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Abstract

:

Standard test methods may not be suitable or sufficient for determining the geotechnical conditions of a structure’s subsoil and the effects of the designed structures on the environment. Geophysical test methods, validated with other methods, may prove useful. In recent years they have found many new applications in engineering practice, both geotechnical and environmental. The advantages of geophysical methods include the non-destructive and non-invasive nature of the tests, their low costs and quick results, as well as compatibility with different materials, including soils, solid rocks, wastes and anthropogenic formations. The paper presents the analysis of laboratory and field investigations including research in a modified oedometer, resistivity chamber, electrical resistivity tomography (ERT) and resistivity cone penetration test (RCPT). Laboratory tests allowed for the assessment of the degree of saturation and porosity of sandy and clayey soils. The tests were carried out on saturated and unsaturated soil samples and allowed for the determination of some relationships between electrical conductivity and porosity. The proposed equations were used to assess parameters in in situ studies using RCPT tests and showed good agreement with reference values based on undisturbed soil samples. ERT tests confirmed the usefulness of electrical measurements in the quality assurance of subsoil and hydrotechnical structures. The tests showed weakening zones in the levee body, discontinuity of the vertical sealing system on the modernized section of the embankment, and location of the top of clay deposits.
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1. Introduction


Geophysical methods have been used for many years in prospecting for industrial and energy resources, geological and engineering surveys, as well as geotechnical surveys. Electrical resistivity, electromagnetic and seismic methods are commonly used in practical and research applications which include: geological [1,2,3,4] and hydrogeological [5,6,7] investigations of the subsoil, technical conditions of hydrotechnical structures and other civil engineering structures [8,9,10,11], testing of porosity [12,13,14,15,16,17], moisture content [18,19] and saturation degree [12,15,20,21] of the subsoil, as well as monitoring of landfills, and agricultural and post-industrial areas [22,23,24,25,26].



A geophysical survey comprises the measurement of physical properties, usually at the ground surface level without disturbing the soil structure, followed by comprehensive processing and interpretation of the recorded data to gather information on the soil type and structure. Its advantages include a non-invasive nature, low costs and quick results, as well as an ability to create a spatial subsoil model without the use of heavy equipment. One of the methods used for many years in subsoil investigations is electrical resistivity tomography. The method is based on the assumption that soil and rocks, as well as other materials, conduct electricity. As shown by previous studies [12,15,19,21,27], the method is affected by the soil moisture content and water saturation, its porosity and contamination level of water in the soil pores, in particular with salt [15,28,29] and NAPL (non-aqueous phase liquid) compounds [19,30], and change of stress conditions [8,16].



Extensive development of survey methods in the recent years, both in geophysics and geotechnics, has allowed for the modification of the existing measuring instruments. New instruments have been developed, including the RCPTU (resistivity cone penetration test with pore pressure “u” measurements) probe [30,31,32], for measuring electrical resistivity and other common parameters. These tests are mostly used in geotechnics to assess the condition of, e.g., a structure’s foundation [33,34], hydrogeological conditions [35,36] or physico-mechanical properties of the soil [37].



Since the electrical resistivity of some minerals (e.g., quartz and silica minerals) is high and the soil skeleton plays the role of an isolator, the electric current flows through the soil voids filled with water. In coarse grained materials the results of resistivity tests may be significantly affected by water mineralization, and its saturation degree and porosity. If the water content (saturation degree) is constant, soil resistivity generally becomes a function of salts dissolved in the soil water solution and soil porosity. The principal empirical equations concerning relationships between soil resistivity and its physical parameters were presented by Archie [12] and others [2,10,18,21,38]. In most porous and clay-free materials, the resistivity of the saturated material may be described as:


   ρ  b S A T   =  ρ f  · F =  ρ f  · a ·  n  − m   ,  



(1)




where ρbSAT is thelectrical resistivity of soil in fully saturated conditions [Ω·m], ρf is the electrical resistivity of fluid in pore spaces [Ω·m], F is the formation factor [-], n is the porosity [-], and a and m are the empirical constants (depending on pore shape and cementation).



In soils containing clay minerals a double layer phenomenon, which introduces an additional conductivity called surface conductance to the system [17,39], should additionally be considered. Surface conductance is a special form of ionic transport occurring at the interface between the solid and fluid phases of the system. In clayey materials, the resistivity may be expressed as:


   ρ  b S A T   =    ρ f  · a ·  n  − m     1 +  ρ f  ·  B +  ·  Q v    ,  



(2)




where B+ is the equivalent ionic conductance of clay exchange cations [S·m2/meq] and Qv is the cation exchange capacity (CEC) per unit of pore volume [meq/m3].



The first parameter, B+, is a function of specific conductivity of the equilibrating electrolyte solution conductance, which describes how easily the cations can move along the clay surface. The cation exchange capacity defines the cation concentration (mainly Mg2+, Na+ and K+) on the surface area and can be obtained in laboratory tests.



Measurements of soil electrical resistivity have been used to predict various soil parameters: porosity, degree of saturation, water content, degree of soil compaction, liquid and plastic limits, liquefaction potential, and others. It is one of the most widely used geophysical methods applied to solve geological, geotechnical, and environmental issues. The present study investigates the possibility to predict various soil conditions (e.g., soil saturation and compaction) and parameters detecting and locating failures of sealing systems, and to correlate electrical resistivity measurements with geotechnical data. The presented laboratory tests have established relationships between porosity, saturation degree and electrical resistivity in sands and clayey soils which were then applied in the field at the Stegny site and the SGGW Campus in Warsaw. In laboratory investigations, a unique test equipment designed for this purpose has been used. This study enabled to improve and confirm our understanding of subsurface studies with application of electrical resistivity measurements and selecting the correct approach when designing the scope of research for a specific case. The paper presents several case studies employing electrical resistivity tomography and RCPT testing, aimed at presenting examples of practical use of electrical resistivity tests in environmental geotechnics. Hence, its applicability as a guide to the practical use of ERT for environmental geotechnics is important, providing a better discussion of the obtained results, opportunities and limitations of the methodology.




2. Materials and Methods


2.1. Characteristics of the Test Sites


The study area lies within a regional geomorphological unit known as the Warsaw Basin. All test sites are located in the Vistula River valley or in the vicinity of the valley (Figure 1). The first test site at Stegny is the place where a wide research program was executed by the Warsaw University of Life Sciences and the University of Warsaw during the last few years. The main purpose of these investigations was to estimate the physical properties and mechanical parameters of Pliocene clays. The Stegny site is located in the southern district of Warsaw. Its stratigraphy includes Quaternary deposits developed as fine and medium-dense sands of a thickness not exceeding 4.5 m, underlain by overconsolidated Pliocene clays. The free groundwater table was measured at a depth of 3.2 m.



The second test site at the SGGW Campus covers an area in the margin of a denudated moraine plateau. The site is located in the marginal zone of the southern part of the Warsaw moraine upland in Ursynów district. Here, these sediments form a continuous, distinct layer, consisting mostly of fine sands. Above the fluvioglacial sediments lies a layer of melt-out sediments from the Odranian Glaciation, represented by Glacial till. In situ (boreholes, RCPTU tests) and laboratory investigations have allowed to conclude that the surface zone consists of overconsolidated sandy clays, grey and brown in color.



Figure 2 presents the grain-size distribution curves for several soil samples: fine and medium sands (FSa, MSa), and clays (Cl and siCl) taken from the subsoil of the Stegny site, and sandy clays (sisaCl) and clayey sands (clSa) taken from the SGGW Campus. The graph contains also the grain-size distribution curves that have been tested in the laboratory, including sandy clays (sisaCl) from the SGGW Campus tested in a modified oedometer and samples of fine, medium and coarse sands (FSa, MSa and CSa) tested in the column apparatus.



The last test site is the modernized right embankment of the Vistula River, located in the Maciejowicka Valley. Renovation works carried out in the recent years were enforced by numerous filtration deformations, which in extreme cases lead to instabilities. A section of the embankment examined before the modernization was built of locally available material, which was poorly graded fine and silty sands. Control tests using ERT and BAT–groundwater monitoring system, were carried out on selected sections of the flood embankment in which a diaphragm was installed.




2.2. In Situ Investigations


Theoretical foundations of the electrical resistivity method, widely used for the last 50 years, are well known [2,5,38]. In practice, the soil electrical resistivity is measured using a four-electrode configuration. In this method, an electrical current is supplied to the soil using two electrodes, inducing an electric field, whereas the other two measure its potential. Apparent electrical resistivity of the soil may be determined based on the known difference between the electric field potential (ΔV) and the current intensity (I) and the distance between the electrodes [38]. Apparent resistivity is expressed by the equation:


   ρ b  = k   Δ V  I  ,  



(3)




where ρb is the apparent resistivity [Ωm], I is the current applied to the soil by electrodes C1 and C2 [mA], V is the potential difference between electrodes P1 and P2 [mV], and k is the geometrical coefficient of electrode positioning [m].



Resistivity does not reflect properties of one particular soil type, but presents the capability for electrical conductivity of a subsoil located in the vicinity of a spatial electric field. Such resistivity is called apparent resistivity. The geoelectrical survey is based on the measurement of apparent resistivity accompanied with symmetrical rise of the distance between charged electrodes (current electrodes, C1 and C2). A wider distance between the electrodes results in deeper electric field penetration into the subsoil, which significantly influences the survey depth. For the purpose of the present study, electrical resistivity tomography (ERT) in the Wenner array was applied (Figure 3). A detailed description of this array and other complex configurations was published by Zahody et al. [5], Lowrie [38], Loke et al. [40], and Keller et al. [41].



The RCPT (RCPTU) cone (Figure 4) used to assess soil porosity, is a combination of a static CPTU (cone penetration test) probe with soil resistivity measurements. The probe consists of two main elements: first for measuring parameters determined in a standard CPTU test, and the second being an electrical resistivity measuring module. It includes two or four annular electrodes (at a spacing of 5 cm) with insulating plastic elements and an alternating current flowing between the electrodes.




2.3. Laboratory Investigations


Two test stands adapted for testing non-cohesive and cohesive soils depending on the needs and the required scope of tests were installed in the laboratory. The column for testing non-cohesive soils was equipped with chemically insensitive graphite electrodes for measuring the electrical resistivity of sands and gravels (Figure 5).



The column apparatus, in which the soil sample was placed, was made of materials that do not conduct electricity, and was embedded in a plastic base sealed with O-rings. One of the base elements was porous and connected to the column drainage system. A lid with a piston, which could move freely inside it and had two holes through which excess water could flow out of the sample, was installed in the upper part of the column. The installed electrodes (graphite electrodes at a spacing of 4 cm) allowed to control the variability of electrical conductivity at 3 levels of the soil sample. The column was calibrated using a potassium chloride solution with known electrical resistivity. Before testing, the soil was washed and dried, and then inserted in the measuring chamber in layers with a thickness of approximately 5 cm and compacted under a load of approximately 1 kN. A solution of potassium chloride with known electrical conductivity was supplied through an inlet in the bottom of the apparatus, which provided fully saturated conditions of the sample. The tests were also performed at not fully saturated conditions where soil with a different water content was then inserted.



The second test stand was a modified oedometer, in which electrodes were installed to register changes in the electrical resistivity of a sandy clay sample (sisaCl) taken from the SGGW Campus under load changes (Figure 6). The piston and oedometer ring, in which the soil sample was located, were made of an insulating material. Four flat copper ring electrodes were installed in the oedometer ring walls in a way that ensured the contact of the electrodes only with the soil sample and not with the brass casing. The width of the electrodes was 2.5 mm, while the inner diameter of the ring was 50 mm. The electrodes were arranged at equal, four-millimeter distances, in accordance with the four-electrode Wenner array (two outer electrodes were current electrodes generating the electric field in the soil sample, while the two inner electrodes in the ring were used to measure the electric field potential). Before testing, the oedometer was calibrated using (potassium chloride) solutions with known electrical resistivity.





3. Results and Discussion


3.1. Influence of Degree of Saturation and Porosity on Electrical Resistivity—Laboratory Investigations


Research in the column apparatus determined the impact of the degree of saturation and porosity on the electrical resistance of sandy soils. When assessing the impact of the degree of saturation vs. electrical resistivity, the soil samples had the relative density, Dr, in the range of 0.48 to 0.52, to ensure that the porosity of the material is relatively constant. The estimated relationship between the soil electrical resistivity and the saturation degree is:


   S r  =    (     ρ  b S A T      ρ b     )     1 β    ,  



(4)




here Sr is the saturation degree [-], ρbSAT is the electrical resistivity of soil in fully saturated conditions [Ω·m], ρb is the electrical resistivity of material/soil [Ω·m], and β is the empirical constant.



The empirical constants used in this equation and depending on the grain size of sand are shown in Table 1. It should be noted that the saturation exponent β is often adopted. The saturation exponent β most often occurs in the literature in the value range of 1.00 ÷ 2.50 [42,43]. At the same time, it should be mentioned that hysteresis occurs during sample saturation and desaturation processes and is influenced by the sample preparation method [44]. The obtained values of parameter β in the tested sand samples are within the value range found in the literature.



Figure 7a shows the relation between electrical resistivity and saturation degree of fine sand moistened with different KCl solutions. This graph shows how important the electrical conductivity of a fluid filling the pore space is, and what error can be made in in situ tests when trying to estimate the soil saturation degree when the electrical resistivity of this soil in fully saturated conditions is not known. In addition, this error can be greater at higher soil moisture contents [2].



To assess the effect of porosity on soil electrical resistivity, a number of tests were carried out on fully saturated sand samples compacted with a relative density (Dr) between 0.14 and 0.87. The empirical constants for use in Equation (5) are presented in Table 2, while Figure 7b shows an example of the relationship between electrical resistivity and porosity for fine sand.


  n =    (   1 F   )     1 m    =    (     ρ f     ρ  b S A T      )     1 m    ,  



(5)




where n is the porosity [-], F is the formation factor [-], ρf is the electrical resistivity of fluid in pore spaces [Ω·m], ρbSAT is the electrical resistivity of soil in fully saturated conditions [Ω·m], and m is the empirical constant.



For practical purposes, direct correlation between porosity and electrical resistivity is in common usage. It is assumed that the tortuosity value is equal to 1. Literature reports for clean sands give the values of the tortuosity coefficient and the cementation exponent at a = 1.0 and m = 1.3, respectively [12]. Recent research and considerations have allowed to extend the range of these parameters, e.g., [12,42,46]. However, it should be remembered that in the case of unsaturated materials, this relationship will be inversed and the increase in porosity will lead to increase in the electrical resistivity of a porous medium [2]. This should be taken into account when interpreting data from in situ measurements.



In the case of cohesive soils, including unsaturated ones, a simple predictable relationship between porosity and electrical resistivity cannot be expected. For this purpose, tests of unsaturated cohesive soil samples were carried out in a modified oedometer. The electrical response, caused by the change in the load of the soil sample, can be interpreted in terms of changes in porosity and fabric features such as pore tortuosity and particle alignment [16].



Figure 8 shows the consolidation curves in relation to curves of electrical resistivity changes as functions of time. The electrical resistivity of the sandy clay sample (sisaCl from SGGW Campus) recorded during the test is inversely proportional to the increasing vertical stress. This study resulted in setting an empirical relation between porosity and electrical resistivity, which is shown in Figure 9 and describes this relation when the saturation degree is close to 1, and is described by the equation:


  n = 0.004 ·  ρ b  + 0.309 ,  



(6)




where n is the porosity [-] and ρb is the electrical resistivity of soil [Ω·m].




3.2. Assessment of Saturation Degree and Porosity—In Situ Investigations


The first example concerns the evaluation of porosity of Pliocene clays and sandy soils based on the resistivity cone penetration test (RCPT). Field studies require a slightly different approach than laboratory investigations; therefore, in order to set the porosity values as close as possible to real ones, the groundwater samples were taken from several depths and analyzed for variation of electrical conductivity. Values of electrical conductivity of groundwater taken using the BAT groundwater monitoring system [47] are presented in Table 3. Assuming that the saturation degree of clays is close to 1, the relationship between porosity and formation factor, F for clays in the tested site is as follows.


  n =    (   1 F   )     1  3.28     =    (     ρ f     ρ  b S A T      )     1  3.28       (  R 2  = 0.79 ) .  



(7)







Assessment of porosity in cohesive soils is complicated and requires knowledge of the electrical resistivity of groundwater, which can vary with depth [30]. Electrical resistivity measurements assisted to geotechnical exploration in this case, and this simple relationship seems to be sufficient assuming that CEC and B+ are not included. Figure 10 shows the RCPT test results: changes in cone resistance qc, friction ratio Rf, electrical resistivity profile and porosity calculated according to Equation (7). In addition, the figure presents the porosity values obtained from laboratory tests on undisturbed soil samples.



Figure 11 shows the distribution of the saturation degree of sands in the profile. The saturation degree values were calculated based on the Formula (4) and supplemented with the results of laboratory tests. The fully saturated zone starts from the depth of about 3.4 m below the surface; for this zone the porosity of sands was estimated according to Formula (5). Empirical constants appropriate for the given type of soil and proposed in Table 1 and Table 2 were adopted in the calculations.



The next example presents the RCPT test with a calculated porosity of unsaturated sandy clay (sisaCl) at the SGGW Campus. An undisturbed soil sample was taken from the depth of about 5.5 m and compressed in a modified oedometer. This study allowed to establish a simple relationship between electrical resistivity and porosity presented in Figure 8 and Figure 9. Figure 12 presents the RCPT test results with calculated porosity according to Equation (6). The porosity values in the top and bottom of the layer result from water penetration, which gives higher electrical conductivity in these zones and affects the obtained lower porosity values.



Studying the relationship between porosity, saturation degree and electrical resistivity is interesting in both geophysics and geotechnics, e.g., [33,37]. The presented relationships showed a positive relation in these studies. However, electrical resistivity measurements still remain empirical and site restricted. The application of the above relationships in practice, and especially those used for cohesive soils, is only possible for a specific locality and soil type. Equations (4) and (5) established for sands seem to be universal and similar relationships were determined in other areas. The use of RCPT probes for this purpose is easier due to the measurement accuracy than the use of surface geophysical surveys.




3.3. Surface Resistivity Measurements—Recognition of Subsoil and Hydrotechnical Structures


Electrical resistivity methods are often applied to investigations of hydrotechnical structures because resistivity values obtained by these methods are very valuable for estimating the soil conditions of levees, e.g., [8,10,11]. Below are presented example results of surface surveys using electrical resistivity tomography (ERT) to detect weakened and damaged areas of the embankment body and its base, quality control of a vertical sealing system on a modernized levee, and recognition of the geological structure of a building foundation.



In the first case, the tests aimed to determine the condition of a selected section of the embankment, i.e., areas susceptible to dangerous filtration effects. The tests were performed on the Vistula river right-bank embankment. The area has been subject to numerous leakages through the embankment body and base. The embankment was 6 m high, the crest was 3 m wide, and the slope gradient was 1:1.7 to 1:2. The embankment fill is composed of fine sands with local inclusions of silt and silty clay, and the base is made of alluvial sands locally covered with a layer of flood deposits (Figure 13).



Figure 13 shows the example results of electrical resistivity imaging. Along the entire length of the analyzed embankment section, the electrical resistivity of its fill was between 600 and 800 Ωm. The analysis included the embankment sections, in which electrical resistivity was significantly different from the background values (~600 Ωm). An area of significantly higher electrical resistivity up to 2000 Ωm was observed on the left side of the cross-section. High electrical resistivity may indicate loosened soil in this area and significant leakage through the embankment body. Control tests using a CPTU probe to validate the electrical resistivity results in this area indicate the presence of loosened soil.



The CPTU graph shows the decrease in the cone resistance (qc) at the depth of 3.4 to 5.2 m. The cone resistance in this area was reduced from 6 to 2 MPa, while the friction ratio (Rf) did not change and varied between 1.2 and 1.6. The weakened zone in the embankment body is slightly different from the range defined on the basis of geophysical research. Despite these differences, geophysical surveys have indicated places for detailed geotechnical investigations with the CPTU probe. The results confirmed the need for modernization of this embankment section. In 2015, restoration works included construction of a vertical sealing system—DSM (Deep Soil Mixing) columns in the embankment body.



Geophysical surveys were conducted again; this time they were aimed at indicating the sealing continuity. The electrical resistivity method was used to distinguish the less permeable vertical layer in the embankment body. The purpose of the tests was also to investigate the depth of the DSM columns and confirm the sealing continuity. For a more accurate diagnosis, direct soundings could then be used [48]. The interpretation and testing results are presented in Figure 14 and Figure 15.



In the figure below (Figure 14), the central part of the cross-section through the embankment body includes a zone with lower electrical resistivity, which is less than 50 Ωm. The left and right sections had electrical resistivity values of more than 160 Ωm (250 Ωm to the right), which indicates the occurrence of sandy deposits. A cross-section across the embankment (Figure 12) shows the presence of a hydraulic window. Electrical resistivity in the sealing zone is about 50 Ωm, while to the left (between 8 and 18 m of the cross-section), the values of electrical resistivity correspond to values in the embankment body.



In conclusion, geophysical surveys have not recorded the presence of sealing in this area, which gives the opportunity to evaluate the range of the problem and related detailed research on a given section of the embankment.



Similar observations were also made by other researchers [10] at a small earthen dam in Colorado where anomalous seepage was observed. The resistivity anomalies were used to delineate three seepage zones within the dam. Another example illustrates the resistivity investigations of a ground under an earth dam where the alluvial deposits, with resistivity reach 150 Ωm, overlay the resistive hard limestones bedrock (more than 1100 Ωm). The appearance of anomalies in geoelectrical cross sections indicates opened cavity filled with alluvial deposits (40 to 150 Wm). These discontinuities in the bedrock form additional possible pathways for water leakage from the dam reservoir [11]. The proposed approach could be easily practiced in other similar objects suffering from leakage’s problems.



The next two examples include geophysical surveys, which were carried out in order to complete the geotechnical investigations. Previous research showed a high diversity of the geological structures; in particular the depth of the top of Pliocene deposits and its physical parameters in the analyzed area, e.g., [35,49]. The properties of these deposits determine the geotechnical design of the above ground and underground structures. These formations require a detailed analysis before their use as building foundation.



The first one—the Vistula slope area—shows the use of electrical resistivity measurements to determine the top of undisturbed clay deposits. For this purpose, several electrical resistivity profiles were carried out. Figure 16 shows a geoelectrical cross-section in combination with cone resistance qc and dilatometric index ID values obtained during CPTU and DMT (flat dilatometer test) tests. CPTU and DMT tests showed a diversified structure of the colluvial-delluvial deposits in the slope area. The change in cone resistance and dilatometric index indicates the top of clay deposits at 6 ÷ 6.5 m below ground level (DMT-2, CPTU-2) in the western and middle part of the cross-section. The cone resistance values obtained during CPT-3 testing (eastern part of the cross-section) showed diverse parameters and thus significant diversity of strength and strain parameters due to numerous lenses in colluvial-delluvial deposits in the slope area. Two zones: one at 7.5 to 11 m—cone resistance 1 ÷ 2 MPa (clay in the colluvial area) and one below 11 m—cone resistance of approximately 3 MPa, were observed during the analysis of cone resistance during CPT-3 testing. The difference in measured cone resistance indicates 11 m as the depth of the undisturbed top of clay deposits and the bottom of colluvial-delluvial deposits.



High electrical resistivity up to 200 Ωm, specific for non-cohesive formations in the area can be observed in the electrical resistivity cross-section used in the analysis up to 2 m below ground level. With depth increase, the values decrease to several Ωm, which indicates the presence of cohesive soils. The decline in the resistivity isoline towards the east, corresponding to the terrain slope, can be observed on the right side of the cross-section.



Changes in electrical resistivity of the subsoil and their detailed analysis have allowed to determine the top surface of clay deposits, assuming that the boundary of the top of Pliocene deposits runs along the 20 Ωm isoline. The top of undisturbed Pliocene deposits is parallel to the terrain slope, and then declines rapidly (between 40 and 50 m of the profile) towards the Vistula River.



The second study shows the geoelectrical cross-section of the subsoil in the vicinity of water intake in one of the southern districts of Warsaw. The graph shows changes in electrical resistivity in the area to the depth of approximately 15 m below ground level (Figure 17). Analysis of the cross-section shows that non-cohesive soils with electrical resistivity of up to 200 Ωm occur at the depth of approximately 6 m. However, in the middle of the cross-section, the base of non-cohesive formations occurs at the depth of approximately 4.5 m, and in the areas planted with trees and shrubs it was determined at the depth of approximately 6 m based on changes of electrical resistivity. In this area, the layer of soils showing higher electrical resistivity reaches slightly deeper. This may be due to the lower moisture content of the soils in the rhizosphere, and thus the determined position of the base of sand in this area may be erroneous. The position of the top of clay deposits in this area must be validated by boreholes or probing. Soils characterized by resistivity of several to several dozen Ωm can be observed below the non-cohesive formations.



The cross-section also shows the cone resistance values (qc) obtained during RCPT tests and the material index values (change in ID value below 0.6 indicating transition into silty soil) obtained from DMT tests. Both the cone resistance and the material index show the transition in the soil type in the tested area at the depth of 4.0 ÷ 4.2 m below ground level. Detailed analysis of RCPT tests (Figure 10) shows a boundary between sands and clays in this area at the depth of approximately 4 m below ground level. The electrical resistivity for sands is between 100 Ωm to several hundred Ωm, and for clays between 4 Ωm and 12 Ωm.



The spatial data on changes in electrical resistivity from geophysical surveys and RCPT and DMT tests allowed for determining the top surface of clay deposits at the entire length of the profile. In a similar case, geophysical investigations, seismic surveys and geotechnical soundings were used to identify the top of cohesive soils in the area of an earth dam [50]. In the latter case, the value of 200 Ωm was found as a boundary between cohesive and non-cohesive formations. In addition, in geophysical studies, anomalies were identified and zones of soil loosening, which may have been caused by suffusion processes were distinguished.





4. Summary


The article presents some examples of electrical resistivity measurements in geotechnical and environmental investigations. Generally, electrical resistivity tests may be performed at a preliminary stage to determine the ground conditions or as supplementary tests for monitoring purposes. Surface geophysics allow for preliminary determination of the subsoil structure and indication of areas for detailed analysis using geotechnical probing (e.g., CPTU, RCPTU).



The presented laboratory tests have established some relationships between physical parameters and electrical resistivity in sands and clayey soils. When the soil sample is fully saturated, free of clay, and the pore water has a high salinity, the material is in good agreement with Archie’s conditions. In such cases, determining the relationship between porosity and electrical resistivity will not cause problems, both in laboratory and field investigations. In the case of cohesive soils, it depends on the surface conductance effect and the interpretation of these data becomes more complex. The assessment of porosity on the basis of field tests requires an individual approach and the relations proposed in the paper are of regional nature. Geophysical investigations performed on selected sites have confirmed its usefulness when analyzing geological, hydrogeological and environmental conditions of the subsoil.



The studies have confirmed that electrical resistivity data can be used in quantitative analysis, e.g., to determine soil porosity and degree of saturation, however they require known conductivity values of pore water. While this is not a problem in sandy soils, in cohesive soils it requires the installation of specialized sampling equipment, e.g., BAT water monitoring systems. In specific cases, e.g., failure of sealing systems in the embankment, non-standard methods are often required. However, each case should be analyzed separately due to the variety of factors affecting the results. The most important is the water content of the material. In fully saturated conditions, higher medium porosity will result in lower electrical resistivity in relation to the background. In an unsaturated medium, the relationship will be reverse, as it is the case in Figure 10, where differences in electrical resistivity allowed for determining the weakening zone in the embankment body.



It needs to be emphasized that a comprehensive interpretation of geophysical tests can only be conducted when reliable geological or geotechnical data supplemented with geochemical data sets are available. A complex interpretation of such data allows for appropriate design and monitoring of various engineering facilities.
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Figure 1. Location map of the test sites. 
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Figure 2. Grain-size distribution curves for soil samples taken directly from the test sites and assessed in the laboratory. 
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Figure 3. Four-electrode configuration for resistivity measurements, consisting of a pair of current electrodes (C1, C2) and a pair of potential electrodes (P1, P2). 
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Figure 4. Cross-section and photographs of RCPT and RCPTU cones. 
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Figure 5. Column apparatus for measuring electrical resistivity of sands; scheme of apparatus and electrode and view of apparatus during sample preparation. 
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Figure 6. A modified oedometer for measuring electrical resistivity of clayey soils; scheme of apparatus and view of oedometer ring with electrodes and apparatus during the test. 
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Figure 7. Analytical relation between electrical resistivity of fine sand (FSa) moistened with different KCl solution vs. saturation degree (a) and electrical resistivity vs. porosity (b). 
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Figure 8. Changes in the void ratio and electrical resistivity during loading cycles of sandy clay (sisaCl) samples taken from the SGGW Campus in a modified oedometer. 
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Figure 9. Analytical relation between electrical resistivity and porosity of sandy clay (sisaCl) based on oedemeter tests. 
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Figure 10. Results of RCPT tests; qc—cone resistance, Rf—friction ratio, electrical conductivity and porosity of clays. 
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Figure 11. Results of RCPT tests; electrical resistivity of sands with calculated/measured saturation degree, formation factor and porosity of sands. 
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Figure 12. Results of RCPT tests; electrical resistivity of sands with calculated porosity of sandy clay. 
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Figure 13. Geoelectrical cross-section through the embankment compared with cone resistance from the CPTU test. 
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Figure 14. Geoelectrical cross-section across the embankment body after installing the sealing system. 
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Figure 15. Geoelectrical cross-section across the embankment after installing the sealing system (view of vertical sealing and hydraulic window in the embankment body). 
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Figure 16. Geoelectrical cross-section in the Vistula slope area compared with cone resistance qc from CPTU and material index from DMT tests. 
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Figure 17. Geoelectrical cross-section of the Stegny site compared with the cone resistance qc from CPTU and material index from DMT tests. 
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Table 1. Empirical constants in the relationship between the degree of saturation and electrical resistivity according to Equation (4) [45].
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	Soil
	Effective Size d50 [mm]
	[-]
	R2 [-]





	Fine sand (FSa)
	0.22
	1.63
	0.93



	Medium sand (MSa)
	0.40
	1.61
	0.93



	Coarse sand (CSa)
	0.80
	1.53
	0.95
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Table 2. Empirical constants in the relationship between porosity and electrical resistivity according to Equation (5) [45].
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	Soil
	Effective Size d50 [mm]
	m [-]
	R2 [-]





	Fine sand (FSa)
	0.22
	1.39
	0.86



	Medium sand (MSa)
	0.40
	1.41
	0.89



	Coarse sand (CSa)
	0.80
	1.45
	0.91










[image: Table] 





Table 3. Results of groundwater electrical conductivity measurements.
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	Depth [m]
	Soil
	Groundwater Conductivity [mS/m]





	3.5
	MSa
	161.3



	4.0
	MSa
	147.1



	4.8
	Cl
	261.8



	6.2
	Cl
	274.0



	7.2
	Cl
	270.3



	7.6
	Cl
	290.7



	9.4
	Cl
	308.6



	11.6
	siCl
	224.1











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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