










































































TCVN 11820:4.2 : 2019 (Dre

hm : thickness of mound (m)

w; : unit weight of stabilized soil body (If submerged, the unit weight in water shall be used)
(kN/m3)

Ds : vertical length of short wall (m)

Ls : length of short wall in direction of face line (m)

IR : partial factor of resistance

7s : partial factor of action

m . coefficient for adjustment

Figure 7 Schamatic diagram for calculation of vertical shear stress (short wall)

The partial factors and the coefficient for adjustment in Table 6 should be used for the examination on
the vertical shear failure of short wall, Eq. (8).

Table 6 Partial factors and coefficient for adjustment for examination on vertical shear failure

of short wall
state partial factor of | partial factor of | coefficient for
resistance, i action, s adjustment, m
permanent state 1.00 1.00 1.80
seismic situation 1.00 1.00 1.50
T<T,
L+L L F
r= 1 ) 1 J.tis db - VVis
L-H +L-H | L+L

6.3.7 Stabilized soil property values for design
6.3.7.1 Material strength of stabilized soil body

A schematic diagram of the relationship between the design standard strength quc, and the average
unconfined compressive strength of laboratory stabilized soil qu and the average unconfined
compressive strength of field stabilized soil qur is show in Figure 8 and Eq. (9).
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Figure 8. lllustration of field and laboratory strengths of stabilized soil.

quck - Quf _K'O-

Quck - Quf ) (1 _K ) CV) (9)
quf — ﬂ’ ) qul

where

CV : coefficient of variation of field stabilized soil

K : coefficient

Quek - design standard strength (kN/m?)

qur . average unconfined compressive strength of field stabilized soil (kN/m?)

qu :average unconfined compressive strength of laboratory stabilized soil (kN/m?)

o) : standard deviation (kN/m?)

A :ratio of qui/qu

The magnitude of CV is usually adopted 33% in Japan by the accumulated case histories.
The magnitude of K should be determined according to the type and size of superstructure.
The magnitude of K is usually assumed 1,0 in Japan by the accumulated case histories.
The magnitude of A should be determined by field trial tests or the accumulated case histories.

The magnitude of A is affected by numerous factors, including the mixing machine and construction
conditions, type of soil, type of binder, the curing environment and period.

The magnitude of A is usually determined 1 and 0,5 for offshore works in Japan by large or medium
scale DM vessels and for small scale DM vessels, respectively.
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6.3.7.2 Allowable strengths of stabilized soil body

The allowable strengths of the stabilized soil body should be determined by Eq. (10).

The magnitude of CV should be determined by accumulated case histories.

(o}

T

1 -
=—qQ- Y.
ca FS ﬁ ]/ quf
1 I
=Fsa-ﬁ-7%-qul
10
:La.ﬁ.qu—ck (19
Fs 1-K-CV
1
Ca:_O-Ca
2

o, =0.15-0, <200kN/m’

where

Fs . safety factor

Quf : average unconfined compressive strength of field stabilized soil (kN/m?)

Qui : average unconfined compressive strength of laboratory stabilized soil (kN/m?)
o : coefficient of effective width of stabilized soil column

B : coefficient of reliability of overlapping

Y : correction for strength variability

A : ratio of qui/Qqui

Oca : allowable compressive strength of stabilized soil (kN/m?)

Gta : allowable tensile strength of stabilized soil (kN/m?)

Tca

: allowable shear strength of stabilized soil (kN/m?)

(Draft)

safety factor, Fs: As all the allowable strengths are based on the unconfined compressive strength, qu, in
which no effect of creep and cyclic loading are incorporated. In the practical design procedure, the safety
factors of 3,0 and 2,0 for the permanent and variable states respectively are usually adopted to
incorporate these effects, and also to incorporate the importance of the structure, the type of loads, the
design method, and the reliability of the materials.

coefficient of effective width of stabilized soil column, o : The block type and wall type of improved grounds
are in general composed of stabilized soil columns and unstabilized soil between the columns, as shown
in Figure 9 for the case of two mixing shafts machine. The coefficient of the effective width of the
stabilized soil column, a is calculated by Eq. (11) to compensate for the unstabilized part. As the tolerance

of overlapping is adopted around 200 mm in many cases, the a value is usually 0,8 to 0,9 .
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le . Overlapped portion

Figure 9. Effective width formed by improvement machine.

coefficient of reliability of overlapping, B : In the overlapping execution, a stabilized soil column during
hardening is partially scraped by the following column, as shown in Figure 10 for the case of two mixing
shafts machine. The strength in the overlapped portion is anticipated to be lower than that of other parts
of the column. The reliability coefficient of overlapping is the ratio of the strength of overlapped and non-
overlapped portions. Its magnitude is influenced by various factors, such as the time interval until
overlapping, the execution capacity of DM machine, and the type of binder. The 3 value of 0,8 to 0,9 had
been adopted in early days. However with increasing successful applications, the influence of overlap
explained in b) and c) are currently considered together by employing, a*  =0,8 to 0,9.

. R, Overlapped portion
/
/

:
> o

. '

[N

|

Ovcrlabpcd width, /x

Figure 10. Connecting surfaces of stabilized soil columns.

correction for strength variability, y : It is generally known that the unconfined compressive strength of
field stabilized soil exhibits variability to some extent. The correction factor for strength variability is a
coefficient used to account for the variability. The y value of 0,5 to 0,6 had usually been adopted. However,
the concept of the design standard strength, quek is now adopted.

ratio of field strength and laboratory strength, qus /qu , A : The accumulated data clearly shows that the
average unconfined compressive strength of field stabilized soil, qur is lower than laboratory stabilized
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soil, qu in on-land constructions but almost equivalent in marine works. The value of A can be taken as
1,0 in the design of marine constructions.

6.3.8 Extrusion failure
For the wall type improved ground, the extrusion failure should be examined as shown in Figure 11.

The examination by Eq. (12) by changing the height of the prism, Hpr, should be satisfied.

\ ~~1—
o /

B, -

"L

Figure 11. Conceptual diagram of extrusion of unimproved soil.

for permanent state :

m-&SI.O
d
R,=yr R,
R,=2(L,+D,)-B-C, +P," (12a)
Si=7s"S;

Sk:Pahk'+kh2k 'wi,( .B.Di.Ls—i_hwd'pw'g'Di'Ls

for variable state

m-&SI.O
d
R,=yr R,
R, =2(LS+D,.)-B-Cuk +Pphk' (12b)
S,=rs" 8

Sk:Pahk'+kh2k 'Wik 'B.Di.Ls+hwd'pw'g'Di'LS
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: characterstic value of resistance (kN/m)

: characterstic value of action (kN/m)

: length of short wall in direction of face line (m)

: depth from bottom edge of short wall to cross-section to be verified (m)

: average shear strength of untreated subsoil at intermediate depth between bottom edge

of short wall and cross-section to be verified (kN/m?)

: width of improved body (m)

: horizontal component of resultant active earth pressure and resultant passive earth

pressure acting on untreated subsoil between long walls, respectively, down to the
depth of D; from bottom of short wall (kN)

: seismic coefficient for examination when calculating seismic inertia force acting on

improved subsoil

: head between residual water level and water level in front of structure (m)
: unit weight in air of untreated subsoil when saturated with water (kN/m3)
: unit weight of sea water (kN/m?3)

: partial factor of resistance

: partial factor of action

: coefficient for adjustment

: width of improved ground (m)

: undrained shear strength of soft soil at assumed prism (kN/m2)

: height of assumed prism (m)

: total seismic inertia force per unit length of soil prism (kN)

: thickness of short wall of improved ground (m)

: horizontal component of total static active force per unit length acting on the prism (kN/m)

: horizontal component of total dynamic active force per unit length acting on the prism

(kN/m)

: horizontal component of total dynamic passive force per unit length acting on the prism

(kN/m)

: horizontal component of total static passive force per unit length acting on the prism

(kN/m)

: total residual water force per unit length acting on the prism (kN/m)
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The partial factors and the coefficient for adjustment in Table 7 should be used for the examination on
the internal stability failure, Eq. (12).

Table 7 Partial factors and coefficient for adjustment for examination on nternal stability failure

partial factor of

partial factor of

coefficient for

state resistance, jr action, s adjustment, m
permanent state 0.81 1.04 1.00
seismic situation 1.00 1.00 1.00

6.5.6 Slip circle analysis

The overall stability of the improved ground, the superstructure and the surrounding soil should be
evaluated by slip circle analysis with Eq. (13).

As the strength of stabilized soil is very high value, a slip circle analysis passing through the improved
ground is not necessary in many cases, as shown in Figure 12.

In the case where sufficient bearing capacity is assured, slip circle analysis is not necessary in many
cases.

The slip circle analysis in variable state is not specified in the design standard.

Surcharge P

L.W.L. Caisson |- - ] RWL
W, W |
r r ‘ P l bf
.~ slip circle
_~ W.l Moumk fil for low s:;lhllllo.‘d soil sfrength

I

slip circle
for high stabilized
soil strength

Improved ground

Ty

Figure 12. Slip circle analysis.

m-S—dSI.O
Rd
Rd =7R'Rk
Ro=r-(e,-1,+7,-1,+7,1) (13)
S,=7s5;

Sk:va'xsp+Wm.xm+be'xbf+Wf.xf+VI/c.xc+VVi'xi+VVsu 'xsu+WRw'wa

where,

le : length of circular arc in surrounding ground (m)
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: length of circular arc in fill (m)

: length of circular arc in improved ground (m)

: radius of slip circle (m)

: horizontal distance of weight of backfill from center of slip circle (m)

. horizontal distance of weight of surrounding ground from center of slip circle (m)
: horizontal distance of weight of fill from center of slip circle (m)

: horizontal distance of weight of improved ground from center of slip circle (m)
: horizontal distance of weight of mound from center of slip circle (m)

. horizontal distance of weight of superstructure from center of slip circle (m)

: horizontal distance of total surcharge force from center of slip circle (m)

: vertical distance of total residual water force from center of slip circle (m)

: shear strength of surrounding ground (kN/m?)

: average shear strength of improved ground (kN/m?)

: shear strength of fill (kN/m?)

The partial factors and the coefficient for adjustment in Table 8 should be used for the examination on
the slip circle failure, Eq. (13).

Table 8 Partial factors and coefficient for adjustment for examination on slip circle failure

partial factor of | partial factor of | coefficient for

state

resistance,

action, s

adjustment, m

permanent state

1.00

1.00

1.00

seismic situation

6.3.9 Settlement of improved ground

The immediate and the long term settlements of the improved ground should be evaluated to assure the

settlements are lower than the allowable values.

In the floating type improvement, the consolidation settlement beneath the improved ground is calculated

by the Terzaghi's one dimensional consolidation theory, as Eq. (14) (see Figure 13).

g Ae
1+e,

ch

S=mv-(p—p,)H,

S=ch-Cc-log£

Dy

(14)
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where
Bi : width of improved ground (m)
Ce : compression index of soil beneath improved ground
Heb : thickness of soil beneath improved ground (m)
mv. : coefficient of volume compressibility of soil beneath improved ground (m2/kN)
p : subgrade reaction at bottom of improved ground (kN/m?)
W_+0W_ W . +"W. < +P
p = 7 =1 3] : . e
3
Po - initial vertical stress at bottom of improved ground (kN/m?)
S : settlement (m)
€o : initial void ratio of soil beneath improved ground
Ae : increment of void ratio of soil beneath improved ground
Surcharge
EEEREEEREEREEREEE
<+ R.W.L.
L.W.L. ] AN =
= Caisson
Fill
Back fill
_~  Mound

no com prclssion
is assumed, H
Improved ground .

A\ 4
A

compressible, H

Y

A
Figure 13. Ground settlement of floating type improved ground.
6.6 Mixing Design of Stabilized Soil

The mixing design of the stabilized soil should be determined by performing laboratory mixing tests or
field tests under the same condition as in actual construction (Refer to TCVN 9403 : 2012).

7 Sand Compaction Pile Method
7.1 Introduction

This Standard establishes general principle for the design of clay ground and sandy ground improved
grounds by the Sand Compaction Pile Method.
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Guidance on practical aspects of Sand Compaction Pile method, such as execution procedures and
equipment, is given in [2].

Sand Compaction Pile Method is used both in on land and in marine constructions for the following
purposes:

1. increase of bearing capacity and stability

2. reduction of ground settlements,

3. increase of passive earth pressure and decrease active earth pressure,
4. mitigation of liquefaction.

7.2 Design Procedures for Clay Ground

7.2.1 Introduction

In the SCP method, compacted sand piles are installed at a constant spacing in the clay ground, which
form a composite ground.

The behavior of SCP improved ground is influenced by the strength of compacted sand piles and the
replacement area ratio.

As the ground is disturbed by installation of many compacted sand piles, the strength of clay ground is
reduced especially within the sand piles, but the strength is recovered to the original strength by the
dissipation of the excess pore water pressure.

The ground may be heaved and moved laterally due to the installation of many compacted sand piles.
7.2.2 Improvement Purpose and Applications

The Sand Compaction Pile (SCP) method has been applied to clay ground to increase bearing capacity
and stability, to reduce vertical ground settlement, and decrease active earth pressure and increase
passive earth pressure.

The design method described in this section shall be applied to improvement of clay soil beneath gravity
type structures such as breakwaters, quay walls, revetments, and similar structures.

7.2.3 Design procedure for increase bearing capacity and stability
7.2.3.1 Introduction

This standard specifies the design procedure for increase of bearing capacity and stability under
permanent state

The replacement area ratio and extent of SCP improved ground shall be designed to assure the design
requirement and specification.

The replacement area ratio for the application is typically from 0,3 to 0,8.
7.2.3.2 Slip circle analysis

The stability of SCP improved ground should be evaluated by the the modified Fellenius method of slip
circle analysis.
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m- Sy <1.0
d
R, =y R,
R => M,
k ZI: Ri (13)
ZZI”'S‘;k -cos@
Sa=7s Sk
S = ZMD[
where
IR : partial factor of resistance
7s . partial factor of action
m . coefficient for adjustment

> My : sum of resistant moment (kN-m)

r : radius of slip circle (m)
s : width of slice segment (m)

6. angle of bottom of slice segments to horizontal (°)

7 - shear strength of subsoil (kN/m?)

2 Mo,

: sum of acting moment (kN -m)

In case of quay-wall:
ZMD,- = Z {(W'k T4 drwr, ) x}

where
W' . effective weight of slice segment (kN/m)
q : surcharge on slice segment (kN/m)

grw : buoyancy of slice segment due to difference in water level when the residual water
level, RWL, at the back side of facilities is higher than the water level, LWL, in front of the
facilities pwg (RWL—LWL) (KN/m)

X : horizontal distance between center of gravity of slice segment and center of slip failure
circle (m)

In case of breakwater:

Z,MDL = z{(wlk"'qk)'x}
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where

W' : effective weight of slice segment (kN/m)

q . spatially-distributed load of breakwater acting on slice segment when effective weightof
breakwater is divided by its width (kN/m)

X : horizontal distance between center of gravity of slice segment and center of slip failure
circle (m)

The partial factors and the coefficient for adjustment in Table 5.10.2 should be used for the
examination on the slip circle analysis of improved ground by sand compaction pile method with

replacement ratios of 50 % to 80 %, Eq. (13).

Table 5.10.2 Partial factors and coefficient for adjustment

superstructure partial factor of partial factor of coefficient for

P resistance, jr action, s adjustment, m
revetments and quay-walls 0.82 1.01 1.00
breakwaters 0.87 1.02 1.00

7.2.3.3 Shear strength formula of SCP improved ground

The shear strength of the composite ground for the slip circle analysis should be evaluated by
either the following four formulas, Eqgs. (14) to (19), (The Overseas Coastal Area Development

Institute of Japan, 2002).

1.

, (see Figure 13).

The magnitude of stress concentration ratio adopted in shear strength formula should be used as
shown in Table 1, which are derived by the accumulated design histories in Japan (The Overseas

Coastal Area Development Institute of Japan, 2002).

1.

FERERRENRRE

> o . Cu/
L (l-as)c,+kz+p,.-Ac. A U)
‘:9 ('Ys -Z+ | -AC, )- ag - tan Qs - cos2 0

Figure 13 . lllustration of shear strength of improved ground for Formula (14).

37



TCVN 11820:4.2 : 2019 (Draft)

-
|

r=\-as)lco+ 2+ u,-AG,-c,/p-U

+|7v.-z+ u.-Ac. as-tang. -cos* &
/ @ fd & s J - (14)
r=1-as)lc, + k=)
+ |7y 2+ AC. )-u.-as-tang. -cos* €
v . - ¢ - - (15)
r=\y,-Z2+AG, ) tang -cos” 6
(16)
r=\7,-z2+AC.)-tang, -cos* &
d Z. d (17)
where
as : replacement area ratio
Co : shear strength of clay at ground surface (kN/m?)
cu/p : shear strength increment ratio
k : increment ratio of shear strength of clay with depth (kN/m?3)
n : stress concentration ratio
C.
N= =—
o,
U : average degree of consolidation
z : depth (m)
Ao; : increment of vertical load intensity (kN/m?)
Ys : unit weight of sand pile (kN/m?)
Ym : average unit weight of improved ground (kN/m3)
v =y, as+y,-(1-as)
(S) : inclination of slip circle
Me . stress concentration coefficient of clay ground for external load
o, 1
M = =
c 1+(n-1)-as
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Ms : stress concentration coefficient of sand pile for external load

Oc : vertical stress on clay ground (kN/m?)

Os vertical stress on sand pile (kN/m?)

T : shear strength of improved ground (kN/m?)
¢ : internal friction angle of sand

Om . internal friction angle of sand pile

¢ =tan"|u -as-tan g )

®s . internal friction angle of sand pile

1. Table 1. Magnitude of stress concentration ratio adopted in shear strength formula, Eq. (14) (The
Overseas Coastal Area Development Institute of Japan, 2002).

Replacement area ratio, as Stress concentration ratio, n Internal friction angle of
compacted sand pile, ¢s
less than 0,4 3 30
04t00,7 2 30
higher than 0.7 1 35

Table 2. Magnitude of stress concentration ratio and internal friction angle adopted in shear strength
formula (Japanese Society of Soil Mechanics and Foundation Engineering, 1988).

Shear Stress Internal Unit weight, Safety Remarks
strength concentration | friction angle, Ys (KN/m3) factor, Fs
formula ratio, n os
(1) 3to5 30 to 35 9,8 1,2t01,3 applicable for
all as
(2) 1 30to 33,4 9,8 >1,1 as> 0,3
2 1,2
(3) - - - 1,3 as= 0,7
4) 1 34 t0 35 9,8 1,25t01,3 as 20,7
2 30

* internal friction angles in the table are estimated by the SPT N-value according to Dunham's equation,

@, =12 N +20 | where ¢s= 33.4 and 34 for SPT N-value = 15 and 16 respectively.

The ground strength decrease and recover effect due to sand pile installation should be appropriately

incorporated in the design.
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7.2.4 Design procedure for decrease ground settlement

7.2.4.1 Introduction

(Draft)

The replacement area ratio and extent of SCP improved ground shall be designed to assure the design
requirement and specification.

The replacement area ratio for the application is typically around 0,3

7.2.4.2 Magnitude of ground settlement

The consolidation settlement of the fixed type SCP improved ground can be calculated by Egs. (15) and
(16) by assuming the uniform settlement of compacted sand piles and surrounding clay ground as shown

in Figure 14.

The consolidation settlement and residual settlement shall assure the design requirement and

specification.

where

Ce

40
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Figure 14. lllustration of uniform settlement of improved ground.
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: compressive coefficient of clay
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€0 : initial void ratio of clay ground

H : ground thickness (m)

my : volumetric coefficient of clay (m?/kN)

S : settlement of improved ground (m)

So : settlement of original (unimproved) ground (m)
B : settlement reduction factor

c : vertical stress (kN/m?)

Go : initial vertical stress (kN/m?)

Ae . increment of void ratio of clay ground

The settlement reduction factor, 3, can be obtained according to Figure 15 (Ichimoto, 1981).

I.O | 1
O marine works
® on-land works

a 0.8 F-W\N\PK-----r----- : —————— : ——————
g : I
o
& : : : !
_E 0.6 Q== === === =—===
13 :
-
- |
e
£ 04 '
=
2
5
%)

0.2 —_— T

0 | |
0 0.2 0.4 0.6 0.8 1.0

Replacement area ratio, as

Figure 15. Relationship between replacement area ratio and settlement reduction factor
(Ichimoto, 1981).

7.2.4.3 Speed of ground settlement

As the consolidation of SCP improved ground is influenced by the soil disturbance during installation of
sand piles and the stress concentration effect on the compacted sand piles.
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The consolidation speed should be calculated as a similar manner to the vertical drain method by Barron’s
theory together with the ratio of coefficient of consolidation, o (The Overseas Coastal Area Development
Institute of Japan, 2002) which incorporates the soil disturbance effect and the stress concentration effect.

The ratio of coefficient of consolidation, a, is defined as the ratio of coefficient of consolidation of SCP
improved ground back calculated by field measurements, C.p, to that measured in the laboratory
oedometer test, Cyo.

The magnitude of the ratio of coefficient of consolidation, o, can be determined according to Figures 16
and 17.

Q"
- 9
2% 20 r N @ on-land works
> 2 - e works
2 &. o O marine works
S E 10 F N ee s
2= [} ¢}
= g N .~
= Q *. 1o
25 05 “ 92 v o)
O Q O "tteccdnea.a... —--
x © o o)
R
SE 02 8
o 0.8
S« | 7 TTtesceccccccccee-.
s 01 F
% E | 1 | | | | | J
v
i~ 0 0.1 02 03 04 05 06 07 038
w
3 :
= Replacement area ratio, as

Figure 16. Relationship between the ratio of coefficient of consolidation and replacement area
ratio (Japanese Society of Soil Mechanics and Foundation Engineering, 1988).

2.0 o < :SD
e O :SCP

~ 1.0 .% py
%:: 0.5 [ S e o =025t g
= =3 %- % r/ o o

.*_@___o_ _____ _@_ —

0.2 o 8

. © 8
field test at Maizuru Port o

0
0 0.1 02 03 04 05 06 07 038

Replacement area ratio, as

Figure 17. Relationship between the ratio of coefficient of consolidation and replacement area
ratio (Kanda et al., 1990).

7.2.5 Design procedure for increase ground strength

7.2.5.1 Introduction
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The replacement area ratio and extent of SCP improved ground shall be designed to assure the design
requirement and specification.

The replacement area ratio for the application is typically around 0,3

7.2.5.2 Strength increment

The increment of strength of clay between sand piles, Ac, can be calculated by Eq. (22) together with an

assumption of n = 3 to 4.

Ac=u,-Ac,.-c,/p-U

(22)
where
Mc : stress reduction coefficient of cohesive soil portion
1
K,

l1+(n-1)-as

Ao, :mean value of vertical stress increment due to action at object depth (kN/m?)

c/p  :strength increase rate of original cohesive soil

U : mean degree of consolidation
n=1
1.0 ———
=T I | 4 Ce: caleulated increase of cohesion
! io | | =c/pds U
. | o | L 4 cg: increase of cohesion basedon
08} ~\® s Pl - - surveys before and after construction
I O Offshore * Land
' , n 2 Ny
S 4 ! & P
s 06} — .P.H.'.- R AT TR T T T =i
& Kasai-oki, I n=31 |
3 | o | o | )
§°0.4-———'—--L—-o - ) =4 - = =
| | i o | I
| I I n=6
1 | | I | I
0.2 R e e, M. [ o o e e - ==
! [ [ I : | !
| [ [ I : | I
0 | | | | 1 1 |
0.0 0.1 0.2 03 04 0.5 0.6 0.7

Figure 18. Strength increase of cohesive soil between sand piles in improved soil.

Replacement area ratio a:

7.2.5.3 Speed of strength increase

The speed of strength increase should be calculated as a similar manner to the vertical drain method by
Barron’s theory together with the ratio of coefficient of consolidation, a (Ministry of Transport, 1999; The
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Overseas Coastal Area Development Institute of Japan, 2002) which incorporates the soil disturbance
effect and the stress concentration effect.

The ratio of coefficient of consolidation, a, is defined as the ratio of coefficient of consolidation of SCP
improved ground back calculated by field measurements, C,,, to that measured in the laboratory
oedometer test, Cyo.

The magnitude of the ratio of coefficient of consolidation, a, can be determined according to Figures 16
and 17.

7.2.6 Design procedure for decrease active earth pressure and increase passive earth pressure
7.2.6.1 Introduction

The replacement area ratio and extent of SCP improved ground shall be designed to assure the design
requirement and specification.

The replacement area ratio for the application is typically around 0,3
7.2.6.2 Active and passive earth pressures

The active and passive earth pressures of the SCP improved ground can be calculated by assuming the
sand piles and surrounding clay behave as a composite ground.

The active and passive earth pressures of the SCP improved ground can be evaluated by either the
following three formulas (Egs. (23) to (25)), for evaluating the static and dynamic earth pressures of SCP
improved ground with infinite width (see Figures 19a and 19b) (Japanese Society of Soil Mechanics and
Foundation Engineering, 1988).

As the active and passive earth pressures of the SCP improved ground is not fully clarified, a safe-side
design is recommended in practical designs in which the replacement area ratio exceeds 0.4 and the
stress concentration ratio is assumed unity in the design.

i

e

Figure 19a. lllustration of active earth pressure of improved ground
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Figure 19b. lllustration of passive earth pressure of improved ground.

Pa™ l_-‘a-f_’-[);‘ & - Py

(23a)
c=(-a ) p.,. +a -p..
p -~ N v p - p - (23b)
where
as : replacement area ratio
PA : active earth pressure of improved ground (kN/m?)
[of3 : passive earth pressure of improved ground (kN/m?)
Pca : active earth pressure of uniform clay ground (kN/m?)
p'.’.c R 3 C.
pcp : passive earth pressure of uniform clay ground (kN/m?2)
Po=0+2C,
PsaA : active earth pressure of uniform sandy ground (kN/m?)
% 9,
Py =0 =), -2 )tan _’T-_\
Pse  : passive earth pressure of uniform sandy ground (kN/m?)
. LA
p:;-u-‘-_,-:-tan_:—T
z : depth (m)
Ys : unit weight of sand pile (kN/m?3)
ds . internal friction angle of sand pile
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o : overburden pressure (kN/m?)
’ : i 7 & \l
Pa=(0+yy-z)tan"| — =2 |
' ~ 7 (24a)
_ ( ., - ’ :l' e &\q v|
Pp=\0+/y-Z)tan \775 |
~ 7 (24b)
where
as : replacement area ratio
PA : active earth pressure of improved ground (kN/m?)
[of3 : passive earth pressure of improved ground (kN/m?)
z : depth (m)
Ym : unit weight of improved ground (kN/m3)
'."”:=a:".": -‘l-a:}';":
®m . internal friction angle of improved ground
P = tan'l{_a:-tano': )
o : overburden pressure (kN/m?)

ps=K, -!_'/,.,.-:-c!—_’--(l-a:)-c‘qf!{d
cos’(g, - 6,-6)

K.‘ =

sinlg, +4 )-sinlg, — -6, 1N
cosf+6,+7d)-codf-a) _|

cosé, -cos 6-cod 6+ 6 --o')"l--\{
(25a)

pp=Kp-(7m-2+0)+2-(1-as)-c- JKp
cos* (g, — 6, + 6)

Kp= L }
cosé, - cos’6-codb-8, +5 ) 1- sinlg,, -9 "Slr.i,&m +a-6) |
[_ codf-6,+3)-cosb-a) _|
(25b)
where
k : coefficient of seismic intensity
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PA : active earth pressure of improved ground (kN/m?)
[of3 : passive earth pressure of improved ground (kN/m?)
z : depth (m)
a :inclination angle of ground surface (see Figure 20)
Ym : unit weight of improved ground (kN/m3)

m =AS Y.

: friction angle of earth pressure on retaining wall (see Figure 20)

(S] s inclination angle of retaining wall (see Figure 20)
o : angle of seismic intensity

&y =tan k;

Om : internal friction angle of improved ground

Figure 20. lllustration of earth pressure acting on retaining wall.

The ground strength decrease and recover effect due to sand pile installation should be appropriately
incorporated in the design.

7.2.6.3 Extent of improved ground

The extent of SCP improved ground can be evaluated by either the following three criteria (Japanese
Society of Soil Mechanics and Foundation Engineering, 1988).

(1) The minimum extent of improved ground should be the portion containing the active and passive
failure lines as shown in Figure 21. The inclinations of the active and passive failure lines, aa and ar, are
usually assumed as about 45 and 30 degrees respectively.
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.7

0‘/7\ O

SCP improved
ground

Figure 21. Extent of improved ground criteria (1).

(2) The minimum extent of improved ground should be the portion where the active and passive earth
pressures are satisfied, as given by Egs. (26a) and (26b) respectively (see Figure 22).

for active earth pressure

P2P -1
o~ - o~ (26A)

for passive earth pressure

PSP 4+t
= == “ (26B)
where
pa : active earth pressure of improved ground (kN/m?)
pac : active earth pressure of unimproved ground (kN/m?)
pp : passive earth pressure of improved ground (kN/m?)
Prc : passive earth pressure of unimproved ground (kN/m?)
TA : shear strength on bottom of improved ground at active side (kN/m?)
e : shear strength on bottom of improved ground at passive side (kN/m?)
A
R LZSTZS
Prc . e e Pac
Tp T
SCP improved
ground

Figure 22. Extent of improved ground criteria (2).
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(3) The minimum extent of improved ground should be the portion through which the slip circle passes
with a safety factor of higher than 1,2 or 1,3 (see Figure 23).

WASZSZN

oy e 9% . .

® [ " ..

i e ® L4 N

o e . N .
e ® - .
" |4 .
O o 8 -

SCP improved
ground

Figure 23. Extent of improved ground criteria (3).

7.2.7. Materials

Sand material for the SCP method should have appropriate grain size and grain size distribution for ease
of compaction, and have high permeability in the case the drainage function is expected.

There are no particular specifications on materials to be used for sand compaction piles. The grain size
distribution of the material used for sand compaction piles should preferably fall within the limits given in
Figure 24.

0.075 0.42 2.0 ___5.0 20.0
100 Silt Fine sand I(‘oarsc sand |Fine gravel| Medium gravel | Coarse gravel
..... AR A L= T
ol T AT e | S A
80 =~ 1--—1 ] t - {j
- bt SEE S S SEE L
é_? 70 I. ! !
o BN (i S B ‘
g 11
5 50k -4
'~ I S S o
& ‘Or— - -+ * +
- Q] S |
= -
] S, -
£ —— Y |
'z 10 :
£ S -
0.01 0.05 0.1

(0.075) {0.25)(0.42) (2.0)

Particle size (mm)

Figure 24. Examples of grain size distribution of sands used for sand compaction piles

7.2.8 Ground heaving during construction
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The ground may be heaved and moved laterally during the execution due to the installation of many sand
piles.

The amount of ground heave is affected by many factors, including the property of original ground, the
replacement area ratio and the construction sequence of sand piles.

The amount of ground heave can be estimated by Eq. (27) (Shiomi and Kawamoto, 1986) in the case
where the average length of sand piles ranges about 6 m to about 20 m.

=
7,

=0.356-as +2.803- L7 +0.112 ,,,
where
as : replacement area ratio
L : average length of sand piles (m)
V : volume of heaved ground (m3)
Vs : volume of supplied sand (m3)
¥ : ground heave ratio.

The heaving ground can be effectively utilized as part of the foundation ground in some cases after
investigating its physical and mechanical properties.

Physical properties such as unit weight, moisture content, and grain size composition of the heaved soil
are substantially unchanged from those of the original soil to a depth equivalent to the height of the
heaved soil.

Table 3 shows the strength change of heaved soil, where quo is the unconfined compression strength of
original ground, before improvement. In the table, the strength of heaved soil outside the area of
improvement is shown separately into cases within the range of 45 degree or 60 degree from the bottom
end of the sand compaction piles.

Table 3. Strength reduction and recovery in heaved soil (The Overseas Coastal Area
Development Institute of Japan, 2002).

Immediately after 1,5-3,5 months after
construction construction
qu/quo in improved area 0,46 0,93
outside improved area 0,62 0,65
(45 degree)
outside improved area 0,72 0,72
(60 degree)

7.3 Design Procedures for sandy Ground
7.3.1 Introduction

In the SCP method, compacted sand piles are installed with at a constant spacing in the sandy ground.
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The ground may be heaved due to the installation of sand piles, especially when the ground contains
large amount of fines.

7.3.2 Improvement Purpose and Applications

The SCP method has been applied to sandy ground to mitigate liquefaction, and to increase bearing
capacity and to decrease ground settlement.

7.3.3 Design procedure for mitigating liquefaction
7.3.3.1 Introduction

The replacement area ratio and extent of SCP improved ground shall be designed to assure the design
requirement and specification.

The replacement area ratio for the for mitigating liquefaction application is typically from 0,05 to 0,2.
7.3.3.2 Liquefaction potential assessment

The possibility of liquefaction during an earthquake should be evaluated by the particle size distribution,
the SPT N-value or the cyclic triaxial test.

The SPT N-value is adopted as one of specification to evaluate the performance of improved ground.
The target SPT N-value should be determined accordingly when the ground improvement is necessary.
7.3.3.3 Basic design concept and procedure

The replacement area ratio, as, the volume of sand to be installed, V, and the arrangement of sand piles
shall be determined accordingly to achieve the target SPT N-value.

The improved ground consisting the compacted sand piles and the original soil is assumed to have
uniform density and properties in the design .

The effect of ground heaving is not incorporated in the design .

The replacement area ratio, as, should be evaluated as Eq. (28) by calculated initial and target void ratios,
ei and et, for the original and target SPT N-values (Figure 25).

The replacement area ratio and the interval of compacted sand piles can be calculated as Eq. (28).

The replacement area ratio, as, sand volume to be installed should be evaluated as Eq. (28) by calculating
the initial and target void ratios, ei and et, for the original and target SPT N-values (Figure 25).

e; —é,

as = ——
1+ ¢;
€ —e

V=-_t_tp,
1+

(28)

for square pattern
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d |7
2 Vas

where

as : replacement area ratio

d : diameter of compacted sand pile (m)
D : spacing of compacted sand piles (m)
e : void ratio of original ground

et : target void ratio

\Y, : volume of sand to be installed (m?)

Vo : volume of ground to be improved (m?)

.

<

|

]

|
-

/

Void ratio

¢

(Draft)

water or void

-] ) sand pile

soil particle

Figure 25. The relationship between the SPT N-value and void ratio.

7.3.3.4 Practical design concept and procedure

Accumulated case records reveals that the assumptions in the basic design concept described in the
clause 6.3.3.3 are not satisfied in many cases, and they show that the SPT N-value after the improvement
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is influenced by many factors such as fines content of soil, ground heaving, overburden pressure of
ground and horizontal stress in a ground.

There are five practical design procedures, named procedures A to D and K procedure, for incorporating
some of these influence factors, which have been established by empirical means together with
accumulated field and laboratory measurements.

Figure 26 shows the design flow of the procedures A to D.
(1) procedure A

The procedure is an empirical design procedure based on the accumulated case histories, in which the
replacement area ratio can be designed based on the relationship between the SPT N-values before and
after SCP improvement. It is very simple for design, however, that this procedure has low generality in
comparison with other procedures because it does not incorporate the effects of the overburden pressure,
the fines content of original soil and upheaval and horizontal deformation of ground due to sand piles
installation.

(2) procedure B

The B procedure incorporates the effect of uniformity of ground into the design of the replacement area
ratio by the empirical formula of the relative density and SPT N-value. However, this procedure does not
incorporate the effects of the fines content of original soil and upheaval and horizontal deformation of
ground due to sand piles installation.

(3) procedure C

This procedure is the same as procedure B in principle except it incorporates the effect of fines content
based on the relationship between emax and emin and Fc. However, this procedure does not incorporate
the effect of the upheaval and horizontal deformation of ground due to sand piles installation.

(4) procedure D

The procedure D incorporates the effect of ground upheaval by introducing a new parameter, Rc, called
‘effective compaction ratio'. The effect of fines content is also incorporated by the similar manner to the
procedure C.

(5) K procedure

The K procedure incorporates the effects of the fines content of original ground and the increment of
lateral earth pressure due to SCP installation.

7.3.3.5 Design procedure for sand pile arrangement

Procedure A is recommended among the design procedures in this standard for liquefaction mitigation
for its simplicity.

The design procedure A is preferably applied to sandy grounds having fines content less than about
20 %.

The replacement area ratio, as, should be designed by the relationship between the SPT N-value of
original ground, replacement area ratio, as and SPT N-value of improved ground, as shown in Figures
27a and 27b (Fudo Construction Co., Ltd., 1971).
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The average SPT N-value of sand piles and surrounding soil, N, calculated by Eq. (29) shall assure the
target SPT N-value.

= (29
where
as : replacement area ratio
N : average SPT N-value after improvement
Nti : SPT N-value at sandy ground between sand piles
Nts  : SPT N-value at center of sand pile
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Obtain target SPT N-value according to SPT N-value]
of original ground and condition of superstructure
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STEP-1
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STEP-1 I
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STEP-1 I

1
(procedure D)

STEP-1

(1) Obtain required as value
from Figure 3.7 in the case
where SPT N-value
between compacted sand
piles is the target value.

(2) Obtain required as value
from Figure 3.8 in the case
where average SPT N-value
is the target value:

N=0 -u.\')'N,,+ as* N,

Obtain € and €min
according to Figure 3.9 by
grain size distribution (Dgo
or Uo.

Obtain emis for fines
contents by following Egs.:

eman=0.02Fc +1.0
emin=0.008 e +0.6

Obtain e, for fines
contents by following Egs.:

emax =0.02Fc+1.0
€min=0.008 ¢ +0.6
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e |
STEP-2 |

orens |
STEP-2 |

Draw straight line of
relationship between D, and
¢ in Figure 3.10b according|
10 €max AN €min

STEP-2 I

STEP-3

Obtain sand pile interval
by following equations:

d= L’A‘.( square pattern )
J as

2 As..

Obtain increment of void
ratio for original and target
SPT N-values according to
Figure 3.10a, then obtain
required as value by

Obtain relative density, D,,
and initial void ratio, ¢;,
according to SPT N-value
of original ground and
effective overburden
pressure:

D,= 2|J|00No/(70 +6,')

&(t‘m.— Cmin)
100
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of N for fines content:
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0~5 0
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STEP-3 |

STEP-3 I
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STEP-4

Obtain sand pile interval
by following equations:

d= ’L‘-\'_( square pattern )
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Obtain reduction factor, B,
for increment of SPT N-
value:

B =1.05-0.51" log Fc

STEP-4

Calculate SPT N-value for
non fines contents soil by
taking into account f3.

Obtain relative density, Dy,
and initial void ratio, ¢;,
according to SPT N-value
of original ground and
effective overburden
pressure:

100N ANy
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STEP-4 I
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Obtain ¢; by substituting N;
into V; in Equation in
STEP-2.

Obtain effective
compaction ratio, Re, for
fines content:

Re=1.05-0.46 - log Fc

STEP-6 |

STEP-5 |

Obtain as for ¢; and ¢, by

a3
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by following equations:

d= ’L'A'.( square pattern )
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Obtain relative density, Dy,
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Equation in STEP-3:
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Figure 26. Design procedures for determining sand pile arrangement.

55



TCVN 11820:4.2 : 2019

SPT N-value of ground between sand piles, N,;

40

30

20
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(Draft)

o F,=0.025~0.075
o A 0.075 ~0.125
O 0.125~0.175
X 0.175 ~ 0.225
A3 N; : original ground
_ N : between sand piles
F, : improvement area ratio
J
0 10 20 30

SPT N-value of original ground, N;

Figure 27a. Relationship between SPT N-values of original and improved ground between sand
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Figure 27b. Relationship between SPT N-values of original and improved ground at center of
sand pile (Fudo Construction Co., Ltd., 1971).

The sand volume to be installed and the spacing of compacted sand piles can be calculated by Eq. (30)
for square and equilateral triangular improvement patterns.

V=as-V,
" (30)

for square pattern

where

as : replacement area ratio

d : diameter of compacted sand pile (m)
D : spacing of compacted sand piles (m)
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€ : void ratio of original ground

et : target void ratio

\Y : volume of sand to be installed (m?3)

Vo : volume of ground to be improved (m?)
7.3.3.6 Extent of SCP improved ground

The extent of SCP improved ground for liquefaction prevention should be designed according to (1)
propagation of excess pore water pressure into improved area, (2) water pressure by liquefied area, and
(3) shear strength reduction of liquefied area (The Overseas Coastal Area Development Institute of Japan,
2002; International Navigation Association, 2001).

(1) propagation of excess pore water pressure into improved area

The SCP improved ground should be extended to the thickness of improved ground multiplied by tan
30 ° from the periphery of superstructure in order not to cause any damage of superstructure by the pore

water pressure difference driving the propagation of the excess pore water pressure from the unimproved
area into the improved area.

(2) water pressure by liquefied area

During an earthquake excitation, both static and dynamic water pressures act on the boundary of the
liquefied and non-liquefied area as shown in Figures 28a and 28b.

improved soil | unimproved soil
|

I3

O 27 y

e
e z

A

H 7 a [
— | 78 * g * Vsaf zH

(dynamic pressure)

A A

I
A
>

7% W, 7

VT fobats - non-liquefiable
Y'H (static pressure) impermeable layer

Figure 28. Water pressure acting on boundary of improved ground at earthquake excitation
toward unimproved area (International Navigation Association, 2001).
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Figure 28a. Water pressure acting on boundary of improved ground at earthquake excitation
toward improved area (International Navigation Association, 2001).

The extent of improved ground should be wide enough to prevent failure or significant deformation of the
structure by the static and dynamic water pressures act on the boundary of the liquefied and non-liquefied

area.

Figure 29 can be applied to obtain the extent of improved ground (International Navigation Association,

2001).

(3) shear strength reduction of liquefied area

The extension of the SCP improved ground should be designed according to the influence of the shear

strength reduction of liquefied area.

soil improvement area

VA
- pressure from
liquefied layer
caisson
N\
AN
N\
AN AN
7 777 4

Figure 28b. Schematic diagram for stability calculation of retaining structure (International

Navigation Association, 2001).
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7.3.4 Design procedure for increase bearing capacity and reduce ground settlement
7.3.4.1 Introduction

The replacement area ratio and extent of SCP improved ground shall be designed to assure the design
requirement and specification.

The replacement area ratio for the application is typically around 0,3
7.3.4.2 Design procedure for sand pile arrangement

The average SPT N-value of sand piles and surrounding soil, N, calculated by Eq. (37) shall be equal or
exceed the target SPT N-value.

N=(l-as)N,+as-N

= (31)
where
as : replacement area ratio
N : average SPT N-value after improvement
Nii : SPT N-value at sandy ground between sand piles
Nis : SPT N-value at center of sand pile
7.3.4.3 Extent of SCP improved ground

The extent of SCP improved ground for increasing bearing capacity and decreasing ground settlement
shall be designed to assure the design requirement and specification.

7.3.5 Materials

Sand material for the SCP method should have appropriate grain size and grain size distribution for ease
of compaction, and have high permeability in the case the drainage function is expected.

There are no particular specifications on materials to be used for sand compaction piles. The grain size
distribution of the material used for sand compaction piles should preferably fall within the limits given in
Figure 29.

60



PO

0.075 0.42 2.0 5.0 20.0
| \ Y - I "
Silt { Finesand ‘(oarsc sand |Fine gravel| Medium gravel | Coarse gravel
100 py Jres——— - TATTTTH 1 1 - T TTTTT]
b= 1T EEP i
s LE bl o O O B s R S Y TITTITT ¥~ PP s
80 p=~ 4 ey [ - § et
-~ s i ‘ e R
£ 70 —_— L
° eded-dddld
g eaL
5 sof . INERE
- ] N (W, R YN[ — 1444
2 40} . RRE
= St St L -
= 30 —_— g L
s { oo b {
= 20} ! M i
g g e ofed ]
2, FHHH
7 - - - - - »
::., A ( o 1
0.01 0.05 0.1 0.5 1.0 5.0 10.0 50.0

(0.075 (0.25)(0.42 (2.0 9.52)
Particle size (mm)

Figure 29. Examples of grain size distribution of sands used for sand compaction piles
8. Vertical drain Method

8.1 Introduction

This Standard establishes general principle for the design of clay ground by the vertical drain method.
This Standard applies to the improvement of low-permeability, highly compressible soils by vertical
drainage and preloading.

Vertical drainage is used both in on land and in marine constructions for the following purposes:
(pre-)consolidation and reduction of post-construction settlements,

speeding up the consolidation process by decreasing the path lengths for pore water dissipation, increase
of stability (by increasing effective stresses in the sail),

groundwater lowering.

In each case there is an overall treatment of the soil (the volume of the drains is small in relation to the
soil volume treated).

Guidance on practical aspects of vertical drain method, such as execution procedures and equipment, is
given in TCVN 9355:2013.

8.2 Design principle and procedure
8.2.1 Introduction

In the vertical drain method, prefabricated vertical drains or sand piles are installed with at a constant
spacing in the clay ground to accelerate the consolidation process.

The spacing and depth of the vertical drain, the sand mat and the preload shall be designed to assure
the design requirement and specification.

The consolidation settlement and residual settlement shall assure the design requirement and
specification.
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8.2.2 Design of surcharge pressure

Embankment load and vacuum load can be applied as a surcharge load to provide the consolidation
pressure.

The magnitude of consolidation pressure shall be designed to achieve the strength increase to the target
strength or to achieve the consolidation settlement within the specified construction period.

The increment of shear strength after consolidation, Ac, should be calculated by Egs. (32) and (33).

Ac= Cufp-Ap-U
oo 32)

for embankment load as a surcharge

_\f'=;‘[-("{-;:—{ > ‘= ,,':\'
o } P.—P, ) (33)

where,
Cup: strength increase ratio
h: height of embankment (m)

’

po : initial pressure (vertical pressure before start of construction) (kN/m?)
pc’ : preconsolidation pressure (kN/m?)
U : degree of consolidation

a : coefficient of stress distribution, namely ratio of distributed stress in ground and consolidation load
(embankment load)

vt :  unit weight of embankment (kN/m?)
Ac: strength increase (kN/m?)
Ap':  consolidation pressure (kN/m?)

The consolidation settlement can be calculated by either Egs. (34).

Ae

& H
1+e,
S=m -Ap"H
S=H.-~% .log a4
1=-e, D,
S=H 1C: 105-’ p:," L Iog 2 _Ap'_p:
-¢ 2, & Z. * (34a; 34b; 34c; 34d)
where
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C. compressive coefficient of ground

Cs swelling coefficient of ground

€0 : initial void ratio of ground

€c : void ratio of ground at preconsolidation pressure

H : ground thickness (m)

my volumetric coefficient of ground (m2/kN)

po’ initial pressure (vertical pressure before start of construction) (kN/m?)
p’ preconsolidation pressure (kN/m?2)

S : settlement of ground (m)

De increment of void ratio of clay ground

Ay":  consolidation pressure (kN/m?)

In order to eliminate secondary consolidation after completion of the project a temporary load can be
used, which creates an effective preconsolidation pressure that exceeds the effective overburden
pressure remaining in the soil after completion of the project.

8.2.2.1 Embankment loading as surcharge
The height and width of embankment shall be designed to achieve the design specification.

The width of embankment is preferably larger than the width required for soil improvement (see Figure
30).

The stability of embankment should be evaluated by slip circle analysis to assure the stability of
embankment.

If the placement of the load may result in instability, the width and thickness of required loading berms
shall be defined or the loading operation shall take place in well-defined steps. In the latter case, the
magnitude and the duration of each load-step shall be defined.

te————— Mean width —
]

1 |
i P Flll top wndth ===
- (Bl i

TLATIERP
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Drain area

-4 (Permeable layer): 7 55 T
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Figure 30. Width of embankment for vertical drain method.

Where stability conditions are unsatisfactory, the vacuum method can replace and/or complement the
placement of surface load. In such a case, the sealing of the outer borders of the drained area is of vital
importance for success.

Surface loading by placing a fill can be combined with the vacuum method or with temporary groundwater
lowering in pervious layers or underlying pervious strata.

8.2.2.2 Vacuum loading as surcharge

The vacuum method produces an under-pressure in the pore water in the drainage layer and the drains,
normally corresponding to a vacuum of about 80 to 90 % of atmospheric pressure.

8.2.3 Design of drain spacing

The spacing of vertical drain shall be designed to achieve the target degree of consolidation within the
specified period.

The drain spacing should be calculated based on the Barron's theory or Bio's theory.

The degree of consolidation of improved ground by the vertical drain method should be calculated based
on the Barron's theory or Bio's theory. The practical formula as Eq. (35) can be applied.

i [ 8T, ]
U=1l-expi——=
- | Fln))
Fln)= —ji- In(»)- =il Tl
n -1 4n”
d,
nNn= _—
a,
T,=t
“ (35)
where,
U: average degree of consolidation
Th: time factor
Ch: coefficient of consolidation for lateral water flow (m?/day)
d: spacing of drain (m)
de: equivalent diameter (m)

de = 1,05d (m) for triangle pattern
de=1,128 d (m) for square pattern

dw: diameter of drain (m)
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t: time (day)

The diameter of drain, dw, should be calculated by either Eq. (36) in the case prefabricated vertical drain
is used.

d, =2a+bd)/ 7
d =la+b) 2
‘ (36)
where,
a: width of prefabricated vertical drain (m)
b: thickness of prefabricated vertical drain (m)

8.2.3.1 Depth of drain

The drain should be installed into underlying permeable strata to enable upward and downward flow in
the drain, in the case where the embankment load is used as a surcharge load.

The drain should not be penetrated into underlying permeable strata in the case where the vacuum load
is used as a surcharge load.

8.2.3.2 Effect of vertical drainage

The effect of vertical drainage at the ground surface can be incorporated in the case where the drain
spacing is relatively large comparing the thickness of ground to be improved. The degree of consolidation
can be calculated as Eq. (37).

U=1-(1-U )-(1-U

“ (37)
where,
Un: degree of consolidation due to lateral water flow, calculated by Eq. (35)

Uv: degree of consolidation due to vertical water flow, calculated by the Terzaghi's one dimensional
consolidation theory.

8.2.3.3 Coefficient of consolidation in horizontal direction

The coefficient of consolidation for the lateral water flow, ch, has close relation with that for the vertical
water flow, c.. The ratio cn/cy is depend on the soil type, stress history and so on, and is reported as 1 to
10.

8.2.3.4 Factors influence consolidation speed

The consolidation process is influenced by many factors, such as the smear effect, well and mat
resistances, which can be incorporated in the design for precise evaluation.

A zone surrounding the drain whose permeability and consolidation characteristics have been influenced
by soil disturbance. The effect of smear zone becomes dominant in the case the drain spacing is small.

The effects of the well resistance and mat resistance should be incorporated in calculating the degree of
consolidation accordingly when the resistances can not be negligible.
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The effects of the well resistance and mat resistance can be calculated by Eq. (38) (Yoshikuni and

Nakanodo, 1974).

-

U=1-exp; ot >
U =1-=CAPN ——=
N | F(n)=0.8Lw+Lm)|
- i 3n° -1
F(n)=——In(n)=——r
n® -1 4n°

N=

a,

.
- “(
I, =2t

al
. 32 H-k (B
Lm= - - —

L Rk(H
= > 157
TRk \4d,
- ” (38)

where,

B: length of drainage blanket (m)

H: length of drain (m)

Hm:  thickness of drainage blanket (m)

Ke: permeability of ground (m/min)

Km: permeability of drainage blanket (m/min)
Kw: permeability of drain (m/min)

Lm: coefficient of mat resistance
Lw: coefficient of well resistance factor
8.3. Materials

8.3.1 General

Vertical drainage involves the use of sand drains and prefabricated drains.

All materials and products used shall comply with the specifications given below.

8.3.2 Sand drain

The sand drain is a drain with circular cross-section, built up of granular material with high permeability.
The diameter of the drain is from 30 to 50 cm in many cases. The fabri-packed sand drains, a diameter
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of 12 or 40 cm and packed into synthetic fiber bags, are also available for improvement of highly
compressible and highly sensitive soils..

The permeability of the sand should be high enough to prevent clogging with clayey particles and avoid
serious well resistance. The permeability requirements depend on the permeability of the surrounding
soil and the depth of drain installation and should primarily be defined by the designer.

The grain size distribution of the material used for sand drains should preferably fall within the limits given
in Figure 31.

The risk of necking of sand drains during installation and/or in the course of settlement should be
considered in the case of highly compressible and highly sensitive soils.
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Figure 31. Examples of sand used in sand piles.

8.3.3 Prefabricated vertical drain

A prefabricated vertical drain has a rectangular cross-section, usually consisting of a central core with a
channel system surrounded by a filter sleeve.

A variety of prefabricated vertical drains exist on the market.

The band drain is a prefabricated vertical drain with a rectangular cross-section, usually consisting of a
central core with a channel system surrounded by a filter. The width of the core of the band drains is
typically 100 mm, and the thickness is between 2 to 10 mm.

The required discharge capacity of the band drain is largely dependent upon the purpose of ground
improvement, the consolidation parameters of the soil, the drain spacing and the depth of drain installation.

The discharge capacity shall be high enough to satisfy the design requirements.

In very compressible soil, such as soft and organic clay, prefabricated vertical drains are apt to buckle in
the course of settlement. Buckling may seriously reduce the discharge capacity of certain types of band
drains.

8.3.4 Drainage blanket

The drainage blanket, which also serves as a working platform, should have a horizontal upper surface.
Thickness of drainage blanket is usually set to be around 1,0 m to 1,5 m for marine works and 0,5 m to
1,0 m for land works.
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Crushed material can be used for the drainage blanket provided that it fulfils the grain size

recommendations given in Clause 7.3.2.

The permeability of the drainage blanket in the horizontal direction, if considered unsatisfactory, should
be improved by means of a horizontal drainage system placed in the lower part of the blanket.

9. Pneumatic Flow Mixing Method

9.1 Introduction : This Section establishes general principle for the design of clay and dredged soil

stabilized by the Pneumatic Flow Mixing Method.

Figure 32. Design flow for the mixing condition of stabilized soil.

9.2 Design

9.2.1 Basic Concept

Design of the pneumatic flow mixing method shall be conducted appropriately to assure the design

requirement.

9.2.2 Design flow

68

i

Establish design strength of
stabilized soil, g, and flow value

l

Assume probability and
coefficient of variation, v

l

Determine average strength
of field stabilized soil, g,

Je————]

Determine average strength
of laboratory stabilized soil, g,

Strength ratio, g_/q

[P

Determine mix condition
for g, and flow value

Laboratory mix test
accumulated data

l
Bl D




PO

Design for determining the mixing condition of stabilized soil should be conducted according to the design
flow as shown in Figure 32.

A schematic diagram of the relationship between the design standard strength quc, and the average
unconfined compressive strength of laboratory stabilized soil qu and the average unconfined compressive
strength of field stabilized soil q. is show in Figure 33 and Eq. (39).

9o 9.t 9

w

Kxo

-

] . P

S Strength distribution curve

3 of laboratory treated soil

5]

2 § st et e

o Strength distribution curve
of field stabilized column

Unconfined compressive strength, ¢,

Figure 33. lllustration of field and laboratory strengths of stabilized soil.

d =9, —K-0

G =4, (1=K -CV)

gy =4 q_ul (39)
where
Ccv : coefficient of variation of field stabilized soil
K : coefficient

Qus : design standard strength (kN/m?)

Quf : average unconfined compressive strength of field stabilized soil (kN/m?)
Qui : average unconfined compressive strength of laboratory stabilized soil (kN/m?)
o) : standard deviation (kN/m?)

A : ratio of qui/qui

The magnitude of CV should be determined by accumulated case histories.

The magnitude of CV is usually adopted 33% in Japan by the accumulated case histories.
The magnitude of K should be determined according to the type and size of superstructure.
The magnitude of K is usually assumed 0,67 in Japan by the accumulated case histories.

The magnitude of A should be determined by field trial tests or the accumulated case histories.

The magnitude of A is affected by numerous factors, including the mixing condition, type of soil, type of
binder, the curing environment and period.
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The magnitude of probability depends on the purpose and application of stabilized soil, and the type,
function and importance of superstructure on it. In many construction projects in Japan, a probability of
75 % has often been applied.

According to the accumulated case histories in Japan, the coefficient of variation of field stabilized soil
strength and the strength ratio, qu/qu, are usually assumed to be 0,35 and 0,7, respectively in Japan.

9.2.3 Geotechnical design

The target strength of the stabilized soil ground shall be appropriately determined to assure the design
specification of the ground.

The target strength is 100 to 200 kN/m? in qu in many cases.

Though the characteristics of cement stabilized soil are different from ordinary clay, stabilized soil is
usually assumed to be the same as ordinary cohesive soil having ductile characteristics for the
geotechnical design.

9.2.3.1 Earth pressure of stabilized soil ground with infinite width

The formulations below are provided under the assumption that a stabilized soil ground is a horizontally
stratified ground, having infinite width and uniform properties.

(a) Earth pressure before hardening

The earth pressure of stabilized soil in a liquid state should be calculated by Eq. (40).

)

where

h: height of liquid state stabilized soil layer (m)

Pt : earth pressure of liquid state stabilized soil (kN/m?)
I unit weight of liquid state stabilized soil (kN/m3).

(b) Earth pressure after hardening
(b-1) Earth pressure at rest
The earth pressure at rest of stabilized soil ground, po', should be calculated by Eq. (41).

The magnitude of the coefficient of earth pressure at rest, Ko, can be assumed as 0,15 to 0,2.
p'=K,(Zrh+w) (41)
where

h: thickness of stabilized soil layer (m)

Ko:  coefficient of earth pressure at rest

po':  effective earth pressure at rest coefficient

w: surcharge per unit area at ground surface (kN/m?)
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Y effective unit weight of stabilized soil (kN/m3).
(b-2) Static active earth pressure

The static active earth pressure of stabilized soil ground should be calculated by Eq. (42), in which the
cohesion, c, is usually assumed as qu./2.

p. =2y "h+w-2c (42)

where

C: cohesion of stabilized soil (kN/m?)

h: thickness of stabilized soil layer (m)

Pa’ active earth pressure (kN/m2)

w: surcharge per unit area at ground surface (kN/m?)
Y effective unit weight of stabilized soil (kN/m3).

(b-3) Dynamic active earth pressure

The dynamic active earth pressure of stabilized soil ground should be calculated by Eq. (43) (see Figure
34).

{(Znhi)cos(w—ﬂnw} sin(¢,~¢ +0)cosly &) cicosly — Beosd,

cosy cosfcos(y ¢, +¢ +S)sin(¢, - B) cos(y —¢ + ¢ +5)sin(¢, - B)
Y+ +90°
i = 5
L BC + 4B’ -4’ +C
M, =tan PERYE

@=tan"'k, ortan” k,"'
A =sin(5+4+06)
2¢, cos(y — f3)cos g, cos(5 + B )cos @
(z il )COS(V/ - ﬂ)
+w
2cosy
2¢, cos(y — )cos ¢, sin (S + 3)cos @

(Z7ihi)cos(‘//_ﬁ)+w

B, =sin(y + ¢ + 6 — f)cos @ —sin(y — g, +0)cos(5 + )+

C, =sin(y +¢ + 35— B)sin@ +sin(y — ¢, +0)sin(5 + ) -

2cosy (43)
where
Ci: cohesion of soil of the i-th layer (kN/m?)
h; : thickness of of the i-th layer (m)
kn : horizontal seismic coefficient
kn’:  apparent horizontal seismic coefficient
pai:  dynamic active earth pressure of the i-th layer (kN/m?)
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w: surcharge per unit area at ground surface (kN/m?2)
angle of back fill to the horizontal (°)

o: angle of wall friction (°)

di: internal friction angle of the i-th layer

Yi: unit weight of of the i-th layer (kN/m?3)
resultant seismic coefficient angle (°)
angle of wall to the vertical (°)

Git angle of failure surface on the i-th layer to the horizontal (°).

5/

Figure 34. Dynamic active earth pressure calculation.
9.2.3.2 Earth pressure of stabilized soil ground with a finite width

The earth pressure of stabilized soil ground with a finite width should be calculated by a slice calculation
method, as illustrated in Figure 35.

ZZZ

i H

\
\

5 LA \\\\cc

AE; kW,
Figure 35. Earth pressure calculation by slice method.

9.2.3.4 Bearing capacity of stabilized soil ground

The bearing capacity of stabilized soil ground having a sufficiently large spatial and sectional extent
should be evaluated by conventional bearing capacity theory, as shown in Eq. (44).
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q =é l,:‘-B-.\'_ ~¢c,-N=+g-\N_-1) =¢q

HENE (44)
where
B: width of superstructure (m)

Cw : undrained shear strength of soil beneath improved ground (kN/m?)
Fs: safety factor
Nc:  bearing capacity factor of soil beneath improved ground

Ng: bearing capacity factor of soil beneath improved ground

Ny: bearing capacity factor of soil beneath improved ground

q: effective overburden pressure at bottom of improved ground (kN/m?)
ar : bearing capacity of soil beneath improved ground (kN/m?)

y: unit weight of soil beneath improved ground (kN/m3).

The appropriate magnitude of the bearing capacity factors should be determined by considering
accumulated experiences.

9.2.3.5 Soil volume design

The volume ratio between the soil to be dredged and the soil on the transporting barge, Nvoi, should be
calculated by Eq. (45.a), and that between the soil to be dredged and the stabilized soil, N, can be
calculated by Eq. (45.b) (see Figure 35).

w, - G, LG
Nvol =1—i_VYWZ—i_I/c +Vcw ZLW‘FE-F W/CC
w, -G, G, G,
100 ) (45.a)
WGy +G, +C| G, G, 1 Wi
N 100 100 G, G,
vol Wa Gg
100 " (45.b)
where
C: cement factor (kg/m?)

Ge: specific gravity of cement
Gs: specific gravity of soil particle
Gw:  specific gravity of water

Wo! water content of soil at excavation site (%)
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Wa!
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Figure 36. Soil volume change through the excavation, stabilization and placement processes

(Ministry of Transport, The Fifth District Port Construction Bureaus, 1999).

9.3 Mixture Design of Stabilized Soil

The mixing design of the stabilized soil should be determined by performing laboratory mixing tests or
field tests under the same conditions as in actual construction (Refer to TCVN 9403 : 2012 Gia cb dat
nén yéu-Phwong phap tru dét xi mang ( Stabilization of soft soil — The soil cement column Method, 7.
Basic Design and Annex B . Design Solutions)

Laboratory mixing test procedure (Refer to TCVN 9403 : 2012 Gia cb dat nén yéu-Phuwong phép tru dét
xi mang ( Stabilization of soft soil — The soil cement column Method, Annex D . Laboratory test Methods
for determination of compressive strength of cement — soil specimen in Dry Mixing Method and Annex E
Laboratory test Methods for determination of compressive strength of cement — soil specimen in Wet
Mixing Method)
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