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I 1. Outline of SCP method
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Outline of Sand Compaction Pile Method
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Definition of soft soll

‘Soft ground’ can be defined as a ground on which stability of structures subjected
to expected external loads can not be assured and/or the magnitude of settlement

and deformation during and after construction can not allowed.

highway railway building | fill dam
water - bearing
content qu/u , S\’/F;-IrueN SVF;-ILQI thickness capacity SVF;LQI
%) | KNm?) (M| kN/m2)
;’;?Ia“'c >100 | <50 <4 <0 > 2 <100 | <20
clayey | S50 | <50 <4 <2 >5 <100 i
soil
Saf‘dy > 30 0 <10 <4 > 10 - -
soil
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Principle and classification
of Soil Improvement Technique

Principle

1. change type of structure

2. replace soft soil by high quality soll

3. Improve properties of soft soil

4. Introduce additional material in soil
Classification

1. Light weight method
Replacement method
Consolidation and drainage method
Compaction method
Admixture and thermal methods
Reinforcement method
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Comparison of soil improvement techniques

purpose soil
. [expens
name stren- | settle- | lique- |perme-| | effect | period pe
gth | ment |faction|ability y
Replacement method | good | good | n.g. | n.g. | good | n.g. | Fair | Short | Less
Preloading method good | good | N.g. | n.g. | good | n.g. | Fair | Long | Less
Vertical drain method | good | good | n.g. | n.g. | good | n.g. | Fair | Mid. | Mid.
Quick lime pile method| good | good | n.g. | n.g. | good | n.g. | Low | Short | Mid.
Deep mixing method | good | good | fair | fair | good | fair | Well | Short | High
rsnaer;ﬂocé);g?iﬂ;n ol good | good | n.g. | n.g. | good | n.g. | Well | Short | High
%%Qﬂocé)%?i%tr']gn ol good | good | good | n.g. | n.g. | good | Well | Short | Mid.
Vibro-flotation method | good | good | good | n.g. | n.g. | good | Fair | Short | Mid.
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Comparison of soil improvement techniques

purpose soil
. . |expens
name stren- | settle- | lique- | perme- dhy | e effect | period |~
gth ment | faction | ability
Vibro-rod method good | good | good | n.g. | n.g. | good | Fair | Short | Mid.
Gravel drain method ng. | ng. | good | ng. | ng. | good | Fair | Short | Mid.
Heavy tamping method| good | good | fair | n.g. | n.g. | good | Fair | Short | Mid.
rl?]lez%[shtocaompactlon good | good | fair | n.g. | n.g. | good | Fair | Short | Less
Grouting method fair | n.g. | fair | good | n.g. | good | Well | Short | High
Freezing method good | n.g. | ng. | good | good | good | Well | Mid. | Mid.
Temporary method
Dewatering method fair | fair | n.g. | n.g. | fair | good | Fair | Mid. | Mid.
gﬁgiatca?ntc;er?;;nrighod fair | ng. | ng. | ng. | good | ng. | Low | Mid. | Mid.
Admixture method good | ng. | ng. | ng. | good | ng. | Low | Short | Mid.
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Compaction methods

®# Sand compaction pile method
# Vibro-floatation method

® Heavy tamping method

®# Vibro-tamper method
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Sand Compaction Pile Method

# compacted granular material piles are

constructed by help of vibration or
static loading S
m for sandy ground hammef
density increase, liquefaction mitigation
= for clay ground casing |
bearing capacity increase PIP=

Increase slope stability
decrease consolidation settlement -

enlargement
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Sand Compaction Pile Method

Feb. 2007 WS in Australia
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1960
1962
1967
1981

History of SCP Method

Proposal of principle of SCP by Murayama et al.
Development of hammering method

Application to sand

Application to clay (replacement method)
Development for off-shore application
Development of automatically -

controlled SCP driving system
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Sand Compaction Pile Method

- execution procedure -

(1) The casing pipe is located at the design
position.

(2) The casing pipe is driven into the

gsand sueply ! @ ground by the vibratory excitation.

| @ @ casing (3) As the casing pipe is retrieved about

@ pipe few meters, the sand is fed into the

ground.

compti (4) The sfanc_i IS compactefj by ’Fhe Yibratory

sand|Bile excitation of the casing pipe in the

Vv vertical vibration.

0 @ 6 @ 6 (5) The casing pipe is retrieved few meters

again and the procedure is repeated

up to the ground level.
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difference from vibro-flotation
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Sand Compaction Pile Method

- difference from SD method -

Sand Drain Method

Sand Compaction
Pile Method

Purpose of method

accelerate consolidation

reinforcement
(accelerate consolidation)

Diameter of sand pile 12cm - 50cm 50cm - 100cm
Interval of sand piles 1m - 3m 1m - 3m
(replacement ratio) (few %) 30% - 78%

Quality control

Continuity & permeability

Strength (permeability)

Feb. 2007
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Applications to on-land works

Foundation o .

ing & Factory
je—

Feb. 2007
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Storage Yard for Power Station
4 Coal, etc.
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I Applications to marine works
|
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2. Development of SCP machine
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SCP machine with
hammering
compaction
technique in 1952.

Feb. 2007

Development of SCP machines

SCP machine with
vibrating compaction
technique in 1959.

SCP barge at
Saganoseki Port
in 1961.
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SCP Machine for On-land Work

shock absorber ©

vibro hammer

casing pimk N

crawler type receiver tank  control panel
loader

compressor

/ gcneyator/

s [H
]
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Vessels for marine works

- Shock Absorber

A 8———Vibro Hammer

B casing Pipe

/
Fi
[/

!

fi 1
Sheath  /
L

Sand Bucket._ / ;"'
A/
/N

length 70m
width 31m
depth 4.6m
draft 2.3m
Max. depth 70m
Max. dim. 2m

Feb. 2007 WS in Australia 4
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Execution procedures
- with vibration -

e VVertical vibration technique
compact by vertical vibrate excitation /\/\/
during retrieve and penetration movements. - @

e Piston vibration technique
compact by vertical vibration of piston

prove installed at bottom of casing pipe. @

» Horizontal vibration technique
compact by horizontal excitation of vibro-
float at bottom of casing pipe.

Feb. 2007 WS in Australia




Execution procedures
- Without vibration -

* Rotation and wave compaction technique
compact by rotating the casing pipe, and a driving
and lifting movement.

e Double casing pipes compaction technique

compact by driving and lifting the inner casing pipe.

* Rotary compaction-device technique

compact by rotating a excavation and expanding
head.

Feb. 2007 WS in Australia




Rotation and wave compaction
technique

14 o (penetration )
(position set) complete) (sand pile created)

move ‘_L penetratiorLL creation of sand compaction pile

~ = rack and tpinion sand
drive uni

wave pattern

Qe

Feb. 2007 WS in Australia



Double casing pipes compaction
technique

(positioning)
(completion of (completion of
penetration) execution)
> . =t<— construction of
penetration sand pllc
sand sand

yer }
inner casing pipe =

Jagouter casing pipe - /E d sand = inner pipe outer pipe
san gﬂ \ /

[T S

aterial

at lifting up of at pushing down of
inner pipe inner pipe
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Rotary compaction-device technigue

(positioning)
(completion of (completion of
penetration) execution)
-1 -1 construction of
enetration sand pile
sandlr a | P sand

uger ¢
2 N

inner casing pipe

q

ter casing pipe

Saild sand

sand Qi

sand mat

!

a§_excavation bit
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Adverse influence to surrounding
- noise and vibration during execution -

[{o)
o
|

Vibration level (dB)
3 =
| |

gravel drain method (GD)
dynamic consolidation method (DC)

1 10 100
Distance from machine (m)

é\llo PD .

= . P 1 10 100

5 0 : : Distance from machine (m)

é r R A reguratrom

S 70l RS + diesel hammer pile (PD)

= Y 3. ® SCP, SD (SCP)

u '\.\! X lnd A fabri-pack drain (FPD)
50 ! L ® o | . | ® deep mixing method (DM)

°
A
o
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Adverse Influence to surrounding
- noise and vibration during execution -

~ SCP
- A\\
~
= © Ag*_\ regulation
o=t <" (754B)
SAVE compozer
B V\%‘E‘i background
. A5 (43dB)
1 10 100
Distance from machine (m)

After Ando, 2001

%)

£ 90

©

>

)

= 10

2
SCP &

L N E
_wf R4 S 0
% B V_.._. \..\_ fgglélgtion
Ty ViR o (85dB)

2 V A
K<) - SAVE compozer
O background
6 50 e T — T — X (SOdB)
P 1 1 1 I I
1 10 100
2 Distance from machine (m)
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Material development

100 ;ﬂp{ AT T T {
80 g g v C)REr-il =//

. ﬁ //
- gg I L) V-0

ARVl

40 g /K ( 55/
7/
/ / (1) : regulation by Ministry of Construction
20 // p (2) : regulation by Ministry of Transport

Accumulated content of grains (%)

.g ¢ (3) : guideline for road constructions
&ﬂ_,M (4) : guideline for road constructions
0.01 0.1 1.0 10.0 100.0
Particle size (mm)

Solil particle distribution suitable for SCP method

Feb. 2007 WS in Australia 4



Material development

Material

Applied for

Gravel, crushed sand

Vibrating compaction technique

Crushed concrete

Vibrating compaction technique

Steel slag

Vibrating compaction technique

Copper slag

Vibrating compaction technique

Ferro-nickel slag

Vibrating compaction technique

Oyster shell

Vibrating compaction technique

Blast furnace slag

Static compaction technique

Subsoil material

Static compaction technique

Mixture of slag, lime
and aluminum

Static compaction technique

Granular material

Static compaction technique

Asphalt and concrete

Static compaction technique

fly ash

s SEEETL e
i Uil SR
B e R T

crushed oyster shell
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. Execution, quality control and assurance

75
A=
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Execution, Quality control and assurance

L]
gsand su&ply ! @ vibro- [ ]
| @ @ ;?;ieng hammef
NG casing |

pipe

compacted
\ 4 ’
D sand )1E|Ie

) @ 6 @ 6

enlargement
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Quality control during execution

(1)

Volume of sand ~ |—{Check volume of sand Sand level gauge
per m? of improved ground
Compacted
sand pile
‘ . 2
Compacting —Check level of casing pipe Level gauge
Construction Results ;
- — - - 3) Optical range finder
Surface Sand pile position | Check position of each sand pile GPS
(Transit)
- . (4) sand level
Sand pile depth — Check depth of each sand pile Depth gauge gauge | Aic
Depth 8
: (5) 2 o
Full denth || Check the sand pile contacts )
ull dep the stiff layer Load gange REms = (3
> ) O
Y

| retrival penetration—
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Quality assurance
- Standard Penetration Test -

Internal friction angle of sand piles

1000 | for clayey ground
¢ = 12 o N —l— 15 O marine works
900 | O on-land works
= fi dy ground o S
= || for san a4 §
5 800 @ marine works | E‘g o 9680
ﬁ 700 - L™ on-land works s . o e
. . o N
SPT N value | friction angle T - 6637
£ 500 [ o o° _Oo .
10 25 = e :
= 400 O
: . m| 5600
- [
15 28 5 300 o om * Ou B
) .Q ©o 8500
= o
£ 200 @ r!IQu sdo % g, ©
20 30 2
100 @ gb o o o)
| | | | | | | J

0
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Total number of sand piles

frequency of SP Test
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Case histories

Ebetsu . %
‘ Kushiro Port

Ishinomaki Port

Japan Sea

Maizuru Port

Pacific Ocean

2 Trans-Tokyo Bay Highway

Matsusaka Port
Kansai International Airport

Feb. 2007 WS in Australia

to clay ground

Hokkaido highway, Ebetsu
Maizuru Port

Trans-Tokyo Bay Highway
Kaisal International Airport
Uno Port

to sand ground

Kushiro Port
Miyagi, Hokkaido
Matsusaka Port
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Hokkaido Highway project
at Ebetsu

]
Depth "-é' Natural water content Density Unconfined compressive strength
(m) | = Wn (%) 7, (kN/m3) qu (kN/m?)
@ 200 400 60 80 1000|120 160 20 4 60 8 10 120
. p Ioo T (p [+] £ T lo%locl T T T
24", o g°l,lq4 & P
ooocoo "oz 9 30 Cgép
4 ! o | o C&OJ, q } e% "
T O%@gsb 3 GCI [=] 8
6 0000 000 o E«%o %
° oo N
8 g’ *°8| °lece
10 : % ) Dsg 3%
: éﬁ 0,9 e ‘
12 a9
K oc: ) L]
141 /- 0% °°D 0
g %5
- o o
16 3} ‘3’ -] o°
18 81 !
S =] eh
5 ) &
204 g 3 ol |°
[ ngr o
22 ag 4 o @
244"/ 3 o .
S =]
26 g Q‘)§ ° o] oo
P . o
281 ;
— [}
3018 k-
32l
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Hokkaido

Tokyo

= highways (operated)
------- highways (planned)

—.—-= major roads (operated)

S—

Sapporo

_‘: ----- catle
Kushiro

Hakodate




The Hokkaido Highway project

- comparison of Improvement -

£
e
o ETE ] 5 O : unimproved ground
i 2 ] £ & s| ——: SD improved ground
| E000 7250 LY. S 6 .
o l ey TEY Y N N g S 4 SCP improved ground =7~ R
e AM— - _"“_—'}\m_ B e -g E 0 occurrence of crack
Sm |||ank|:l =1.0m T T T T T T T T T T T T T T T T T T T T T
| Nt sl m 77 77191 1117811 31 51 71 91 1/1'19 /1 3/1
0 %\
!" 0.5 %’)D
o L/ 1.0
= - 0 EL = 10200 Steel sheet minforcement  # =
\_\5 20062.0% <= — — — — — J/Seclshort pinforeonity 201% 2,00 140 x 2.3 E
(AR T = o o o - T ITL Je £
. S _IMEO E.: 1.5 o
=z %omm Stabilized by sand drains g 2 0 HHS‘C p—
| o Meaze%al
= 2.5 % N2
77} SD2
! 3.0 %H
P
1T s N | 4.0 ool SD
= ¢:'[.r:la:m Stabilized by sand compaction piles
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Maizuru port
- field loading tests -

layout of SCP
1.70

FOE
i

Maizuru Port

Tokyo

low
replacement replacement water tank
area area
GHWLH030 | wor 000 |
z caisson S SR I
e ankef (2) "o
SERES)> ..-.SR—CFEI\ab A ~sand blanket (1) 6
ik i — -10 &
-12 °F
SCP ¢1.7 2 | _14 S
== low replacement area [ [ [ T high - -16 2
— S PCPERE RS r] B R L ; replacement - -18 5
T R e =
N L .22
2@2.10
4@3.00=12.00 =4.20
0.85 2.50  1.00
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test results

Load, p (kN/m?)  yield load

106 kN/m?
85 90 95 100 105 110 115
84.3 ! Y J
90| 6:30
g
2
2100
=
L
£
o
3 110
120 |+
¥
+-6.50-++-6.50— 63.7/26
|«T 00 g.00
88.7/26 g — ]
mnt et
— 3008 N 83
2 WLA030 654020 0 (em)— =2
88.7/30
6
8

88.7/11

! 25%) !(m%)_]l &5

low replacement
area ratio  high replacement

area ratio
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Trans-Tokyo Bay Highway

- horizontal resistance -

Metropolis of Tokyo Tokyo

Chiba

Kanagawa Prefecture

94,500
35,000 12,600 15,000 27,300
outer jacket fill 28““ i hoAA outer jacket
T Trans-Tokyo Bay N0 X _ I Cp 2000

Highway

Chiba Prefecture

Kisarazu

Yokohama

soil mixing wall _H

¥

I
=
oY
i 14
i F g
s L[]

mixing wall

G0

=
18,200

9,600

9,100

steel jacket SCP_ soil improvement
inner jacket
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soil

profile

Acl

Ac2

Dci

S ple

Trans-Tokyo Bay Highway
- sand piles after 4 years -

Original ground condition

(Apr.~Aug., 1989)

At this study
(1993)

Improved ground condition
(Dec., 1989~Jan., 1990)

Water content (%)

50

100

Un&:gnﬁtﬁd cor& ressive
strength, ¢
0035 "t

/m?2)

150 50

Sand pile ratio (%)

SPT N-value at
pile center
0 20 30 40 5

=

s Ry

legend
® area with 9 piles
@ area with 4 piles
@ area with 2 piles

no clay particle squeezed
Into the sand piles
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Kansal International Airport

sand ﬁlat S(,Pmmuj | SD 1mpr0vecl gmund

sand mat  SD improved gmundl SD improved ground

Osaka

145

- steel cell

SD improved ground
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Kansal International Airport

- SPT N value -

SPT N-value at pile center

10

30

20

0

S| sioAe[ [euiduo

----JeuI pues-- Q_J pue _w>wo£n_=

(w) z ‘ydaq

vy
©
s
7}
=)
<
47
=
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Copper slug as SCP material
- Uno Port -

Tokyo

Uno Port

% i v g NS e L % r | Kitazume, et al.,
BT oL R R __' . 1998

= mslugstransfer-vessel . SCP vessel
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Uno Port
- application of copper slag -

1.8 mil. tons /year

] I » _ -
| ’ : 5
0.8 ---+: ------- ; J----':f ------ /-r---:+ ------------
0.6 [=~4-===~== ggp ff~5*~~ ks
04 focdemntl i A S
.,/ copper s marine sand
02 F-=1»-------- e e
) 0.1 =2 1.0 10mm
Feb. 2007 WS in Australia

Kitazume, et al., 1998
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field condition

33.0

+4.0 < 7
tigh rod

SCP

129.0
sheet pile clay ground
: :
. [
.: - ] :
S %._’W_._ I ale._o; =S
¢ ® "7 AT slag sand F
sheet pile wall S | B o o
L
[ )
) 6om
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Copper slug as SCP material
- test data -

SPT N-value particle size (mm)
0 20 40
_-10 ——— 0.1 1 10
é ’ .oo | slug > "“:"—‘
B €e0 P’ i |sand g 30 . ..............
0 _15 ........... 0. .'. ... C|ay 8 .:;; ;:.
C.. ”' ° : E .:..: .............................................
S e o0 Q 3
p= o o %°: o NP [ A C S S
S o0 |- A mgunp.. ...... < 40 i
o L AL L Lo T K" S I U S
L A A ,A o | .. i "“‘“
-25 : ’ i 0k B

SPT N value of slug Some of slug particles are crushed

Increases with depth, due to installation, no influence to

similar to marine sand strength and permeability.
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liguefaction prevention
- Kushiro Port -

20.0

SPT N-VLQKYO

0 1020304050

gravel mat

+3.
_H.W.L.+1.5 Z=r1.5—
_H.W.L. £0.0 EEEE
DB HHEB
original 4 H |
ground gravel N B
1_3‘Lel_'15_ vavvvvvvv - b
S
"
=
126 [IEF
-14'6 %:2
sl
Q
EE
Elok
=227 g
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Kushiro



liguefaction prevention
- Kushi oki earthquake in 1993 -

Kushiro

unimproved area

improved area
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liguefaction prevention
- Kushi oki earthquake in 1993 -

Kushiro

approx. 15 m (measured by the eye)

SRR

Trace of Sand boil

Tokyo

Feb. 2007 WS in




Miyagi-ken-OKki Earthquake
- January 1978, M=7.4 -

Section

r 23,240

15,220

15,500

IV Y4 18 mA J

Outline of Soil

| Specification for SCP Pile

| SPT -
Porth ’:ﬁ'; N value before improvement —— Pile length 15.5 m
i} ()N valul.la aftezro mprgv(l)ementm——o— Spacing A 1.8m
NG 51 Section of S.C.P ¢ 700 mm
A '{ S CP pile arrangement
o
Iy
s
Tt
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Miyagi-ken-OKki Earthquake
- January 1978, M=7.4 -

Feb. 2007 WS in Australia
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Hokkaldo Nansel Oki Earthquake
- January 1993, M=7.8 -

Hakodate

approx. 15m | Crack

trace of sand boil
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static compaction technique
- Matsusaka Port -

Tokyo
3 Matsusaka
= Port
—— existing sea wall to
— | be removed
= ° compozer pile +ir,5
b AL.8m (60.7) . < \_fi&o V
1,600
non-vibratory SCP method |
$0.7, as=0.15 o e
2
23.1m bt
> 0
(unit: m) (unit: mm)
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Soil
profile

STP N-value
e : before improvement
O : after improvement

Vibration level (dB)

Noise level (dB)

Feb. 2007

static compaction technique
- Matsusaka Port -

120
110
100
90
80
70
60
50
40
30
20

120
110
100
90
80
70
60
50
40
30
20

| O : measured

\ regulated value (75dB)

conventional

Matsusaka

static SCP method

Distance from equipment (m)

| O : measured |

regulated value (85dB):

static SCP metho.d

Distance from equipment (m)
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static compaction technique
- Matsusaka Port -

s
[==]

Py ® Ob:frim vm:m
‘;g 35 @ ------------------- peeseeee [ ] af‘te{i inprzifoer:enet }as=01
S ol o T A — Tokyo
=z g ] ;
= RO I S N S S A
£ 5 %% o «*'o
< :
E 20 320. """ [ ] ..0 """"""""""" R Matsusaka
215002 9% g0 @ D — Port
= P © & o
T‘; 103‘ """" OO+ C) Qoo O
4 O™ 00 b Co® @ >
= SO o """" O """""" @ o

0 i :

: . ]
0 20 40 60 ' | ® : conventional SCP method

Fines content, Fc (%)

o : static SCP method

Fines content, F¢ (%)
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5. Design procedure for clay ground
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Design procedure for clay ground

slope stability

1% “ull
settlement I“ :

Feb. 2007 WS in Australia 4



basic concepts

Improvement area ratio stress concentration ratio
a, = sand pile / covered area n=oJo,
stress concentration coefficient

. = odo=1/(1+(n-1)a)
‘\\ sand pile s = o o=nl(1+(n-1)a)

25

I G R BB

clay sand piles

| I 1 |
Feb. 2007 WS in Australia




clay sand pile

definition
n= oo,
= Es/Ec

(¢p]

Frequency

30

o]
Lh

b2
(=]

[a—
wn

[

0

. as<0.4 30
1| on
Wholef 3.8 2.1
- AC 3216 25
] EP |43]26
. Settl.|3.9]1.8 50
] AC 2
Settl. £
i E.P. =15
N o
n T; I 10
NN
DN 5
% N
/ AN | @ 0
01 23 456 78 910111213

Stress concentration ratio, n

n | on
B Whole |4.1(2.0
0.6 <as 4.0(1.3
— 0.3<as<0.6 |4.7(2.2
| — as<0.3(3.9(2.1
@ [ 106Zas
0.3< as<0.6
N as<0.3
% S|
. A

01 23456 738 910111213

Stress concentration ratio, n

The n value measured or estimated in the field is
dependent upon type, and improved area ratio.

Feb. 2007
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Bearing capacity of isolated sand pile

vertical stress bearing capacity
P=c-A 1+sing,
=0, A +o, A I:)_0”.(n—1)+(n+1)-sin¢s.('Ag.nJ”A\"’)
=i DG P=07-q,- R (A-n+A)

(n-1)+(n+1)-sing,
horizontal stress equiblium

- o
> >1—mn@.0
hass - S
1+sin g,
\AAAA O-C

0,<0. t0,
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Bearing capacity of sand piles

P=q,-A

a

:{as Oy T (1_as) § qac}' A

FS FS 2 4 qa= as - qas+ (1-as) - Guc

NN
NN L
1 ‘--..____/’><\‘--..._,____,# SCP improved ground
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Stability calculation

Slip circle analysis (Fellenius method)

R
Ile

\ [

clay sand pile
I 1
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Stability calculation

Average shear strength of improved ground
r=(0-a)c,+k-z+u -Ac,-c,/p-U)+

(7. 2+ u,-Ac,)-a, -tang, -cos20

/

embankment

VA

clay

Z

sand pile
[ 1

%

/

Feb. 2007

WS in Australia

where

7. average shear strength

a, improvement area ratio

C, + kz undrained shear strength of
clay

4. stress concentration factor of clay
4 stress concentration factor of
sand pile

n : stress concentration ratio

U : consolidation degree of clay

¢, : friction angle of sand pile

% : desnity of sand pile




Stability calculation

Average shear strength of improved ground
r=(0-a)c,+k-z+u, -Ac,-c,/p-U)+

(y,-z+u, -Ac,)-a, -tang, -cos’ @

/ clay sand pile
U, Ao, Co - i
l/ Iuc\\-\AOV'Z-Cu/p-U \ =
A ---- o = e (7 2+ s - Ac,) - tang,
—T Co+k-z \
clay \K K tan ¢,
' \ '
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r=(0N-a)(c,+k-z+u, -Aoc,-c,/p-U)+
(7, 2+pu, -Ac,)-a, -tang, -cos’

r=(0-a)(Cc,+k-z)+
(y.,-2+A0c,) i, -a, -tang, -cos’ o

r=(y,-2+Ac,) tang-cos’ @

r=(y,-Z2+Ac,)-tang -cos’ @ 2
embankment

clay sand pil

T ]
[ e e
| -]
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Consolidation settlement
- amount of settlement -

settlement of unimproved ground, Sy

ALY
i deay

S,=m,.-0-H

—H-Cc-logC,
SO_HCclog/G0

settlemenAt of improved ground, S embankment
S =———H 1
{[MRALT
S= IB ; So
- :uc f SO H
s ) ) clay sand piles
1+(n-1)-a, v I —
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~  Consolidation settlement

Lo Lo L e Lo ol Tl Tl IO T

e

. - amount of settlement -

e Lt o et

S e e |

e on land
@ Marine

10, S
H
o

o
oo

o
o

embankment pressure is
concentrates on sand piles

n=3 settlement

0.4 renenenanas

[ J
0.2 [ B=1+(n1)a)

VVVVY VVV V

n=5

Settlement reduction rat

0 02 04 06 08 1.0

Replacement area ratio, a, clay sand piles
| [ 1 |

T ]
[ e e
| -]
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Consolidation settlement
- settlement speed -

v

sand pile
0 . 5 .
BarJor_l ifhjfry N L —'%\%%§§
e Y > NSk \k\\
'% : %\ / n=>50
T ] At S 0 2&5\/!
F(n): 2 Iog Bl i v. g n=10 Ea :
n?-1 4 n S n=5 A\ =16
de § n=3 - \ \ ; "
N '0100 2 ;I ATENS
T - : 00001 0001 001 01 10

time factor, T,
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Consolidation with stress concentration

by Yoshikuni & Nakanodo

100 ‘ ; ;
settlement concentrates on sand piles | " | 3
80 | o
ST e E o | y s
ﬂ VYV vy VvV ¥ - r,/f *****
3wl : 227
S | </
| S 2
20 | :/ /’/// |
clay sand piles o '
| [ 1 | 1 10
n = ae/aw
according to the theory,
consolidation proceeds fast with
increasing the stress concentration.
However, the consolidation of SCP
ground proceeds slower than the theory
Feb. 2007 WS in Australia




Field measurements in SCP ground

o3 {}’ e lond However, the consolidation
L _ |_\‘____|___ ofT snore |[_

N of SCP ground proceeds
Seal M @ Sy
=00 4{$ 1 e slower than the theory
O I o 8 :h"‘

02 f----- .---su---.-r----i i

: ¢ \:’\~ :
0.1 1 1 T N==—
0 0.2 0.4 0.6 0.8
Replacement area ratio, a “ Soll disturbance effect “
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Consolidation settlement
- settlement speed -

ertical drain Theory with ¢, empirical adjustment

Ul exp(— @j

F(n) | | | :
e P N o eisp |
4 g ! ! ! e O :SCP
N 3n? -1 e b e
F(n)= 2 Iogen_ 2 = 10 B | | . | |
oS 4n TR | 0.016
< 05 —Ohﬂ—\—: ————————— o—:—————b———ﬂ=0.25 7
=L R P A )
o A e e o
Ch-t ' ! . O 8 l
Th = field test at Maizuru Port | o
dez 0 | ! I |

0 01 02 03 04 05 06 07 038

Replacement area ratio, as
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[ proce dure for cl ay groun d
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# ground heaving due to piles installation
® strength decrease and recover
u soll disturbance effect on consolidation

T ]
E R R
| -]
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Ground heaving due to SCP Installation

Heaving ratio
Heaving soil

u#=0.316-a,-0.028-L +0.0037-q, —0.7
Clay ground

1 =2.803- L* +0.356- a, +0.112
SCP improved area

1=2477-1"+0.400-a, +0.101- D +0.011

< 1.0 O Sogabe (1981) L ¢ Wh_ere ]
2 03|[a e and Matsuo (1950)] _-..A. O a;: replacement area ratio
g F — o o 0 8H o D: diameter of sand pile (m)
e - E A R g e L : sand pile length (m)
TR — - quuﬁ -------- S V : heaving volume
I B— B g,: strength of original ground at the
PO S SRS RS R N depth of L/3
0002 0406 08 10 . coefficient of upheaval

Replacement area ratio, as

Feb. 2007 WS in Australia —




Flow of predicting shape of upheaval
portion

Improvement conditions

Heaving soil as, B, L, Vs

Y

Calculation of coefficient of upheaval

Clay ground K =2.803(1/L)+0.356 as+0.112

Y

Calculation of volume of upheaval portion, ¥
V=uVs

v

Set of shape factors
o, a2, B, 61, 02

Y

Calculation of maximum height of upheaval portion, Hyax

wWs
Hpax =
CiB+ L

Y

Estimation of shape of upheaval portion

Hy= o Hyay, Hy=02 Hpax, x = B(B"'rz)
h=Ltan©y, h=L tanH>

SCP improved area

Feb. 2007 WS in Australia




ey

.~ Strength decrease and recover
* | clay in improved area
Clay ground

SCP improved area

<—original ground —j«——<1.0 month ——|<-1.0<r<3.0 months —+<«——7>3.0 months —
n n n n
0 100 200 10 20 30 40 10 20 30 40 10 20 30 40
application: ' application: ' application: ' T
22 marine 9, land 5 marine 9, land 5 marine 19, land 5 application: marine 7
n=2382 n =88 n=122 n =238
S 1.8 | x=0.99,06=020 | x=0.81,06=0.20 :|71 x=1.11,6=0.27 x=1.20,0=0.34 |
P average strength B
> 14 fand marines -
1.0 -
= 1” remarks
0.6 ! land
0.2 marine ( —
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ey
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E e

- Strength decrease and recover

[

| =t
R
T
\.-;'L !

. clay periphery of improved area

E'E'Tlf.f.f.f.f-f-f-f-f;-f'

Heaving soll

Clay ground.

SCP improved area

<—original ground —+——<1.0 month ——|<-1.0<¢t<3.0 months +<———>3.0 months —»

n n n n
0 50 100 10 20 30 40 10 20 30 40 10 20 30 40
29 application: 9 application: 5 application: 9 application: 1
' n=241 | n=160 n=131 |] n=15

1.8 ﬂ:lfz 0.98, 6=0.21 x=0.82,5=0.38 —% x=0.95,0=032 +—x=1.09,6=0.37 -
I
1.4 /1 ] |
—— = — T

1.0 F—=—o T B w— |
I e | il | |
o= 4 B '

0.2

9u/u0

N

FT T T T T T

(IR
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6. Design procedure for sand ground
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Design procedure for sandy ground

Niigata earthquake in 1964

Feb. 2007

Purpose of improvement
bearing capacity increase
settlement decrease
liquefaction prevention

WS in Australia




liquefaction prevention technigues
In Japan

DC (0.3%) VT (0.4%)

VF (2.2%) Others (0.5%)

Compaction
100%

SCP : Sand Compaction Pile

RC : Rod Compaction

VF : Vibro-Floatation

DC : Dynamic Consolidation
VT :Vibro-Tamper

Feb. 2007 WS in Australia 4



Design of SCP Method for Sandy Soil

Increase density Improvement area ratio

void ARt

s
sand pile 1+ €

| soilparticle g9 volume to be driven
for square pattern

before after
V=a-D? d=2D,/%
A T
for equilateral triangular pattern
€
v =as-£-D2, g = 2D, |23
€1 2 27
NO Nl 2

Feb. 2007 WS in Australia 4



Improvement effect

Before

Feb. 2007 WS in Australia




design procedures for sandy soll

® procedure A

® procedure B

m effect of uniformity coefficient and overburden pressure are taken
Into account

® procedure C
m effect of fines content is taken into account

® procedure D
m effect of fines content is taken into account
m ground upheaving effect is taken into account

Feb. 2007 WS in Australia 4
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Procedure A

average SPT N value after improvement
N = (1_as)' N + a5 - N

where

a. :improvement area ratio

. average SPT N value

: SPT N value between sand piles
: SPT N value of sand pile

§5nesh

(7]

A

2007 WS in Australia

sand

sand piles
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SPT N value

40 40 Xz}/
3 a NCHR\N
2
= 30 . 30
£ =
vl -
5 2
z e
2 20 2 20
'g <)
]
2 ol F,=0.025~0.075 2 F.=0.025~0.075
— o A 0.075 ~0.125 d 0.075 ~ 0.125
. O 0.125~0.175 5 0.125~0.175
2 10 x 0.175 ~0.225 e 10 0.175~0.225
A/ A e )
2 A N; : original ground‘ N; : original ground
= Ny petween sand piles . . " Nj : sand pile
& 0 Fy: 1mprovcrnenf area ratio . F,: improvement area ratio
| |
0 10 20 30 0 10 20 30
SPT N-value of original ground, N; SPT N-value of original ground, N;
between sand piles center of sand piles
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limitation of Procedure A

Feb. 2007

Improvement effect is decreased wit for fine soil

SPT N-value of original subsoil, Ny=3~4
0 0.050 =as £0.125

30 - @ 0.125 <as < 0.225
] — least square estimator for O
2 25 PR R least square estimator for @
= actual range for
- * = )~ .

= S e et Fe=0~20%, 0.050 < as = 0.125
g < 20 -\‘-QO'-- ._:, ==, actual range for
o O 0 O j o2 Fe=0~20%, 0.125 <as = 0.225
55 :
B 3 !
2 E
o S
>
= < 10
E_(
[0
75}

5

0

2 4 6810 20 40 6080100

Fines content, Fe (%)
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Procedure B

effect of uniformity coefficient and
overburden pressure is taken into ac

The e, and e.;, of ground are
estimated.

relative density is estimated from
SPT N value.

obtain the void ratio of ground, e;.
obtain the void ratio for target N
value, e, by taking account of &’,..

Feb. 2007

calculate a, from void ratios, e; and e,.

60

50

40

30

SPT N-value

20

0 0 0102030405 060708 0910

: : — _Emax - €
relative density, D,= P—

max = €min

Void ratio, e

Void ratio, e

1.80
1.60
1.40
1.20

1.00

0.80
0.60
0.40
0.20

0
0.2
0.4
0.6
0.8
1.0
1.2

® measured
..... estimated
emax=0912
L U=l - €ma
(theoretical) . .
_e....-.,=0,350\
U=1 ’ = €min
[ (theoretical)
1 1 1 1 1 1

0.1 02 03 05

60 percent diameter, Do, max. frequent diameter, D,

1.4
0 0.1 02 03 04 05 06 07 08 09 1.0

WS in Australia

— Cmax - €

Relative density, D,

€max = €min




Procedure C

effect of uniformity coefficient and
overburden pressure is taken into account

1. Thee,, and ey, of ground are
estimated by fines content, Fc.

2. relative density is estimated from SPT N
value by Meyerhof’s proposal.

Max. void ratio, e,

100-N % |:o 5 250 | 350 5 4:0 | 50

Dr = 70+o"v Fines content, Fe (%)
2.0 P R
3.  obtain the void ratio of ground, e,. 1
4.  obtain the void ratio for target N value, I S S S
e, by taking account of ¢’, and Fc. oo
5. calculate a, from void ratios, e; and e,. 1,
0

0 : Ib ; 2:0 | 3.0 : 4:() . 50
Fines content, Fe (%)
Feb. 2007 WS in Australia



Procedure C
- reduction factor for Fc effect -

{ 2 =1.05-0.51-log,, Fc
A reduction factor, g, is YT %T»\.\ . P Y10

introduced to incorporate the
effect of fines content on the SPT

location (as) \‘QO

Reduction factor, B
=
(=)
1

N value. , .
0.4 . Aomor! . (0.15) 9\\ o
Pl 0
4 AN = Nt . Ni & Kawasaki (0.15) o, 40 - desi
ﬂ = = - 0.2  |® Hachinohe (0.12) © estimation by current design '
AN N _N_ O Kawasaki (0.1) (fine grained content is not taken into
t | : ﬁita (g.{l]g] o account) (Procedure A)
0.0 awoye @1 . . LAALL 5 30 @ cstimation by taking into account fines
1 1 B Procedure C
Target SPT N value is obtained oo s conent (Procedure ©) .
Fines content, Fe (%)
N' —N.
AW e

AN

Estimated SPT N-value, N,

Measured SPT N-value, N,
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Procedure D

-'.'|- -.I- T A A A A T T e T ey

w,
1

|
T T T L L L LT LT T
AR

effect of ground upheaving is incorporated.

fines content | AN;

1. Thee,, and e., of ground are
estimated by fines content, Fc. 0to5 0
2.  relative density is estimated from SPT N 5to 10 interpolate

value by Meyerhof’s proposal. higher than 10 | 0.1Fc+4

. AN
Dr=21\/100 bt

R 20 Reto
Fe-g| Feto
- - - \\ —_— j—
3. obtain the void ratio of ground, €;. LSF Re=1.05-0.46l0gFc e FeRe)

4.  obtain the void ratio for target N value,
e, by taking account of &’, and Fc.
5. calculate a, from void ratios, e; and e..

e
n

i € —&
Rc-(1+¢)

Effective compaction ratio, Rc
=

e
o

Fines content (%)
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B propagation of excess PPW
® water pressure by liguefied area
u shear strength decrease of liguefied area

T ]
[ e e
| -]
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Extent of improved ground

propagation of excess PPW

B
\
30,

\
. influenced
Improved area u‘c’:
areq
\

\
\
\
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Extent of improved ground
- water pressure from liquefied area -

static water pressure
pWS 7 ?/ .Z

dynamic water pressure

Improved area nimproved area

static -
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Extent of improved ground
- water pressure from liquefied area -

/';\
// =
I
/130,
! \

structure| improved area nimpyoved area

T 9

\
7 \
-4/ 2 \ <
/ \
/ \

static -
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Extent of improved ground
- shear strength decrease of liguefied area -

c,
limprovement area "
| jimprovement area
? |
Al' D_—¢
S are o .
- o 7 .
y
P p 1. 1.0 iquefied
[

: | ]
i e Cvaif
static pressure
static presstre dynamic pressure
dynamic pressure

¢ improvement area ¢ 1mpr0vement area
A I'

|
AI'.--GD g :I. &l

é’é

static pres ur

¢ 7—11—6{ : dynamic pressure
static pressure |

dynamic pressure

3z
E[ efied

. A \liquefied
L

_eimprovement area
Al 15

NG 'ﬁaueﬁed

/ | I
1 B
static pressure

dynamic pressure i !
Y : WS in Australia
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Thank you for your attention




