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1-Introduction

Determining the geotechnical parameters of the soil is essential for the proper design of each building structure
(Siddiqui and Osman, 2012). Sampling by drilling boreholes and performing geotechnical tests on them is the
most common method for determining these parameters (Kazmi et al., 2016). Due to the large spatial and
temporal variations in soil properties, high density sampling is required to accurately evaluate geotechnical
parameters. However, this method is very costly and time-consuming (Siddiqui and Osman, 2013). Therefore, a
non-destructive and rapid alternative method for assessing soil properties in the site of construction is very
necessary. Geoelectric exploration has been widely used to determine the engineering and geological
characteristics of site structures due to the speed of their work, their cost-effectiveness and their non-destructive
nature.

This paper presents the results of a field study to develop the correlation between electrical resistivity and some
geotechnical parameters such as cohesion (C), and internal angle of friction (¢) using laboratory analyzes of 84
samples obtained from drilling operations at the site of a residential building structure located in the city of Lali,
located southwest of Iran.

2-Methodology

The study area is a flat ground with an approximate area of 4,800 square meters, which is considered as a site
for the construction of a building structure. This land is located in the city of Lali, southwest of Iran. To perform
this study, 7 boreholes were drilled up to a depth of approximately 28 meters. From each borehole, 12 samples
were prepared by the Koken (core drilling rig) model RPD-30C-A2. The depth of the center of the samples in
each borehole is 0.5, 1.5, 3.0, 4.5, 6.0, 8.0, 10.0, 13.0, 16.0, 20.0, 24.0, 28.0 meters. The temperature of each
sample was measured after drilling. Then, samples were transferred to geotechnical laboratory to measure
electrical resistivity, Cohesion (C) and internal angle of friction ($). The geotechnical parameters were
measured by the proposed methods in British Standard (BS). Regression operations were performed to
determine the relationship of the parameters C and ¢ with the electrical resistivity of the samples and a three-
dimensional distribution of these parameters was displayed.

2-1- Electrical resistivity tomography

Electrical resistivity tomography is one of the geoelectric methods that examines sub-surface structures. The
main advantage of this method in comparison to other geoelectric methods is the simultaneous examination of
lateral and vertical variations of electrical resistivity, high resolution, fast data capture and low cost (e.g., Loke
et al, 2016). In this method, the electrical current (I) is injected by two metal electrodes (C1 and C2) on the
studied ground and the electrical potential difference (Av) created at ground surface is measured by two other
metal electrodes (P1 and P2). By choosing different values for distances of the current and potential electrodes,
the values of the apparent electrical resistivity of a large number of sub-surface points can be determined using
the following equation:
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p =KxAv/l (E.q.1)
In this relation, K is dependent on the position of the electrodes and their distance, and is called the geometric
factor. The apparent electrical resistivity data must be converted to true electrical resistivity data using inversion
operations.

2-2- Measuring the electrical resistivity of the samples in the laboratory

The ABEM Terrameter SAS 1000 device was used to measure electrical resistivity of the samples in the
laboratory as well as field measurements. The electrode array used by this device was also dipole-dipole (Fig.
1). The distance between the C2-C1 and P1-P2 electrodes was 5 cm and the distance between the electrodes C1-
P1 was 15 cm. Electrodes C2, C1, P1 and P2 are copper needles with a diameter of 1 mm and a length of 3 cm.
They are in contact with the specimen through the holes embedded in the PVC container body. The setting of
electrical resistivity measurement device is made in such a way that the maximum injected electrical current is
10 mA.

Terrameter SAS 1000
I ABEM vy

D,
P1 P2
15cm S5cm | 2.5cm
" DataPoint \

Fig. 1. Schematic of device to measure electrical resistivity of samples in laboratory using dipole - dipole array.

2-3- Correction of temperature effect on electrical resistivity measured in laboratory

The electrical resistivity measurements in the laboratory were performed on 84 samples from 7 drilled boreholes
at 25 °C. The temperature of the samples that were measured locally and immediately after drilling ranged from
25 to 36 °C. In this study, the electrical resistivity measured at 25 °C in the laboratory was corrected according
to the measured temperature of the samples in situ. The electrical resistivity of the samples after the temperature
correction has a range of variations between 4.02 and 310 ohm.m, and the average electrical resistivity is 77.291
Ohm.m.

2-4- Soil investigation

A total of 84 soil samples taken from 7 boreholes (BH-1 to BH-7), were subjected to direct shear test and
gravimetric water content was determined. The minimum, maximum, and average parameters of C and ¢, as
well as the number of samples with the same lithology, are presented in Table 1.

Grain-size analysis shows that 63.1% of the total samples include soft clay (p < 25 ohm.m) and compacted clay
(75<p<180) according to British Soil Classification System (BSCS). Based on grain-size distribution analysis, it
can be concluded that Clayey Sand (p>180 ohm.m) and silt (45<pp<55) each make up 9.5% of the total. Silt-
Clay (25 < p < 50) and silt - sand (50 < p < 75) lithology samples make up 10.7% and 7.2% of total samples,
respectively. The electrical resistivity of each lithological category was measured directly in laboratory.

The average value of W show that the highest and lowest amount of the gravimetric water content are related to
soft clay and clayey sand samples, respectively. Also, the average W of the silt - Clay samples is higher than the
silt - sand samples, and both of these samples have larger gravimetric water content than silt samples.

The results of direct shear test show that C and ¢ values for soft clay and clayey sand samples respectively have
the lowest and highest values among all samples. C and ¢ values for compacted clay samples are greater than
those for silt samples. Silt samples compare with silt - sand samples have higher mean value of ¢ and lower
mean value of C. The mean values of ¢ and C parameters for silt samples are greater than those for silt - clay
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Table 1. The range of changes in parameters C and ¢ for soil specimens.

Soft | Compacted | Clayey Silt Silty | Silty
Clay Clay Sand Clay | Sand
No. of Samples 28 25 8 8 9 6

Max. | 28.818 42.452 54.119 | 31.38 | 28.468 | 35.287
C(KPa) | Min. | 18.015 26.374 30.539 | 22.04 | 20.91 | 23.89
Mean | 20.683 34.317 41.847 | 26.346 | 24.342 | 28.025
Max. | 33.356 39.9 46.557 | 33.774 | 32.769 | 36.984
¢(°) | Min. | 22.019 29.638 30.249 | 27.665 | 25.261 | 26.847
Mean | 27.209 33.476 37.270 | 31.261 | 28.616 | 30.722

Lithology

3- Results and discussion

Laboratory measurements related to geotechnical parameters (C, and ¢) as well as electrical resistivity of 72
samples obtained from 6 boreholes (BH-1 to BH-6) were investigated to determine the empirical relation of
electrical resistivity with any of the geotechnical parameters (W, C, and ¢). The least-square regression method
was used to develop a correlation between electrical resistivity and each of parameters W, C, and ¢. The
functions of linear (y = ax + b), logarithmic (y = aLn (x) + b), power (y = axb) and polynomial (y = ax2 + bx +
¢, and y = ax3 + bx2 + cx + d) were used to perform regression operations and in each case the values of the
coefficient of multiple determination (R2) and adjusted coefficient of multiple determination (Ra2) were
calculated. In the case of the correlation between p and C for all soil sample and soft clay categories, the R2
coefficient for the power and polynomial functions is greater than the R2 coefficient for the linear function.
However, because the difference between the coefficients R2 and Ra2 (R2 - Ra2 = 0.0031 for all samples and
R2-Ra2 =0.0268) is lower than the other functions in the Linear function, so the following linear relation with
the coefficients R2 = 0.7769 and Ra2 = 0.7738 was chosen as the most suitable correlation for all soil samples:

C=1.005p+20.4130 (E.q. 2)

The values of R2 = 0.2953 and R2 - Ra2 = 0.0352 suggests a weak logarithmic relation between p and C for
compacted clay category.

Table 4 shows a weak logarithmic relation between p and ¢ for soft clay (R2 = 0.0818, R2 - Ra2 = 0.0317) and
compacted clay (R2 =0.1024, R2 - Ra2 =0.0449) categories. Based on the results shown in Table 4, the
following linear relationship with coefficients R2 = 0.5372 and Ra2 = 0.5305 was chosen as the best correlation
between p and ¢ for all soil samples category (Fig. 4c):

$=0.0491p+27.058 (E.q. 3)

It should be noted that the value of the R2 coefficient for the polynomial function is greater than the linear
function, but since the R2 - Ra2 value for the linear function (0.0067) is less than the polynomial function, the
linear function was selected as the most suitable correlation. The value of R2 - Ra2 for the exponential function
is equal to the corresponding value for the linear function, but since the R2 coefficient for this function (0.5366)
is less than the corresponding value for the Linear (0.5372) function, the Linear function was also chosen as the
most suitable correlation between p and ¢.

3-1- Validation of regression results

For the validation of relations (2), (3), and (4), the values of the parameters W, C, and ¢ for the 12 samples
obtained from the BH-7 borehole, which had not been used previously in the regression operation, were
estimated (W_ Estimated, C_ Estimated and ¢ _ Estimated ). Then, the obtained values were compared with the
corresponding values measured in the laboratory (W_ Measured, C_ Measured, and ¢_ Measured).
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4-Conclusions

The development of a correlation between the electrical resistivity and each of the three geotechnical parameters
C, and ¢ showed that a linear relationship exists between the electrical resistivity and the parameters C and ¢.
Based on the regression analysis, there is a relatively strong correlation with the coefficient of 0.7769 between
the electrical resistivity and the cohesion parameter. The results showed that the electrical resistivity relationship
with each of parameters of cohesion and internal angle of friction is linear.
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Fig. 2. Geological map of the study area.
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Fig. 5. Geological depth profile of the study site based on BH_7 borehole data.
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Table 1. The range of changes in parameters C and ¢ for soil specimens.

Lithology Soft | Compacted | Clayey | Siit Silty Silty
Clay Clay Sand Clay Sand
No. of Samples 28 25 8 8 9 6
Max. | 28.818 | 42452 | 54.119 | 31.38 | 28.468 | 35.287
C(KPa) MMin. [ 18015 | 26.374 | 30.539 | 22.04 | 20.91 | 23.89
Mean | 20.683 | 34.317 | 41.847 | 26.346 | 24.342 | 28.025
[ Max. | 33.356 39.9 46.557 | 33.774 | 32.769 | 36.984
®C)  |"Min. [ 22.019 | 29.638 | 30.249 | 27.665 | 25.261 | 26.847
Mean | 27.209 | 33.476 | 37.270 | 31.261 | 28.616 | 30.722
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Table 2. Summery of regression analysis results. Exponential (y = ae™); Linear (y= ax + b); Logarithmic (y = aLn

(X)+b); Power (y = ax®); Polynomial (y=ax?+bx+c and y=ax3+bx?+cx+d) were used in this study as curve
approximation.
Geotechnical Trend Type Coefficients of Equation R? Ra? R? - Ra?
Parameter
C Exponential a=21.877, b=0.0029 0.7501 0.7465 0.0036
Linear a=0.1005, b=20.4130 0.7769 0.7738 0.0031
Logarithmic a=6.0163, b=5.0952 0.6965 0.6921 0.0080
Polynomial a=-8x 107°, b=0.1190, 0.7806 0.7742 0.0064
€=19.8263
a=3x 10, 0.8164 0.8083 0.0557
b=-1.4x 1073, ¢=0.2590,
d=17.2939
Power a=10.7600, b=0.2413 0.7501 0.7465 0.0036
) Exponential a=27.3503, b=0.0015 0.5366 0.5299 | 0.0067
Linear a=0.0491, b=27.0580 0.5372 0.5305 | 0.0067
Logarithmic a=2.8776, b=19.8130 0.4611 0.4534 0.0077
Polynomial a=8x 10, b=0.0471, 0.5373 0.5239 | 0.0134
€=27.123
a=2x 10, 0.5802 0.5617 0.0185
b=-8.5x 10*, ¢=0.1371,
d=25.4934
Power a=20.9759, b=0.0989 0.4788 0.4717 | 0.0074
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Fig. 6. Diagram shows the relationship between the electrical resistivity and the geotechnical parameters ¢ (a) and
C (b) for 72 samples obtained from 6 borholes (BH-1 to BH-6).
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Fig. 7. Diagram shows the correlation between estimated valuesby regression operation (Ce and ¢e) and measured
values in the laboratory (Cwm and ¢) for 12 samples obtained from BH-7 previously were not used in the regression
operation.
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Fig.8. The difference between the estimated and measured values for each of the parameters C and ¢ related to the
12 samples obtained from the BH-7 borehole.
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