

   

X-01   

X-02 Push-in   

X-03 Pull-out   

X-04   

X-05   

70mm X-04

 

 

 

 

  

X CT

5

15 30

 

 

  

X CT

X CT X

CT

0.004mm X

CT X CT

10�m

2015  

 

1300mm
18 @75mm

50mm

40mm

20mm

����



 

- 13 - 

 

 

X CT

 

X CT

  

kV  225 

mA  1 

pixel  3008 3008 

mm  418 418 

mm  0.004 

 

 

X CT

 X-05  

 

 

X-05

 

X CT

  

kV  185 

mA  0.2 

pixel  1504 1504 

mm/pixel  0.130 

 

  

X CT

155 330mm

5mm 4.8mm

210mm 3D

3D  

80% 4

X CT

X CT

1mm/min 1 2 4

6 8 10mm X CT

X CT  

 

  

X CT

ImageJ Ferreira, T. and Rasband, W.

2012 X CT 1 16

1504 1504

X-01

a b 4mm

c 2

2

Ferreira, T. and Rasband, W. 2012

X CT

����



 

- 14 - 

c

 

 

 

 

 

G-01

G-04

G-02

G-01 G-03

2007a G-04

10mm

1500N

 

750N G-02

G-02 G-01

G-03

G-04

 

100%

G-04

0.075m

push-in

pull-out total

100%

500N

1500N

1500N

G-04 1500N

 

 

G-01 G-04

  

a 0mm  b 4mm  

 

c  

X-01

X-01 X-01

X-01

����



 

- 15 - 

 

 

750N G-01 G-04

 

 

G-04

 

 

2007a 0

 

G-01 G-04

ks ks
 

2007a

G-01 G-04

0 G-01

G-02

G-03 G-04 push-in

G-04

pull-out

 

1999

Terauchi, K. et al. 2000

10mm 1000mm 1%

ks
25%

 

X CT

X-01 X-04

G-02 G-04

4mm X CT

X-02 X-03

X-02

X-04 X-02 X-03

X-03

 0

 0.5

 1

 1.5

 2

 2.5

-35 -30 -25 -20 -15 -10 -5  0  5  10  15  20  25  30  35

Tilting angle of pile, degree

Laboratory test

Laboratory test

In-situ test

G-04, Pull-out G-02

G-04, Push-in

G-03

G-01

-θ +θ

����



 

- 16 - 

 

 

 

X-01 X-04

 

  

a X-02  b X-03  

 

c X-04  

X CT

 

 

  

C-01 C-04

n=50

C-02 C-04

C-01

 

3000kN

C-02 C-03

C-02 C-04 C-01

C-02 C-04

C-01 C-02 C-04

C-09  

 

 

  

4

C-01 C-02 C-05 C-06

3000kN

C-02 4 C-05 2 C-06 1

 

 

X-ray CT 

scanning

X-02 X-03

X-04

X-02 X-03

����



 

- 17 - 

 

  

5 C-01 C-05 C-08

3000kN

 

 

  

C-01 C-08 C-09

3000kN

C-09 C-08

C-09

 

 

 

 

 

C-01 C-04

 

C-01 C-04

 

C-01 C-02 C-05 C-06

 

C-01 C-02 C-05 C-06

 

 

C-01 C-05 C-08

 

 

C-01 C-05 C-08����



 

- 18 - 

 

C-01 C-08 C-09

 

 

C-01 C-08 C-09

 

 

G-04

G-05

G-04 G-05

 

3

G-05 C-09

G-04

 

G-04 G-05

G-04

0.075m G-05

0.3m

0.075m

a 500N G-04

G-05 G-04

G-05

80%

500N

C-03 C-04

C-07

C-08 C-05 C-06

C-02 C-05

C-06

 

0.3m

60%

0.075m

40%

0.075m

0.075m 0.3m

 

a G-05 2300N

15mm

����



 

- 19 - 

 

 

0.075m

b

2mm

2mm

 

X CT

X-04 X-05

4mm

X-04 X-05

X-04 X-05

  

 

 

G-04 G-05

 

 

a  

 

b  

G-04 G-05

 

 

a  

 

b  

G-04 G-05

 

2000N 1000N

500N

2000N
1000N

500N

����



 

- 20 - 

 

X-04 X-05

 

 

a X-04  

 

b X-05  

X CT

 

 

 

X CT

L2

 

 

                            (1) 

 

T  

�  

 

Rp  

Rf  

100%

a

2007b

a

 

X-04

X-05

����



 

- 21 - 

 

 

 (2) 

 

T'  

� T T' � 1  

(3)

 

 (3) 

 

� 0 � 1 

Rp'  

Rf'

 

�(x) xi

 

 (4) 

 (5) 

(2) (4) (5) (3) �

 

 (6) 

 (7) 

� xi

62% a

� = 0.62

C-02 C-05 C-06

55 75% � = 0.55 0.75

�(x) N

xi � �(x) � �

� �

	

2007b


����	�'

b

 

 

 

 

 

 

 

 

 

 

X CT

 

1

x

x = 0
T

� �

Rf
Rp

T’

xi

x

Rf’

Rp’

����



 

- 22 - 

 

2  

 

3

 

4

 

 

 

 

X CT

 

 

 

2017 4 25  

 

 

 

1970

, Vol.18, No.8, pp.27-32  

2017

http://www.vec.gr.jp/enbi/enbi2_2.html  

1999

34 pp.1661-1662  

1995

No.812  

1964

2 3  

2007a

pp.584-639. 

2007b

pp.580-583. 

2007c

pp.371-373. 

1970

2 , 

. , No.110  

2012

4 2012  

2015

X CT

No.1313  

2011

50 4 pp.107-131  

1963 , , pp.193-197  

Ferreira, T. and Rasband, W. 2012 ImageJ User Guide. U.S. 

National Institutes of Health, Bethesda, Maryland, USA, 

http://imagej.nih.gov/ij/. 

Sawaguchi, M. 1970 Experimental investigation on the 

horizontal resistance of coupled piles. Report of Port and 

Harbour Technical Institute, Vol.9, No.1  

Terauchi, K., Sato, T., Sawaguchi, M., Kikuchi, Y., Kitazawa, S. 

and Imai, M. 2000 Effect of the lateral resistance of 

coupled piles on the field loading test, Proceedings of 

Coastal Geotechnical Engineering in Practice, 

pp.375-380. 

 

�s kg/m3  

emax  

emin  

wL %  

wp %  

T N  

T' N  ����



 

- 23 - 

 

�  

Rp N  

Rf N  

Rp' N  

Rf'  

N  

�(x)  

 

xi m  

x m  

ks S kN/m3.5  

 

 

G-01 G-04

ks
S

C

4

5kg 0.5m

0.1m

Nd

0.8m

0.5 1.0 Nd

S

  

0.075m

G-01 G-04 4

 

G-01 0.075m

G-02 G-03

15

0.075m

G-04

1 0.075m

5

10 15 20 25mm

3

G-01 G-04

2 0.075m

0.075m

 

A.1

S

2007a

0.006m

G-01 11000kN/m3 G-02

6000kN/m3 G-03 17000kN/m3

G-04 push-in 7000kN/m3

G-04 pull--out 5000kN/m3

 

  (A.1) 

 

y0 m  

EI kNm2  

B m  

ks S kN/m3.5  

T kN . 

 

100mm

 

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 0  2  4  6  8  10  12  14

Nd

No.1-1

No.1-2

No.2-1

No.2-2

����
��

����

����

����

����

�	

�	��

�	��

�� �� �� �� �� �	� �	� �	�



�

�

�

��
�

��

���	�	

���	��

�����	

������



 

- 24 - 

  

a  b  

 

 

 

0.075m

 

 

G-05

X CT

 

 

 

X CT

G-05  

 

C-02 C-05

C-06 G-05

C-01 G-04

 

 

 

 

 

 

 

 

 

 100

 1000

 0.001  0.01

Displacement vertical to pile at 0.075m, m

G-01

G-02

G-03

G-04, push-in

G-04, pull-out

ks=17

ks=11

ks=5

ks=6

ks=7

(ks=x103 kN/m3.5)

(0.006m)

C-06 C-05

C-02
G-05

����



 

- 25 - 

 

 

1.0

N 15 30m

30m N 50

2000kN

Rp Rf
Rp Rf

2007a  

 B.1  

 B.2  

 B.3  

 

Ap m2   

As m2  

N1 N  

N2 4 N  

1.2

2400kN =2000kN 1.2

 

0.55

55% 1320kN

=2400kN 0.55

1320kN

12.5m  

2007b  

B.4  

 

Ppk hmax kN/m2

hmax m  

p1 kN/m2  

m  

B.4 mp1/Ppk
B.4

Ppk p1

2007c

2007b mp1/Ppk 1.0

B.4

10m

12.5m

10 12.5m

10m  

 

 

 

 

 

 

 

 

 

 

T’

xi

x

0m

30m

N = 15

N = 50

����



 

- 26 - 

 

    

   N/mm2 400 

  m 1.1 

  m 0.011 

  m 31.1 

 �	  15 

   0.13 

 N  

30m  

N2  15 

N  

30m  

N1  50 

 

 

T kN 2000 

 

T' kN 2400 

T' T T'/T  �  1.2 

 �  0.55 

 

 

 

 

 

mp1/Ppk

1.0

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

-5

 0

 5

 10

 15

 20

 25

 30

 35

 0  500  1000  1500  2000  2500

12.5m

Horizontal resistance due to pile, kN

-5

 0

 5

 10

 15

 20

 25

 30

 35

 0  5  10  15  20

1.0

mp1/P pk

 

����



 

- 27 - 

 

 

    

For p1  N0 kN 0 

 P0 kN  

P0  M0 kN m 0 

 w1 kN/m  

 l m  

 A m2  

 2a m  

 2b m 2.2 

K' = K2/K1 K'  1 

 K1 kN/m4 K2  

 K2 kN/m4 K1  

 k  0 

 �f  1 

 m  1.1 

 �c kN/m3 5.4 

For Ppk  B m  

 D m  

 �l kN/m3 7.3 

 �u kN/m3 7.3 

 Nqk  33.3 

 N�k  37.2 

 
k  35 

 ��   

 �k  0.43 

 h m  

 �  0 

 ��  0 

 �  20 

0  

 

����



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright ○C （2017）by MPAT 
All rights reserved. No part of this book must be reproduced by any means without the written 
permission of the President of MPAT 
 この資料は、海上・港湾・航空技術研究所理事長の承認を得て刊行したものである。したがって、

本報告書の全部または一部の転載、複写は海上・港湾・航空技術研究所理事長の文書による承認を

得ずしてこれを行ってはならない。 

 

港湾空港技術研究所報告 第 56 巻第 3 号 
 
 

２０１７．９ 
 
 

編集兼発行人 国立研究開発法人海上・港湾・航空技術研究所 
 

発 行 所 港 湾 空 港 技 術 研 究 所  
               横 須 賀 市 長 瀬 ３ 丁 目 １ 番 １ 号 

                   TEL. 046(844)5040 URL. http://www.pari.go.jp/  
 

印 刷 所 株 式 会 社 シ ー ケ ン 
 


	56 3 1
	02.総目次(56-3)
	56 3 1
	56 3 1
	56 3 1
	170602_港空研報告_要旨_提出版
	Synopsis

	170602_港空研報告_本文_提出版
	1. はじめに
	2. 既往の研究
	3. 模型実験
	3.1  概要
	3.2  遠心模型実験
	(1)  実験条件
	(2)  遠心載荷実験装置
	(3)  実験手順

	3.3  大型模型実験
	(1)  実験条件
	(2)  実験手順

	3.4  X線CT模型実験
	(1)  実験条件
	(2)  X線CT装置
	(3)  実験手順
	(4)  画像解析手法


	4. 実験結果
	4.1  組杭の横抵抗特性
	4.2  杭間改良された組杭の横抵抗特性
	(1)  改良体の配置による影響
	(2)  改良体の深さの影響
	(3)  改良体の強度・剛性の影響
	(4)  杭間突出部の固化による杭間改良の効果

	4.3  杭間改良による横抵抗増加のメカニズム

	5. 杭間改良された組杭の横抵抗評価手法
	6. 結論
	7. おわりに
	謝辞
	参考文献
	記号表
	付録A
	A.1　大型模型実験における地盤反力係数ksの計算
	A.2　大型模型実験の杭間改良ケース（G-05）における改良体の破壊状況の観察
	A.3　改良体の深さと軸力分担率の関係

	付録B

	空白ページ

	170602_港空研報告_本文_提出版

	報告_56 3 1 本文

	空白ページ

	56-3-1
	01.報告表紙(56-3)
	56_3_1
	3.報告奥付(56-3)




