Heterogeneity Evaluation of Soil Engineering Properties
Based on Kriging Interpolation Method.
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Abstract. Many sciences are confronted with uncertainty in their application field. Therefore, the use of statistics plays an
important role for creating a partial model of the whole in most practical cases. Preparing a dispersion map, merging spatial
statistics and geographic information systems (GIS), is very useful in geotechnical engineering. Interpolation is one of the
usual methods to prepare these maps that has many different types. The ordinary kriging which is used in this paper is one
of the most popular interpolation methods. This method is usually used to predict possible changes of an unknown variable
using known parameters. In general, geostatistical estimation is a process by which one can obtain the value of a quantity in
points with unknown coordinates using the same quantity in other points with definite coordinates. In this paper with
information about the boreholes drilled in West Mashhad (North East of Iran), the specification of areas without borehole
log is determined using interpolation method, drawing of kriging maps including soil texture, percentage of passing No.
200 sieve, standard penetration numbers, dry density, effective SPT area and the use of geostatistical techniques.
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1. Introduction
In conventional methods of geotechnical study, identification of sub-surface layers and determination of the
layers profile are carried out indirectly through seismic
methods and directly with drilling, insitu and laboratory
tests (Low & Zaccheo, 1990).
Determination of the depth and materials of the subsurface layers is usually done with respect to the results of
insitu tests, such as inside borehole seismic tests indirectly
and some local tests such as penetrometric measurement
with SPT method directly, in areas with drilling information and it is done using interpolation methods and engineering judgment in areas without drilling information. In
these cases, surveys are mainly based on visual observation
and comparison of the results of these tests, which, of
course, is a complex task and requires a lot of skill and experience (Huntley, 1990). Using geostatistical methods increased in recent years for this purpose (Taj al-Din, 1997).
Geostatistics is a branch of practical statistics science
that is able to provide a wide range of statistical estimators
to for the desired property at areas without sampling data,
using information from the areas with sampling information (Bahri & Khosravi, 2017; Davidovic et al., 2010;
Hengl, 2007). Due to geological conditions, data are not independent in geostatistics and have correlation to a certain
distance. This branch of statistics has been widely devel-

oped around the world from a few decades ago, especially
in countries with mining technology and has proven its efficiency in many cases (Taj al-Din, 1997).
Although the main part of geostatistics studies has
been concerned with the issue of estimating mineral deposits, different practical research has been done in various
geological sciences, geophysics and recently in geotechnics (Madani, 1994).

2. Research Method
Here it is necessary to explain some of the important
concepts of geostatistics. In geostatistics, if the difference
between the different values of a sample is to be associated
with their location, it is called the region variable, which is
represented by Z(x). The region variable is a variable which
has been distributed in three dimensional space and has
spatial dependence and can be discussed in geostatistical
studies.
One of the most important hypotheses in geostatistics
is the inherent assumption. Based on this assumption, the
variance of the differences between two regionalized variables is constant in one given direction for every distance h
and does not depend on their location. For example, suppose two variables, Z1 and Z2, for two points at a distance h
in one given direction (e.g. north-south) on the ground and
DZ being the difference between them. If for any other two
points at a distance h in this direction, we determine values
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of Z(x), variance of the difference between these two variables DZ will be constant and do not depend on their location in which:
var[ z( x + h) - z( x)] = 2g( h)

(1)

g(h) which is typically called variogram is variance which
depends on distance.It is one of the most important concepts in geostatistics and some definitions and concepts of
geostatistics are explained based on it. If we have N(h) pairs
of samples with a distance of “h” from each other then the
experimental variogram function will be given by Eq. 2.
g( h) =

1 N (h )
å [ Z ( x i ) - Z ( x i + h)]2
2n( h) i =1

(2)

Of course it should be noted that the above function is
a vector function hence its values along different direction
are computable. In order to calculate g(h), it is better sampling to be done on a regular basis and at approximately
equal intervals in each direction as much as possible.
In the variogram model, the value of g(h) often increases by increasing the distance h, and this condition continues to a certain distance (sill), from then the values will
be fixed (Fig. 1). This indicates the dependence of the samples to a certain distance. In the sill g(h) remains constant
with increasing distance.
A distance within which samples are related on each
other is called the effective area. The maximum value g(h)
in the effective area is called the variogram sill.
In geostatistics, in the effective area domain, statistical estimators are used for determining the desired variables in such a way that the estimate has the lowest mean
error. The ordinary kriging, one of the most important estimators in geostatistics (which is used in this research), is
based on estimating with the lowest variance of the estimation error.
The semi-variogram is one of the main tools of geostatistics for investigating the spatial changes and properties of parameters. Any semi-variogram is determined by

Figure 1 - Different parts of a variogram curve.
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its parameters, i.e. nugget effect, effective area or effective
radius and sill. After calculating the experimental directional semi-variograms and before the estimating operation, it is necessary to fit the most suitable theoretical
models to them and get a continuous model valid for all
possible directions.
In this study, the main goal is to determine from what
distance from the borehole for every direction around a
given borehole as a base point, no considerable variations
in layering occurs (i.e, the vicinity radius along the desired
direction) and also to specify the area that has the same layering as the base point.
It should be noted that in this paper, along any direction, in which no significant variation in the layering occurs, is called the effective distance and a surface which has
a layering similar to the base point is called the effective
surface. For example, with respect to Fig. 2, if the effective
distance along 1, 2,..., n directions are d1, d2,..., dn then the
hatched region shows the effective area.
According to Fig. 2 if the effective distances along 1,
2,..., n directions are d1, d2,..., dn then the hatched region
shows the effective surface.

3. Disscussion
The study area, with longitude 59°20’ to 60°8’ East
and latitude 35°40’ to 36°3’ North, and is located from
Azadi Highway to the west of Mashhad. In Fig. 3, the location of 192 studied boreholes is shown on the map.

4. Drawing Variogram for SPT
For a regionalized variable with a spatial structure,
the distribution is in such a way that the similarity of regional values is greater for points that are closeer together
than for distant points.
Therefore, by increasing the spatial distance between
samples, we determine the effective radius, beyond which
the value of the region variable does not have much effect,
and the value of the variogram no longer changes signifi-

Figure 2 - Plan of base point location (x0) and the effective distance along different directions which results in the determination
of the effective surface (the hatched region).
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As the number of probability distribution models is
limited in classical statistics, a few practical models are also
available for the experimental variogram. These theoretical
models are divided into two groups:
1. Variograms in which g(h) value increases with h and
does not approach a constant sill.
2. Variograms in which g(h) value at first increases with h
and then reaches a constant limit which is the variogram’s sill.
The present study on SPT variogram parameters
shows that these variograms are among the second type.
We can attribute different models for these variograms but
with respect to the study carried out, the best fitted model to
the variograms related to SPT is spherical.
The general equation for this model is written as Eqs.
3 and 4.
æh
h3 ö
(3)
g( h) = C çç - 0.5 3 ÷÷ h < a
a ø
èa
Figure 3 - Distribution map of boreholes, West Mashhad.

(4)
g( h) = C h < a
in which C is the threshold limit and a is the effective area.

cantly. After determining the effective radius along different directions, the effective area is plotted. With its help, we
can observe the uniformity of the parameter values of SPT
in the study area (west of Mashhad).
The experimental variogram not only investigates
and determines the structural characteristics of regionalized
variables and explains how they change, it also has a role of
data summarization.

4.1. Variograms drawn for standard penetration numbers in West of Mashhad

Figure 4 - Effective SPT area for depths of 0-10 m.

Figure 5 - Effective SPT area for depths of 10-20 m.
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For this reason, at first the study area is divided into
four sections and after that, SPT data are used for the estimation of variogram’s effective radius for 10 and 20 m
depth in every section. The results are shown in Figs. 4
and 5.
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The drawn variogram to display the effective
SPT area at depth of 0 to 10 m (Fig. 4) shows that the
SPT parameter does not freely change in the effective
distance but it changes regularly. Hence, outside the
effective area, the occurrence of irregular changes to
this parameter indicate the impact of local events in the
basin.
The effective area at depth of 10-20 m is shown in
Fig. 5. According to this figure, it is seen that the effective
area does not have a definite direction. In other words, the
length of the step and the effective area in each direction
has the same value and the values of the SPT numbers are
close together which is justified by the increase of overhead
pressure with increasing depth.
4.2. Estimation evaluating maps
Among the precise zoning and mapping methods we
can refer the ordinary kriging method which uses the samples’ location data besides the desired characteristic values
for the interpolation and data estimation (Chiasson et al.,
1995).
In Fig. 6 the ordinary kriging map of soil texture is illustrated for depth of 0-5 m. Obviously, in the aforementioned figure can be observed: in the northern part, the
coarse-grained soils (gravel and sand) with high amounts of
silt and clay; in the middle part, coarse-grained soils (gravel

and sand) with low silt and clay, which are well-graded; and
in the southern part, we are faced with increasing silt and
clay content.
The ordinary kriging map of soil texture is illustrated in Fig. 7 for depth of 5-10 m. It shows that in the
central part the amount of sand with bad maturity has increased, with increasing depth. The fluctuations of
streams energy in different periods can be the evidence for
this modification.
In Fig. 8 the percentage of passing No. 200 sieve
(0.75 mm) which indicates fine grain particles, is shown for
depths of 0-5 m.
Fig. 9 shows fine grained particles at depth of 5-10 m
whose percentage has increased in comparison to depth of
0-5 m. The reason can be related to changing environmental
conditions. For example, faulting causes high energy of
water and the coarse grained particles appear at the surface.
The frequency of dehydration periods causes the appearance of fine grains and the frequency of high-water periods
lead to appearance of coarse grains in the Kashafrud River
basin (in the study area) which can also be a reason for this
claim. From the other reasons, changing the flow regimes
can be mentioned.
In Fig. 10, the kriging map of standard penetration
numbers is shown for depth of 0-5 m.

Figure 6 - Kriging map of soil texture for depth of 0-5 m.
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Figure 7 - Kriging map of soil texture for depth of 5-10 m.

Figure 8 - Kriging map of passing no. 200 sieve at depth of 0-5 m.
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Figure 9 - Kriging map of passing no. 200 sieve at depth of 5-10 m.

Figure 10 - Kriging map of SPT-N at depths of 0-5 m.
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The closer spacing of curves in the specified area can
be due to one of the following reasons:
• The sedimentation basin has had drastic energy changes
(for example, the area has been part of an alluvial fan or
flood plain).
• The area is tectonically active (however this is not true
for the West of Mashhad because this region doesn’t
have impressive tectonic activity).
• The type of sediment load which is transfered by the
river is different (this case is also not true for the West of
Mashhad because the area is not active).
• Seasonal flooding in the region (this can be the most important factor).
• Incorrect pick up and human errors.
The kriging map of standard penetration numbers is
shown in Fig. 11 for depth of 5-10 m. which could indicate
that the SPT-N values have increased with increasing
depth, which is to be expected due to increasing overhead
pressure with increasing depth.
The kriging map of standard penetration numbers
is shown in Fig. 12 for depths of 10-15 m which could
indicate that SPT values still increase with increasing
depth.
As shown in Fig. 13, the dry density increases from
1.65 (in West of Mashhad) to 1.95 (in Eastern Mashhad) at
depth of 0-5 m due to the change in the texture of the soil

from coarse grain to fine grain (from west to East), which is
justified by the loose and semi-compacted nature of the
West soils in compared to the Eastern soils. The proximity
of the curves indicates the transition zones and heterogeneity of the soil in that location, which can be coarse grained
in the middle and fine grained around or vice versa, which
depends on the increasing or decreasing trend of the contours.
In Fig.14 the density value is shown at depth of
5-10 m which is evidence of the above interpretation. Transition zones are still present, but the dry density values have
increased due to increasing overpressure and density.
Figure 15 illustrates dry density values at depth of
10-15 m within which transition zones are still present, but
density values have increased due to increasing overpressure and compaction. Of course, the increase of dry density
is not as impressive as shown in Fig. 14 for a depth of
5-10 m.

5. Conclusions
The main purpose of this paper is to determine the
specification of areas without borehole logs. Based on the
knowledge of drilled boreholes in the study area, using the
interpolation method, assessment the drawn kriging maps
and using geostatistical techniques, the following main
conclusions emerged from this study:

Figure 11 - Kriging map of SPT-N at depths of 5-10 m.
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Figure 12 - Kriging map of SPT-N at depths of 10-15 m.

Figure 13 - Kriging map of dry density at depth 0-5 m.
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Figure 14 - Kriging map of dry density at depth of 5-10 m.

Figure 15 - Kriging map of dry density at depth of 10-15 m.
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1. According to the soil texture maps and the percentage of
passing no. 200 sieve, we can see that more than 80%
of the specimens have less than 10% of clay and silt
values in the study area, which indicates the high energy content of the sedimentation environment.
2. Also, soil texture kriging maps show that with increasing
depth, the soil texture extends to the coarse grains
mainly, which indicates the high energy of streams in
the old sedimentation environment.
3. The investigation of plotted variograms to show the effective SPT area, indicates that with increasing depth
to a certain value (in the case study 10 m), the effective
area shows a significant decreasing trend generally,
and the increase of overhead pressure with increasing
depth and the homogeneity of the soil texture proves
this to be expectale.
4. Also evaluation of the effective SPT area variograms,
near the surface, is an evidence of soil-resistance heterogeneity in the east-west direction (along with the
sedimentation of the rivers).
5. The drawn variograms to display the effective SPT area
indicate that outside the effective area the occurrence
of irregular changes to this parameter represent the impact of local events in the basin.
6. With increase of depth beyond a specific range (in this
study, past 10 m), the effective range does not show a
significant change due to density of sediments. Investigations have shown that SPT-N values at these
depths are generally higher than 50.
7. The proximity of curves in kriging maps of dry density
indicates the transition zones and heterogeneity of soil
in that location. Locations other than the transition
zones, which have coarse graine soils, are often river
channels.
8. Generally, dry density increases from West to East of
Mashhad which is due to changes of soil texture from
coarse grain to fine grain (from West to East) which is
justified due to the loose and semi-compacted nature
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of the West soils in compared to the Eastern soils. And
it also shows a slight increase with increasing depth.
9. The neighbouring radius decreases in a certain direction
due to layering changes with increasing depth. In other
words, with increasing depth, the influence of soils
from surrounding areas becomes smaller.
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