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ABSTRACT: Subsurface information is commonly interpreted from borehole data that represent soil and rock profiles along boring 
logs with three-dimensional spatial coordinate information, layer information, and standard penetration test results. When possible a 
more reliable spatial distribution of the target physical properties can be guaranteed with additional testing of these locations to 
appropriately identify outlying observations of geotechnical uncertainties. Irregular measurements typically differ greatly from other 
measurements at the same site or significantly deviate from nearby observations. In this study, a framework for geostatistical 
optimization method for 3D geotechnical spatial grid, applying optimum outlier thresholds with clustering method, was proposed to 
incorporate site-specific uncertainties of the geo-layers to identify geotechnical characteristic value. And optimized geostatistical 
information for geotechnical boundary was derived and verified according to the sequential procedure for representative Seoul areas. 

RÉSUMÉ : L'information sur le sous-sol est généralement interprétée à partir de données de sondages qui représentent des profils de sol 
et de roche le long des bûches de forage avec des informations de coordonnées spatiales tridimensionnelles, des informations de couche 
et des résultats de test de pénétration standard. Lorsque cela est possible, une répartition spatiale plus fiable des propriétés physiques 
cibles peut être garantie avec des essais supplémentaires de ces emplacements pour identifier de façon appropriée les observations 
extérieures des incertitudes géotechniques. Les mesures irrégulières diffèrent généralement beaucoup d'autres mesures sur le même site 
ou s'écartent considérablement des observations à proximité. Dans cette étude, on a proposé un cadre pour la méthode d'optimisation 
géostatistique pour la grille spatiale géotechnique 3D, en appliquant des seuils outliers optimaux avec une méthode de clustering, afin 
d'intégrer des incertitudes propres aux géo-couches pour identifier la caractéristique géotechnique. Une information géostatistique 
optimisée pour les limites géotechniques a été dérivée et vérifiée selon la procédure séquentielle pour les zones représentatives de Séoul. 
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1  INTRODUCTION 

The spatial uncertainty of geotechnical properties, including 
geological unit boundary information, has been extensively 
discussed and reported (Vanmarke 1977, Phoon and Kulhawy 
1999). In particular, it is important that geological strata 
boundaries and associated geotechnical characteristics based on 
the proposed development (foundations, excavations, and 
embankment, etc.). Thus, geotechnical uncertainties decrease 
the reliability of geotechnical designs, necessitating the 
reduction or removal of measurement errors (over or under the 
relative design criteria) with appropriate statistical methods 
(Grubbs 1969, Chandola et al. 2007). 

In this study, a framework for geostatistical optimization 
method for 3D geotechnical spatial grid, applying optimum 
outlier thresholds with clustering method, was proposed to 
incorporate site-specific uncertainties of the geo-layers to 
identify geotechnical characteristic value. 

2  FRAMEWORK OF GEOSTATISTICAL OPTIMIZATION 
METHOD FOR 3D GEOTECHNICAL SPATIAL GRID 

When the geotechnical design variables for specific zone such 
as redevelopment area, it is essential to estimate the reasonable 
spatial information of geotechnical characteristic value using 
the surrounding borehole datasets before newly survey. 
Accordingly, the outlier detection for each clustering and 
optimum clustering range should be conducted for interpolation. 

In order to determine the site-specific outliers considering 
distribution pattern and spatial correlations of borehole datasets, 
the systematic procedure was designed using ArcGIS python 
libraries (ESRI 2006), as shown Figure 1. First, the target areas 
were selected considering geostatistical characteristic value 
(residual of kriging, and density) and terrain model. Second, the 
optimum spatial interpolation method was determined using 
cross-validation-based correlations between sample standard 
deviations among the various kriging methods. Third, range of 
circular clustering area was determined considering the 
effective range of variogram and cross-validation of constant 
subset of borehole datasets in target block area. Fourth, the 
outlier threshold was determined based on the sequential cross-
validation for each clustering area. Finally, interpolation was 
performed using the modified grouped borehole datasets. 

 

 
Figure 1. Schematic procedure for site-specific assessment of 
geotechnical characteristic value using outlier analysis based on GIS 
platfrom. 
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 3  GEOSTATISTICAL CHARACTERISTICS AND 
SELECTION OF TARGET AREAS IN SEOUL, SOUTH 
KOREA 

3 .1  Testing site description 

This study examines the proposed methods to detect outlying 
observations with boring data obtained from Seoul, South 
Korea. Standard penetration tests are conducted for the 25,324 
points in total, and the local soil depth to the bedrock is 
measured at each point. The locations of the boring points are 
shown in Figure 2.  
 

 
Figure 2. Spatial information of geotechnical datasets on the topology 
layers in Seoul extended area and three target areas (Gwanak-gu, 
Seongbuk-gu, and Songpa-gu) based on GIS platform. 

 
To verify the methods and identify the geostatistical 

characteristics in Seoul, the representative test-bed areas, 
composed of different confidence range, should be selected. 
Thus, the spatial information of geotechnical datasets on the 
topology layers in Seoul extended area and three target areas 
was visualized based on GIS platform. 

3 .2  Geostatistical spatial information 

The geostatistical spatial information based on spatial analysis 
methods was evaluated using borehole datasets and DEM 
(digital elevation model), as shown in Figure 3. The average of 
bedrock depth was 18.2 m and concentrated along the Han-
River from the application of kriging. Furthermore, the thicker 
soil layer over 25 m was conformed at the downstream (west-
side of Seoul). And the local geotechnical datasets were 
classified using kernel density to ensure geostatistical clusters 
with a similar spatial correlation of geo-layer characteristics. 
Kernel density calculates a magnitude per unit area from point 
or polyline features using a kernel function to fit a smoothly 
tapered surface to each point (Borruso and Schoier 2004). The 
spatial density of borehole datasets was also focus along Han-
River and especially distributed about 100 points per 1 km2 unit 
area were identified at Gwanak-gu, and Songpa-gu. To 
relationship between spatial pattern and topological information, 
the DEM-based slope was estimated by building the TIN 
(Triangular Irregular Networks).  

From the spatial information (Figure 3), the zonation 
information according to administration border in Seoul was 
calculated based on average of grid value in each subset. Thus, 
the ‘Area 1 (Gwanak-gu)’, and ‘Area 3 (Songpa-gu)’ having top 
class of bedrock depth and density (otherwise lower slope) were 
selected. And ‘Area2 (Seongbuk-gu) was defined as lower 
bedrock depth and density (otherwise higher slope). 
 

 

 

 
Figure 3. Spatial information of geotechnical datasets on the topology 
layers in Seoul extended area and three target areas based on GIS 
platform: (a) ordinary kriging of bedrock depth, (b) average kernel 
density, and (c) slope DEM. 

 

 

 

 
Figure 4. Zonation information according to administration border: (a) 
ordinary kriging of bedrock depth, (b) average kernel density, and (c) 
slope DEM. 

4  DETERMINATION OF OPTIMIZED KRIGING 
METHOD 

To determine reliable site-specific criteria for geotechnical layer 
classification considering local site effects, an optimized 
geostatistical method was developed and standardized based on 
cross-validation-based verification tests of geostatistical 
estimations. Sun and Kim (2016) proposed a geostatistical 
analysis component for the optimum geostatistical estimation of 
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soil conditions using conventional kriging methods. This 
computer-based framework comprises step-by-step and 
adaptive optimization techniques, with a separate independent 
geostatistical method (Deutsch and Journel 1992). First, to 
determine the optimum interpolation method, two 
representative interpolation methods (simple kriging, and 
ordinary kriging) are used in a cross-validation-based 
verification test. The local reliability for each observation is 
evaluated based on the difference between measured and 
estimated values with the following cross-validation procedure.  
(1) Compute an experimental variogram from the entire set of 

sample data and fit a plausible model to it. 
(2) Estimate the value at each sampling point by kriging 

sequentially after excluding the measured target value there. 
(3) Calculate the difference between the estimated value and the 

measured value. 
Then, the difference between the estimated and measured 

values at each sampling point was calculated. For comparison, 
the root mean square error (RMSE) from the cross-validation 
result was the square root of the average squared distance of a 
data point from the fitted line, calculated by the following 
equation: 
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Ordinary kriging had the lowest RMSE, which indicates that the 
technique was the most accurate geostatistical interpolation 
method for the three testbeds (Figure 5).  
 

 
Figure 5. Cross-validation-based RMSE for bedrock depth according to 
the kriging methods. 

5  MULTI-CIRCULAR CLUSTERING WITH 
VARIOGRAM AND CROSS-VALIDATION 

5 .1  Zonal clustering considering effective range 

To determine the optimum range of clustering area, variogram 
modeling was conducted for each circular cluster. The multi-
circular clustering was applied focus on the assumed block zone 
in three target areas. The variogram is a mathematical 
description of the relationship (or structure) between the 
variance of pairs of observations (or data points) and the 
distance separating these observations (h) (Olea 1991). The 
variogram model is used to define the weights of the kriging 
function and the semivariance is an autocorrelation statistic 
defined as: 
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The effective range for each clustering subset was calculated 
based on variogam. Then the correlations between radius of 
influencing circle and variogram-based effective range for 
bedrock depth were estimated and to determine the site-specific 
circular clustering (optimum subset) in three target areas 
(Figure 6). Therefore, optimum radius was defined as statistical 
convergence point of regression line (based on the exponential 
model) determined as 5.1 km, 4.2 km, and 6.2 km for each three 
areas. 
 

 

 

 
Figure 6. Correlations between radius of influencing circle and 
variogram-based effective range for bedrock depth to determine the 
site-specific circular clustering in three target areas: (a) Gwanak-gu, (b) 
Seongbuk-gu, and (c) Songpa-gu. 

5 .2 Borehole optimization using site-specific outlier threshold 

For correlations between RMSE and assumed outlier thresholds 
using on the optimum subset, the point at which the rate of 
change for correlations is highest is determined, and the 
inflection point is defined as outlier threshold. When possible, 
determining the outlying observations in accordance with the 
optimum outlier threshold results in a more reliable spatial 
distribution of the target physical property by reducing or 
removing data that deviate significantly from nearby 
observations or additional tests at the same location. The 
determination of site-specific outlier was applied for each 
cluster subset. Those relative uncertainties make the 
geotechnical design less reliable, making it necessary to reduce 
or remove ‘errors’ in measurements (Kulhawy et al. 1992). 
Typically, those erratic measurements in engineering practice 
are numerically distant from the rest of the data or may deviate 
significantly from other observations nearby. Thus, the possible 
outliers among the collected borehole datasets are regarded as 
re-examinable reference for reconstruction geological strata and 
should be preferentially replaced by new borehole. At the three 
target areas, the outlier threshold were determined for cluster 
(having 3 km radius) as 12.5 %, 11.1 %, and 15.2 % according 
to inflection point of regression line (Figure 7). 
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Figure 7. Example of determination of relative outlier threshold based 
on correlation between sequential cross-validation-based RMSE and 
outlier threshold for cluster (having 3 km radius) in three target areas: 
(a) Gwanak-gu, (b) Seongbuk-gu, and (c) Songpa-gu. 

Based on the site-specific outlier threshold, the optimized 
borehole datasets were modified by removing the outliers for 
multi-circular clusters including three target administrative 
zones (Figure 8). According to the optimum radius of cluster, 
the site-specific outliers were determined within the specific 
cluster. After removing outliers, the spatial information of 
bedrock depth were developed based on ordinary kriging using 
optimized borehole datasets. 

 

 

 

 
Figure 8. Spatial distribution of the optimized geotechnical datasets and 
outliers for each clustering zones in three target areas: (a) Gwanak-gu, 
(b) Seongbuk-gu, and (c) Songpa-gu. 

 

 

 

 
Figure 9. Comparison of spatial information for bedrock depth based on 
ordinary kriging using optimized borehole datasets without outliers with 
each cluster between original datasets in three target areas: (a) Gwanak-
gu, (b) Seongbuk-gu, and (c) Songpa-gu. 

6  CONCLUSION 

In this study, the site-specific outliers considering distribution 
pattern and spatial correlations of borehole datasets were 
determined based on systematic framework. First, three target 
areas in Seoul, South Korea, were selected considering residual 
of kriging, kernel density, and terrain model. Second, the 
optimum spatial interpolation method was determined as 
ordinary kriging using cross-validation-based correlations 
between sample standard deviations among the various kriging 
methods. Third, range of circular clustering area was 
determined considering the effective range of variogram and 
cross-validation of constant subset of borehole datasets in target 
block area. Fourth, the site-specific outlier threshold was 
determined based on the sequential cross-validation for each 
clustering area. Finally, interpolation was performed using the 
modified subset borehole datasets within optimum cluster. 
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