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g
b) If the point has not failed in earlier iteration,
1) for, &, less than yield strain, g 0

{4}, =(1-o)[D}{4é}, +(a - a)[D}e},

and, for interface element,

{do}, =(1-e)[D, )[Dl{ds}, +(a - "D, )IDI{s}, (A-22)
) for &’ greater than yield strain, &,
Ao
7~
{40}, =——2E D) e}, + (@ ~a) Ex D) (4-23)
E E ¢
where, AT = ok (¢, + Ag'-g) +ak, (g'-¢,) (A-24)
and, B, = e, +E, (g'-¢,)
EI
for interface element,
R e LB 10 (A-25)
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where, AT =akg (e, + ds'-¢) + ak,, (e*-&y,) (A-26)
and, k= ety T (eo0))
E'
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USING GEOTECHNICAL DATABASE FOR MODELING
SPATIAL VARIABILITY OF SOIL PROPERTIES

X-X. Li! and S. Hayashi?

ABSTRACT

This paper presents a probabilistic model to determine bore-hole spacing and spatial variability of soil properties
during site investigation. Using this model, it is possible to evaluate the bore-hole spacing and important soil properties
for the estimation error used in reliability-design. However, this model requires correlation distance and variance of
soil properties as important data input. The geotechnical data-base system for Saga plain, Japan is used to establish
the relationship between these statistical variables and soil characteristics, such as, undrained shear strength, layer
thickness, etc. The exploration spacing for different estimation errors is suggested for site investigation.

INTRODUCTION

Site exploration gives important information about the ground profile and important soil properties. The
accuracy of such information, however, depends upon the number of sample, the quality of test data and the location
of sample. If the information from such exploration is limited and there is a need to estimate the ground information
or the soil properties at unsampled location, one may ask how reliable is the estimate to meet the safety requirement in
the design. Of course, carrying out additional exploration or increasing the number of samples can reduce uncertainty
due to spatial variability of soil properties, However, sometimes it will résult in what is called “wasteful redundancy”
in the information collected. So, it is important to choose an optimum exploration spacing that gives the best estimate
of the ground profile and the soil properties considering overall aspects of safety and economy.

Although the ground thickness or engineering soil properties at an unsampled location on the ground can be
directly estimated from neighboring bore-holes either by interpolation or geotechnical judgement, onc cannot determine
however the estimation errors in such determinative procedures. The predictive geostatistical procedures, such as
ordinary and universal kriging based on the theory of regionalized variables (Matheron, 1971) are best suited for this
purpose; not only that they give better interpolation than determinative methods but also evaluate estimation errors for
such interpolations. Kriging is a collection of generalized liner regression techniques for minimizing an estimation
error obtained from a priori model for a covariance (Journel and Huijbregts, 1978, and Deutsch and Journel, 1998).
Although kriging was initially introduced to provide estimates for unsampled values (Krige, 1951; and Matheron,
1971), it is being used increasingly to build probabilistic models of uncertainty about these unknown values (Journel,
1989),

Based on the kriging principle mentioned above, this paper presents a simple probabilistic model to evaluate
unknown value and estimation error of soil properties at unsampled location in the ground. This model can also be
used to evaluate the borehole spacing, The statistical parameters, namely, a correlation distance and variance for this
model are established using a geotechnical datebase system for Saga plain, Japan. Finally, the exploration spacing for
different values of estimation error is suggested for the site investigation,

PROBABILISTIC ESTIMATION MODEL

Predictive geostatistics characterize any unsampled value of soil property w as a random variable /7. The
random variable ¥, and more specifically its probability distribution (mean and standard deviation), is usually location-
dependent (Webster and Burgess, 1980); hence this variable is denoted as W (1) where u is a location coordinates
vector.

1 Lecturer, Institute of Lowland Technology, Saga University, 1 Honjo, Saga, 840-8502, Japan.

2 Professor, Institute of Lowland Technology, Saga University, 1 Honjo, Saga, 840-8502, Japan.

Note: Discussion is openuntil 1 July 1999. This paper is part of the Geotechnical Engineering Journal, Vol. 30,No. 1, April 1999,
Published by the Southeast Asian Geotechnical Society, ISSN 0046-5828.
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Figure 1 shows the ground space Q where the soil data w(u,) and w(u,) for two bore holes 1 and 2, are
known, and the interpolated data w(u,) and its estimation error is required at the bore hole at location 0.

Let ﬁ(uo) to be an estimate of w(x,), which can be modeled as a linear combination of w(x,) and w(u,) as
follows (Krige, 1951; and Matheron, 1971):

w't‘l(uo) = A wu)+ A, w(u,) ‘ . O]
where A, and A, are the weights to be determined.
From Eq. (1), the expectation £ (\’G(un)) of \’D(uo), can be derived as follows:
E®@)) = A+ A m=m, 2)
where, m,, m and m,are the means of w(u,), w(x,) and w(u,), respectively.

Letus separate the random variable w(u) (=0, 1,2)intoa random part R (u) of zero mean and a trend part
m (u), and by the virtue of Eq. (2), the square error (o) of the estimator w(uo) can be obtained as follows:

oy =E{Iwup - D]’} )
=E{[R@uy - R’y @

= E[R @] - 2E [Ru )R] + E (R )] ®)

= Var, - 22.,Cy - 24,C,, + A, Var, + 24 A,C,, + A, Var, ©)

whereC is covariance ofR(u)andR(u)(z #/,1=0,1,2;j=0,1,2). Var isvariance of R(#) (i =0, 1, 2).

From Eq. (2) and Eqs. (3-6), a new functionF is obtained using Lagrange parameter 4, as follows:

F= ::J‘,;z —u (At Ay -mg) 9
w(uy )

_ e

w(ug) _--7 2
w(uy)
o~

7 1
Q @ ---Sampled location

O .--Unsampled location

Q  ---ground space as arandom field of W (u)
W(u;) ---soil property as a random variable
u; (x;,y ;) ---location coordinates vector
w(u; ) ---soil property at location u;

w{u;) ---an estimator of w(u,)

Fig. 1 Concept of the Parabolic Estimation Model
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The parameter 1, 4 ,, ni,, and 4 may be obtained by minimizing cr; inEgs. (3-6) as given below:

OFoA = 24 Var,+ 24,C, - 2C, - pm, =0 (8)
OF104 = 24,Cy,+ 24, Var, - 2C,, - pm, =0 ©
OFPm=p =0 (10)
OFjou= Am + Am, - my=0 Qan

Thus, from Egs. (8-11), the authors derived the values of A and 2, represented by the variance and auto correlation
function as follows:

A= (CyFary - C,C ) | (MarVar, - C2) = \ (VarVar Yo, - oy, pn)/(l-puz)] 12)
A,= (Colar, - C,C ) | (VarVar, - C.) = N[ (VarfVar (g, - oy Pu) (1- 2, 8 13)

where p, is the auto correlation function between points i andj ( g, =C, I, VarVar).
Substituting back 4 , and A, into Eq. (6), the minimized square error is obtained, as follows:
crE2 = Var, - {(C,,)Var, + C,*Var, - ZCMCDZC,Z) ! (Var Var,- C.B} 14
‘Which may also be written as:
2
oy = Var, {1- 1+ P’ - 20022 1 (L - P01} (1)
Since no assumption has been made, so far, on stationarity for auto correlation function while deriving the
above equations, it follows that Eq . (14) and Eq. (15) can be applied to non-stationary space such as, for example, in
case where the correlation function are location-dependent.
Previous studies (Alonso and Krizek, 1975; Matuo and Asaoka, 1977, Vanmarcke, 1977, Tang, 1979; and
Bergado, 1994) have shown that empirical auto correlation function of soil properties usually can be idealized by
using an exponential decay function of the form given below:

p(ahy=exp|-(dhla)"} (16)

where, p(dh)is stationary auto correlation function of soil properties, (4#) is distance vector between any two points,
and m and a are decay parameters.

Taking advantage of the statlonaxy form of p (4h) in Eq. (16), and substituting it into Eq. (15), another form
of the minimized square error o, is obtained, as follows:

o‘;/ Var,= [1 - exp{-24} - exp{-2nd} + exp{-2 (1 +my A}] / [1 - exp{-2 (1 +n) A}] m=1) (17
0,1 Var,= 1-([exp(-24"} +exp{2n'd"} 2 exp{-2 (L +n + ) AN/ [1 - exp(-2 (1 + 1)’ A'}]) (m = 2) (18)
where A = Ay /a and n= Ah /4, (Fig. 1).

When Al /a = ®© (= ©), the square etror becomes:

o';/ Var,= 1-exp [-2 (Ahm/a)m] 19)

Equation (19) simply links the minimized square error o’: to interval Ak between points 0 and 1. Suppose

point 1 is the sampled location in previous step of investigation, and point 0 is the unsampled location needed to be

investigated in the next step, then 4k, isthe spacmg of exploratlon (or bore hole spacing) inthe next step of investigation

corresponding to the required square error o- The spacing of exploration 4k, can be easily derived from
Eq. (19) as follows:
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By = al (U/2) In{Var, Jar, - 5,0 "

Atestimated location, Var, is a priori unknown value and needs to be estimated. For stationary processes that
the mean is an unknown constant, according to the intrinsic hypothesis made in most geostatistical procedures (Journel
and Huijbregts, 1978), by definition, Var, is constant over the ground and equa to C(0) (the value of the covariance
C,wheni=j).

To estimate C(0), the preferred tool is the semi-variogram y(d4h). Since C(0) = y(29), in practice, when y (4h)
becomes asymptotic after a A, C(0) can be determined by the corresponding y(4h).

For a non-stationary process, F(x) is usually separated into a mathematical trend part () and a zero mean
random part R(v) as follows:

W) = m(u)+R() @h
Since E{R(u)}=0and Var[R(u)] = E{ [R(u)]l} = C,(0)=aconstant quantity, Far, canbe estimated as follows:
Var, = E{[w(u) - m@l'y = E{R]’} = C,(0) (= constant) @2

where, C, (0) is the variance of. R(u).

Thus even in non-stationary processes Far, can be estimated by the constant variance of the zero mean ran-
dom part R(t). C,(0) can be also estimated from y (4h) of W(u), since by definition, y (Ah) filters the trend part.

When a finite variance C, (0) exists, from Eq, 6, 4, and 4, are obtained as follows:
2
A = [pdhy) - p(Qh)p (A )11 11 - p (4h,)] (23)
2
Ay = [pWhy) - pdhy)p@h )/ 1 - p(@h,)] 4)
Substituting the A, and 4, into Eq. 1and Eq. 2, the mean m, and the estimate 4\00 can be calculated.

According to Eqs. (17-18), the relationship between o;/ Var,and Ah/a for different n-values (=4h /AR )
are plotted in Fig. 2(a) aznd Fig. 2(b), when m = 1 and 2, respectively. From these figures, it is clear that if the square
error of estimation (o) and correlation distance a are given, the curve of n= © can be used to determine the
minimum spacing of exploration in the direction of #,. It may be noted that a is the correlation distance along the same
direction.

Tt is emphasized that to use the suggested model to evaluate the spacing of exploration, prior knowledge of
the parameters, such as correlation distance a, variance C(0), etc. is needed.

CASE STUDY IN THE SOFT GROUND OF SAGA PLAIN
Site Description

Saga plain, a lowland in north Ariake Bay, Japan, is underlain by soft recent deposits of thickness varying
from 10 m to 30 m. Low strength, high sensitivity and high compressibility of these deposits have led to widespread
geotechnical problems (Miura, et al,, 1997). So far, numerous soil investigations on geotechnical characteristics of
these deposits are performed. A database system for information of the ground (DIG) has been established in the
Institute of Lowland Technology, Saga University. Data from around 1750 borings in Saga plain are stored in the
database.

Figure 3 is the surface distribution of the soft deposits in Saga plain (Simoyama, et al., 1994). The ground
profile along the north-south profile, 4-4’, as marked inFig, 3 is shownin Fig. 4. This soil profile can be divided into
four distinct groups based on their geotechnical characteristics and the process of formation. The lowest layer (D)
consists of 30 m thick clastic sediments of stiff clay, intermixed with seams of dense sand and gravel. This layer
appears to be of terrestrial origin. The overlying layer (C) consists of grey or dark brown sedimentary soils of volcanic
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Fig. 3 Map of the Distribution of the Marine Clay and Non-Marine Clay in Saga Plain
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Fig. 4 The North-South Profile of Saga Plain (4-4")
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origin with thin seams of volcanic sand and pumice. Overlying layer C, a 10 m thick layer (B) is present that consists
of light grey to dark grey color dense sand mixed with gravel.

Soils overlying the dense sand layer (B) are soft recent formations that constitute the Saga plain. These soil
groups can be divided into a 20 m thick marine clay formation called Ariake Clay Formation (4 ) and a non-marine
clay formation called Hasuike Formation (4,). The Hasuike Formation can be further divided into an upper layer
formation (4,,) and a lower layer formation (4,,) separated by the thick marine formation (Fig. 3). Deposition of the
maririe and non-marine formations has occurred continuously during the sea advance (known as Jomon Transgression
in Japan) roughly 10000-6000 years ago and during the retreat of the sea to its present position. While the formation
A, mainly consists of a marine clay (4,) which is a dark grey or dark blue color, soft, silty clay with shell fragment,
layers 4,, and 4, consist of dark-blue color soft, silty clay (4,,) deposited in brackish or fresh water condition. Within
the soft ground, several discontinuous seams of sandy soil of 0.5 m to 1.0 m thickness are erratically distributed,
especially at the coastal area and river mouths, The organic life, plants and vegetation which remain contained in the
clay 4,_are always good markers of non-marine condition, while the shell fragments in the clay A _ are an indication of
marine condition.

The statistics of the geotechnical properties of clay formations 4, and A, in the a5 area (Fig. 5) are given in
Table 1 and Table 2, which were calculated using the database system for information of the ground at the Institute of
Lowland Technology. As the marine formation 4, constitutes most parts of the soft ground and the clay 4, is the
dominant constituent of this formation, the statistical characterization of geotechnical properties of the clay A, willbe
focused in future discussion.

As the suggested model requires data input in form of correlation distance and variance, the next two subsections
evaluate these statistical parameters for two important soil characteristics, namely, a layer thickness and an undrained
shear strength.

Correlation Distance and Variance of Layer Thickness

. Figure 5 shows the bore-holes in Saga Plain, from which the layer thicknesses were obtained. The layer

" thickness increases towards the sea and decreases towards the inland (Fig. 3 and Fig. 4). The deep valley of the layer

thickness of the soft ground shown in Fig. 6 coincides with the riverbed of the Chikugo River, the largest river in
Kyushu island, which flows through the plain along the northeast direction at upstream and towards the south at river
mouth into the sea (Fig. 3). Figure 7 is the histogram of the layer thickness of the soft ground. The average thickness

- of the soft ground is 11.2 m, The standard deviation of the layer thickness is as large as 5.9 m.

Because of the different depositional environments caused by the river flow and the tidal current of the sea,
the thickness of the soft ground at or near riverbed tends to be thicker than that at other locations. As a consequence,
the correlation distance (or variance) may have larger value along certain direction and smaller value along other
directions. To determine exploration spacing in the soft ground, anisotropy of correlation structures should be taken
into account.

Because the data points are irregularly sampled in the soft ground (Fig. 5), a computer program developed by
Deutsch and Journel (1998) for irregularly spaced data will be used to calculate the correlation structures such as
semi-variogram and correlogram (auto correlation function) of the layer thickness.

Figure 8 and Fig, 9 are correlograms and semi-variograms with respect to different directions (6= 0~ 180%)
for the layer thickness, in which & was defined by an angle from x axis (West -East) to the direction of correlation
distance anti-clockwise as shown in Fig. 1.

Figure 10 shows the relationship between the correlation distance 2 and fobtained from the correlograms in
Fig. 8. The direction of the largest correlation distance (@ = 1867 m) is near the northeast direction (6= 60°), which
almost coincides with the direction of the riverbed of the Chikugo River. Fig. 11 shows the relationship between
variance C(0) and @ obtained from the semi-variograms inFig, 9. Along the east-west direction (6= 0" or 180°%) C(0)
takes the largest value of 28 m?,

The exploration spacing corresponding to different given estimation errors are listed in Table 3, Itis interesting
to note that for an estimation error of around 1.0 m in layer thickness, which corresponds to o, = 0.54/C(0) in
Table 3, a sample spacing of less than 100 m is required. This exploration spacing agrees with the exploration spacing
suggested by Fujikawa, et al, (1996) for optimal design of embankment road on the soft ground.
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Table 1 Representative Values of Physical Properties of 4 _and A,

N
A, (marine clay) A, (non-marine clay) W e
min-max mean cov n min-max mean cov n
Specific gravity, Gs 2.50-2.75 2.613 0.016 194 | 2.45-2.71 2,604 | 00.2 148 s
Unit dry weight, y, (\N/m?) . 12.7-16.7 14,7 0.052 242 12,5 - 18.7 14.7 0.087 | 179
Natural void ratio, ¢ 1.16-4.5 2.26 0.216 182 0.90-4.31 244 0.263 | 175
Natural water content, ¥, (%) 43.9-178.6 | 87.2 0.214 243 32-199 88.75 {0315 | 143
Liquid limit, LL (%) 41.7-130.8 | 81.6 0.21 174 32.7-135.7 | 823 0.23 129 - 26.0
Plastic limit, IV, (%) 22.2-574 38.7 0.16 174 18.3-57.2 39.8 0.19 129 o228
Liquidity index, /; 0.4-2.8 1.1 0.34 174 0.2-22 1.3 0.32 129 : igg
Plasticity indes, 7, (%) 12.2-857 1429 0.31 174 11.3-79.8 42.5 0.32 129 . 12:0
Clay (d<5pm), Cf (%) 16.0 - 75 42.5 0.268 166 11-65 42.5 0.27 122 -~ 8.50
Silt (Spm<d<pm), Si (%) 17.0-67 43.1 0.234 166 24 -74 45.4 0.21 122 -~ 5,00
cov = coefficient of variation; » = number of data
[ 5 19 ¥m

Table 2 Representative Values of Mechanical Properties of 4, and A,

A, (marine clay) Ay, (non-marine clay) . . . .
peeE— e T cav " peRy— e T oov T 7 Fig, 6 The Layer of Thickness of Soft Ground in Saga Plau?
Compression index, C, 0.32-1.32 0.98 042 | 9 0.2-2.32 1.01 0,48 | 64
CoelTicient of consolidation, C, 9.66 - 1494 50.7 0.85 22 3.17-206.5 48.9 0.95 | 50
(em®sec) x 107 .
Consolidation yield stress, P, (kPay 260 +5.992 024 | 95 700+ 5.69Z 0.44 | 64 60
Undrained shear strength, ¢, (kPa) 892+ 1.574 0.33 219 H.3+1.357Z 0.44 | 156
Mean=112m
cov = coellicient-of variation; i = number of data; Z = depth (m) 404 Stdev==585m

204

Number of data

0 5 10 15 20 25 30

Layer thickness (m)

Tig, 7 Histogram of Layer Thickness of the Soft Ground in Saga Plain
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Table 3 Exploration Spacing for Layer Thickness

Horizontal exploration spacing; Ak (m)
stimation error
:(kPa) | 025C (0)7‘"5 0.50 C(0)** | 0.75 C(0)* 0.95 C(0)**
0 (degree)

0° 26 115 331 931
15° 29 129 372 1048
30° 23 101 289 815
750 23 101 289 815
60° 45 201 579 1630
750 32 144 413 1164
90° 30 173 496 ‘ 1397
1059 32 144 413 1164
T20° a5 201 579 1630
135° 32 144 413 1164
150° 26 115 331 931
165° 23 101 289 815
170° 26 115 331 931

Correlation Distance and Variance of Undrained Shear Strength

The undrained shear strength ¢, was calculatéd from the unconfined compressive strength g, (c,= 0.5g,)and
is the main soil parameter for stability analysis of embankment on the soft ground.

The variation of ¢, along depth is shown in Fig. 12. As expected, the undrained shear strength of the soft
ground also increases with depth A simple linear regression analysis of the data results into the following equation:

& = 892+1.57z @5

where, & is the mean of ¢, and z is the depth from ground surface. A constant standard deviation of as large as 6.17 kPa
was obtained.

Asaoka, et al. (1982) suggested a model to calculate the mean and standard deviation of undrained shear
strength of a soil profile, In the model the standard deviation was modeled in the manner increasing with depth.
However, from the data of the whole ground, a constant standard deviation of as large as 6.17 kPa was obtained by
linear regression. This suggests that it is better to model the standard deviation as a constant with depth for the soft
ground,

It must be emphasized here that the overall trend given by Eq. (25) does not represent the values at any local
borehole. In fact, the value of c,also varies with the location of horizontal plane. This makes it possible to calculate
both the horizontal and vertical correlation of ¢, Because sampling data are irregularly spaced with the soft ground,
the computer program for irregularly spaced data will be used to calculate its correlation structures. As mentioned in
former subsection, because of the differences in the depositional environment, the soft ground deposits exhibit variation
both in vertical and horizontal plane direction. As a consequence, the correlation structures of ¢, such as correlogram
and variogram, in different directions would be different. To evaluate the exploration spacing along a certain direction

in horizontal plane, the correlation distance @ and the variance C(0) corresponding to that parameter direction should
be used.

Figure 13 and Fig. 14 are correlograms and semi-variograms along vertical direction (z), respectively. The
vertical correlation distance a of the clay in the soft ground of Saga Plam is 3 m, which is larger than that of soft
Bangkok clay (Bergado, et al., 1994).
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Figure 15 and Fig, 16 are correlograms and semi-variograms along different directions (=0’ or 180" in
horizontal plane (x-y), respectively, The longest correlation distance (a = 526 m) is the one in south-north direction
0= 90°%), The relationship between the correlation distance and the angle of direction #in horizontal plane is shown
in Fig. 17. The average of these correlation distances in horizontal plane is about 350 m, which is larger than the
horizontal correlation distance of soft Bangkok clay (Bergado, et al., 1994), The relationship between C(0) and a are
shown in Fig, 18, where C(0) has the largest in north-south direction.

Based on Fig, 18, the exploration spacing in different directions for different given estimation errors is listed
in Table 4.

COMPARISON BETWEEN THE ESTIMATION ERROR OF THE SUGGESTED
MODEL AND KRIGING ERROR

The procedure used by the authors to derive the simple model of estimation error in the preceding chapter is
similar to that in conventional kriging approaches. However, by using the nearest pair of data (points 1 and 2 in
TFig. 19) to estimate the value at unsample point 0, a simpler form of estimation error has been obtained (Egs. 17-18).
Herein, the authors will constitute a data cluster at another points (5°,4°,37,2", 3, 4, 5) except 1 and 2, along the line
inFig. 19, and will use the cluster data to calculate the kriging error at point 0 and then compare it with the estimation
error calculated by the suggested model. The variance C(0) and the correlation distance of the data cluster are assumed
as 1.0 and 0.1, respectively. The distance between point 1 and 2, 4h,,, is equal to 10, which is larger than the correlation
distance a (= 0.1). 4h,, is the distance between point 1 and the point 0. In Fig. 20 the estimation error at
point 0 calculated by the suggested model (Eqs. 17-18, when m = 1) from point 1 and 2 are compared with the kriging
error at point 0, which has been calculated from all the data (5",4,3%,2, 3,4, 5) in the kriging procedure (ordinary
kriging). Itis evident that the estimation error of the suggested model has a good agreement with thekriging error and
is the estimation error in the safe side.

Emplricnl
e TIdealized p (Ahy = exp (—Alt/a)
90°

06 75° 105°
g
a 04
0.2 7 .}.80"
0 =
0 200 400 600 800 1000
Lag, 4h (m)

Tig. 15 Correlograms of Undrained Shear Strength along Different Horizontal Direction

90 r
80 90°

0 200 400 600 800 1000
Lag, Al (m)

Fig, 16 Semi-Variograms of Undrained Shear Strength along Different Horizontal Direction
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Table 4 Exploration Spacing for Undrained Shear Strength

_ Horizontal exploration spacing, Al (kPa)
E Estimation error .
¥ e (kPa) | 025C(0F° | 050C @ 0.75 C(0)* 0.95 C(0)**
g 0 (degree)
g 0 10 13 124 349
% 15° 13 58 165 766
g 30° 13 58 165 366
= 35 , K] 3 165 166
'g ~o~ Idealized 60° 10 13 124 349
g 750 13 58 165 466
© —9= Emplrical 505 16 72 207 582
150 ! L . . 105° 16 72 207 582
Cu 120° 13 58 165 466
0 30 60 90 120 150 180 135° jE] 3% 163 166
O (degree) 150° 10 43 124 349
. 165° 3 29 33 233
Fig. 17 The Relationship Between a and @ of Undrained Shear Strength 180° 10 43 124 349
80
80
1.20
. 10 l
o
§ 60 1.00 | -
s 0.0 |
QO s
g 30 © 060
] e Estimated by the probabliistic madie
E 20 < 0.40 { proposed by the authors)
> 10
0 . ' 0.20 o Estimated by Ordinary Kriging
] L
0 30 60 90 120 150 180 000 '
0 1 2 3 4 5

A (degree 24
I‘lg. 18 The Relatlonshlp Between C(O) and & of Undr ained Shear Str cngﬂl Ilg' 20 Compil

Estimation Model and Ordinary Kriging Approach (when 4l , >> a)

a=0.1, C0)=1 Ahp; =10 SUMMARY AND CONCLUSIONS
0 ‘ A probabilistic model has been presented in this paper to determine the sample spacing during site exploration.
——8 @ PN e—o Py - o " The correlation distance, variance, and other statistical characteristics of soil properties such as undrained shear strength,
5 4 3 ) e hd e soil Iayer thickness, have been established by a geotechnical database system for ground information for Saga Plain,
1 2 3 4 5 Tapan, The following conclusions can be drawn from this study:

1. The probabilistic model evaluates spacing of exploration, according to the estimation error or uncertainty of soil

Ah properties, which may be later used for a reliability-based design.

01

2. To obtain the borehole spacing during investigation using the suggested model, a priori knowledge of the statistical
parameters such as correlation distance a, variance C(0), etc., is required. The use of database appears the best
way to obtain these statistical parameters for a ground.

Fig. 19 The Locat_ions of the Cluster Data (1, 2,... 5, 2’,3%,.5%
I(?cd to estimate point 0 by ordinary Kriging procedure, The correlation
Tlstal'lce a of the cluster data is 0.1 and the constance variance C(0) is 1,
he simple model proposed by the authors in this paper uses only the nearest

points 1 and 2 to estimate the point 0, 3. Foran estimation error of less than 2.5 min layer thickness, an explpration spacing of less than 100 m in horizontal

plane is required for site exploration in Saga Plain.
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4. Thecorrelation distance a of layer thickness and undrained shear strength varies in different directions within the
soft ground of Saga Plain. This is a characteristic feature of the soft ground in Saga Plain, The direcu'gn of the
largest correlation distance (7 = 1867 m) of the layer thickness is near the northeast direction (6= 60’), which
almost coincides with the direction of the riverbed of the Chikugo River. The vertical correlation distance of
undrained shear strength is 3 m, while the longest correlation distance (a = 526 m) in horizontal plane is the one
in south-north direction (6= 90°) of the plain,

5. Itisevident that the estimation error of the suggested model has a good agreement with the kriging error and is the
estimation error in the safe side.
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