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An axisymmetric-to-plane-strain conversion method for modeling
soft ground improved by vacuum-surcharge preloading

Hokkaido Univ.  Graduate student O Tuan Anh TRAN
Hokkaido Univ.  Member Toshiyuki MITACHI

1. Introduction

The soft ground improvement technology has advanced considerably over recent years. One of the most advanced
improvement method is to use vertical drains subjected to a combination of vacuum pressure with soil-surcharge
preloading. We call this method is vacuum-surcharge preloading, In Hokkaido, Japan, there are many areas that consist
of deep peaty soft ground. These areas have been widely improved by vertical drains under vacuum-surcharge
preloading. Therefore, the 3D and 2D simulations by finite element analysis have been conducted in Japan to predict the
deformation behavior of peaty soft ground under this preloading technique, and a similar movement can be seen all over
the world. 2D cell with smear zone 20 cell without smear zong
Nevertheless, the iD
simulation method for a full-
scale subsoil improved by
vertical drains under
conventional  surcharge or i i |
vacuum-surcharge preloading
is usually impractical, because
the number of cubic elements = 4’ 3
that is needed to create a
converging result is usually too A
large (Hird et al. 1992 ¥; Hird |
et al. 1995 ¥ Chai et al, 1995 S R

1a

Indraratna et al. 1997 ), This = e

leads to a very long B - '/_ D. 2B

computation time. Therefore, to L»/ / L»/

shorten the time, the 3D Axisymmetric call

simulation method usually

requires an extreme sirong Fig.1. Axisymmetric unit cell and its equivalent plane strain unit cells
CPU (central processing unit)

together with a very large ¢ g, ¢ g,

memory. By this fact, for the
full-scale subsoil problem, the

I impermeable | ', impermeable

2D  simulation method, in “Py T “Po t T

which the deformation of g | g

subsoil is assumed to be under 3 i z

plane-strain  condition, s 3 = | 2 e

usually to be preferred. 5 gz ; s 2z
ES E— E |5

However, the performance of a M [1- (- kAl sy pl1-(1- k)2l — Uy k!

vertical drain s under o debuton of & 5 hssumed dstrbuton o 2 E

axisymmetric condition (see  vacuum pressure 3 B vacuum pressure = =

Fig.1). Hence, a conversion 2 n g

procedure from an E 1 &

axisymmetric unit cell to an -k,p, 4 ¢ -k.P, 4 A

equivalent plane strain unit cell impermeabie

is needed. Hird et al. (1992 2, .IL"! J—bi’

1995 ), Chai et al. (1995) ", T —

Indraratna and Redana (1997 ¥, s

2000 *) proposed conversion R B

procedures for unit cells under

conventional surcharge (a) Analytical modei of the axisymmetric unit cell (b) Analytical model of the plane strain unit cell

preloading, and only Indraratna Fig. 2. Analytical models of the axisymmelric and plane strain unit cells

et al. (2005) 7 proposed a
conversion g)rocedure under both conventional surcharge and vacuum-surcharge preloading condition. In Indraratna et
al. (2005) 7 method, it is deemed that the smear zone in plane strain unit cell is needed, and the determination of
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drainage length (/) of the vertical drain is required. However, in practice, simulation of smear zone in plane strain
condition significantly increases the number of elements and the input material parameters for the smear zone. In
addition, the subsoil usually has many soil layers; therefore, to determine /, we must determine whether the top and
bottom boundary of each soil layer is drained or undrained. Based on our experience, the drained or undrained boundary
condition of each layer is usually not clear.

Therefore, the purpose of this research is to propose an alternative conversion procedure from an axisymmetric unit cell
to a plane strain cell under vacuum-surcharge preloading. In this procedure, determination of the drainage length (/) of
each soil layer is not required, and the simulation of smear zone in plane strain condition is not needed.

2. The proposed conversion method under vacuum-surcharge preloading condition

To find the conversion expression of permeability from the axisymmetric unit cell to the plane strain unit cell without
smear zone under vacuum-surcharge preloading condition, we conducied as follows: Firstly, based on the analytical
model of Indraratna et al. (2005) 7 for the axisymmetric unit cell under vacuum-surcharge preloading, we used
analytical mathematics to find a function of development of excess pore water pressure within this cell with time at any
given depth z. Subsequently, we built another analytical model for the plane strain unit cell having no smear zone,
under vacuum-surcharge preloading; this model is simpler than that including smear zone of Indraratna et al. (2005) ”
method. After that, based on mathematics, we found the function of development of excess pore water pressure with
time, also at any given depth z, for this cell. Finally, by equating two obtained functions of excess pore water pressure
of these two cells, we found the conversion expression of permeability from the axisymmetric unit cell to the plane
strain unit cell without smear zone under vacuum-surcharge preloading condition.

2.1. Analytical models of the axisymmetric and plane strain unit cells under vacuum-surcharge preloading

In general, these two models are depicted in Fig. 2. In these figures, o, denotes the surcharge; pp is the vacuum pressure
applied to the top of the drain as well as the drain wall; k, is the maintaining factor of vacuum pressure (0 <k;<1); z is
depth; / is the drainage length as well as the length of the unit cell; r, is equivalent drain radius; r, is smear zone radius;
R is equivalent radius of the influence zone; b, is half-width of the drain-wall; B is half-width of the plane strain unit
cell.

Main assumptions of these models are:

(1). The soil within the cell is fully saturated and homogeneous;

(2).The permeability of the soil is assumed to be constant during consolidation;

(3). The vertical flow within the soil of the relatively long unit cell is insignificant, i.e. it is assumed that onily radial
flow occurs within the soil;

(4). Equal strain hypothesis of Kjellman (1948) ® is followed, i.e. the horizontal sections of the axisymmetric and plane
strain unit cells remain horizontal during the consolidation process;

(5). The displacement at outer boundaties of the vertical drain and the cell are fixed in horizontal direction, i.e, only
vertical displacement is allowed at these boundaries;

(6). Darcy’s law is considered to be valid, and the solutions are based on the Darcy’s law;

(7). The change in volume corresponds to the change in void ratio, and coefficient of volume compressibility, m,, is
constant during consolidation process;

(8). Indraratna et al. (2005) 7 assumption about the loss of vacuum pressure along the vertical drain is employed, i.e. the
vacuum loss is a linear increase with depth (see Fig. 2), in which — pg is the vacuum pressure at the top of the drain, and
- kipo 1s the corresponding value at the bottom of the drain.

Conversion equations derived in accordance with the procedure mentioned above are summarized as follows.

2.1.1. Analytical solution for the axisymmetric unit cell (modified after Indraratna et al, 2005 7)

1] @= (01 +p{1 -(1 —kl)EDexp[— ST*"J—po[l -(1 —kl)f] where
4 Hoy /

k
ha : [3] T;m — Chazt — kka t2
4R* myy, 4R

[2] g, =Inley Koy g —%+ﬂz(21—z)
A

a sa wda

where &y, and k;, are horizontal permeability coefficients of the axisymmetric unit cell in undisturbed zone and in smear
zone, respectively; g., is discharge capacity of the drain; T}, is dimensionless time factor for horizontal drainage in
axisymmetric unit cell; z is depth; / is drainage length of the cell; R is radius of the axisymmetric cell; #, and #,, are the
radii of the smear zone and the drain, respectively; n,is ratio R/ry; 5,18 ratio 1, /ry; Cp, is coefficient of consolidation for



horizontal drainage in axisymmetric case; m1, is coefficient of volume compressibility for one-dimensional compression;
¢ is time; ¥, is unit weight of water.

2.1.2, The proposed analytical solution for the plane strain unit cell without smear zone

2k
[4] ﬁ:(al+po[1~(1—kl)ﬂjexp—ST'* -po[l—(l—kl)ﬂ where [5] ﬂzp=%+§—”—"—(2lz—zz):

p wp

6] 1, =l Fw t
¥ 4B*  my, 4B

in which kg, is horizontal permeability coefficient in the equivalent zone of the plane strain cell; g,, is discharge
capacity of the drain-wall; 7}, is dimensionless time factor for horizontal drainage in the plane strain cell; Cy, is
coefficient of consolidation for horizontal drainage in the plane strain cell; B is the half-width of the piane strain cell.
2.2. Conversion expression of permeability

Equating Eq. [1] and Eq. [4] we obtained

_28° Ky 18 28
(7] k””_:stx 3 (8] 4., pre
In—2—-=+-H*]ng,
s, 4 k,

On the other hand, the following expression is proposed by Indraratna et al. (2005)

2 2 B
[9] k},p — (a""cspﬁ)B kha where lua =ln(n_‘7]+cm ln(Sa)__3_+2_xﬂz_; =2 (’:]J Sp)3 .
Rzﬂ _% I_L e 4 3 wa 3 np(np_l)
a 3qu np
2(.5' —1) 1
ey s 5 03, )
PP

Cl, 1s ratio ky/k; Cipis ratio kyy'k,, in which k;, and &, are horizontal permeability coefficient of the plane strain unit
cell in undisturbed zone and smear zone, respectively; #, is ratio B/b,, in which b,, is half-width of the drain-wall; 8y 15
ratio b,/b,, in which b; is half-width of the smear zone of the plane strain cell.

3. FEM validation
Q Top of the drain Q Top of tha drain
1 50 kPa egative ‘& @xXCess pwp k Sakpa  Nefalive 50 kPa excess pwp
i Top of the cell EHHTHRIRAN Too of the cel
Top of the drain o iapesstbatifebitisdbiseidels e
egalive 50 kPa excess pwp Undrained rigid plate q Undrained rigid plate /" Undrained rigid plate
Petiphary of the drain . N . )
Verlical roller boundary Feriphery af the drain Perighery of the drain
Vertical roller bourdary Veriical roller boundary Y
Vartical roller boundary Vertical roller boundary Vertical roller bouncary Yerlical mILI?r :nunzary
Impermeable boundal Impermeabla boundary Impermeatie boundary uw
Cenlrefing of the drain - Perphary cihecel |5 - Perpheryof e cel | £ Pariphery of the call g
¥ n ¥ = ) =
A -~ i — 1 i
¥ r 1ﬂ ¥ -
Vertical roller boundary Vertical tofler boundary
Impermeable boundary Impermeable boundary A
Centreline of the drzin Centreling of the drain
- U 1
Ded, impermeatle boundary Fixed, imparmeable boundary \Fixed, impermeable boundary
Undisturbed zone, 27 cm Equivaleni zone, 42.5 cm Equivalent zone, 72.5cm
Horizontal roller boundary Horizental roller boundary Horizoral roller boundary
Half drain, = 2.5¢cm Haif drain wall, b = 25 em Half drain wall, b2 25 em
Impermeable: boundary Impermeable boundary Impermeabie boundary
{a) Axisymmetric unit cell, R =045m (b} Plane strain unit cell, B=045m (¢} Plane strain unit cell, B =0.75m

Fig. 3. FEM models of the axisymmetric and plane strain unit cells
It is observed that our proposed conversion expressions under vacuum-surcharge preloading condition are the same as
the conversion expressions proposed by Hird et al. (1995) ¥ under conventional surcharge preloading condition.
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Therefore, the validation of the proposed Table.1. Computed cases for validation

conversion expressions was conducted for cases COMPUTED GASES

under vacuum-surcharge preloading condition 1 clay layer

only, because Hird et al. (1995) ¥ already F, RorB k=1 k=05
validated these conversion expressions in cases __m VCTD jVCSEgS|VCSFrS) VCTD | VCSEgS| VCSFrS
under conventional  surcharge  preloading 04 gzg:’g g 8 g 8 - 8
condltlpn. _Hence, generally, we have conducted B vy 5 5 5 o) - °
the validation by FEM for 2 cases under vacuum- =045 3] - - p - -
surcharge preloading condition. Case 1 is a 1 [B=045 0 - - - - -
homogeneous clay layer, and case 2 is 2 clay B=075 o - - - - -
layers. In these FE analyses, 2 plane strain unit R=045 0 0 O 0 - 0
cells, one has B = 0.45 m and the other one has B | 2 [E=345 1 O — —— =
=0.75 m, were used 1o equivalently simulate the . 2 clay layers

axisymmetric unit cell having R = 0.45m, where - RorB o1 k=05

this value of R is an actual value of a full-scale d m VCTD |VCS-EQS| VCSFIS| VCTD |VCS-EqS] VOS-FrS
test embankment constructed in Kushiro City, R =045 0 - 0 0 - 0
Hokkaido, Japan (Tran et al. 2004 '), o1 = g;g 0 - 0 o - 0
We have tested our proposed conversion method 2 ::g‘:: g — 8 8 — 8
with various values of well resistance that are |:B._.0:75 - - - - _ m

selected on the basis of Mesri’s discharge factor,

2
F,= kqw;2 = gﬂ&[fi) . According to Mesri and Lo (1991) *, well resistance is considered to be insignificant if Fq
k
ha ha
is larger than 5. Therefore, we have tested our method for three values of Fg4, which are 0.1 (i.e. very high well
resistance), 1 (i.e. low well resistance), and 20 (i.e. almost no well resistance) respectively.

In addition, because one of the basic assumptions of our analytical solution is based on “equal strain hypothesis”,
therefore we chose Poison ratio equal zero, and put an undrained rigid plate on the surface of the cell. However, to
validate the applicability of the proposed method to the case of free-strain at the surface, we have undertaken some
other FE analyses, in which the rigid plate is removed from the surface of the cell. It should be noted that, in the
analytical model, the vacuum pressure is applied to the top of the drain only. Nevertheless, we have checked our
conversion method for both two cases, one has vacuum pressure applied to the top of the drain, and the other one has
vacuum pressure applied to both the top of the drain and the surface of the cell.

In general, the boundary conditions and meshes of the cells are shown in Fig. 3. In these FE analyses, it is noted that the
permeability coefficient for the case of 1 homogeneous clay layer {k;, = 4.3E-4 (m/day)) is an actual value obtained

from laboratory test of a clay layer in Kushiro City, Hokkaido, Japan, where the full-scale test embankment was
constructed.

It is observed that the conversion method proposed by Indraratna et al. (2005) ” showed excellent matching results, in
their paper, for the case of one clay layer, Therefore, a check on the applicability of both our proposed method and
Indraratna et al. (2005) ” method for the case of 2 clay layers would be expected; for this reason, the check for the case
of 2 clay layers was conducted in this study, It should be noted that, in this 2-layer case, the upper clay layer has the
same permeability and the same elastic modulus as those of the case of one clay layer, whereas the lower clay layer has
the same elastic modulus as the upper clay layer, but having the permeability coefficient being 5 times higher than that
of the upper clay layer.

In summary, all computed cases are tabulated in Table 1, in which the meanings of abbreviations are as follows:

(1). VCTD: Vacuum assigned at the top of the drain, not at the surface of the cell;

(2). VCS-EqS: Vacuum assigned at the surface of the cell and at the top of the drain; in this case, equal strain set at the
surface;

(3). VCS-FrS: Vacuum assigned at the surface of the cell and at the top of the drain; in this case, free strain is allowed at
the surface;

(4). F4 is Mesri’s discharge factor.

Besides, in Table 1, for Fy= 1, only the case VCTD is computed. This is because, all computed results of Fy = 1, in
accordance with VCTD, were almost the same as those of Fy = 20. Therefore, we believe that all results of Fy = 1, in
accordance with VCS-EqS and VCS-FrS, would be almost the same as those of Fy = 20. For this reason, we decided
that cases VCS-EqS and VCS-FrS should be computed with Fy = 20, but not with F, = 1.

In addition, all input parameters used for the case of one clay layer are tabulated in Table 2, and all input parameters
used for the case of two clay layer are tabulated in Tables 3 and 4.
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Table 2. Input parameters of the axisymmetric and plane strain unit cells for the case of one clay layer

The axisymmetric unit cell

Radius of the axisymmettic cell, (r) R 0.45

Smear zone radius, (m} Ty 0.180

Drain radius, {m} Fur 0.025

Discharge factor Fq 20 0.1 1
Discharge capacity of the drain, {m/day) Gua 0.864 0.0043 0.043
Permeability of the drain (m/day} Ka 440.032 219 219
Elastic modulus {KN/m®) and Paisson's ratio of the drain Eand v E=1000and v=0

Herizontal permeability of the undisturbeg zone (m/day) Kna 4 30E-04

Horizontal permeability of the smear zone (miday) Kea 4.30E-04 + 5 =8.6E-05

Vertical permeability of the undisturbed and smear zones {m/day) - 1.4 0 for VCTD; 4.30E-04 for VCS-EgS and VCS-FrS
Elastic modulus (KN/m?} and Poisson's rafio of the undisturbed and smear zones Eand v E=1000andv=0

The plane strain unit ¢ell based on our proposed conversion expression

Half width of the plane strain cell, (m) B 0.45 .75 I 0.45 0.75 l 0.45 0.75
Half width of the drain-wall, {m} b, 0.025

Discharga capacily of the drain-wall, (m*day) %o 1.222 2.037 0.0061 0.0101 0.081 0.101
Permeability of the drain-wall {m/day) ko 24.446 40,744 0.122 0.203 1.22 203
Elastic moduius (KN/m?) and Poisson's ratio of the drain-walt Eand v E=1080andv=0

Horizontal pesmeability of the equivalent zone (miday) kw | 286605 | 7.00E-05 | 2686E-05 | 79305 | 286505 [ 7.99E .05
Vertical permeability of the equivalent zone (m/day) kg 0 for VCTD; 4.30E-04 for VCS-EqS and VCS-FrS

Elastic modulus (KN/m?) and Poisson's ratia of the equivalent zone Eandv E=1000andv=0

Table 3. Input parameters of the plane strain unit cells converted by our method for the case of iwo clay layers

Half width of the plane strain cell, {m) B 0.45 | 0.75 | 0.45 0.75
Half width of the drain-wall, {m) by, 0.025
Discharge capacity of the drain-wall, (m*/day}) Yup 1.292 2.037 0.0061 0.010%
Permeability of the drain-wall (m/day) Kun 24446 40,744 0.122 0.203
Elastic modulus (KN.’mz) and Poisson's ratio of the drain-wall Eand v E=1000andv=0

The upper clay layer
Horizontal permeability of the equivalent zone (m/day) Knp 2.86E05 | 7.93E-05 I 2.86E-05 | 7.93E-05
Vertical permeability of the equivalent zone (m/day) Kep 0 for VCTD; 4.30E-04 for VCS-Fr$
Elastic modulus (KN/m?) and Poisson's ratio of the equivalent zone Eand v E=1000andv=0

The lower clay layer
Horizontal permeability of the equivalent zone (m/day) Kno 1.43€E-04 | 3.97E-04 I 1.43E-04 | 3.97E-04
Vertical permeability of the equivalent zone (m/day) kv 0 for VCTD; 2.15E-03 for VCS-FrS
Elastic modulus {KN/m?) and Poisson's ratio of the equivalent zone Eand v E=1000andv=0

Table 4. Input parameters of the plane strain unit cells

converted by Indraratna et al. (2005) method

for the case of two clay layers

Half width of plane strain cell, (m) B 0.45 i 0.75 I 0.45 | 0.75
Half width of drain-wa, (m) by 0.025
Discharge capacity of the drain-wall, (mafday) Gup 0.864 0.0043
Permeabitity of the drain-wall (m/day) Kap 17.280 0.0860
Elastic modulus (KN/m?) and Paisson's ratio of the drain-wall E and v E=1000and v=0
The upper clay layer; we chose | = 4.95 m (i.e. equal to the thickness of this layer)
Horizantal permeability of the undisturbed zone (m/day) Knp 1.01E-04 | 2.27E-04 1.22E-04 | 6.55E-04
Horizontal permeability of the smear zone {(m/day) Ksp 2.03E-05 | 4.55E-05 | 2.45E-05 1.31E-04
Vertical permeability of the undisturbed and smear zones {m/day) kyp & Kysp 0 for VCTD,; 4.30E-04 for VCS-FrS
Elastic modulus (KN!mz) and Poisson's ratio of the undisturbed and smear zones Eand v E=1000andv=0
The lower clay layer; if choosing 1 = 5.05 m (i.e. equal to the thickness of this layer)

Horizontal permeability of the undisturbed zone (m/day) Kerp 5.08E-04 | 1.15E-03 | 4.79E-03 | 4.71E-04
Horizontal permeability of the smear zone (m/day) Ksp 1.02E-04 | 2.30E-04 | 9.58E-04 | -9.43E-05
Vertical permeability of the undisturbed and smear zones (miday) b & Kosp 0 for VCTD; 2.15E-03 for VCSFrS
Elastic modulus {(KN/m®) and Poisson's ratio of the undisturbed and smear zanes Eand v E=1000and v=0

The lower clay layer; if choosing 1 = 10 m (i.e. equal to the total thickness of the two clay layers)
Horizontal permeability of the undisturbed zone {m/day) Knp 515E-04 | 1.21E-03 | -2.02E-04 | -9.17E-05
Horizontal permeability of the smear zone {m/day) kap 1.03E-04 | 2.43E-04 | 4.04E-05 | -1.83E-05
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4. Results and discussion

In all figures 4, 5, and 6, it should be noted that all curves of degree of consolidation were calculated based on the
surface settlement of soil layers.

4.1. For the case of one clay layer

It is noticed that, in the case of VCTD with k; = 1, the computed results of Fq = 1 are very similar to those of Fy = 20;
therefore, the computed results of Fy = 1 were not presented in this paper. In addition, we also observed that in the case
of k= 1 with both Fq = 0.1 and F,4 = 20, the computed results of VCS-EqS are almost the same as those of VCS-FrS;
hence, the results of VCS-EgS were not shown in the paper.

Results in Figs. 4a and 5a indicated that our conversion method yielded good matching results in the case VCTD.
Besides, Figs 4b and 5b also showed that, for each of F4 = 0.1 and Fy = 20, the proposed conversion method is also
applicable to the case VCS-FrS.

4.2, For the case of two clay layers

We observed that, in the case of two clay layers, the computed results obtained in the case of k;=1 are nearly the same
as those obtained in the case of k; = 0.5; besides, the latter case is more general than the former case, therefore only
computed results in the latter case are shown in this paper.

Results, in Fig 6, reveal that our method produced good matching results in the case of two clay layers under both equal
strain and free strain condition. As can be seen, the proposed method was validated not only for the whole cell, but also
for the lower clay layer.

Also in Fig 6, it can be noticed that the conversion method of Indraratna et al. (2005) ” yielded good results in the case
of F4 = 20, but produced results that do not match in the case of Fq = 0.1. The discrepancy in the consolidation degree,
between the axisymmetric cell and the plane strain cell converted by Indraratna et al. (2005) ” method, occurred not
only for the lower clay layer, but also for the whole cell.

5. Conclusions

This paper proposed a conversion method from the axisymmetric unit cell to the plane strain unit cell under vacuum-
surcharge preloading condition. In this method, the determination of the drainage length (/) of the axisymmetric unit cell
in each soil layer is not required, and the plane strain unit cell of this method does not require the inclusion of the plane
strain smear zone. In addition, it is observed that the proposed conversion expression of permeability in this method is
identical with the conversion expression of permeability proposed by Hird et al. (1995) ¥ under conventional surcharge
preloading condition.

FE analyses in this paper indicated that, for both no well resistance and high well resistance, the proposed conversion
method produced good matching results not only for the case of one clay layer, but also for the case of two clay layers.
These FE analyses also reveal that the proposed method is applicable not only to the case under equal strain condition,
but also to the case under free-strain condition allowed on the surface of the cell.

The analyzed results confirmed that, in the case of two clay layers, the determination of the drainage length (/) of the
axisymmetric unit cell in the lower clay layer is very difficult. This led to the performance of the plane strain cell
converted by Indraratna et al. (2005) 7 method did not match with the performance of the axisymmetric unit cell under
vacuum-surcharge preloading condition.
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A fundamental experlmenf oI The area or lnprovea ground under the structure during liquetaction.
Tomoyuki SAWADA,, Kohsuke YOSHIZAWA, Takashi KONDO (Tomakomai National College of Technology)
Nobuaki KOBAYASHI, (Tomakomai National College of Technology Environmental Systems Engineerring Course)
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WRESD2EBETH-, (PRREHH L XBRESOH
2A1:1.5)
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DHE 7w D OB R OACEIEENIER(LE X o 28] &
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4) HEHMEEEH o R IREESR TIL. B (SHz) ANOERL
FIROHBEREERHEL L2 2T, HEHLAITLE
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D W.EER, TEASE TR, HRIEHAE, pp.130 - 132, 2001.
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FAMBEEREES S UCBRBANDHICKE 2FHMOREEM (5 23R

EHEREIEH  O¥ /NE BE
LR LERFFER ¥ EE EX
JeRBE LERTZER E Bf T
HREBRRILE E &R &

RE & & L ¥ E TR #E
ALRB TR 7ERE E =8z

1. L&HIC

FEELIZFEEMLR L —T LA b (T, BE tK) #AROLELNAFANEEEREVICE SHE O
B2 AL TS D FREEREICSEIMIE L 0 828 L R ERRAR %AV T BE 286 L UBREADES (3
Y iay, py) MERBLITY, REREOANOEEL LS p bV, EOHBZE-. TORE VITHEOSET
HOEREL N 5B &R LT, LrLAaRE, FENFNIEIDRESE (OCR) SEEHMRIEEIIL -TELL
TIET MR LB ThHo7oinw ?, HBERCHEL S 3ETHEEFEE L. F2CAME T, S loimy
MERRL Y B2 EE 4L, BE B, #7323 VAIERBREBIUCHEONFERBREER L. AX TR
LOWBHRELY BE RBIC L 3 REFEMOTENE 2R, o ZHEBEOX ¥ v 7L F X F T BE &34
LE=ZEBERBRDERL, LVWIENHEICBITS G EEHHEE () OBV TLERTS

2. ABICH-RE

AR TEAELNFHEREPCER LS AV, BRTIREE (lm 75 10m EXH—2EEERHEFL T
57 ZERBIUHEEERLEZSEI, Onsoy (/A7 x—) OERYEIES Table 1 17T, #3347
BRI RS LTItk 2)%, Onsey I2-DWWTIENM4) ,5) # BB XN, ZRTIRVENEREC, yo7
Vo ZiCRBNMETCEEAVLNTHWAEEY R PRI O+ — P 75— R, 75 —OHEHENE
ERRTHI6e DL 0L, ABRICENESZ 2B TAEE N v bLIZW OV 75 —0 2R TR ZRR L.
B, AEECRERMEOC L S ICHBORENEELWEEN THEIH/ICE, RAZBRSERAVWTFR - ¥z
T L2 BA SRR OHEDREEE TR VIR FESAVLAT VS (UL, dkERR & ER).
FFRTIR DT Tl onT, A=V I PCRAPERIETRERR LA L, EEFRICL > TRE
BULE. B, BRICE L CIHIEAEE 6, ItHmEFR 6%, BAk 90 O3 BEOREICH L TRBLIT~7.

3. RIS T ABRERUILA & A MEERY
B IR EHLRE (B 75mm, & & 00mm) #8fS8-t5 I v s FrAas (5 AM 240kPa)

Table 1 Geotechnical properties of tested specimens

Site Depth (m) P cm’) OCR w (%) i, Clay content(%) Sampler
12.0~12.8 2.67 1.4 58.9 30.1 61 6° {(AkEE)
13,0~13.8 2.69 - 576 31.7 52 6° (L)
. 12.0~12.8 2.67 1.4 58.9 30.1 61 6°
Mihara 13.0~13.8 2.69 - 57.6 31.7 52 (i
12.0~12.8 2.67 1.4 58.9 30.1 6l 90°
13.0~13.8 2.69 - 51.6 11.7 52 90°
6.0~6.8 2.57 25 160.3 68.4 82 6
7.0~7.8 2.65 3.4~68  43.1 23.3 38 6°
Yuubari river —39:58 2.66 6.8 454 211 32 6°
6.0~6.8 2.57 2.5 100.3 68.4 82 90°
7.0~7.8 2.65 34-68 431 23.3 38 90°
8.0~8.8 2.66 6.8 45.4 21.1 32 90°
Onsey 17.0~17.8 2,71 1.3 71.0 43.0 78 6°

Evaluation of sample quality by shear wave velocity and residual effective stress (2nd report)
T.OBARA(Hokkaido University), K.NISHIDA, H.TANAKA, T.MITACHI(Hokkaido University Graduate School),
T.FUKASAWA, A NAKAMURA(TOA corporation)
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Fig.2 p’. ~ G relationship

Fig.3 p’/& o~ G relationship

EFRWCERESIGN (F7 ey, p) REARRETHE L%, BERBRTYAMNBENEE (V) 2BELL.
BE i1 2 #AED A=Y ETF I v /REAFLRRICLELOTSHS, V2V ¥T5 I 02 3BEZNAD LER
L, BIERIELLERRZE LA EEMETHS. BE HEBC L) THRENEEE T BANEMEREELRE L
ARG (G) 2R8I 2 L83 TES. AFRCHAOTWAEEELAHIERER, BE RBOFMARR S X
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Experiments on rainfall-induced failure of volcanic soil slope in Hokkaido : Shima KAWAMURA (Muroran Institute of
Technology), Hisato INO (Graduate student, Muroran Institute of Technology) and Yukihiro KOHATA (Muroran Institute of
Technology)
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HEM A O HBERORBEMN B E—2 174, i T,
BERBEEELIDET A ROOATA—F L LT, BBEAE,
fOfE, Particle Image Velocimetry (PIV)!V SRAFIC L - TEMHE
NAHBENOCEAB TS E BTN S, BIBKER L UeEfE
i, MBOKEF (pwl~pw?) & 8K E (sml~sm5) IZk-T
HEENTWE. £, LHHBOREMLER, HEHNOTEKB
RHEETHETHHEASE, BBAKEH IS ES b EEHH
{2 20, 100mm DACEL, F - RIEPICH T ASTEET HEE T,
AFKE THRE LR Bofic, BB mERICEE L TS,

3. BBRy—REBRBAESLIUAENBOER

3—-1. BBRr—R:BRA=

e LR ERL, OFBKBARENICEFET S/ —R L,
QHERNICH T AMAEFEETE Yy —2Th 5. OFRFEAEIEE
FICTETET 54— A (Casel~Cased) i, 3 TE D HIiE 44 [F (45,
50, 55° ), 2 EEOBHAEE (100, 60 mm/h), MEOHEDH
&, RFEKBRERBOEBRDEN (Smooth, Rough) 1= & 5%{k%
LT E, OREPICH T RBEET 55 —R (Cased) T3,
2 EEOKFRE (100, 60mn/h) » T AN OBELZBA2TIND
(B—-3 :%&~180). BBIAERO®Y THS.

a) A7 Vv— ) AAOHEE, B, KIE, #ELEHE, FED
MERRFRE (100, 60 mm/h) 2723 X 5 Icf%E4 5.

p) R EERE, E—1 DRAT L— ) bk EER
D EEEIRT, Lk, BBEAEROREEZBSETS.

o) MERRICARAEMBEND M, T 40 DBORTERE
BeE i ik, EBRERTTS

716, Cased ThL, BT & OB ARE I —F B O KA (3 30em)
PEF NN OBREREA S~ FS¥ TS, FEE
%, WAk (B-3, Cased B2MB) o KRFBESHAILICE
b, SEANOHTRLEE ERFIETWS, 28, ZofEio
KALZEENT, HAEORIEICHTILE 0.04 % (2BILEHE/2E
) OREEY, ZTINLOBBZL-THELZTWS., Z0H
LI, FRERICBVWIBEACLVELTORERS/
CIRBREILRVWEIBRESNE LD THS. ARBT
XDk 574 Casel 6 Cased FTCORBIRIThhATE., &2
B, BRICL-TESE LA, EMCRBELAFFICLY
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a)

) 60 Y
150| 300 |150 508 133
O |
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O - |
150
O |
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o} l
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e g0 B
150 300 [150| |ee— 539 -
hat | |l
A
00— |
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o |
150 700
O |
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o | w3
100 Q O O sm
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Q Pore water pressure transducer : pw
1  Soil-moisture transducer : sm unit - mm
H-2 HAHEOENE S HBEER
(F: AEABZEENSEHE, T 85
P T AREERAE, a: A, b: K
i )
casel case2 cased
45 50 557
———
700 639 5786
cased
Water supply chamber
-
\&\50‘ unit : mm
—
639

B—3 AR mORR

#=z—-1 EBr—=

Casel Case2 | Cased Cased
Slope condition mpermeable layer
Slope angle C ) _ 45 | 50 | 55 50
Rainfall intensity R (mm/h) 100, 60 100,60
Construction method Air pIuviation,'Air pluviation and tamping Air pluviation
|Base condition (impermeable layer) Smooth, Rough
|Other condition ————— e Groundwater level
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ROEARBIN TS, ZOMHMNEY—2BRIET 2 EAMUT R4 L 2 OMEHS ORI (A4
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EREFTIIHAMOT LM 3MEREICEL, H#RESFICEANOTLE 4~640M L TWA Z LAhr D, BERkORE
TERTDHIERBEETHDZ LD, R T PIVEITIZL O ROT-BENOEAMBOTHL 4~6% /2~ B
TREHBELERL, ZhAUBOBERCAOTHE.

4. BRLEW

4—1. AEARICFEKENFETS7r—R

LD, SERNEAERKERTFET S —A 20 TERTAS. Z 2T, BZUTERT432RT (OBRF®
EOREILARE~OHEEMAOEWIC L A BE) ORBEIZEIETERPTALEN TS (Casel~Caseld), BT
TR UAMERLR R, BERKE CRTRIOBBAKRE VD, Casel ~Cased TITEROBREHEIC L - THEIBEAE
OEBNRKREL, FELREBERIIGON ok, Dk, Casel~Cased TITATMEOREE - £/57 A —F L OEEIC
DNTHEATWS, £-2 1, BGohk—EORRPFHREMN L REOFTER L UICHHEOBRRRIC L TEBELE
HOTHS. BEBELES—AZF, BELE -7 r—2% N L LTERLTWS, 28, SEEMA T, RE
KL AN DRS4S Rough F L THIBIHE D4 — AL CIRERICHBE B E L Ligdh oo 2 bk, T2 THE
ERREICE ey — 2TV TRE LTV A,

OrEmsE OHEE L2 g
OEBROOEERIILHBE
BTBKRBERROEREOEE
O EERAOENIC L HE

DM MR L 5 BE
AEr— iz, REEAA 45° , BEDE, TEKEBERSOSLEN Snooth ThD. BE—5 (IEMHRE 60m/h, E
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F—2 Casel~Cased IZ5\T 5 BEERRGE

55°
Bass _condition (impermeabila laver) Smooth Rough
Air pluviation Air pluviation and tamping Air pluviation Air pluviation and tamping
100 mm/h_| 60 mmsh_| 100 mm/h |60 mm/h | 100 mm/h | 60mm/h | 100mm/h | 60 mm/h
Amount of rainfall (10X * mm®) - - - - - - 1045 111
Slope faiiura or not (F-N) F F
Slope angle 50°
Base condition (impermeable layer) Smooth Rou
Construction mathod Air pluviation Air pluviation and tamping Air pluviation Air pluviation and tamping
Rainfall intensity R {mm/h) 106 mm/h 60 mm/h 100 mm/h 60 mm/h 100 mm/h 60 mm/h 100 mm/h §0 mm/h
Amount of rainfall (10% ® mm®) 3378 2844 5.282 2058 1992 3.185 2844 -
Slops failure or not {F-N) F F F F F F F N
|Slupa angle 45°
Base condition (impermeable layer) Smooth Rough
Construstion method Air pluviation Air pluviation and tamping Air pluviation Air pluviation and tamping |
Rainfall intensity R {mm/h) 100 mm/h 60 mm/h 100 mm/h 80 mm/h 100 mm/h 80 mm/h 100 mm/h 80 mm/h
Amount of rainfall {10 X * mm®) 3s 2.345 2.858 2625 - - - -
Slope failure ar nat. (F-N) F F F F N N N N
F : Failure
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g £
7] o
5 L e B e
E] ®
g
;] g LA . T RN \ 45 degras slops
g w s R=100 mm/h
: sm1 smoath 3 sm1 : : | smocrr}lm
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® 35 e m - — 84 | tampin B85 [---k--—b-— -t 4k 4 | tampin
] a 1 1 1
| am5 : : : ! amS
30 L . L 30 ! ! ! !
0 50 100 150 200 250 300 350 400 450 Q 50 100 150 200 250 300 350 400 450
Elapsed time(sec.) Elapsed time(sec.)
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Thermo Prabes )
Reference - -
Total 22 3 3 4 32
F2 ALER L= 7 OHEM
Atea Year Core Name ‘Water Depth (m)| Core Length {em)| Gas hydrate Depth (cm)
05-K2 GC.1 930.0 135 97 ~
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05-Malen GC.2 137540 180 100 ~
Botsh 2005
Shoy, 05-Bol-H GC.2* 1342.0 148
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