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ABSTRACT:

One of the major tasks in geotechnical
investigation is the stratigraphy distribution and the
physico-mechanical properties  of  strata
encountered in the investigation area. In order to
reduce the project risks associated with
uncertainties in predicting the distribution of strata
(in area and in depth), a geotechnical investigation
plan is usually designed with as many as possible
of the boreholes. And this, in turn, increases the
investigation costs. On the contrary, the owner of
the project is expected to gather as much
information about the subsurface soils as possible
at the lowest cost. To deal with this contradiction,
geotechnical engineers not only mobilize their

knowledge on the investigation area and their
experiences in the field of geotechnical
investigation but also should be supported by
geostatistical tools, especially the interpolation
method of Kriging. Based on the real data taken
from a geotechnical investigation project in Saigon
(Vietnam), this paper will introduce two
geotechnical investigation plans: a) an actual
investigation plan; b) an optimized investigation
plan designed with the support of Kriging method.
From these two plans, the ability of Kriging in
optimization of geotechnical investigation will be
evaluated.
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1. INTRODUCTION

To understand the behavior and characteristics of
the ground, geotechnical engineers build up a
geotechnical investigation plan in which several methods
such as excavation, drilling, penetration... are applied to
gather as much geological data as possible.

However, the contradiction arises during that
planning. The more amount of data is collected, the
higher reliability of data is and therefore it is very costly
and time-consuming. On the contrary, if less amount of
data is gathered then this sampling strategy will be cost-
effective and time-saving but the data reliability is lower.

To overcome the contradiction ““less data — more
information”, geotechnical engineers should be
supported by geostatistical tools, especially Kriging

method to unveil the spatial characteristics and make use
of intrinsic information in available geological data.

Kriging method investigates the spatial relationship
of geological data by building up a semi-variogram (see
Fig 1) which presents the relationship between semi-

variances of data pairs 7(M) with their distances lag(h).
From this chart, some important parameters should be
taken into account: theoretical semi-variogram model,
nugget, sill and range. Readers who are interested in
Kriging method could get more information from [1]-[3].
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Figure 1. A typical semi-variogram

The value of data at one unsampling point is estimated
by the formula:
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3 the predicted value at point p

w weight factor at point i

z the measured value at point i

One of the advantages of Kriging method is that it
estimates not only the data value but also the magnitude
of estimation error. The error variance of the interpolation
is calculated by the following formula in which the values

of Wi and * are derived from the semi-variogram of
data points:
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where
o2 the error variance for the interpolation at
P
point p
h distance between point p and point i

the value of the semi-variogram model for

. h
the distance P
W. weight factor at point i

A Lagrange multiplier used to minimize
possible estimation error

With the support of the map of error variance,
geotechnical engineers could design an optimized
sampling network in which the selection of the borehole
locations for the next stage is based on the error map from
the current investigation sampling (see [2], [3]).

This paper is a pilot study to demonstrate the
optimization of geotechnical investigation plan by using
Kriging method for the top layer in the study area.

The study area is located in the south of Saigon,
Vietham (see Fig. 2). In an actual geotechnical
investigation plan, the project owner had conducted 41
boreholes and 20 CPTu tests in order to understand the
geological conditions of the study area.

According to boring logs of 41 boreholes, the top layer
is a soft soil layer whose bottom elevation values vary
from -32.2m to -16.5m. Meanwhile, the elevation of
borehole collars vary from +0.3m to +1.6m.
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Figure 2.Location of the study area
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DATA SET

Available data of the bottom elevation of the top
layer is divided into two sets: borehole data is used for
prediction by Kriging method and CPTu data is for the
validation. Fig. 3 shows the location of boreholes and
CPTu.

Location of boreholes and CPTu

Legend:
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Figure 3. Location of boreholes and CPTu
2. METHODOLOGY

To optimize the sampling network, the geotechnical
investigation is undertaken in multi stages. The location
of new boreholes in the current stage is decided from
the error map of the previous stage (see Fig. 4).

The multistage investigation process will be
terminated when the error variance at the current stage
is not higher than the expected error value or the
difference between two prediction maps from two
consecutive stages is not statistically significant. A
statistical method TOST (Two One-Sided t-Test) is
applied to test the equivalence of two prediction maps
from two stages. The null hypothesis in TOST
equivalence test is that the two prediction maps are
totally different. And vice versa, the alternative
hypothesis is that the two prediction maps are similar.
More information about the TOST equivalence method
should be referred in [4], [5].

The TOST method compares two group means and
their two one-sided o-level confidence intervals by
comparing them to a predefined equivalence limit (€).
An indifference region of €= £25% of the standard

deviation is commonly used. If the indifference region
completely encompasses the confidence interval then
the two populations are deemed significantly similar
(the null hypothesis is rejected). If not, then the null
hypothesis is not rejected. In this case, there is a lack of
sufficient evidence to conclude that the two prediction
maps are similar. At each interpolation stage, the semi-
variogram models will be validated with the
independent data set of 20 CPTu holes.

DETERMINE
the number of
new boreholes &
their locations

N2

UNDERTAKE
boring & testing

N2

SELECT
variogram model

N2

INTERPOLATE
by Kriging

CHECK
the interpolated error:
Is it good enough?

Figure 4. Flowchart of the multistage geotechnical
investigation

3.RESULTS
Interpolation of stage 1

At the initial stage, 10 boreholes are selected
randomly to cover the whole area (see Fig. 5). Their
coordinates and the corresponding bottom elevations of
the top layer are presented in Table 4.

The semi-variogram of stage 1 and its parameters are
displayed in Fig. 6. Apparently, the quality of the semi-
variogram is not good enough and results in the high
error variance in the error map (see Fig. 9).

Interpolation of stage 2

Based on the error map of stage 1, 10 new boreholes
which locate at the positions of high error on the error
map are added for the interpolation of stage 2 (see
Fig. 5). The semi-variogram of 20 boreholes used in
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stage 2 is presented in Fig. 6. The prediction map and
error map of stage 2 are presented in Fig. 8 and Fig. 9,
respectively.

The variation of estimated error values of stage 2 is
narrower than that of stage 1. TOST test for the
difference between two prediction maps of stage 1 and
stage 2 proves that there is no strong evidence to
conclude that two prediction maps are similar (the null
hypothesis could not be rejected).

Table 1. Equivalence test for maps of stage 1 and 2

Mean of a-level TOST result  Statistical
difference conclusion
-0.4183 0.05 not rejected Two maps

are different

Interpolation of stage 3

Twelve new boreholes added in stage 3 are based on
the result of the error map of stage 2 (see Fig. 5). The
result of the interpolation and error variance are
displayed in Fig. 8 and Fig. 9, respectively.

The semi-variogram and its parameters of 32
boreholes are in Fig. 7. The theoretical semi-variogram
is fitted well with the experimental semi-variogram up
to the distance of 1200m. Beyond this range, the
difference between theoretical and experimental semi-
variograms is gradually increased. This behavior could
be caused by a spatial trend imposed on the bottom
elevation data of the top layer.

TOST test for the difference between stage 2 and
stage 3 proves that there is no strong evidence to
conclude that two prediction maps are similar.

Table 2. Equivalence test for maps of stage 2 and 3

Mean of a-level TOST Statistical
difference result conclusion
-0.3085 0.05 not rejected Two maps

are different

Interpolation of stage 4

All boreholes are used in stage 4 which is similar to
the actual investigation plan carried out by the project
owner of this project (see Fig. 5). The result of
interpolation and error variance are displayed in Fig. 8
and Fig. 9, respectively. The semi-variogram and its
parameters are presented in Fig. 7.

Table 3. Equivalence test for maps of stage 3 and 4

Mean of o-level ~ TOST result  Statistical

difference conclusion

-0.1230 0.05 rejected Two maps
are similar

TOST test for the difference between stage 3 and
stage 4 confirms that the difference between two
prediction maps is not statistically significant.
Therefore, it is reasonable to stop the investigation at
stage 3 with 32 boreholes instead of at stage 4 with 41
boreholes.

4. VALIDATION OF THE SEMI-VARIOGRAM
MODELS

The reliability of the semi-variogram models will be
validated by using CPTu data as the independent data
set. The validation results presented in Table 5 show
that the quality of the interpolation gradually increase
from stage 1 to stage 3. The interpolated values at CPTu
holes using the semi-variogram models of stage 3 and
stage 4 are not significantly different.

5. CONCLUSIONS

The approach of multistage investigation plan together
with TOST equivalence test shows that the geotechnical
investigation plan with 32 boreholes could reveal the
same information as the actual investigation plan with 41
boreholes conducted by the project owner of the project.

Geostatistics tools, especially Kriging method are
really helpful to unveil the spatial characteristics of
geological data and to optimize the sampling network.

Using geostatistics tools or Kriging method will reduce
the uncertainty and increase the reliability of information
derived from available geological data.

The location of measurements should be based on the
predicted error map — an added value of the Kriging
interpolation method. The location of sampling in the
next stage should be placed at the high error regions from
the error map. The investigation process could be ended
whenever the estimated error is lower than the expected
error or two prediction maps of two consecutive stages
are not different.
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Table 4. Bottom elevation of the top layer from 41 boreholes in the study area

No.  Stage ID Easting Northing Ground Bottom No.  Stage ID Easting Northing Ground Bottom
elevation elevation elevation elevation
(m) (m) (m) (m) (m) (m) (m) (m)

1 1 BHO1 604583 1182980 1.20 -19.60 21 3 BH04 604786 1182820 1.20 -20.20
2 1 BH09 605205 1182680 0.40 -23.00 22 3 BHO5 605073 1182870 0.80 -20.20
3 1 BH12 604887 1182280 0.85 -22.75 23 3 BH11 605154 1182450 1.30 -19.20
4 1 BH25 605527 1183290 1.25 -17.35 24 3 BH17 605005 1181870 1.62 -24.78
5 1 BH27 605686 1182370 1.00 -19.30 25 3 BH20 605522 1182560 0.76 -19.94
6 1 BH30 605383 1181800 0.75 -26.85 26 3 BH21 605448 1182320 154 -19.86
7 1 BH42 605873 1181420 1.23 -24.87 27 3 BH24 605224 1183170 0.60 -17.00
8 1 BH43 605027 1181420 0.80 -26.50 28 3 BH26 605635 1183020 1.30 -16.50
9 1 BH48 605339 1180920 053 -25.47 29 3 BH28 605549 1182070 1.25 -25.25
10 1 BH63 605902 1181030 1.10 -32.20 30 3 BH31 605594 1181830 1.20 -22.10
11 2 BH02 604869 1183120 1.50 -19.80 31 3 BH40 605267 1181680 1.20 -25.10
12 2 BH03 604545 1182720 1.46 -22.04 32 3 BH61 605568 1181550 1.28 -23.72
13 2 BHO6 604800 1182600 1.00 -21.80 33 4 BH13 605054 1182230 0.30 -22.20
14 2 BH16 605244 1182130 142 -23.08 34 4 BH15 604919 1182060 1.40 -22.30
15 2 BH18 605283 1183010 1.25 -17.35 35 4 BH22 605245 1181980 0.70 -22.60
16 2 BH32 605800 1181880 1.10 -21.20 36 4 BH29 605732 1182110 1.00 -20.50
17 2 BH37 605601 1182830 1.22 -17.58 37 4 BH34 605745 1181670 0.60 -19.70
18 2 BH44 605419 1181310 0.67 -27.33 38 4 BH36 605442 1183020 147 -17.03
19 2 BH45 605200 1181030 117 -28.13 39 4 BH41 605369 1181480 1.28 -27.52
20 2 BH47 605709 1181170 0.70 -25.30 40 4 BH46 605421 1181130 0.78 -27.52
41 4 BH49 605562 1181020 121 -26.69

Table 5. Results of the validation with CPT data (independent data set)

No. ID Easting Northing Measured Predicted value
value Stage 1 Stage 2 Stage 3 Stage 4
1 CPTu01 604453 1183072 -18.44 -19.58 -19.82 -19.87 -19.88
2 CPTu02 604583 1182977 -18.75 -19.60 -19.60 -19.60 -19.60
3 CPTu03 604704 1183155 -19.10 -19.42 -19.51 -19.51 -19.51
4 CPTu04 605527 1183292 -17.45 -17.35 -17.35 -17.35 -17.35
5 CPTu05 604701 1182757 -22.08 -20.88 -21.35 -21.02 -21.03
6 CPTu06 605055 1183052 -19.62 -20.00 -19.17 -18.85 -18.85
7 CPTu07 605283 1183009 -17.30 -19.85 -17.35 -17.35 -17.35
8 CPTu08 605231 1182855 -19.28 -21.08 -19.99 -19.98 -19.97
9 CPTu09 604663 1182357 -22.02 -22.25 -22.83 -22.90 -22.72
10 CPTu10 605154 1182454 -20.45 -22.77 -22.61 -19.26 -19.26
11 CPTull 605374 1182573 -20.00 -21.61 -21.22 -20.44 -20.47
12 CPTul2 605729 1182648 -18.54 -18.94 -18.24 -18.31 -18.27
13 CPTul3 604879 1181732 -25.18 -25.40 -25.49 -25.35 -25.10
14 CPTul4 605005 1181874 -23.98 -25.25 -25.18 -24.78 -24.78
15 CPTul5 605447 1181965 -23.30 -24.83 -24.15 -25.10 -24.76
16 CPTul16 605853 1182113 -20.40 -21.56 -20.28 -20.86 -20.05
17 CPTul7 605977 1181742 -24.04 -23.81 -22.50 -22.45 -21.45
18 CPTu18 606035 1181452 -25.18 -25.52 -25.21 -25.34 -25.00
19 CPTu19 605147 1181270 -27.44 -26.45 -27.35 -27.29 -27.60

20 | CPTu20 605206 1181035 -27.83 -25.74 -28.05 -28.05 -28.07
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No. ID Easting Northing Measured Predicted value
value Stage 1 Stage 2 Stage 3 Stage 4
Stage 1 Stage 2 Stage 3 Stage 4
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Figure 5. Borehole locations at four stages
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Figure 6. Semi-variogram of stage 1 (left) and stage 2 (right)
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Figure 7. Semi-variogram of stage 3 (left) and stage 4 (right)
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Interpolated Bottom Elevation (m)
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Figure 8. Interpolated map of four stages
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Figure 9. Error map

of four stages

Vi du tdi wu hoa phuong an khéo sat dia Ky

thuat bang phwong pha

e Kiéu Lé Thay Chung

e Phan Thj San Ha
Trwdng Pai hoc Bach Khoa, PHQG-HCM

e Lé Minh Son
Co6ng ty TNHH Tw VAn Bja Chét Phing, Viét Nam

TOM TAT:

M¢t trong nhing nhiém vu chinh cda cong
tac khdo sat dia ky thuat Ia xac dinh céc 16p dét co
mat trong khu vuc khdo sat cdng nhw dac tinh co
ly cta cac I6p dét d6. Bé gidm thiéu sai sé trong

p ndi suy Kriging

viéc du doédn sw phan bd céc 16p dét (theo dién va
theo dé sau), mét phwrong an khao sat dja ky thuat
thudng duoc thiét ké véi rat nhiéu hé khoan, dén
dén viéc tang chi phi khdo sét. Nguoc lai, chi dau
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tw luén muén cé duoc cang nhiéu théng tin vé khu
vuc khdo sét cang tét nhung véi chi phi thdp nhét.
Pé giai quyét nghich ly nay, ky sw dia ky thuat
khong chi vén dung toan bé hiéu biét vé khu vuc
khao séat cdng nhw kinh nghiém khdo sat dja ky
thuét ngoai hién truong, ma con can phai duoc hd
tro béi cac cong cu dia thdng ké, dac biét la
phuong phéap néi suy Kriging. Dya trén tap dév liéu

thuc té cda mét duw &n khao st dia ky thuat & Sai
Gon (Viét Nam), bai bao sé gidi thiéu hai phuong
an khao sat dja ky thuéat: a) phwong an khao sat
da duoc sty dung trong thuc té; b) phuong an khdo
sét duot t6i wu béng phuong phap néi suy Kriging.
Tir d6, bai bao danh gia kha ndng str dung phurong
phéap néi suy Kriging nham téi wu héa phuong én
khao sat dja ky thuét.

Tor khéa: Kriging, téi wu hda, phurong én khéo sét dia ky thuat, kiém dinh, TOST.
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