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SUMMARY IN ENGLISH  

Determination of hydraulic properties of soils is important in many 
construction and environmental projects, such as water supply, 
assessment of soil, geotechnical properties and pollutant spreading. 
Homogeneity and anisotropy of soil are often crucial characteristics to 
resolve representative sampling and preferential flow directions. This 
project is a pilot study of geophysical methods; in this case the electrical 
resistivity measurements used to determine the hydraulic properties of 
soil. The system is based on resistivity measurements in different 
directions by water infiltration in different soils. The measurements are 
carried out by Schlumberger respective pole-dipole arrays of electrodes 
and analyzed in 3D. Measurements were performed on 9 different 
representative soils in the Stockholm region (sand, till, clay), before, 
during and after the infiltration of water. The results show that it was 
clear to distinguish the soils by difference in heterogeneity and 
anisotropy. The method is simultaneous fast and easy to perform 
therefore, it can be developed into a tool for hydraulic analysis of soils 
without extensive installations or sampling. 
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SUMMARY IN SWEDISH  

Bestämning av hydrauliska egenskaper av jordar är viktigt i många 
samhällsbyggnads- och miljöprojekt, såsom vattenförsörjning, 
bedömning av markens geotekniska egenskaper och 
föroreningsspridning. Markens homogenitet och anisotropi är ofta 
avgörande egenskaper för att fastställa provtagningars representativitet 
samt preferentiella flödesriktningar. Detta projekt utgör en pilotstudie 
där geofysiska metoder, i detta fall elektriska resistivitetsmätningar, 
använts för att bestämma jordens hydrauliska egenskaper. Systemet 
bygger på resistivitetsmätningar i olika riktningar i samband med 
vatteninfiltration i olika jordarter. Mätningarna är gjorda med 
Schlumberger respektive pol-dipol konfiguration av elektroderna och 
analys i 3D. Mätningar utfördes på 9 jordartsmässigt representativa 
platser i Stockholmsregionen (sand, morän, lera), före, i samband med 
och efter infiltration av vatten. Resultatet visar att det tydligt gick att 
urskilja de jordarter som uppvisar en avvikande heterogenitet respektive 
anisotropi. Eftersom metodiken samtidigt är snabb och enkel att utföra 
kan den utvecklas till ett verktyg för hydraulisk analys av jordar utan 
omfattande installationer eller provtagningar. 
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ABSTRACT  

Cognition of the hydraulic properties of soils is important in civil and environmental 
projects such as for water supply, geotechnical investigations and evaluation of 
pollutant spreading. This pilot project aims to develop and test a new method for 
characterization of the homogeneity and isotropy of different soils by using 
geophysical measurements. The method is based on geoelectrical (resistivity) 
measurements using a radial array. Using a radial array with electrode lines in various 
orientations crossing a midpoint at which water was infiltrated, it was possible to build 
a 3D-block model showing the water penetration into a soil body. Based on the 
infiltration pattern it was possible to evaluate the hydraulic heterogeneity and 
anisotropy of the material. Several common Swedish types of soils were tested. 
Measurement and evaluation techniques including software were developed. The 
project shows that geoelectrical measurements using a radial array and geoelectrical 
instruments available on the market can be used for rapid evaluation of the hydraulic 
heterogeneity and anisotropy of soils and rock.  

Keywords: radial; homogeneity; isotropy; electrical resistivity; infiltration  

1. INTRODUCTION 

Pollution of soil is an important subject in environmental issues. The 
severity of pollution depends on several factors such as chemistry, 
mobility, toxicity and amount of pollutant. The pollution usually is 
caused by human activities; for instance, the de-icing salt is spread on 
roads in cold seasons in Sweden.  

The de-icing salt flows to the ground in roadside and further, it may 
penetrate to groundwater. This can cause adverse environmental effects 
(Olofsson and Lundmark, 2009). There are even more pollutants such as 
heavy metals in road and motorway that might dissolve in water and flow 
into soil.   

Since water carries pollutants into soil, it is essential to explore the 
mechanism of water intrusion within the soil. In addition, soils have 
different structures in terms of grain size, porosity, fracture, joint and 
saturation so the dispersion of water varies as well. 

In hydrogeological concept, hydraulic conductivity is defined as an 
indicator for flow rate of water in a porous media. When water flows 
into soils; it flows in a three dimensional media. The direction of flow 
can be horizontal or vertical. However, the hydraulic conductivity is 
proportional to time and distance and it is generally related to the 
physical properties of media.  

However, in order to characterize the ground water flow, it is necessary 
to define and determine the soil properties such as the hydraulic 
conductivity, homogeneity and isotropy of the soil.  

The expression of homogeneity is used as one of the soil properties in 
geophysics, geology and engineering geology and the definition of 
homogeneity differs from each perspective.  

In previous research studies, the characterization of homogeneity was 
determined by statistical methods. The scale of homogeneity in different 
geological structures has been presented by using equations, which was 
dependent on the structure of rock (Schulze-Makuch et al., 1999). 
Further, the heterogeneity of fractures was tested by modeling and 
statistical analyses on structure data from a tunnel (Cesano et al., 2003).   

There are two main geophysical methods described in literatures which 
have been used to test the soil anisotropy:  
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Taylor and Fleming (1988); Ritzi and Andolsek (1992) and Busby (2000) 
presented and developed the first method respectively. The first method 
is Azimuthal resistivity measurement. The method is based on the linear 
array, in which the measurements are formed of different directions 
from 0 degree along to 360, where the intervals are usually 10 degrees.  

Maillet (1947) firstly presented this method in geo-electrical prospecting 
in one dimension. He observed the difference in resistivity between 
parallel and perpendicular orientation to beddings. In order to prove this, 

he defined longitudinal l and transverse t resistivity as two factors to 

calculate the anisotropy coefficient  and the average resistivity m as: 
 

   
  

  
 
 

 ⁄             
  ⁄   

Commonly, the anisotropy coefficient (), varies from 1 to 2 (Keller and 
Frischknecht, 1966). Leonard-Mayer (1984) achieved that the major axes 
of apparent resistivity as a hypothetical ellipse orientation is correlated to 
the main direction of joints, and was experimented on in calcite dolomite 

and limestone. Later on, Skjernaa and Jørgensen (1993) generated an 
index of form and ratio of anisotropy for fractures in gneiss and granite 
by using a collinear Schlumberger array in the 2D geometry model with 
Maillet’s equations (1947). Further, Bolshakov et al. (1997) showed that 
the apparent resistivity differs in electrode-array orientations and it is 
independent of coordinates. They also used the collinear Schlumberger 
array for their method. 

Bolshakov et al. (1995) applied the non-linear dipole equatorial array. In 
this array, the potential and current dipoles are parallel and it is offset at 

array spacing. He specified (5) instead of (), that was used in collinear 
array, in the axes of polar azimuthal resistivity diagrams. Following, 
Bolshakov et al. (1998) presented the arrow-type array, which could raise 
the sensitivity of the non-linear array to anisotropy. The sensitivity was 
the ability of array and method in distinguishing the anisotropy.  

A second method, which is used, is the Square array technique. 
Habberjam and his colleagues (Habberjam and Watkins, 1967; 
Habberjam, 1972, 1975; Matias and Habberjam, 1986) established this 
method during the decades. As an advantage, the method was more 
sensitive than co-linear arrays. The measurement is azimuthal around a 
center point, which current and potential electrodes rotate around a 
circle point to point. Then the method was complemented and calibrated 
on different soils (Matias, 2002). 

Samouëlian et al. (2004) used the square method in laboratory scale to 
characterize the fractures in dry soil. Though, this method is notably 
accurate, the data processing is time consuming. Greenhalgh et al. (2010) 
compared an isotropic, homogeneous model with an anisotropic model 
in sensitivity. They obtained data from pole-pole array.  

Recently, Olofsson and Lundmark (2010) injected saltwater solution into 
the soil which was tested in a square frame with length 140 cm. In their 
study, the frame was also 8×8 electrodes, which could monitor the 
saltwater penetration in a 3D model.  

This method of study follows likewise the Azimuthal method. The 
employed arrays in the study are Schlumberger and Pole-dipole. 

1.1. Homogeneity and Isotropy  
The two items, homogeneity and isotropy are often explained together 
but the main definitions of them are different.  
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Homogeneity is “uniformity of composition” (OED, 2010). It means the 
whole part of material should have the same property, which composes 
that, a uniform mass. While “isotropy is the exhibiting equal physical 
property or action in all directions” (OED, 2010). The difference in 
direction means anisotropy. Since they have different meanings 
practically in geophysics, geo-techniques and geology, it should be 
considered the definition in geophysics technically.  

The main factor for the study of the hydraulic properties of soil and 
bedrock is the hydraulic conductivity. Darcy first formulated this factor 
in the mid 18th. By assuming a one-dimensional medium, the volume of 
water flow Q in a cross section A of a tube by length X is proportional 
to the pressure gradient: 

          
 

  
        

Where P=p(x, t) is pressure, ρ =ρ(x, t) is density of the fluid and g is 
gravitational constant.  

K is the hydraulic conductivity and its unit is equal to velocity (Logan, 
2001). 

The hydraulic conductivity varies in different soils. It can be uniform or 
may vary from point to point. If the hydraulic conductivity is equal in all 
directions then the soil has an isotropic behavior with respect to this 
factor, otherwise it can be regarded as an anisotropic soil. 

For a better illustration of isotropy and homogeneity in a 3 dimensional 
case, presume two bodies of soil in a three-dimensional model (x, y, z 
axis). The hydraulic conductivities along the axes are presented as Kx, 
Ky, Kz and Kx*, Ky*, Kz* respectively for the two measurement sites. 
Following, there are four different types of hydraulic systems that are 
shown: 

Condition (1) the soil is homogenous and isotropic in both soils. K is a 
single value. 

Homogenous:   Kx+ Ky +Kz = Kx*+Ky*+Kz* 

Isotropic:    Kx=Ky=Kz, Kx*= Ky*= Kz* 

Fig 1.  Four different properties for soil for point A and B in a 3D 
space. 
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Condition (2) the soil is homogenous and anisotropic. K is 3 values. 

Homogenous:    Kx+ Ky +Kz= Kx*+Ky*+Kz* 

Anisotropic:   Kx≠Ky or Kz≠Ky or Kx≠Kz 

Condition (3) the soil is heterogeneous and isotropic in both zones. K is 
2 values. 

Heterogeneous:  Kx+ Ky +Kz≠ Kx*+Ky*+Kz* 

Isotropic:   Kx=Ky= Kz , Kx*= Ky*= Kz* 

Condition (4) the soil is heterogeneous and Anisotropic in both zones. K 
is 6 values. 

Heterogeneous:   Kx+ Ky +Kz≠ Kx*+Ky*+Kz* 

Anisotropic:   Kx≠Ky or Kz≠Ky or Kx≠Kz 

The 3 dimensional of these four cases are displayed respectively in 
figure.1. 

Hydraulic heterogeneity and anisotropy has usually been investigated 
from hydraulic tests which is time consuming and requires tubes and 
boreholes (Greene, 1993). In a media with high hydraulic conductivity 
and anisotropy a huge amount of sites are required to get representative 
soil samples and hydraulic values that need testing facilities and labor 
which are expensive. Therefore, there is a need for simply, rapid and low 
cost methods to determine hydraulic properties such as homogeneity and 
isotropy. 

1.2. Aim of the study  
The aim of the study is to examine and develop a method which can be 
used to characterize the homogeneity and isotropy of hydraulic 
properties of soils. It would be able to model water infiltration to soil in 
an explicit frame. The method also should be inexpensive, simple and 
useful. 

2. METHODS  

2.1. Infiltration Test  
The infiltration test is an applied method to obtain information of 
infiltration capacity and percolation in the vadose zone. The standard 
method is based on two rings, which are placed inside each other with 
the outer ring is full of water in order to isolate the inner ring and 
saturate the outer zone. Despite that, in this study one tube or ring is 
used and mud or wet soils are placed surrounding the ring in order to 
avoid the uprising of infiltrated water. Such tests were previously used in 
a ground water pollution study (Olofsson and Lundmark, 2010).  

Fig. 2. The infiltration 
pipe is placed in the 
ground with a ruler 
beside it. The pipe is 
made of transparent 
plastic so it is very easy 
to see and measure the 
water level. The 
electrodes are pressed 
into the soil using a 
radial array.  
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One reason for excluding the outer ring is that usually the vertical 
infiltration is of major importance, whereas in this particular study, it is 
also the lateral spreading, which is of interest.  

During the infiltration, the infiltration rate is decreasing gently and this is 
due to the saturation of the soil. After a short time, the infiltration speed 
becomes relatively constant and therefore in test, water is injected 
between 5 to 10 minutes and the head of water in the ring is measured 
every 30-60 seconds.  

One advantage of the infiltration test is that the measurement is carried 
out in the center of the geoelectrical measurement array and also at the 
same time. As a result, the infiltration test can be monitored by 
geoelectrical measurements. Another advantage is that this test is time 
efficient and quite easy to set up and record data with respect to 
electrode installation (Fig. 2).  

2.2. Geoelectrical measurements 
Determination of physical properties of soil is a main subject for 
geological and geophysical studies. In determining these properties, it is 
of concern to define the primary parameters which can be used to 
achieve the considered properties (Reynolds et al., 1997). 

Electrical resistivity is a physical property that needs firstly a volume of 
material or mass. In a bulk mass with length, width and height of L and 
the electrical stream flows within the bulk with a current of I and an 
electrical potential of V (Fig. 3), according to Ohm´s Law the resistance 
of the bulk is (V/I).   

Since the resistance (R) is proportional to the length (L) and the cross 

sectional area (A) and conductivity (  , the resistivity of the material 
becomes: 

Fig. 3. An assumed 
bulk of soil in which 
current flows from 
direction of I. 

Fig. 4. Distribution of the current flow are shown in a homogeneous soil in 
a 2D view, the continuous line are equi-potentials.   
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Considering V=R/I: 

  
  

  
      

By assumption of a homogeneous and isotropic half-space, the electrical 
equi-potentials are hemispherical (Fig. 4) (Reynolds et al., 1997). The area 
of the surface of hemisphere with r radius is 2πr2. The potential of area 
can be calculated according to: 

  
  

   
 

The principle method of resistivity measurement is conducted by using 
four electrodes. Two electrodes give a current flow to bulk A and B  
(Fig. 5). The two other electrodes measure the potential difference 

between point M and N. The difference of potential    can be 
expressed as below: 

   
  

  
[
 

  
 

 

  
 

 

  
 

 

  
] 

From the equation by changing the factors it can be inferred: 
 

  [
  

(
 

  )  (
 

  )  (
 
  )   

 
   

]
  

 
  

  

 
 

K is a factor, which is called the geometrical coefficient and it depends 
on the array or the arrangement of electrodes. 

The central position of measurements can be calculated by the electrode 
position and depends on the array of the measurement. Schlumberger 
and Pole-Dipole are two arrays which were used within this study.  

If the Schlumberger array is used, then the mid distance of MN (MN/2) 
on X-axis and the depth or Z value is AB/2. Therefore the location of 

Fig. 5. The schematic view of placement of electrodes. A and B are 
current electrodes and M and N are potential electrodes.  

Fig. 6. The pseudo section profile of geoelectrical measurements. 
The plus signs show the center of the measured volume.  
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the point in the XZ plane is (MN/2, AB/2). The pole-dipole method has 
a different coordinate calculation. One pole of the current electrodes is 
approximately infinite. The potential electrodes are reference for the 
point. On the XZ plane the coordinate is (MN/2, MN/2) (Samouëlian et 
al. , 2004). 

If a line of electrodes is prepared, the measurement points could 
represent a pseudo section of apparent resistivity (ABEM, 2009). The 
data acquisition from a straight line of 8 electrodes by using 
Schlumberger array is 9 points and for pole-dipole 28 points (Fig. 6). It 
should be considered that the measured resistivity point is an apparent 
resistivity which is the mean value of the volume measured and not 
necessarily the real resistivity of the specific point. There are different 
types of modeling techniques which can be used for estimation of the 
real resistivity.  

2.3. Site selection 
The investigation was done at 9 locations in Stockholm region. Figure 7 
shows the locations. The locations were selected based on the soil and 
geology. It was tried to choose different soil structures and it is also 
considered that the soils would be uniform such as sand and clay or it 
would be heterogeneous such as glacial till. The locations were chosen 
initially from the geological maps of Stockholm and Uppsala. Additional 
information about the location and geology of the sites is available in 
appendix VI and VII respectively. 

2.4. Theoretical method 

2.4.1. Radial Array 

The electrode arrays such as Schlumberger, Wenner, pole-dipole and 
pole-pole are the conventional arrays. The Radial array is not strictly a 
new array but it is a combination of conventional arrays in 
measurements. In the radial method, the cable line of electrodes is linear 
or mainly straight, but the form of new array is radial. To put it simply, 
the electrode lines cross each other in a centre point (Fig. 8) and the 
measurement methods could be one of the conventional methods such 
as Schlumberger. 

Fig. 7. The satellite map of Stockholm, the yellow pins show 
location of the sites. (Google Earth, 2011) 
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The main form of radial array can be made by 4 or 8 lines (Fig. 8). The 
number of electrodes per lines is arbitrary but it is necessary that all lines 
should have equal number of electrodes so that the interpretation of 
results can be rational, meaningful and easy.  

The number of measurements depends on: 

1. Limitation of the instruments: The ABEM instrument used in this 
study has a maximum of 64 electrodes, which can be handled 
simultaneously.  

2. The duration time of measurement: The total measurement time 
differs due to array. A large number of electrodes significantly 
increase the measurement time. 

The array can consist of 2 perpendicular lines, but it is suggested that at 
least 4 lines are used for a better interpretation and sufficient number of 
measurement point in the 3d space.  

The number of electrodes and their spacing is depending on the accuracy 
and penetration depth needed, but in order to get a sufficient number of 
measurements representing larger volume a minimum of 8 electrodes is 
advised. 

2.4.2. Radial method using Schlumberger and pole-dipole arrays 

Among different conventional arrays Schlumberger and pole-dipole 
arrays were chosen (Fig. 9). There are technical reasons for selection of 
them. First, Schlumberger is an array with equal current distribution in 
soil because the distance between the current electrodes is regular 

Fig. 9.  The pole-dipole array the C1 pole is located at an infinite 
distance (n=∞) whereas in the Schlumberger array, the C1 and C2 
electrodes are placed at equal distance from the potential 
electrodes (n=1, 2, 3, …) (modified from Dahlin and Zhou, 2004). 

Fig. 8. The form 
of Radial array 
for 4 lines with 45 
degree angle. 
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increasing. The second array is the pole-dipole array and the advantage 
of this is the acquiring of more measured points, although in spite of 
this, it has not that regular distributed current as the Schlumberger array.  

The measurement instrument that was used within the study was 
Terrameter SAS 1000 from ABEM combined with cables specifically 
constructed for this study. The electrodes were made of stainless steel 
with 0.5 cm diameter and were inserted roughly 5 cm in the ground.  

The radial array is basically a 2D array that is oriented in different 
directions. The main four-eight lines are based on a cable line consisting 
of 32 or 64 electrodes that are arranged in blocks of 8 electrodes in each 
direction. The angle between the lines if only four lines are used is 45 
degrees. The numbering of electrodes can be chosen in 2 methods 
depending on shape of the cable and the protocol file that is used which 
is presented in figure 10. 

The obtained data is a network of points representing the center of 
volumes which have been penetrated by the current flow. The points 
represent a pseudo section comprising 8 electrodes. It should be 
observed that electrodes 1-8 are not in the same direction as 9-16 which 
is shown in figure 10, however, all of the lines are defined as one line in 
the measurement protocol as shown in figure 11. The protocol for 
ABEM instruments and network of points were defined for the 
Schlumberger and the pole-dipole arrays.  

In the radial measurement method with pole-dipole array, each line 
includes 29 points. The network of points after reduction of double 
measurements consists of 112 points totally. The Schlumberger array has 
9 measurement points per line and thus, it has 36 points in total. Since it 
is a radial method, all lines cross the midpoint and the coordination of all 
points is based on the center point of the circle. The measurements are 
carried out in a 2 dimensional coordination. Measured data were 
processed using the software RadialCoord (© Bo Olofsson) which is able 
to transform linear coordination to a 3D-grid. After sorting the data 
series, data points were imported to the Voxler software (© Golden 
Software Inc), which is volume mass modelling software. Figure 12 
shows that the shape of network of points is most like a cone in a 3D 
view. 

2.5. Practical Method 
The principle of the method is based on infiltration of water in the soil 
and monitoring the time-lapse change. In order to investigate the 
homogeneity and isotropy of soil, the infiltration test represents an 
injection of a fluid in a bulk of soil. In addition, the infiltration creates an 
artificial change of moisture in the soil which usually reduces the soil 
resistivity (Samouëlian et al., 2004). It expresses that the change in 
resistivity might represent the water penetration into the soil.  

Fig. 10. There are two different electrode arrangements. The blue 
lines represent cable jumpers from one line to another. The 
numbers are electrode numbers. 
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Fig 12. Network of points of the radial method from the pole-
dipole array presented in the Voxler software as a 3D image. The 
red points are the pseudo position of measured resistivity. 

 

In practice, the infiltration test may have been conducted using a 
transparent plastic tube with 9 cm diameter. Figure 13 shows the plastic 
tube was placed in the centre of the radial array. The spacing between 
electrodes varied from 0.1 to 0.4 metres in order to select the most 
appropriate electrode configuration. The measurements were carried out 
regularly before infiltration; 5 minutes after infiltration and finally 15 or 
30 minutes after. Therefore every point has at least 2 measurement 
values of resistivity. Further, the percentage of change was calculated 
according to: 

                         
              

                     
      

   is the apparent resistivity. 

One of the requirements for the radial method is that the measurements 
should be carried out rapidly. The estimated time for the Schlumberger 
array is 5 minutes and for pole-dipole is 10 minutes.  

The infiltration test started before the second data series collection and 
continued during the collection campaign. Since the tube was 
transparent, it was possible to measure the decline of the water level 
through time.  

Fig. 11. The 4 lines of electrode from the defined protocol for 
ABEM instrument. The green points show the positions of 
apparent resistivity measurements. 
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Fig. 13. The infiltration tube is placed in the centre of the Radial 
array and surrounded by steel electrodes. All of the electrodes are 
connected to one cable and each line makes 45 degree with the 
next other line. 

2.6. The process of data 
After acquisition of data and sorting and calculation on data series, the 
processed data was imported to Voxler in order to display a 3D image. 
There are numerous steps from acquisitions of the data to generation of 
the image (Fig. 14).  

2.7. Analysis of Data  

2.7.1. Determination of homogeneity 

The evaluation of hydraulic homogeneity is conducted by observation of 
changes in resistivity before and after infiltration. The matrix 
heterogeneity can be represented by the variance of resistivity before 
infiltration There are two steps for examining the results. First, the block 
image that is generated from the result of the resistivity is observed 
primarily whether the resistivity of the soil bulk is changed or not. 
Second, the distribution of resistivity of the points before and after 
infiltration is produced. The graph can represent whether the point 
changed or not. If it is not clear that the resistivity of the majority of 
points (more than 90% of points) changed, it is suggested that to use 
more statistical tests. Zhang (1998) presented 14 different tests of 
homogeneity of variance. In order to corroborate the significant change  

Fig. 14. Flowchart of the procedure of data processing from 
measurements to presentation.  
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in resistivity before after infiltration, the histogram of distribution of 
resistivity was produced. Figure 15 shows the steps of the test of homo-
geneity.  

2.7.2. Determination of isotropy of soil 

The determination process on isotropy is based on image survey and 
geometry (Appendix II). In figure 16, if the first test is not certain 
enough then it is possible to retest the image with different scale and 
contour line format. It is also possible to examine the isotropy on pole-
dipole data.  

The additional test is the comparison of resistivity of center point in 
different depths. It is practically the azimuthal measurement of resistivity 
in 4 directions. The directions are 4 lines of measurement. Each line 
measures the resistivity of center point at 3 different depths before and 
after infiltration. Therefore, it can represent the lateral penetration of 
water in 3 different depths. If the resistivity differs significantly in 
different directions then the soil can be classified as anisotropy. 

2.7.3. Scale of homogeneity and isotropy 

The scale of homogeneity of soil hydraulic conductivity is defined 
qualitative in many studies.  But here it is used to integrate it to 
quantitative scale. The physical reaction of soil in terms of change in 
resistivity and hydraulic conductivity are considered as behavior of the 
soil body.  

The levels of homogeneity are:  

1. Homogenous: Over 90% percent of media has same behavior either 

full or no penetration. 

Fig. 16. The flowchart 
shows the progressive 
stages to determine the 
homogeneity. The test 
can be started with 
simple statistical test to 
advanced method.  

Fig. 15.The procedure 
of evaluation of isotropy 
of soils from apparent 
resistivity data. The 
flowchart shows 
applicable calculation 
and geometrical 
methods for results 
from the Schlumberger 
array and the pole-
dipole array. 
By achieving confident 
result, the evaluation 
might be finished after 
each step. 
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2. Semi homogenous: From 50% to 90% of media has the same behavior. 

3. Heterogeneous: Less than 50% of soil has similar behavior. 

The isotropy is divided into two groups. Since there are different types 
of anisotropy, quantifying the isotropy is controversial. However, the 
isotropic soil is decided to be the highest grade. The isotropic media 
(soil) is defined as over 90% similarity in all directions; the difference of 
change can vary up to 10 %. The difference in direction less than 80%, 
depends on the type of anisotropy and can be classified as zonal 
anisotropy (in one direction) or geometrical anisotropy (in more than 
one direction. An illustrative image of geometrical anisotropy with 
necessary calculations is available on appendices II.  

Since there is analogy between hydraulic conductivity and electrical 
conductivity, it is applicable to use electrical conductivity to determine 
homogeneity and isotropy of soil. 

2.8. Soil classification (sieving analysis) 
In order to have a clear view of the structure of the soils soil samples 
were taken from sites and they were analyzed with sieve and 
sedimentation. The samples were classified according to Unified Soil 
Classification System (USCS). The classification is based on geotechnical 
properties of the soil therefore it should be considered that a soil with 
good quality in USCS means a soil that contains all grain sizes. However, 
the grain size distributions of the soils are also available in appendix V. 
The sites are named by the initial geological soil type and furthermore 
the classified names of soils are mentioned in each part of results. 

3. RESULTS  

The field measurements were performed at 9 different sites around 
Stockholm. There were 19 different tests carried out for the purpose of 
investigation. One of these was the determination of hydraulic 
homogeneity, isotropy and physical properties of soil using the radial 
method. After field tests and arrange of the data, two main data types 
were obtained which described the soil hydraulic properties. The 
apparent resistivity data which was modelled as pseudo-section data in a 
3D space block section and the infiltration measurement data that 
reveals the water penetration into the soil.  Here, 6 different cases 
representing some typical soils are presented and evaluated. The rest of 
the results are presented in appendices. 

3.1. Site 2 (Gravel)  
The site is a quarry of gravel located at Uppsala esker according to the 
geological map. Figure 17 presents the difference in resistivity in a gravel 
soil at site 2. The change in resistivity could be recognised in a 3D block 
image. The infiltration test and infiltration curve indicate that the average 
infiltration rate is 1.25 mm/s. However, the infiltration curve is clearly 
divided into two parts (appendix IV). The initial part is before the soil is 
saturated which represents an infiltration of 1.64 mm/s whereas after 5 
minutes the soil becomes saturated and the infiltration rate decreases to 
0.75 mm/s. 

It should be observed that the apparent resistivity of the soil varies 
logarithmic i.e. from 100 Ω.m to 10,000 Ω.m, and thus the percentage of 
change is only comparable with the same point before and after 
infiltration. However, figure 17 shows that the resistivity of all point 
decreased more than 46% it means the resistivity of the whole soil mass 
is reduced by infiltration of water.   
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Further, the histogram represents data in a more quantitative and 
comparable manner. The histogram of resistivity (Fig. 19) before and 
after the infiltration might confirm the resistivity change in the whole 
soil body. The resistivity of 98% of points (35 of 36 points) reduced 
significantly. These can reveal that the soil is homogenous. 

On the other side, the sieve analysis of soil sample showed that the soil 
can be classified as sandy gravel.   

The second determination is the isotropy of soil.  The main method is by 
the geometry anisotropy test. The method is based on a circle with its 
centre point located at the infiltration point. The main orientations 
shown by vectors (Fig. 18) indicate the predominating water flow and 
the longer vectors display the leading flow directions.   

 
 

Fig. 17. A 3D box that represents the difference in resistivity (%) 
after injection of water in the center of 3D block at site 2. The 
array of measurement is Schlumberger and the electrode spacing 
is 0.1 m.  

Fig.18.The 2D contour image of the difference of resistivity (%) at 
site 2. The vectors show the anisotropy directions. The green 
vector shows the main direction of anisotropy. 
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Fig. 19. The distribution of resistivity of the points at site 2. The blue 
columns are before infiltration and red is after infiltration.  

 

In addition, in order to corroborate the graphical result, the resistivity of 
the center point of measurement examined in 4 different directions and 
3 different depths. Figure 20 and 21 show the variation of resistivity of 
the center point before and after infiltration respectively. Figure 20 
illustrates the resistivity of center point fluctuates over 600 Ω.m in 
depths of 0.177 m and 0.247 m which means over 14% from average 
value of 3000 Ω.m. After infiltration, the resistivity of center point 
reduces significantly but it fluctuates near 100 Ω.m in range 600 Ω.m to 
900 Ω.m in depths of 0.177 m and 0.248 m (Fig. 21). It reveals that the 
change of resistivity in different direction varies higher than 11%. Since 
the limit of isotropy is defined in 10% of alteration therefore, the soil can 
be considered as anisotropic. The result from sieve analyses shows that 
the soil is classified as well graded sand according to Unified Soil 
Classification System (USCS). The well-graded sand soil means that the 
soil grain size is not distributed unified.  
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Fig. 20. The resistivity of the center points before infiltration in depths 
of 0.106 m, 0.177 m and 0.248 m at site 2.  
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3.2. Site 7 (Glacial till) 
The soil at site 7 is located in glacial till area due to Stockholm geological 
map . Further, the sediment analyse identified the soil as silty-sand 
(appendix V). The average infiltration rate of the soil is 2.15 mm/s but it 
is slightly higher during first 90 seconds. For examining the 
homogeneity, the 3D image of Schlumberger array is generated. The 
block image (Fig. 23.A) shows that the percentage of change increases 
from the centre toward the edges. The PC (percentage of change) varies 
from -45% to +17%. Then, from the pole-dipole array (Fig. 23.B), it is 
explicit that half of the points have a negative change and the rest are 
changed to positive.  

Further, the histogram (Fig. 22) shows reduced resistivity of 61% of 
points reduced, which means the resistivity before and after water 
injection changed partially. Since the change is between 50% and 90%, 
the soil would be classified as semi homogenous.  
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Fig. 22.The chart is the distribution of apparent resistivity before 
and after infiltration at site 7. The histogram shows that 61% of the 
points changed to lower resistivity. 

Fig. 21. The resistivity of the center points after infiltration in depths 
of 0.106 m, 0.177 m and 0.248 m at site 2 
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Fig. 24. The 2D 
contour image 
of the difference 
of resistivity (%) 
at site 7.  

Fig. 25. The resistivity of the center points before infiltration at depths 
of 0.106 m, 0.177 m and 0.248 m at site 7.  
 

Fig. 23. The 3D 
block image is 
the .difference of 
resistivity with 
Schlumberger 
(A) array and 
Pole-dipole (B) 
array. The 
electrode spacing 
is 0.1 m. Both 3D 
blocks are from 
Site 7.  



Danial Khatibi Asfanjani.                                                                TRITA-LWR Degree Project 13:01 

 

  18  

The contour in other way, the azimuthal resistivity of the center point is 
surveyed. Figure 25 shows the resistivity of center point in three 
different depths, it shows that the resistivity varies up to 500 Ω.m in each 
depth but after infiltration the resistivity reduced (Fig. 26) and the 
variation is less than 100 Ω.m in depth of 0.106 m and 0.177 m which 
ranges from 500 to 700 Ω.m. It means the resistivity in center point after 
infiltration approximately has less than 10% change in a circle. Thus, the 
soil would map illustrates that the points around the centre have the 
similar change in all direction on XY plane (Fig. 24). In order to examine 
the isotropy be isotropic. 

3.3. Site 11 (Clay with grass) 
Clay is one type of soil which has very low hydraulic conductivity. In this 
case the infiltration rate was 0 which means that water could not 
penetrate through the soil in short time due to very low hydraulic 
conductivity and there were no variation of resistivity after compared to 
before infiltration. In the soil the main texture of clay, the resistivity 
varies between 100 and 200 Ω.m (Samouëlian et al., 2004). However, 
considering the meaning of homogeneity, all particles of the soil 
produced the same reaction to water injection which means they 
behaved as impermeable formation due to the unified grain size of the 
soil. Furthermore, figure 29 shows that the resistivity of 83% points 
before and after changed although they range between 20 and 100 Ω.m. 
Therefore, by this evidences, it might be inferred that the soil is 
homogenous. Fig. 27 shows the change is between -36% and -52% in 
first circle around centre and it is between -21% and 8% in the second 
circle. Although the infiltration was not successful, the presence of water 
in tube increased the conductivity of soil.   

 

Fig. 26. The resistivity of the center points after infiltration in depths 
of 0.106 m, 0.177 m and 0.248 m at site 7.  

Fig. 27. The 3D 
block image is the 
difference of 
apparent 
resistivity (%) 
from 
Schlumberger 
array with 0.1 m 
electrode spacing. 
The center points 
have higher 
change in 
resistivity. The 
site is 11.   
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Fig. 28. The 
image is the 
contour 
image of an 
isotropic soil. 
All contour 
lines have the 
same shape 
and length in 
all directions. 
This is the 
site 11. 

Fig. 29. The chart shows the distribution of resistivity at site 11 
before and after infiltration. Since the soil is clay, the apparent 
resistivity is between 0 and 46 Ω.m. Over 80% of the points 
changed in resistivity. It should be considered that no water was 
infiltrated.  
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Fig. 30. The resistivity of the center points before infiltration in 
depths of 0.106 m, 0.177 m and 0.248 m at site 11.  
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Fig. 32. Distribution of apparent resistivity before and after 
infiltration versus to the number of measurement points at site 13. 
Over 60% of the points changed in resistivity 

The resistivity change was circular and the reduction of resistivity was 
limited to electrodes nearest the tube. But the electrodes in the second 
circle have the similar contour line shape. (Fig. 28). Both first and second 
circles are alike in all directions. To test the isotropy in other method, the 
azimuthal test on resistivity of center point has performed. Figure 30 
shows the resistivity of center point is roughly equal in different depths 
and direction. Further, figure 31 shows the same behaviour of soil after 
presence of water in tube. The resistivity of center point is equal does 
not fluctuate in different directions. Therefore, the soil would be 
isotropic. 

3.4. Site 13 (Glacial till) 
The soil of site l3 is the same type as site 7. The soil is glacial till but 
there is a difference in soil type and hydraulic properties. According to 
sediment analyse, the soil is poorly graded sand (appendix V). The 
infiltration rate is 2.8 mm/s. The summation of change of resistivity is 
between two ranges 200-700 Ω.m and 700-1200 Ω.m. The difference of 
resistivity, before and after infiltration test is less than 51%. (Fig.32). 
Figure 33.B is based on the Schlumberger array and along with the 3D 
image. Figure 33.A and B demonstrate that the soil is heterogeneous as 
the resistivity of points does not change uniform. The pole-dipole array 
confirms the heterogeneity of the soil (Fig. 33.A).  
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Fig. 31. The resistivity of the center points after presence of water in 
tube at depths of 0.106 m, 0.177 m and 0.248 m at site 11.  
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Fig. 34. 2D 
contour image is 
the change of 
resistivity (%) at 
site 13 using 
Schlumberger 
array before and 
after infiltration. 
The yellow 
arrow shows the 
main anisotropy 
direction in 
opposite of 
highest   
resistivity.  

 

 

 

Fig. 33. The 3D 
block image is 
the difference of 
apparent 
resistivity (%). 
The electrode 
spacing is 0.1 m. 
The figure A 
shows site 13 with 
pole-dipole array 
and figure B is 
measured using 
Schlumberger 
array. Observe 
that the blocks 
have different 
legends.  

Fig. 35. The resistivity of the center points before infiltration at 
depths of 0.106 m, 0.177 m and 0.248 m at site 13.  
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In order to explicate the isotropy or anisotropy of site 13 a contour 
image was exported from the Schlumberger 3D block (Fig. 34). The 
percentage of changes in the upper and upper-left side of the image is 
higher than other areas of the graph. It indicates that water penetrates 
and flows more in this direction than other directions. In contrast, in the 
lower-left of image the resistivity change is low. The predominant 
directions of resistivity are shown by vectors on the contour image    
(Fig. 34).  

The azimuthal test confirms the same behaviour of the soil. Figure 35 is 
the resistivity of center point before infiltration. It shows that resistivity 
in 45 degree differs with 180 degree higher than 1200 Ω.m. In addition, 
figure 36 shows the unequal change in resistivity after infiltration which 
the highest is in 135 degree.  Therefore, the soil as a whole is assumed to 
be anisotropic. 

3.5. Site 15 (Clay without grass) 
The test has been performed on another clay soil with the difference that 
the soil is without plants cover. The infiltration test did not infiltrate 
water into the soil, which may be because of the strong compaction of 
the clay which has already a very low hydraulic conductivity. However, 
despite the low infiltration rate, the presence of water in the pipe caused 
a change of the resistivity of the soil. The change in the 3D block image 
(Fig. 37.) in all points is over 20% and it reaches a maximum -34%. 
Considering the low infiltration and over 20% change in resistivity in all 
points, it reveals that the soil would be homogeneous.  

Fig. 37. 3D 
block image of 
difference of 
resistivity (%) at 
site 15. The 
array is 
Schlumberger 
and the 
electrode 
spacing is 10 
cm.   

Fig. 36. The resistivity of the center points after infiltration at 
depths of 0.106 m, 0.177 m and 0.248 m at site 13.   
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Fig. 39. The resistivity of the center points before infiltration in 
depths of 0.106 m, 0.177 m and 0.248 m at site 15.   

Fig. 38. 2D contour image of difference of resistivity (%) at site 15 
using Schlumberger array and 10 cm electrode spacing. The 
arrows are equal in 8 directions. 

Fig.40.The resistivity of the center points after infiltration in depths 
of 0.106 m, 0.177 m and 0.248 m at site 15.   
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Fig. 42. Distribution of apparent resistivity (Ω.m) before and after 
infiltration test versus to number of points at site 8. 

Fig. 41. 3D block image is the difference of resistivity (%) using 
Schlumberger array and 10 cm electrode spacing at site 8.  

The second question is the determination of isotropy.  The percentage of 
change varies within 14%, but the contour image (Fig. 38) shows that 
each point has its circles that reveal the equal change in all directions. In 
the centre point, there are almost equal arrows in 8 directions.  

The azimuthal test in center point shows that there is minor fluctuation 
before and after infiltration (Fig. 39 and 40). Since the resistivity ranges 
between 40 and 100 Ω.m, the fluctuation of resistivity can be trivial. The 
resistivity changes similarly in different depths. Considering these 
reasons, the soil can be classified isotropic.  

3.6. Site 8 (Sand) 
The soil consists of sand and according to laboratory results, it is poorly 
graded sand (appendix V) which means unified grain size sand. The 
average infiltration rate was 1.02 mm/s. In the 3D block image (Fig. 41), 
the legend of image shows the percentage of change which usually is 
between -10% and -78%. The histogram, (Fig. 42) shows that over 75% 
of the points have a resistivity usually ranging from 2000 to 4000 Ω.m. 
Although the range is huge and the change is 75%, the whole soil mass 
reacted similarly. Thus the soil would be homogeneous. 

 

5 

11 

4 

6 

8 

1 1 
0 

10 

12 

5 5 

2 2 

0

2

4

6

8

10

12

14

1
1

0
0

2
0

0
0

3
0

0
0

4
0

0
0

5
0

0
0

6
0

0
0

7
0

0
0

8
0

0
0

9
0

0
0

1
0

0
0

0

1
1

0
0

0

M
o

re

N
u

m
b

e
r 

o
f 

p
o

in
ts

 

Resistivity Range (Ohm.m) 

Histogram of  Resistivity Site 8 

Before

After



Determination of Homogeneity and Isotropy of Soil Using Geophysical Methods 

 

 25 

 

Fig.  43. 2D contour image of the difference of resistivity (%) at site 
8, using Schlumberger array and 10 cm electrode spacing. All of the 
vectors have similar shape and size.  

Fig.45.The resistivity of the center points after infiltration in depths 
of 0.106 m, 0.177 m and 0.248 m at site 8.   

Fig.44.The resistivity of the center points after infiltration in depths 
of 0.106 m, 0.177 m and 0.248 m at site 8.   
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An anisotropy test was performed on a contour image which is 
generated from measurement using the Schlumberger array (Fig. 43.). 
The contour lines are circulated perfectly and the contours do not show 
any ellipse. 

Further, the azimuthal test of center point shows that the resistivity of 
center point before infiltration varies in range of 1000 Ω.m (Fig. 44). 
After infiltration, the fluctuation of resistivity was less than 100 Ω.m at 
different depths and directions (Fig. 45). It means the resistivity changes 
are roughly less than 10% in range of 600 to 1000 Ω.m. Thus it is 
acceptable to claim that the soil is fairly isotropic.  

4. DISCUSSION  

The project demonstrates a new method for analyses of hydraulic 
heterogeneity and anisotropy of soils based on resistivity measurements. 
It still uses principles of Schlumberger and pole-dipole arrays. The 
practical method is easy and it needs less than one hour for 2 series of 
measurements therefore it is an inexpensive method in terms of cost 
effectiveness and time saving in comparison with other hydraulic tests, 
such as test pumping. Using geoelectrical measurements it is possible to 
perform hydraulic tests of the soil at several measurement sites without 
drilling and excavations, hence, the method is non-destructive. A benefit 
of this method is that it can use current standard resistivity instruments.    

4.1. Investigation on the results 
The method was tested at 19 sites, both homogenous and heterogeneous 
soils in order to evaluate its usefulness on different soil types. The 
hydraulic isotropy was determined in 3 dimensions. The isotropy was 
examined on the horizontal plane for but it is also possible to analyse 
and present the flow on the vertical section. 

The rate of the infiltration depends on the shape of soil structures and 
the grain size distribution. The resistivity image can show the 3D 
hydraulic movement of waterflow through the soil.  

There were some tests where water infiltration was very small. An 
explicit example was clay. The measurements showed that clay was 
hydraulically homogenous and there were no fractures allowing water to 
penetrate into soil. 

4.2. Accuracy of measurement 
The method was performed using cables with two different electrode 
spacings, 10 and 20 cm respectively. The resistivity methods have a 
displacement and electrode spacing error which can vary from 10% to 
20% (Zhou and Dahlin, 2003). The Schlumberger array has a benefit of 
balance of current in the measurement i.e. the array has a constant form 
for equi-potentials along the profile (Dahlin and Zhou, 2004). Thus the 
3D-blocks are more confident to evaluate. However, the depth 
penetration is very limited using the Schlumberger array. 

The main factor for comparison is the percentage of resistivity change 
due to infiltration of water into the soils. It should be observed that 
natural resistivity has a logarithmic distribution and the resistivity of soil 
varies from 10 to 10,000 Ω.m. The percentage of change would be a 
suitable method for comparison between points.  

4.3. Certainty of evaluation  
Since the method is based on apparent resistivity values within a half 
sphere between current electrodes, local variations within the half sphere 
cannot be identified. Hence, the resistivity method is more adapted to 
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qualitative assessments than quantitative. In order to increase the 
quantitative evaluation accuracy, inverse modelling of the resistivity 
pseudo sections in 2 or 3D may be performed. Inverse modelling has not 
been carried out within the present project. The 3D models used are 
built up from pseudo-section and the point network was interpolated 
using inverse distance techniques assuming an isotropic media.  

The evaluation for anisotropy is only carried out on the horizontal plane 
at 3 different depths and the method is limited to a 2D investigation 
although it is possible to display soils in a 3D model. 

The results from the Schlumberger array are more confident than from 
the pole-dipole array because the Schlumberger array shows an equal 
shape of current lines in the soil body. However, the number of 
measurement points which built up the 3D model using the 
Schlumberger array is very limited and can only be used for very shallow 
3D models.  

5. CONCLUSION  

The radial method is as a new array of measuring resistivity for analysis 
of hydraulic properties of soils and it has been used for determining 
homogeneity and isotropy of soils. The symmetrical form of a radial 
array with infiltration of conductive fluids in the central point makes it 
possible to build a 3D block diagram of data points and it reveals a 
comprehensible image of soil. The method is simple, inexpensive and 
non-destructive. The processing of the data in this case aimed to 
determine physical hydraulic soil properties. Further, theoretical 
development includes development of inverse modelling techniques of 
radial data in 3D space. 

6. RECOMMENDATION FOR FUTURE WORK  

There are some suggestions for future studies:   

1. The data result should be oriented for modelling programs. Modelling 

softwares for 3D modelling of arbitrary point distribution in space 

have to be developed.  

2. The radial array can be implemented for analyses of full scale hydraulic 

tests in wells and boreholes. 

3. The use of multi channel resistivity instruments for rapid collection of 

resistivity data. 
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APPENDIX I  –  INFILTRSTION RATE 

Block results showing a 3D image after infiltration tests using 
Schlumberger array. 

 
 

 

Fig. 1. Site 3  

Fig. 2. Site 5 
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Fig. 3. Site 6 

Fig. 4. Site 4 
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Fig. 5. Site 10 only apparent resistivity 

Fig. 6. Site 12 Clay with grass  
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Fig. 7. Site 14 

Fig. 8. Site 16 
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Fig. 9. Site 17 

Fig. 10. Site 19 
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APPENDIX II  –GEOMETRIC ANISOTROPY  

A semi-variogram              or a covariance              
assumed a geometric anisotropy when the anisotropy can be reduced to 
isotropy by using only a linear transformation of the coordinates:  

             ́ √ ́ 
   ́ 

   ́ 
  

Anisotropic   Isotropic 

 
with  

 ́                     

 ́                     

 ́                     

or, in matrix form, 

       

[

   
   
   

]  [

         

         

         

] [

  

  

  

] 

 

where        represents the matrix of transformation of the 

coordinates, and h and  h’ are column-vectors of the coordinates. 

A good example is show in Fig. 2 , which are four semi-variograms for 

four horizontal directions             .  

Spherical models with identical sills and ranges 

of                 have been fitted to these semi-variograms. The 

directional graph of the ranges, i.e., the variation of the ranges     as a 

function of the direction   , is also shown in Fig. 11. There are three 
possible cases. (Dutter, 2003) 

 

 

 

 

1. The graph is roughly a circle and it is isotropic      

2. The graph is an ellipse and it is named geometric anisotropy. 

3. second-degree curve so it is a zonal anisotropy in    direction.(Fig 12) 

Fig 1: Ranges in Case of Anisotropy 
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Fig. 2: Geometric Anisotropy 
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APPENDIX III-  TABLE OF SITES OF MEASUREMENT  

site Array Location infiltration  Date 
soil 
type 

start 
time duration 

Electrode 
intervals 

Infiltration 
Rate 

mm/sec 

1 Schlumberger sundvik before 14/06/2010 Gravel fail - 0.1 m 0 

1 pol-Dipol1 sundvik before 14/06/2010 Gravel fail - 0.1 m 0 

1 Schlumberger sundvik after 14/06/2010 Gravel fail - 0.1 m 0 

1 pol-Dipol1 sundvik after 14/06/2010 Gravel fail - 0.1 m 0 

2 Schlumberger sundvik before 14/06/2010 Gravel 
  

0.1 m 1.153 

2 pol-Dipol1 sundvik before 14/06/2010 Gravel 
  

0.1 m 1.153 

2 Schlumberger sundvik after 14/06/2010 Gravel 
5 min 
after 5 min 0.1 m 1.153 

2 pol-Dipol1 sundvik after 14/06/2010 Gravel 
12 min 
after 12 min 0.1 m 1.153 

3 Schlumberger sundvik before 14/06/2010 Gravel 
  

0.1 m 0.558 

3 pol-Dipol1 sundvik before 14/06/2010 Gravel 
  

0.1 m 0.558 

3 pol-Dipol1 sundvik after 14/06/2010 Gravel 
5 min 
after 10 min 0.1 m 0.558 

3 Schlumberger sundvik after 14/06/2010 Gravel 
15 min 
after 5 min 0.1 m 0.558 

4 Schlumberger Husby before 15/06/2010 Sand 
  

0.1 m 0.054 

4 pol-Dipol1 Husby before 15/06/2010 Sand 
  

0.1 m 0.054 

4 Schlumberger Husby after 15/06/2010 Sand 
10 min 
after 5 mn 0.1 m 0.054 

4 pol-Dipol1 Husby after 15/06/2010 Sand 
15 min 
after 15 min 0.1 m 0.054 

4 Schlumberger Husby after 15/06/2010 Sand 
30 min 
after 5 min 0.1 m 0.054 

5 Schlumberger Husby before 15/06/2010 Sand 
  

0.2 m 0.021 

5 pol-Dipol1 Husby before 15/06/2010 Sand 
  

0.2 m 0.021 

5 Schlumberger Husby after 15/06/2010 Sand 
15 min 
after 5 min 0.2 m 0.021 

5 pol-Dipol1 Husby after 15/06/2010 Sand 
20 min 
after 15 min 0.2 m 0.021 

5 Schlumberger Husby after 15/06/2010 Sand 
35 min 
after 5 min 0.2 m 0.021 

6 Schlumberger Arninge before 16/06/2010 till 
  

0.2 m 0.562 

6 pol-Dipol1 Arninge before 16/06/2010 till 
  

0.2 m 0.562 

6 Schlumberger Arninge after 16/06/2010 till 
5 min 
after 5 min 0.2 m 0.562 

6 pol-Dipol1 Arninge after 16/06/2010 till 
10 min 
after 13 min 0.2 m 0.562 

6 Schlumberger Arninge after 16/06/2010 till 
23 min 
after 5 min 0.2 m 0.562 

7 Schlumberger Arninge before 16/06/2010 till 
  

0.1 m 2.158 

7 pol-Dipol1 Arninge before 16/06/2010 till 
  

0.1 m 2.158 

7 Schlumberger Arninge after 16/06/2010 till 
25 min 
after 

 
0.1 m 2.158 

7 pol-Dipol1 Arninge after 16/06/2010 till 
5 min 
after 

 
0.1 m 2.158 

7 Schlumberger Arninge after 16/06/2010 till 
30 min 
after   0.1 m 2.158 

8 Schlumberger Arninge before 16/06/2010 Sand 
  

0.1 m 1.023 

8 pol-Dipol1 Arninge before 16/06/2010 Sand 
  

0.1 m 1.023 

8 Schlumberger Arninge after 16/06/2010 Sand 
5 min 
after 5 min 0.1 m 1.023 

8 pol-Dipol1 Arninge after 16/06/2010 Sand 
12 min 
after 12 min 0.1 m 1.023 

8 Schlumberger Arninge after 16/06/2010 Sand 
25 min 
after 5 min 0.1 m 1.023 

9 Schlumberger Täby before 18/06/2010 Clay 
  

0.1 m 0.418 

9 pol-Dipol1 Täby before 18/06/2010 Clay 
  

0.1 m 0.418 

9 Schlumberger Täby after 18/06/2010 Clay 
5 min 
after 8 min 0.1 m 0.418 

9 pol-Dipol1 Täby after 18/06/2010 Clay 
25 min 
after 15 min 0.1 m 0.418 

9 Schlumberger Täby after 18/06/2010 Clay 
40 min 
after 5 min 0.1 m 0.418 
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Fig. 1.  

 

site Array Location infiltration  Date soil type 
start 
time duration 

Electrode 
intervals 

Infiltration 
Rate 

mm/sec 

10 Schlumberger Täby before 18/06/2010 Clay fail 
 

0.2 m Fail 

10 pol-Dipol1 Täby before 18/06/2010 Clay fail 
 

0.2 m Fail 

10 pol-Dipol1 Täby after 18/06/2010 Clay fail   0.2 m Fail 

11 Schlumberger vallentuna before 18/06/2010 
Clay with 

Grass 
  

0.2 m 0 

11 pol-Dipol1 vallentuna before 18/06/2010 
Clay with 

Grass 
  

0.2 m 0 

11 Schlumberger vallentuna after 18/06/2010 
Clay with 

Grass     0.2 m 0 

12 Schlumberger vallentuna before 18/06/2010 
Clay with 

Grass 
  

0.2 m 0 

12 pol-Dipol1 vallentuna before 18/06/2010 
Clay with 

Grass     0.2 m 0 

13 Schlumberger Stäcket before 21/06/2010 till 
  

0.1 m 2.828 

13 pol-Dipol1 Stäcket before 21/06/2010 till 
  

0.1 m 2.828 

13 Schlumberger Stäcket after 21/06/2010 till 
5 min 
after 5 min 0.1 m 2.828 

13 pol-Dipol1 Stäcket after 21/06/2010 till 
10 min 
after 15 min 0.1 m 2.828 

13 Schlumberger Stäcket after 21/06/2010 till 
17 min 
after   0.1 m 2.828 

14 Schlumberger Stäcket before 21/06/2010 till 
  

0.2 m 1.129 

14 pol-Dipol1 Stäcket before 21/06/2010 till 
  

0.2 m 1.129 

14 Schlumberger Stäcket after 21/06/2010 till 
5 min 
after 5 min 0.2 m 1.129 

14 pol-Dipol1 Stäcket after 21/06/2010 till 
10 min 
after 12 min 0.2 m 1.129 

14 Schlumberger Stäcket after 21/06/2010 till 
22min 
after   0.2 m 1.129 

15 Schlumberger 
skogsblöms 

vägen before 21/06/2010 
Clay without 

Grass 
  

0.2 m 0 

15 pol-Dipol1 
skogsblöms 

vägen before 21/06/2010 
Clay without 

Grass 
  

0.2 m 0 

15 Schlumberger 
skogsblöms 

vägen after 21/06/2010 
Clay without 

Grass 
25 min 
after 5 min 0.2 m 0 

15 pol-Dipol1 
skogsblöms 

vägen after 21/06/2010 
Clay without 

Grass 
30 min 
after 13 min 0.2 m 0 

16 Schlumberger 
skogsblöms 

vägen before 21/06/2010 
Clay without 

Grass 
  

0.1 m 0 

16 pol-Dipol1 
skogsblöms 

vägen before 21/06/2010 
Clay without 

Grass 
  

0.1 m 0 

16 Schlumberger 
skogsblöms 

vägen after 21/06/2010 
Clay without 

Grass 
20 min 
after 5 min 0.1 m 0 

16 pol-Dipol1 
skogsblöms 

vägen after 21/06/2010 
Clay without 

Grass 
25 min 
after   0.1 m 0 

17 Schlumberger kth before 22/06/2010 Clay and rock 
  

0.4 m 0 

17 pol-Dipol1 kth before 22/06/2010 Clay and rock 
  

0.4 m 0 

17 Schlumberger kth after 22/06/2010 Clay and rock 
5 min 
after 

 
0.4 m 0 

17 pol-Dipol1 kth after 22/06/2010 Clay and rock 
10 min 
after 

 
0.4 m 0 

17 Schlumberger kth after 22/06/2010 Clay and rock 
22min 
after   0.4 m 0 

18 Schlumberger 
Lovsättra 

vägen before 23/06/2010 Sand 
  

0.4 m 0.8 

18 pol-Dipol1 
Lovsättra 

vägen before 23/06/2010 Sand 
  

0.4 m 0.8 

18 Schlumberger 
Lovsättra 

vägen after 23/06/2010 Sand 
6 min 
after 5 min 0.4 m 0.8 

18 pol-Dipol1 
Lovsättra 

vägen after 23/06/2010 Sand 
12min 
after 15 min 0.4 m 0.8 

18 Schlumberger 
Lovsättra 

vägen after 23/06/2010 Sand 
27 min 
after   0.4 m 0.8 

19 Schlumberger 
Lovsättra 

vägen before 23/06/2010 Sand 
  

0.2 m 1.236 

19 pol-Dipol1 
Lovsättra 

vägen before 23/06/2010 Sand 
  

0.2 m 1.236 

19 Schlumberger 
Lovsättra 

vägen after 23/06/2010 Sand 
5min 
after 5 min 0.2 m 1.236 

19 pol-Dipol1 
Lovsättra 

vägen after 23/06/2010 Sand 
12min 
after 15 min 0.2 m 1.236 

19 Schlumberger 
Lovsättra 

vägen after 23/06/2010 Sand 
27 min 
after   0.2 m 1.236 
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APPENDIX IV-  INFILTRATION CURVES  

Here are infiltration curves of explained cases in result. The lines are 
trend lines and the linear equation is its function. The first line is 
infiltration before saturation and the second trend line is after saturation 
of soil, which has practically lower infiltration rate.  
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APPENDIX V-  SEDIMENTATION ANALYSIS OF SAMPLES  

* Cu is Uniformity Coefficient which is Cu=D60/D10 

**Cc is Coefficient of Gradation which is Cc=(D30)2 /(D60*D10) 

 

 

 

 

 

 

  

 

 

 

 

Site  D60 D30 D10 *Cu **Cc Soil ( Group symbol, name) 

1,2 3.1 0.8 0.19 16.31 1.087 Gravel  GW  Well graded 

3 3 0.9 0.12 25 2.25 Gravel 
GM-
GW 

Well 
Rounded 

4,5 0.65 0.25 0.065 10 1.479 Sand SM Silty sand 

6 0.31 0.09 0.01 31 2.613 Sand SC Clayey sand 

7 0.45 0.15 0.015 30.0 3.333 Sand SC Clayey sand 

8 0.5 0.3 0.18 2.777 1 
Clean 
Sand SP 

Poorly graded 
sand 

9,10 0.03 0.001 0.001 30.0 0.033 Clay Cl inorganic 

13,14 3 0.6 0.04 75 3 
Clean 
sand SP 

poorly-graded 
sand 

17 0.005 0.001 0.001 5.000 0.200 Silt Clay OL Organic clay 

18,19 0.75 0.35 0.21 3.571 0.777 Gravel GP Poorly graded 

Fig. 1. The total result of soil classification according to USCS  

Fig. 2. The Unified Soil Classification System (ASTM, 1985)  
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Fig. 3. All Sites soil distribution  
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Fig. 2 Site 4 and 5, Husby, Stockholm. Esker sand. The red 
point shows the location.  

U.T.M. (648588.21888, 6584883.63006) 

Coordinate:  59°22'32.95"N, 17°37'7.91"E 

APPENDIX VI-  LOCATION OF THE SITES  

The image shows each site where the measurements were carried out. 
The maps are obtained from Google map (2011). 

 
 

 

 

Fig. 1 Site 1, 2 and 3 Ekerö, Stockholm. Esker mainly gravel. 
The red point shows the location.  

U.T.M. (653327.06090 , 6582453.10777) 

Coordinate:  59°20'17.72"N, 17°38'30.67"E 



Danial Khatibi Asfanjani.                                                                TRITA-LWR Degree Project 13:01 

 

XVI 

Fig. 3 Site6,7,8 Arninge, Stockholm – The locations are shown by 
numbers Soil type is till.  

U.T.M. (675796, 6600075) 

Coordinate: 59°29'58.49"N , 18°06'02.62"E 

 

 

Fig. 4 Site 9 and 10 Täby, Stockholm – The red sign shows the site 
location. Soil is clay.  

U.T.M. (678938.86827 , 6594826.74491) 

Coordinate: 59°26'49.89"N, 18° 4'2.42"E 
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Fig. 6 Site 13, 14 Stäket, Sollentuna, Stockholm.soil is Glacial till. 
The red point shows the location.  

U.T.M. (662271.87424 , 6594609.36777) 

Coordinate: 59°28'17.10"N, 17°47'40.10"E 

 

Fig. 5. Site 11 and 12 Vallentuna, Stockholm – Clay with grass. The 
red arrow shows the location.  

U.T.M. (674070, 6604406) 

Coordinate: 59°32'31.74"N, 18° 04'45.69"E 
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Fig. 7. Site 15, 16 Skogsblomsvägen, Stockholm. The A sign shows 
the location  Fig. 46. Site 15,16. Clay. The red arrow shows the 
location. Fig. 46. Site 15,16. Clay. The red arrow shows the 
location.  

U.T.M. (654660.31238 , 6601414.09205) 

Coordinate: 59°31'17.10"N, 17°39'26.48"E 

 

 
 

 

 

Fig. 8. Site 17 Uggleviksvägen, Stockholm. The red point shows 
the site. Soil is Clay with bedrock. The red arrow shows the 
location.  

U.T.M. (679994.27540 , 6582213.16310) 

Coordinate: 59°21'10.56"N, 18° 4'24.52"E 
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Fig. 9 Site 18, 19 Lovsättravägen, Vallentuna, Stockholm.  

Soil is Sand. The red point shows the location.  

U.T.M. (681356.71754 , 6599436.45840) 

Coordinate: 59°30'33.32"N, 18° 7'47.07"E 

 


