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ABSTRACT 
 
 
 

PREDICTING WATER CONTENT AND SATURATION IN MINE TAILINGS WITH AN 

ELECTROMAGNETIC SOIL MOISTURE SENSOR 

 
 

The degree of saturation of mine tailings plays an important role in geotechnical and 

geochemical stability of a tailings facility, and as such, reliable measurements of in situ tailings 

saturation aid in evaluating the stability of a tailings facility. However, measuring in situ saturation 

in tailings facilities is a common challenge in the tailings industry. The objectives of this study 

were to (1) evaluate the ability of an electromagnetic soil moisture sensor to predict the volumetric 

water content and degree of saturation of mine tailings and (2) conduct proof-of-concept tests to 

assess the potential for electromagnetic sensors to be used as a tool in tailings engineering 

practice. To meet these objectives, laboratory-scale testing was conducted using an 

electromagnetic soil moisture sensor embedded in moist-tamped and slurry-deposited specimens 

of a single hardrock mine tailings prepared at varying volumetric water content, degree of 

saturation, and dry density. Certain specimens were subjected to changes in mass-volume 

properties and sensor performance was evaluated for timeliness and accuracy of response.   

The results of this study indicate an electromagnetic soil moisture sensor can be used to 

predict the volumetric water content and degree of saturation in hardrock mine tailings with a 

useful degree of accuracy depending on the application and precision required. During the proof-

of concept tests performed, error in predicted volumetric water content was less than about 1.5% 

to 3.8%, error in predicted saturation was predominantly less than 5%, and temporal response to 

changes in moisture was equivalent to a sensor insertion rate of approximately 27 mm/s. Based 

on the findings of this study, electromagnetic sensor technology offers a viable tool to predict the 

degree of saturation within tailings facilities and can be incorporated into innovative approaches 

to address the challenges encountered in different types of tailings facilities.  
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CHAPTER 1: INTRODUCTION 

 

Natural porous media, such as soil, generally consists of a combination of solid particles, 

air, and water. In a given volume of porous medium, the degree of saturation (commonly reported 

as a percentage) is the ratio of the volume of water to the volume of the void space that exists 

between solid particles (Holtz et al., 2011). Knowing the degree of saturation of a porous medium 

is important to understanding and predicting mechanical, hydraulic, and chemical behavior.  

A common type of porous media encountered at nearly all mining sites is mine tailings. 

Tailings are a byproduct of the mining process, consisting of processed rock, soil, and/or residual 

chemicals that remain following the separation of valuable commodities (The Mining Association 

of Canada, 2021). Particles of tailings are typically fine-sand and silt-sized and are generally 

angular due to crushing and grinding of ore processing. When mining an ore body, a relatively 

small fraction of the total mined material is economically viable to extract. For example, the global 

average mined ore grades for copper were about 0.62% in 2010 and future decrease is projected 

(Northey et al., 2014). Consequently, a considerable amount of byproduct (e.g., tailings) is 

produced in the mining process and is stored in perpetuity in a tailings facility. Characteristics of 

tailings facilities vary as a function of location, climate, and tailings properties, among many 

factors (Morrison, 2022). However, nearly all tailings facilities include an impoundment that 

contains a combination of tailings and water that must be properly designed, constructed, and 

managed throughout each phase of the facility lifecycle to minimize risk to people and the 

environment (Global Industry Standard on Tailings Management, 2020).  

The degree of saturation of mine tailings plays an important role in geotechnical stability 

of a tailings facility. The depositional methods of tailings and significant size of tailings 

impoundments render the tailings in many facilities in a normally consolidated, or slightly over-

consolidated, state meaning the effective stress experienced by the tailings is equal to, or near, 

the maximum historical stress. Normally consolidated and slightly over-consolidated porous 
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media (e.g., tailings) exhibit contractive tendencies (reduction in void volume) when subject to 

increases in stress caused by static or cyclic loads (Holtz et al., 2011). When tailings exhibit an 

elevated degree of saturation, the contractive behavior results in development of positive pore 

water pressures resulting in a decrease in effective stress and loss of strength. Aghazamani 

(2022) reported positive pore water pressures generated in tailings specimens prepared at 

degrees of saturation of approximately 80% and above. Rodriguez et al. (2021) conducted an in-

depth study on flow failures in tailings dams and reported that maintaining saturation below 80% 

is the most influential factor to enhance geotechnical stability.  

The degree of saturation in mine tailings also plays an important role in geochemical 

stability of a tailings facility. Certain tailings are rich in sulfide-bearing minerals, such as pyrite, 

and when contacted by the combination of air and water, generate acidic pore fluid that can drain 

into the surrounding environment. Acid mine drainage from oxidation of sulfide-bearing minerals 

is an extremely harmful source of environmental contamination (Banks et al., 1997). Aachib et al. 

(2004) report that the diffusion of oxygen into unsaturated porous media (e.g., tailings) decreases 

exponentially at saturation above 85%, which implies that mitigation of acid generation in sulfide-

rich tailings requires a high degree of saturation.  

The balance between maintaining tailings at a high degree of saturation to mitigate acid 

generation while also remaining unsaturated for better geotechnical stability implies that reliable 

measurements of in situ tailings saturation are fundamental for evaluating geotechnical and 

geochemical stability. Tailings saturation is important for all types of tailings management 

strategies, ranging from slurry deposition to filtered stacks. Reducing saturation in slurry 

deposited tailings requires adequate drainage and surficial drying to facilitate water removal. 

Although filtered tailings aim to reduce the amount of water stored within tailings, the potential to 

develop saturated zones within a filtered stack is site specific and a current knowledge gap in 

practice. Regardless of the management strategy adopted for any tailings facility, there is a need 
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to determine in situ tailings saturation to assess stability (Zandarín et al., 2009). Measuring in situ 

saturation in tailings facilities is a common challenge in the tailings industry. 

The alternatives for determining the degree of saturation within a tailings facility currently 

used in practice are limited. The only direct measurement of tailings saturation is destructive 

sampling coupled with weight-volume calculations, which requires careful sampling and 

subsequent laboratory evaluation. This technique yields a point measurement at a given location 

and time and is not readily scalable to the vast size of tailings facilities or the need for real-time 

monitoring. Commonly used field tools to assess the moisture regime in a tailings facility include 

instrumentation networks, such as vibrating wire piezometers, and direct push measurement 

techniques, such as pore pressure dissipation tests and shear wave velocity from CPT and field 

resistivity probes (e.g., Contreras et al. 2020). However, these methods are used primarily to 

identify the phreatic surface or boundary between saturated and unsaturated zones within a 

tailings facility and are not necessarily used to determine variations in the degree of saturation 

within unsaturated tailings. Soil moisture sensors exploit a surrogate property (e.g., dielectric 

permittivity) of the surrounding medium to which the sensor is sensitive, and the sensor output 

can be correlated to volumetric water content via an empirical or theoretical relationship (Evett et 

al., 2012).  

The most appropriate method for evaluating the degree of saturation within a tailings 

facility depends on the site-specific challenges presented by the characteristics of the site and 

project scope. For example, a direct push or probe-based technique may be more feasible than 

installing an instrumentation network when evaluating spatial variations in saturation within an 

existing tailings facility. In contrast, an instrumentation network containing soil moisture sensors 

may be more suitable for monitoring spatial and temporal variations in saturation of a tailings 

facility under construction. The objectives of this study were to (1) evaluate the ability of an 

electromagnetic soil moisture sensor to predict the volumetric water content and degree of 

saturation of mine tailings and (2) conduct proof-of-concept tests to assess the potential for 
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electromagnetic sensors to be used as a tool in tailings engineering practice. A single hardrock 

mine tailings from a precious metal mine was used in this study. Following an assessment of the 

electromagnetic sensor, proof-of-concept tests were implemented to evaluate how the sensor 

may perform as a push-probe technique for existing tailings facilities as well as embedded within 

a deforming medium that represents a growing filtered tailings stack.  

  



 

5 
 

CHAPTER 2: SATURATION MEASUREMENT TECHNIQUES AND DIRECTION OF STUDY 

 

A literature review was conducted to identify different methods and tools that could be 

used to determine the degree of saturation in mine tailings. The literature review yielded 

numerous potential methods, and available technologies were categorized into the list included 

in Appendix A. The list of potential methods was extensive and represented an as-complete-as-

possible compilation of available techniques that can serve to determine the degree of saturation 

in porous media.  

A survey of current practitioners with expertise in tailings and porous media was 

conducted to determine the extent to which the various methods and technologies were currently 

being used in practice, with particular emphasis on mine tailings applications. A summary of the 

survey results is included in Appendix B. The results of the survey and knowledge gained from 

the initial literature review identified three methods / technologies as promising alternatives 

warranting further study: (i) cone penetration test (CPT); (ii) geophysical methods; and (iii) 

electromagnetic sensors.  

Electromagnetic sensors were selected as the subject of this study for several reasons. 

Electromagnetic sensors are based on a well-tested principle of operation and have been 

implemented and researched within the agricultural community for many years. Furthermore, 

electromagnetic sensors can be designed to be durable, corrosion resistant, wirelessly capable, 

and compatible with different micro-controllers. Finally, certain types of electromagnetic sensors 

can be manufactured relatively inexpensively. The combination of these qualities of 

electromagnetic sensors allows them to be incorporated into an extensive network for 

monitoring spatial and temporal variations in volumetric water content or degree of saturation 

across a tailings facility. Where a large sensor network may not be feasible or appropriate, such 

as at an existing or legacy tailings facility, the vision was for this study to assess future research 
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potential with electromagnetic sensor technology that could be incorporated into a probe-based 

application, such as a CPT.  
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CHAPTER 3: FOCUSED LITERATURE REVIEW 

 

A focused literature review was conducted to identify previous studies incorporating 

electromagnetic sensors in applications relevant to a tailings facility. Several studies used 

electromagnetic soil moisture sensors in monitoring networks for earthen slopes. Li et al. (2005) 

used electromagnetic sensors to determine spatial and temporal variations in volumetric water 

content of a saprolite slope and compared the sensor data to precipitation events. Greco et al. 

(2010) and Peranic et al. (2022) used electromagnetic sensors to monitor variations in model 

slopes constructed in a laboratory environment and subjected to simulated rainfall events. The 

study performed by Peranic et al. (2022) included the Teros 10 and Teros 12 soil moisture 

sensors. The results of these studies generally concluded that the electromagnetic sensors 

responded appropriately to the infiltration of surface water from precipitation events. However, the 

studies did not specifically focus on the accuracy of the sensors when predicting volumetric water 

content.  

Several studies used electromagnetic soil moisture sensors to monitor variations in 

volumetric water content within the unsaturated zone of existing tailings impoundments (Basson 

et al., 2021; Blanco et al., 2013; Cheong et al., 2012). Additionally, electromagnetic soil moisture 

sensors have been used to monitor the desiccation process of a column of tailings prepared in a 

laboratory environment (Garino Libardi et al., 2022). Electromagnetic sensors embedded in 

existing tailings facilities captured variations in volumetric water content that generally reflected 

the infiltration of surface water from periodic precipitation events (Basson et al., 2021; Cheong et 

al., 2012). The study performed by Blanco et al. (2013) concluded that the performance of 

electromagnetic sensors can be negatively impacted by the extreme salinity of certain acid-

generating tailings facilities. While the various studies identified showed that the sensors were 

generally able to capture variations in volumetric water content within certain tailings facilities, the 

studies did not specifically address the accuracy of the sensor-predicted water content. Instead, 
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the primary focus of the studies was to determine seasonal effects of rainfall on tailings water 

quality (Cheong et al., 2012), develop a conceptual desiccation model (Garino Libardi et al., 

2022), or develop a wireless data acquisition system (Basson et al., 2021). 

Woyshner (1992) installed electromagnetic soil moisture sensors at various locations and 

depths within the unsaturated zone of an existing sulfide ore tailings facility and monitored 

temporal variations in volumetric water content over a period of about two months. Laboratory 

testing was conducted to develop a material-specific calibration for the sensor which was used to 

predict volumetric water content during the field monitoring program. Sensor predicted volumetric 

water content was periodically compared to values determined from direct sampling and indicated 

an average error of +1.1%, standard deviation of 2.2%, and a maximum error of 5.5%. The study 

concluded the sensor responded appropriately to fluctuations in volumetric water content due to 

infiltration from precipitation events, and the sensor data was used to develop a water balance 

model within the unsaturated zone of the tailings. 

Testing on laboratory-prepared specimens of iron mine tailings has been conducted using 

the Teros 12 sensor (Landim et al., 2023), which is a more recent variant of the sensor used 

during this study. Laboratory specimens were prepared in PVC molds using moist-tamped 

methods, and a material-specific calibration relating raw sensor output to the volumetric water 

content of the tailings was developed. Testing indicated the manufacturer calibration resulted in 

a substantial error when predicting volumetric water content in the iron mine tailings. Additionally, 

test results indicated an increase in specimen dry density resulted in an increase in the raw sensor 

output value reported in millivolts. 

 Narayanan and Sathian (2021) used a Teros 12 soil moisture sensor to determine the 

volumetric water content at three different depth intervals within a laterite soil deposit. Sensor-

predict values of volumetric water content were compared to values determined from direct 

measurement of representative field samples. The manufacturer calibration was used to predict 

volumetric water content from sensor output and resulted in errors of about -5%, -12%, and +3% 
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at the three depth intervals, respectively. The greatest error (-12%) was observed at a depth 

interval that exhibited significantly low dry density when compared to the other two depth intervals. 

A material-specific calibration was developed for each depth interval, and calibration specimens 

were prepared at the respective in-situ field dry densities. The material and density-specific 

calibrations were then used to predict volumetric water content from sensor output, and the error 

in sensor-predicted volumetric water content was reduced ranging from 1.7% to 3.9%. The results 

of this study highlight the importance of performing a material specific calibration and suggest that 

sensor accuracy is affected by variations in dry density.  
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CHAPTER 4: MATERIALS AND METHODS 

 

4.1 Experimental Program Overview 

Table 1 summarizes the various tests performed as part of this study. All testing was 

conducted on a single hardrock tailings material and included the preparation of both moist-

tamped and slurry-deposited test specimens in either a small or large test mold. Each of the 

testing programs were conducted in sequential order as presented from top to bottom in the table. 

The first three tests were performed to evaluate the ability and behavior of the electromagnetic 

sensor in question when predicting the volumetric water content and degree of saturation of mine 

tailings. The second three tests are considered proof-of-concept tests performed to evaluate 

sensor response to variations in volumetric water content, degree of saturation, and dry density. 

A critical first step in the successful implementation of the electromagnetic sensor requires 

calibration testing to relate raw sensor output to predicted values of volumetric water content and 

degree of saturation. Performing testing on numerous specimens prepared at a wide range of 

volumetric water contents and degrees of saturation using multiple sensors allowed for a robust 

calibration equation to be developed. Following calibration testing, additional specimens were 

prepared at random to evaluate the accuracy of the calibration equations and validate the ability 

of the sensor to predict volumetric water content and degree of saturation in tailings. Several 

series of moist-tamped specimens were then tested to further understand and characterize the 

behavior of sensor output as the dry density of the tailings medium varied. After the ability and 

behavior of the sensor had been evaluated and characterized, proof-of-concept testing was 

performed. During proof-of-concept testing, the sensor was subjected to dynamic changes in 

specimen volumetric water content, saturation, and dry density via rapid insertion, specimen 

compression, and infiltration of water. The equations developed and the insights gained during 

the preceding sensor evaluation testing programs were implemented during proof-of-concept 

testing to assess the timeliness and accuracy of sensor response to the induced change in 
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conditions. Details and discussion regarding specimen preparation, testing procedures, and 

results for the various tests performed are discussed herein.  

 

4.2 Mine Tailings 

Hardrock mine tailings from a precious metal mine was used in this study and was 

considered representative of common hardrock mine tailings in practice. Particle size analysis 

yielded 14% fine sand and 86% fine-grained (i.e., silt and clay that pass the No. 200 sieve), by 

mass. The tailings had low plasticity with a liquid limit of 30 and a plasticity index of 9. The particle 

size and plasticity testing indicated lean clay classification, with symbol of CL per the Unified Soil 

Classification System (USCS). The specific gravity of the tailings was 2.72. Standard Proctor 

compaction testing (ASTM D698) yielded a maximum dry density of 1.69 Mg/m3 and optimum 

gravimetric water content of 15.8%. Particle size, plasticity, and compaction test results were 

extracted from Aghazamani (2022) and specific gravity and shrinkage limit were conducted as 

part of this study. 

The testing performed in this study required a considerable amount of mine tailings. Due 

to limitations of the amount of available tailings, recycling of test specimens was necessary to 

complete the experimental scope with a single-controlled tailings material. Prior to specimen 

preparation for a given experiment, any previously used tailings were processed to promote 

consistency in specimen preparation. Pre-test processing consisted of oven-drying tailings for ≥ 

24 h, lightly breaking dried clods, and passing the tailings through a No. 40 sieve (0.425 mm). 

This procedure yielded uniform, oven-dried tailings with all clods and particles of fine sand and 

smaller. Pre-test processing rendered the tailings workable for mixing with water and subsequent 

hydration to target water contents for testing. 

 

4.3 Teros 10 Soil Moisture Sensor 
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The Teros 10 sensor is a commercially available soil moisture sensor manufactured by 

the METER Group, Inc. (Pullman, WA, USA). A picture and schematic of the Teros 10 sensor are 

shown in Figure 1. The Teros 10 is an electromagnetic sensor, which is sensitive to the dielectric 

permittivity of the surrounding medium and can be used to provide a prediction of apparent 

dielectric permittivity, volumetric water content, or degree of saturation. The sensor operates by 

supplying a 70-MHz oscillating electromagnetic wave to charge a pair of stainless-steel 

waveguides (needles). The charge time is proportional to the dielectric permittivity of the 

surrounding medium (METER Group, 2021). A microprocessor within the sensor body measures 

the charge time and produces an output in the form of an analog signal based on the dielectric 

permittivity. This raw output signal, reported by the sensor in millivolts (mV), can be used to 

calibrate the mV signal to volumetric water content and/or degree of saturation. Additional 

information regarding dielectric permittivity and soil moisture sensor principals of operation are 

discussed in previous studies (Bobrov et al., 2019; Peddinti et al., 2020; Seyfried & Grant, 2007; 

Topp et al., 1980). 

For this study, an ESP32 Adafruit Feather micro-controller was used to operate the Teros 

10 sensor and record output values. Pictures of the ESP32 Adafruit Feather, a pin-out diagram, 

and a wiring diagram are shown in Figure 2. The micro-controller is inexpensive, versatile and 

can be programmed to operate numerous analog and digital sensors. The ESP32 was 

programmed using the Arduino IDE software platform, and the code used for each of the various 

tests performed during this study is included in Appendix C.  

Testing conducted in this study was performed using up to three separate Teros 10 

sensors. When more than one sensor was used, testing for each sensor was conducted 

simultaneously. The three sensors were wired to a single micro-controller to allow for 

simultaneous data collection. During testing, raw output from each sensor was reported in 

millivolts (mV) and saved to a .csv file for post-test processing. The micro-controller was 
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programmed to report the average of a specified number of measurements as a single output 

value to smooth noise in the raw sensor output.  

The number of sensors used, specified number of measurements averaged to produce a 

single reported sensor output, and the total number of reported output values obtained from each 

sensor in each of the tests is summarized in Table 2. Additionally, the approximate test run-time 

required to obtain the desired number of sensor output values for each test is included in the 

table.  

Examples of raw sensor output for different tests conducted in this study are shown in 

Figure 3. The sensor output versus output number trends in Figures 3a and 3b are representative 

of testing conducted on tailings specimens prepared to a target water content and dry density that 

did not change during the test. Post-test data processing for these tests generally consisted of 

determining a representative output value in mV for each sensor that was coupled with a physical 

measurement of volumetric water content, degree of saturation, and dry density directly measured 

from the prepared specimens. Calibration, accuracy, and characterization of density affects 

testing (Table 1), incorporated sensor data processing to determine a single representative output 

value for each test based on an arithmetic average. The sensor output with respect to elapsed 

time trends in Figures 3c, 3d, and 3e are representative of proof-of-concept testing intended to 

assess the sensor response to variations in volumetric water content, degree of saturation, and 

dry density (Table 1). Proof-of-concept testing incorporated an evaluation of the rate of change in 

sensor output or all reported output values individually.  

The sensor output shown in Figure 3a was collected for a test that included monitoring all 

three sensors simultaneously. The sensor output signal exhibited a slight decay with time until 

reaching a point when the sensor output remained relatively consistent. In the multi-sensor 

experiments, steady sensor output was reached by approximately the 500th reported output value, 

which corresponded to an elapsed time of approximately 4 hours. Therefore, when using three 
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sensors, the representative sensor output for each test was determined by taking the average of 

all output values reported beyond the 500th value.  

Interestingly, no required equilibration time in sensor signal was needed for tests 

conducted with only one sensor. The absence of sensor output decay with time when only one 

sensor was used was not fully understood. Regardless, when performing testing during the 

characterization of density affects, the average of all output values reported beyond the 500th 

value was still used to determine the representative output value for each test to maintain 

consistency.  

 

4.4 Test Molds 

Customized test molds were fabricated to facilitate the laboratory tests performed in this 

study and needed to accommodate the volume of influence of the sensor. Schematics depicting 

the approximate volume of influence of the Teros 10 sensor are presented in Figure 4. The volume 

of influence delineates the three-dimensional space of the sensor measurement. Two test molds 

were used in this study, a 100-mm-diameter “small mold” and a 300-mm-diameter “large-mold,” 

both of which were larger than the sensor volume of influence to ensure negligible impact on 

sensor output. The test molds were water-tight, durable, and allowed for consistent, accurate 

measurements of specimen volume and mass to support preparation of tailings specimens at 

different target volumetric water contents, degrees of saturation, and/or dry densities. In addition, 

the test molds were designed to accommodate slurry-deposited specimens and moist-tamped 

specimens prepared at considerably dense states to capture a robust spectrum of potential water 

contents and dry densities.  

 

4.4.1 Small Mold 

Pictures of the small mold as well as a schematic of the approximate sensor volume of 

influence within the mold are shown in Figure 5. The small mold consisted of a 100-mm diameter, 
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Schedule 40 PVC pipe cut to a length of 150 mm. A flat end cap was placed at one end of the 

mold and sealed using PVC primer and cement. A narrow slot was made down the longitudinal 

axis of one side of the mold starting at the open end to allow access for the sensor cord. A dashed 

line was drawn on the inside of the mold to aid in specimen preparation (Figure 5a) and is referred 

to herein as the target total volume line. Discussion of specimen preparation and the target total 

volume line is presented subsequently. 

 

4.4.2 Large Mold 

Pictures of the large mold as well as a schematic of the approximate sensor volume of 

influence within the mold are shown in Figure 6. The large mold was fabricated from a 300-mm-

diameter PVC pipe cut to a length of approximately 360 mm. A flat end cap was placed over one 

end of the mold and sealed using silicone caulk. Several drilled holes approximately 11 mm in 

diameter were made along the longitudinal axis of one side of the mold to allow access for the 

sensor cord. During testing, the drilled holes were sealed to prevent specimen loss. Numerous 

markings were made within the mold to aid in specimen preparation. Discussion of specimen 

preparation in the large mold is presented subsequently. 

 

4.5 General Sensor Testing Methodology 

This section discusses general methodologies for the various tests performed during this 

study based on the testing mold used. Additional details regarding specimen preparation and data 

processing are presented in subsequent sections.  

 

4.5.1 Small Mold 

The small mold was used to conduct calibration, accuracy, characterization of density 

affects, and sensor temporal response testing (Table 1). Each test specimen prepared in the small 

mold can be divided into two general zones referred to as the control volume and the cover. A 
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cross-section of a test specimen prepared in the small mold depicting the two zones is shown in 

Figure 7. The target total volume line was the boundary between the control volume and cover 

and served as a guide during specimen preparation to compact tailings within the control volume 

to the targeted total volume. Creating a specimen with the desired volumetric water content and 

dry density was achieved by calculating the mass of dry tailings and deionized water needed to 

occupy the control volume.  

Prior to testing, the internal dimensions and mass of the empty mold were measured for 

mass-volume calculations. Moisture-conditioned tailings in the control volume were placed and 

compacted in uniform lifts or tailings slurry was poured into the mold until the target total volume 

line was reached. Prior to inserting the sensor, the combined total mass of the mold and 

compacted tailings was measured. The depth from the top of the mold to the top of the control 

volume was computed as the average of at least four caliper measurements spaced equidistance 

around the perimeter of the mold. After mass-volume measurements were recorded for the control 

volume, the sensor was carefully inserted into the center of the mold, the cover was constructed 

by placing and compacting moisture-conditioned tailings in uniform lifts or pouring additional 

tailings slurry, and the mold was sealed with flexible plastic wrap and tape. Sensor output was 

recorded for a desired period of time, after which, the cover material and sensor were removed 

from the mold. A representative sample of the control volume was collected within the zone of 

influence of the sensor to determine the gravimetric water content. 

The mass-volume measurements and gravimetric water content taken from the control 

volume were used to compute the actual volumetric water content, degree of saturation, and dry 

density of the control volume to the nearest 0.1% or 0.01 g/cm3, as appropriate. The control 

volume occupied the majority of the sensor volume of influence and is expected to have a 

dominating effect on sensor output. Therefore, the representative sensor output for each test was 

related only to the mass-volume properties determined for the control volume when using the 

small mold.  
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The sensor body and power cord confounded total volume and mass measurements of 

the cover, and thus, as-prepared mass-volume parameters of the cover were not determined. 

Similar volumetric water contents and dry densities in the cover as to the control volume, were 

prepared using moisture-conditioned tailings prepared to the same gravimetric water content as 

the control volume, and efforts were made to compact the cover tailings with a similar degree of 

compaction energy. Based on the reported volume of influence for the Teros 10 sensor (Figure 

4), a portion of the volume of influence likely extends into the cover and could have influenced 

sensor output. Although the mass-volume characteristics of the cover potentially differed from the 

control volume, the impact was assumed to be negligible based on the majority of the sensor 

volume of influence residing within the control volume.  

 

4.5.2 Large Mold 

The large mold was used to conduct proof-of-concept testing to assess sensor response 

to specimen compression and infiltration (see Table 1). Specimens prepared in the large mold 

can be divided into three general zones referred to as the primary, secondary, and buffer zones. 

A cross-section of a test specimen prepared in the large mold that depicts the three zones is 

shown in Figure 8. Similar to the small mold, the target total volume lines inside the mold served 

as a guide during specimen preparation and formed the boundary between zones. A calculated 

mass of dry tailings and deionized water needed to occupy each zone was determined based on 

the desired volumetric water content and dry density. The pre-determined quantity of moisture 

conditioned tailings was compacted to the targeted total volume line for each zone to achieve the 

desired volumetric water content and dry density throughout the specimen.  

Prior to testing, internal dimensions and mass of the empty mold were measured for mass-

volume calculations. The primary zone was constructed first by placing and compacting moisture-

conditioned tailings in uniform lifts until the first target total volume line was reached. The sensor 

was then inserted into the primary zone, and the secondary zone was then constructed around 
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the sensor in uniform lifts until the second target total volume line was reached. Finally, the buffer 

zone was constructed in the same manner as the primary zone. After the specimen was 

constructed, the combined total mass of the mold, compacted tailings, and sensor was measured. 

Additionally, the depth from the top of the mold to the top of the specimen was determined by 

taking an average of eight caliper measurements spaced relatively equidistance around the 

perimeter of the mold. Measurements from the constructed specimen were used to determine the 

initial mass-volume properties of the specimen prior to compression.  

Pictures showing a large mold specimen being prepared for compression testing are 

presented in Figure 9. After specimen construction and measurement of initial conditions, a sheet 

of 4-mil plastic was placed on top of the specimen to prevent loss of water within the specimen 

during compression. A plastic load platen, approximately 12.5-mm thick, and an aluminum loading 

plate, approximately 45-mm thick, were then placed on top of the specimen.  

Vertical load was applied to the surface of the test specimen in the large mold via an air-

cylinder connected to a vertical load rod. Pictures showing the load press and instrumentation 

used during compression testing are shown in Figure 10. After the prepared specimen and mold 

were centered below the load rod, the load rod was lowered to be in contact with the aluminum 

loading plate and a linear potentiometer was positioned to measure vertical deformation during 

testing. At the conclusion of the test set-up, measurements from the top of the mold to the top of 

the plastic load platen were taken at eight locations around the perimeter of the specimen to 

determine the total volume of the specimen immediately prior to compression. 

Incremental loads were applied to the specimen during compression testing until the 

maximum load for the test was achieved. A load cell positioned at the top of the load rod provided 

continuous measurement of the applied load throughout a given test. Specimen deformation and 

Teros 10 sensor output were recorded continuously to monitor changes in specimen volume and 

associated changes in sensor output. Following compression testing, the specimen was 
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deconstructed, and five samples were taken to determine a representative gravimetric water 

content.  

There were two compression tests conducted in this study in the large mold. Both tests 

were conducted on similarly prepared specimens to a target dry density of 1.36 g/cm3 and target 

volumetric moisture content of 15%. After completing Compression Test 2, water was added 

incrementally to the top of the specimen to observe the sensor response as the wetting front 

infiltrated through the specimen. A thin, heat-bonded, non-woven geotextile was placed on top of 

the prepared specimen for Compression Test 2 in-place of the 4-mil plastic to allow water to 

infiltrate into the specimen. Water was added to the specimen surface while under the final applied 

load in Compression Test 2 to simulate a layer within a filtered tailings stack that is compressed 

from stack raising and then subjected to downward migration of liquid via gravity flow. Specimen 

deformation was recorded throughout the water infiltration period to correct volumetric water 

content and saturation calculations for comparison with predictions made via the Teros 10 sensor. 

At the conclusion of testing, excess water was removed from the specimen surface, total mass of 

the specimen and mold was measured, and samples were collected to determine the gravimetric 

water content. 

 

4.6 Specimen Preparation 

Specimen preparation methods were generally similar across the various tests performed. 

The following subsections include descriptions of specimen preparation methods employed to 

create the various test specimens evaluated as part of this study.  

 

4.6.1 Moist-Tamped Specimen Preparation 

Preparation of all moist-tamped specimens began by measuring a pre-determined amount 

of dry processed tailings and deionized water. The tailings and water were combined and sealed 

in plastic bags, and then thoroughly mixed within the bags until the tailings and water appeared 
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visibly uniform. Tailings clods were broken up during the mixing process to the extent practical. 

Tailings were allowed to moisture condition for at least 16 h prior to testing, which was found to 

be sufficient via trial and error to provide time for moisture equilibration. Tailings for small-mold 

specimens were moisture conditioned in two separate bags, one for the control volume and one 

for the cover. Tailings for the large-mold specimens were moisture conditioned in separate plastic 

bags for each compacted lift. 

Pictures of moist-tamped specimens in the small mold and large mold are shown in 

Figures 11 and 12, respectively. Moisture-conditioned tailings were placed into the testing molds 

in loose lifts approximately 25-mm thick. Each loose lift was compacted in a relatively uniform 

manner prior to placing the subsequent lift. Efforts to maintain consistent compaction energy for 

each lift were made to the extent practical.  

 

4.6.2 Slurry-Deposited Specimen Preparation 

Preparation of all slurry-deposited test specimens began by measuring a pre-determined 

amount of deionized water in a clean 20-L bucket. Dry processed tailings were then gradually 

mixed with the deionized water using a power drill equipped with a mixing attachment. After the 

desired amount of dry processed tailings had been added, the slurry was blended with the mixing 

drill until the tailings appeared to be well dispersed and the resulting slurry visibly uniform. After 

mixing, the prepared tailings slurry was carefully transferred from the bucket to the small mold 

using a ladle or beaker. When multiple specimens were prepared from the same bucket of slurry 

tailings, the mixing drill was used to re-disperse the tailings immediately prior to preparation of 

each specimen.  

Pictures of a slurry-deposited specimen prepared in the small mold are shown in Figure 

13. The tailings slurry was poured into the mold until the targeted total volume line was reached. 

A rubber spatula was used, as needed, to ensure a relatively uniform specimen surface was 

created. Once the targeted total volume line had been reached and necessary mass-volume 



 

21 
 

measurements had been taken, the sensor was inserted into the specimen. Given the low 

strength of the slurry tailings, zip ties were used to keep the sensor in position during testing. The 

sensor was then covered with additional tailings slurry. Duct tape and a liberal amount of vacuum 

grease were used to minimize material loss and seepage from the sensor cord access slot on the 

side of the mold. Specimen preparation was concluded by placing plastic wrap over the top of the 

mold to prevent evaporation, and rubber bands were used to ensure a good seal was maintained. 

 

4.7 Supplemental Testing 

Two supplemental tests were performed to aid in developing the overall testing program: 

(i) zero-effective stress void ratio test and (ii) shrinkage limit test. The zero-effective stress void 

ratio test was used to determine an upper boundary of volumetric water content and associated 

dry density for slurry-deposited tailings. Specimens prepared at a higher volumetric water content 

and lower dry density than those determined during this test will likely not be achievable for an 

extended period of time because self-weight consolidation and settlement from subsequent 

tailings deposition would occur. Thus, slurry-deposited specimens that were eventually created 

for sensor calibration testing had target volumetric water contents below the upper-bound 

determined from the zero-effective stress void ratio test such that specimen mass and volume 

remained consistent throughout a given test.  

The shrinkage limit test characterizes the relationship between volumetric water content 

and void ratio (or dry density) of a specimen starting from a slurry-deposited state and desiccating 

to a state that could be reasonably replicated using moist-tamped methods. The purpose of the 

shrinkage limit test was to aid in identifying target volumetric water contents and associated dry 

densities for specimens that can be achieved following slurry deposition. 

 

4.7.1 Zero Effective Stress Void Ratio Test 
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Pictures of the three test specimens prepared for the zero-effective stress void ratio test 

are shown in Figure 14. The tailings slurry was prepared at a gravimetric water content intended 

to yield settlement of the solid tailings particles from suspension and development of supernatant 

water in each of the test specimens. Test specimens were prepared in 1,000 mL beakers and 

sealed with plastic wrap to prevent evaporation. The test specimens were monitored over a period 

of 2 d, during which the suspended solid particles in each of the specimens settled to the bottom 

of the beakers and supernatant water developed. Testing was terminated for a given specimen 

when consolidation of the settled particles under self-weight showed no visible change over a 

period of about 24 h. 

Upon completion of apparent sediment consolidation, the supernatant water was removed 

from each specimen using a syringe. Care was used during removal of the supernatant water to 

minimize removal loss of solid particles. After removal of the supernatant, the total mass and 

gravimetric water content of the saturated tailings remaining in each beaker was determined. 

Given the known specific gravity of the tailings and assuming a density of water = 1 g/cm3, the 

dry density and volumetric water content of the saturated tailings was computed. Specific details 

regarding data processing and the results of the zero-effective stress void ratio test are in 

Appendix D. 

 

4.7.2 Shrinkage Limit Test 

Pictures of prepared specimens for shrinkage limit testing are shown in Figure 15. A 

tailings slurry was prepared at a gravimetric water content intended to yield a relatively fluid slurry 

that would self-level during specimen preparation. After thorough mixing, the slurry was poured 

into three brass rings placed on small tin trays. A very thin layer of vacuum grease was applied 

to the surface of the tin trays and interior of the brass rings prior to specimen preparation to 

prevent the specimens from sticking to the rings or trays during shrinkage.  
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After the shrinkage limit test specimens were prepared, the total mass of each specimen 

was measured, and the specimens were left to dry in the open air via evaporation. Each of the 

specimens was monitored during the drying process, and periodic measurements of total mass 

and volume change were collected until no appreciable change in specimen total mass was 

observed between measurements, which indicated that desiccation under atmospheric conditions 

had stopped. Specimens were subsequently oven-dried to determine the mass of solid particles 

within each specimen, and a final measurement of the specimen volume was obtained. Given the 

known specific gravity of the tailings and assuming a density of water = 1 g/cm3, the volumetric 

water content, dry density, void ratio, and degree of saturation were computed for each mass / 

volume measurement made during desiccation. Specific details regarding data processing and 

the results of the shrinkage limit testing are presented in Appendix D.   
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Table 1. Summary of testing programs conducted during this study including the test mold 
used, specimen preparation method, and number of tests performed for each 
program. 

 

Test Program Name Test 
Mold 

Specimen 
Preparation 

No. of Tests 
Performed 

Calibration Testing Small Moist-tamped & 
Slurry-deposited 48 

Accuracy Testing Small Moist-tamped 6 
Characterization of Density Effects on 
Sensor Output Small Moist-tamped 36 

Sensor Temporal Response to Variation 
in Water Content Small Moist-tamped 9 

Sensor Response to Specimen 
Compression Large Moist-tamped 2 

Sensor Response to Specimen 
Infiltration Large Moist-tamped 1 

 
 

 

 

 

Table 2.  Summary of testing conducted with the Teros 10 sensor, number of sensors used, 
number of sensor measurements averaged for a single output value, number of total 
output values collected per test, and approximate test duration. 

 

Test Name 
Number of 
Sensors 

Used 

Number of 
Measurements 

Averaged to 
Produce One 

Reported Output 

Total Number of 
Reported Output 
Values Collected 

Per Test 

Approximate 
Test Run-

Time 

Calibration 3 100,000 ≥ 1,000 8 hrs. 
Accuracy 3 100,000 ≥ 1,000 8 hrs. 
Characterization of 
Density Affects 1 100,000 ≥ 1,000 3 hrs. 

Sensor Temporal 
Response to 
Variation in 
Volumetric Water 
Content 

1 1,000 ≥ 1,000 a 2 to 3 min. 

Sensor Response to 
Specimen 
Compression 

1 1,000 1,500 to >4,000 b 1 hr. 

Sensor Response to 
Specimen Infiltration 1 5,000 >119,000 7 days 
a Output reported after full sensor insertion. 
b Number of output values reported after each load application. 
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Figure 1. Picture of Teros 10 soil moisture sensor and schematic of components. 
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1 2 3

 

Figure 2. a) Pictures of the ESP32 Adafruit Feather micro-controller used for sensor testing. b) 
ESP32 Adafruit Feather micro-controller Pin-Out Diagram. c) Micro-Controller and 
sensor wiring sketch.  

a) 

b)
 

c)
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Figure 3. a) Sensor data from calibration test specimen M-05. b) Sensor data from 
Characterization of Density Affects testing specimen C-1. c) Sensor data from 
Temporal Response testing specimen T5. d) Sensor data from Compression Test 1. 
e) Sensor data from Infiltration Test. 

a) 

b) 

1724.7 mV 

1719.6 mV 

1718.2 mV 

1560.4 mV 
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Figure 3 Cont. a) Sensor data from calibration test specimen M-05. b) Sensor data from 
Characterization of Density Affects testing specimen C-1. c) Sensor data from 
Temporal Response testing specimen T5. d) Sensor data from Compression Test 
1. e) Sensor data from Infiltration Test. 

c) 

d) 
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Figure 3 Cont. a) Sensor data from calibration test specimen M-05. b) Sensor data from 
Characterization of Density Affects testing specimen C-1. c) Sensor data from 
Temporal Response testing specimen T5. d) Sensor data from Compression Test 
1. e) Sensor data from Infiltration Test.  

e) 
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Figure 4. Teros 10 Volume of Influence (from Teros 10 User’s Manual) 
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Figure 5. a) Pictures of the small mold. b) Schematic showing Teros 10 sensor volume of 
influence relative to small mold. Dimensions shown and scale are approximate. 

a) 

b) 
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Figure 6. a) Pictures of the large mold. b) Schematic of Tero 10 sensor volume of influence 
relative to large mold. Dimensions shown and scale are approximate.  

a) 

b) 



 

33 
 

 
Figure 7. Cross-section of small mold depicting specimen zones. 

 
 
 
 
 
 

 

Figure 8. Cross-section of large mold depicting specimen zones.  
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Figure 9. Specimen constructed in large mold being prepared for compression testing. 

 

 

 

 

 

    

Figure10. Picture of load press with prepared specimen, load cell, and linear potentiometer. 
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Figure 11. Moist-tamped specimen preparation in the small mold. a) Specimen control volume 
prior to inserting sensor. b) Specimen control volume immediately after sensor 
insertion. c) Specimen after cover construction. d) Specimen sealed following cover 
construction.  

a) b) 

c) d) 



 

36 
 

 

 

 

 

 

 

 

 

 

Figure 12. Moist-tamped specimen preparation in the large mold. a) Empty mold with sensor prior 
to specimen preparation. b) Specimen primary zone immediately prior to sensor 
insertion. c) Specimen primary zone immediately after sensor insertion. d) Specimen 
after secondary zone construction. e) Specimen after buffer zone construction. 

a) b) 

d) 

c) 

e) 
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Figure 13. Slurry-deposited specimen preparation in the small mold. a) Specimen control volume 
prior to inserting sensor. b) Specimen control volume immediately after sensor 
insertion. c) After sensor insertion, vacuum grease and duct tape are used to prevent 
loss of slurry. d) Specimen after cover construction. e) Specimens sealed with plastic 
upon completion of specimen preparation.  

a) b) 

d) 

c) 

e) 
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Figure 14. Specimens for Zero Effective Stress Void Ratio Test. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

   

Figure 15. Slurry-deposited specimens prepared for shrinkage limit testing. 
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CHAPTER 5: RESULTS AND DISCUSSION 

 

5.1 Calibration Testing 

Calibration testing of the Teros 10 sensor to the mine tailings was conducted via relating 

raw sensor output to physical measurements of volumetric water content and degree of 

saturation. Moist-tamped and slurry-deposited specimens were prepared in the small mold, as 

described in Specimen Preparation and General Sensor Testing Methodology, to capture the full 

spectrum of the tailings continuum. 

A summary of the target volumetric water contents and dry densities for each test 

performed during the calibration testing is in Table 3. Three different Teros 10 sensors were used 

during each calibration test to account for potential variations between sensors. Thus, three 

separate test specimens were prepared for each target volumetric water content and associated 

dry density.  

Volumetric water content, degree of saturation, and dry density for each test specimen 

were determined at the end of the tests. A summary of the relevant values obtained from a specific 

calibration test is in Table 4. Collection and processing of sensor output was performed as 

described under the Teros 10 Soil Moisture Sensor section above. Detailed data processing for 

all calibration tests is included in Appendix D. 

Relationships between volumetric water content and degree of saturation versus sensor 

output in millivolts for each specimen tested during the calibration process of the Teros 10 sensor 

are shown in Figure 16. The calibration equations developed for volumetric water content and 

degree of saturation are included in the figures. Calibration equations for volumetric water content 

and degree of saturation were fit to each data set using the curve-fitting app in MatLab.  

A third-order polynomial was used for the volumetric water content calibration curve, which 

is consistent with the calibration curve developed by METER Group (i.e., Teros 10 manufacturer) 

as well as other studies on electromagnetic sensors (Bhuyan et al., 2020; Kanso et al., 2020; 
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Narayanan & Sathian, 2021; Topp et al., 1980). The degree of saturation calibration curve is a 

linear relationship. Further details regarding the accuracy and sensitivity of each calibration are 

presented in subsequent sections.  

The METER Group calibration curve, shown in Figure 16a, to convert millivolt sensor 

output to volumetric water content was developed for use in mineral soils via calibration testing 

on a wide variety of soil types. Therefore, the calibration is considered general and may not 

provide the desired level of accuracy for site specific applications (e.g., mine tailings applications). 

In the case of the mine tailings evaluated herein, the mineral soils calibration curve overpredicts 

volumetric water content for a given sensor output. Overpredictions of volumetric water content 

when using the mineral soils calibration curve ranged from 5.7% to 12.3%. Similar errors were 

reported by Narayanan and Sathian (2021) when using the manufacturer calibration on laterite 

soils, and Landim et al. (2023) reported an overprediction of approximately 20% when using the 

manufacturer calibration on iron ore tailings. The METER Group does not provide a general 

calibration to degree of saturation for the Teros 10 sensor. 

Results of the calibration testing indicated that two distinctly different sensor outputs can 

be measured for a given volumetric water content depending on the dry density of a prepared 

specimen. Relationships between volumetric water content and degree of saturation versus 

sensor output in millivolts for test specimens prepared to a volumetric water content of 

approximately 16% are shown in Figure 17. The two sets of specimens have essentially 

equivalent volumetric water contents; however, the sensor produces a higher millivolt output for 

specimens prepared at a greater dry density. Landim et al. (2023) also noted an increase in raw 

sensor output for specimens prepared at higher dry densities, and Narayanan and Sathian (2021) 

concluded that sensor accuracy when predicting volumetric water content is affected by dry 

density of the surrounding medium. In contrast, the degree of saturation calibration appears 

unaffected by variations in dry density, particularly at lower degrees of saturation. The change in 

sensor output resulting from varying dry density was attributed to a change in the volumetric 
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proportions of the air, water, and solid particles surrounding the sensor, which in turn changes 

the average dielectric permittivity of the specimen. The effects of variations in dry density on 

sensor behavior are discussed further in Characterization of Density Affects. 

Sensor calibration testing required preparation of tailings specimens over a broad range 

of densities and volumetric water contents (e.g., Figure 16). Examples of loosely compacted (i.e., 

low density) specimens at volumetric water contents of 25% to 30% are shown in Figure 18 and 

display a porous macro-structure observed in some of the test specimens. The compaction 

energy required to achieve certain target dry densities was insufficient to fully remold the tailings 

clods. Consequently, for a given dry density, specimens exhibited a porous macro-structure as 

the volumetric water content was increased. The observed porous macro-structure was deemed 

non-representative of field conditions because (i) equipment used to compact filtered tailings 

remolds tailings clods via kneading action and/or higher compaction energy and (ii) slurry 

deposited tailings would not produce a clod-like structure. Therefore, the calibration tests targeting 

dry densities of 1.44 g/cm3 and 1.60 g/cm3 were terminated at target volumetric water contents of 

25% and 30%, respectively, due to the porous macro-structure. 

Modified calibration curves were developed after excluding data points obtained from 

specimens exhibiting a porous macro-structure to evaluate the influence of the structure on the 

calibrations. The modified calibration curves with the excluded data points highlighted are shown 

in Figure 19. The modified calibration equations developed for volumetric water content and 

degree of saturation are also included in the figures.  

When compared to the calibrations developed using the full data set, the modified 

calibrations yielded a negligible difference in predicted volumetric water content and degree of 

saturation. The predicted volumetric water content varied by ≤ 1%, and the predicted degree of 

saturation varied between 0.2% and 2.5%. The negligible variation observed between the 

modified and full-data calibrations was due, in part, to the robust amount of test specimens 

prepared during calibration testing. If a calibration were performed using only several data points, 
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specimens exhibiting a porous macro-structure could have a more pronounced effect on sensor 

calibration. In light of the minimal impact on the sensor calibrations, conversions of sensor output 

to volumetric water content and degree of saturation for all subsequent analyses were based on 

calibration curves developed using the full set of data points (see Figure 16).  

 

5.2 Accuracy Testing 

Testing was conducted to determine the accuracy of the calibration curve. A total of six 

moist-tamped specimens were prepared in the small mold to different gravimetric water contents 

ranging between 5% and 20%. Compaction energy was varied between specimens and final 

mass and volume measurements used to compute volumetric water content and dry density. All 

three of the Teros 10 sensors were used during testing to account for variations that can occur 

between sensors. Measured volumetric water content and degree of saturation of each specimen 

were compared to predicted values computed from representative raw sensor output for each 

test. Data processing for all accuracy testing is included in Appendix D. 

Results of the accuracy testing performed using the Teros 10 sensor are presented in 

Figure 20 and summarized in Table 5. Residual values (i.e., predicted minus measured) of 

volumetric water content and degree of saturation are presented on the second y-axis of each 

plot. Predicted volumetric water contents had an average error of +0.2% and a standard deviation 

of 1.5% which is consistent with electromagnetic sensor performances achieved during previous 

studies (Narayanan & Sathian, 2021, Wyoshner, 1992). Predicted degrees of saturation had an 

average error of -1.8% and a standard deviation of 4.7%. There was no bias observed in the 

volumetric water content predictions (Figure 20a); however, the two highest degrees of saturation 

were underpredicted by approximately 8% (Figure 20b). Additional data points at the high range 

of saturation would help to further evaluate bias and accuracy with the calibration equations.   

 

5.3 Characterization of Density Affects 
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Mine tailings in a tailings facility, whether in the embankment or impoundment, can have 

spatial and temporal variation in dry density. As shown in Figure 17, variation in specimen dry 

density can produce distinctly different sensor output for a given volumetric water content. 

Previous studies using electromagnetic sensors have also concluded that variations in dry density 

do effect sensor output and the accuracy of sensor-predicted volumetric water content to some 

degree (Landim et al., 2023; Narayanan & Sathian, 2021). A general understanding of the 

dielectric permittivity of porous media and sensor function can help explain the sensor behavior. 

Porous media, such as tailings, can be separated into air, water, and solid phases, whereby each 

has a unique dielectric permittivity. The Teros 10 sensor output is representative of the weighted 

average dielectric permittivity of the three phases occupying the total volume of influence of the 

sensor. Therefore, the sensor output is unique to a specific combination of air, water, and solid 

particles present within the volume of influence. If the volumetric proportions of the three phases 

change within the sensor volume of influence, the weighted average dielectric permittivity will also 

change and yield a different sensor output.  

For the purpose of discussion, sketches of two specimens prepared at the same 

volumetric water content but different dry densities are shown in Figure 21. An increase in 

specimen dry density is reflected by an increase in solid particle volume and an equivalent 

decrease in air volume within the total volume. The dielectric permittivity of granite, for example, 

ranges from about 7 to 9, and the dielectric permittivity of air is 1 (Noborio, 2001). Consequently, 

increasing dry density produces an increase in the weighted average dielectric permittivity, and 

even though the two specimens have the same volumetric water content, they will have unique 

sensor outputs (Figure 17).  

The effect of varying dry density on sensor output was evaluated using moist-tamped 

specimens prepared in the small mold. A summary of volumetric water content, degree of 

saturation, and dry density targeted for each test is in Table 6. A broad range of dry density was 

targeted for each volumetric water content. All testing was conducted using a single Teros 10 
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sensor. All data processing for the characterization of density affects testing is included in 

Appendix D. 

Relationships between sensor output and specimen dry density for target volumetric water 

contents of 15%, 20%, and 25% are shown in Figure 22. For a given volumetric water content, a 

linear increase in sensor output was observed with increasing dry density. Furthermore, the slope 

between sensor output and dry density was generally consistent for the three volumetric water 

contents evaluated. The behavior suggests the change in sensor output resulting from a change 

in dry density is constant and independent of volumetric water content. Therefore, sensor 

prediction of volumetric water content should exhibit consistent sensitivity to dry density 

regardless of actual volumetric water content.  

The relationship between sensor output and dry density for tailings specimens prepared 

to target degrees of saturation of 30%, 45%, and 60% are shown in Figure 23. For a given degree 

of saturation, the relationship between sensor output and dry density can also be characterized 

as linear. Specimens prepared at a degree of saturation of 30% exhibited negligible change in 

sensor output for the range of dry density. As the degree of saturation increased, the slope of the 

linear relationship between sensor output and dry density decreased (slope shown as m in Figure 

23). 

The results in Figure 23 suggest that changes in dry density have a more pronounced 

effect on sensor output for a given degree of saturation as saturation increases. At a lower degree 

of saturation (e.g., 30%), variations in dry density had little effect on sensor output. Therefore, 

sensor prediction of saturation would be unaffected by changes in dry density at low degrees of 

saturation. However, at higher degrees of saturation, variations in dry density had a more 

pronounced effect on sensor output, thus making sensor prediction of saturation more sensitive 

to changes in dry density at elevated saturation levels. To better explain the sensor behavior 

resulting from changes in dry density for a given value of volumetric water content or degree of 
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saturation, an exercise was conducted using hypothetical, idealized specimens. The results of 

this exercise and additional discussion regarding sensor behavior are included in Appendix E.  

One-to-one plots of predicted (via equations in Figure 16) versus measured volumetric 

water content and degree of saturation are shown in Figure 24. Understanding the effect of 

variations in dry density on sensor output provides insight into potential errors in predicted 

volumetric water content and degree of saturation. When using the sensor in a field application to 

estimate volumetric water content or degree of saturation, the potential error due to variations in 

dry density would depend, in part, on the range of anticipated dry densities throughout the duration 

of the project. A wider variation in dry density would yield greater potential error in predicted values 

of volumetric water content and degree of saturation. For all three volumetric water contents 

tested, the dry density of the specimens varied by about 0.32 g/cm3, resulting in approximately 

3% to 5% variation in predicted volumetric water content. Specimens prepared at 30% saturation 

varied in dry density by approximately 0.32 g/cm3, and the predicted degree of saturation varied 

less than 1%. Specimens prepared at 60% saturation had a smaller variation in dry density of 

approximately 0.24 g/cm3, and the predicted degree of saturation varied by approximately 10%. 

 

5.4 Sensor Temporal Response to Variations in Volumetric Water Content 

An important consideration of a sensor used to predict volumetric water content and/or 

saturation in a tailings facility is the sensor response time to changes in moisture. For example, a 

relevant application of electromagnetic sensor would be integration in a cone penetration test 

(CPT) such that a continuous profile of volumetric water content and/or saturation with depth in a 

tailings facility could be developed. Integrating an electromagnetic sensor in a CPT would be 

worthwhile if the sensor could rapidly equilibrate to the moisture regime in the zone of influence 

as the cone penetrated the subsurface. 

Probe insertion tests were conducted to evaluate the temporal signal response and 

measurement equilibration of the electromagnetic sensor. The testing was conducted using a 
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single Teros 10 sensor and data processing for these tests are included in Appendix D. Nine 

moist-tamped specimens were prepared in the small mold to target dry densities ranging from 

1.52 g/cm3 to 1.68 g/cm3 and target volumetric water contents ranging from 5% to 30%. Each test 

was conducted by inserting the sensor into the specimens and recording sensor output before, 

during, and after insertion to evaluate the speed at which the sensor responded. Sensor insertion 

times were measured using a stopwatch and varied from 1.6 to 4.0 s. The temporal assessment 

of sensor output combined with approximate sensor insertion times yielded an understanding of 

the sensor response time to variations in volumetric water and degree of saturation. One caveat 

in the probe insertion tests was that the sensor was not covered with tailings following insertion. 

Results from the probe insertion tests are presented in Table 7 and in Figure 25. The 

elapsed time between stable sensor output reported before and after insertion and the rate of 

change in sensor output during insertion are indicative of the sensor response time to variations 

in volumetric water content and degree of saturation. The approximate sensor insertion time was 

essentially equivalent to the sensor response time reported by the micro-controller, indicating an 

immediate sensor response with insertion into the tailings. For example, Specimens T5 and T8 in 

Figure 25c were inserted at different rates into specimens prepared at the same volumetric water 

content and dry density. The sensors equilibrate at the same millivolt output, but at different 

elapsed times consistent with the different rates of insertion (Table 7).  

The observed sensor behavior suggests the sensor can respond to changes in volumetric 

water content and degree of saturation at rates similar to the rate of insertion during testing. Based 

on the approximate insertion times and the length of the sensor wave guides, the maximum rate 

of insertion was approximately 27 mm/s. The standard of practice for CPT recommends a 

piezocone be pushed at a constant rate of 20 mm/s (Robertson et al., 2015). Therefore, results 

from the sensor insertion testing indicate an electromagnetic sensor incorporated into a CPT 

application should be able to respond to variations in volumetric water content and degree of 

saturation quickly enough to provide a near continuous profile of the moisture regime. The micro-
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controller used during testing could be programed to report sensor output at an even faster rate 

by reducing the number of measurements averaged to produce one reported sensor output. 

 

5.5 Sensor Response to Specimen Compression 

Tailings deposited within an impoundment increase the vertical stress on the underlying 

tailings, which produces compression and/or consolidation over time. Filtered tailings are initially 

placed and compacted in an unsaturated state, and if compressed, would experience an increase 

in degree of saturation. The sensor response to specimen compression was evaluated to simulate 

the behavior of stacked filtered tailings and observe the ability of the sensor to predict volumetric 

water content and degree of saturation under such conditions. Two experiments were conducted 

on moist-tamped specimens prepared in the large mold to a target dry density 1.36 g/cm3, which 

is approximately 80% Standard Proctor maximum dry density. The specimens were prepared at 

a target volumetric water content of 15%.  

A summary of the applied loading schedule during compression testing for each specimen 

is shown in Table 8. A single load application was intended to simulate placement of 

approximately 4 m of filtered tailings compacted at optimum water content and 80% of maximum 

dry density (Standard effort). Each applied load was maintained long enough to allow for 

immediate deformation to reach apparent completion before the subsequent load was applied. 

Temporal trends of volumetric water content and degree of saturation for the two compression 

experiments (Test 1 and Test 2) are shown in Figure 26. Sensor output and vertical deformation 

of the specimen were recorded continuously during load application. The sequential stepped 

increase in volumetric water content and degree of saturation observed in Figure 26 was identical 

to the temporal compression behavior (data not shown). Data processing for compression tests 

is included in Appendix D. 

The volumetric water content and degree of saturation predicted by the Teros 10 sensor 

(i.e., Predicted in Figure 26) were compared to actual values determined from direct measurement 
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of specimen volume based on continuously recorded deformation. Calculations of actual 

volumetric water content and degree of saturation (i.e., Measured in Figure 26) assumed 

specimens experienced no loss of solid particles or water during compression. Additionally, 

positive pore water pressure was assumed to not develop based on the final degree of saturation 

of the specimen.  

The standard deviation shown in Figure 26 was determined via the accuracy testing 

discussed previously. Throughout the compression process, the volumetric water content and 

degree of saturation predicted by the sensor remained within one standard deviation of the 

measured value, except for the predicted saturation for Test 2 during the first four load 

applications. The greater error in predicted saturation during Test 2 was believed to be due to 

density heterogeneity within the specimen created during specimen preparation. During specimen 

preparation for Test 2, the primary zone and/or secondary zone of the specimen (Figure 8), which 

encompass the sensor volume of influence, may have been prepared at a greater dry density 

than the buffer zone. This heterogeneity within the specimen would have resulted in a higher 

degree of saturation within the sensor volume of influence as compared to the overall average 

saturation determined from mass-volume measurements. Any density heterogeneity within the 

specimen would be reduced during compression and should reduce the error in sensor 

predictions as each subsequent load is applied. The test results generally appear to reflect this 

trend.  

The sensor behavior observed during testing suggests the sensor responds timely to 

changes in volumetric water content and degree of saturation induced by compression of the 

surrounding tailings, and a reasonable degree of accuracy was observed throughout specimen 

compression. The behavior observed in the predicted saturation for Test 2 highlights an important 

consideration for the use of sensor networks incorporated in a tailings facility. The sensor volume 

of influence is relatively small, and when compared to the scale of a tailings impoundment, each 

sensor in a network would provide an isolated point value of predicted saturation at any given 



 

49 
 

time. Potential heterogeneity in volumetric water content or saturation that exists between sensor 

volumes of influence will not be detected. Consequently, the stratified nature of conventional 

tailings facilities and the presence of thin layers of tailings with unique particle size distributions 

(e.g., layered slimes in sandy tailings) present a potential shortcoming for a sensor network. 

Reducing the spacing of sensors and/or staggering sensor elevations within a sensor network 

could reduce the likelihood of undetected and/or uncertain zones of saturation within a tailings 

impoundment.  

 

5.6 Sensor Response to Specimen Infiltration 

During the lifetime of any tailings facility, impounded tailings will be subject to some degree 

of variation in moisture due to drain down, desiccation, and/or infiltration. Unsaturated tailings 

may experience an increase in saturation and become re-saturated, which is important to 

geotechnical and geochemical stability throughout the life of a facility. Data collected during 

previous studies have shown that electromagnetic sensors embedded in existing tailings facilities 

or in columns of tailings can capture variations in volumetric water content and respond 

accordingly to desiccation or surface water infiltration from precipitation (Basson et al., 2021; 

Cheong et al., 2012; Garino Libardi et al., 2022). However, these studies did not focus on the 

accuracy of electromagnetic sensors to respond to such conditions. An infiltration test was 

conducted in the large mold on the specimen from Compression Test 2 at the end of compression 

to simulate a potential wetting event and observe the accuracy of sensor response to surface 

water infiltration.  

Water was poured on the surface of the compressed specimen in four daily increments of 

approximately 600 mL, and the specimen remained under the final applied stress during 

infiltration. Sensor output was recorded throughout the wetting process and the test concluded 

when the signal showed negligible change for 24 h, which occurred about 4 d after the final water 

application.  
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Temporal trends of predicted volumetric water content and degree of saturation (Figure 

16) during the infiltration test are shown in Figure 27. The initial volumetric water content and 

degree of saturation computed based on mass and volume at the end of compression, and final 

volumetric water content and degree of saturation based on end-of-test measurements on 

exhumed samples are also shown in Figure 27. Due to uncertainty in the amount of water that 

infiltrated into the specimen, continuous direct calculation of volumetric water content and degree 

of saturation during testing was not possible. Therefore, the accuracy of the sensor response to 

specimen infiltration was only evaluated by comparing sensor predictions to the measurements 

at the beginning and conclusion of the infiltration test. Data processing for infiltration testing is 

included in Appendix D. 

Results from infiltration testing indicate the calibration for degree of saturation performed 

well, and the saturation predicted by the sensor was generally within about one standard deviation 

of the direct measurement. However, the calibration for volumetric water content produced an 

over-prediction of about 8.3% at the completion of infiltration. The discrepancy in volumetric water 

content could be due, in part, to the higher dry density of the specimen at the end of infiltration 

when compared to the dry densities of specimens prepared for sensor calibration. The average 

dry density of moist-tamped specimens prepared during calibration testing was 1.55 g/cm3, and 

at completion of infiltration testing, the dry density of the specimen was 1.75 g/cm3. As discussed 

previously, an increase in dry density increases sensor output for a given volumetric water 

content.  

A correction for density effects was applied to reduce the error in predicted volumetric 

water content. The following equation was developed based on results of the Characterization of 

Density Affects to correct the raw sensor output:   𝑚𝑉௖௢௥௥௘௖௧௘ௗ = 𝑚𝑉௥௔௪ −𝑚௔௩௚.൫𝜌௜ − 𝜌௔௩௚.൯    (1) 
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where 𝑚𝑉௖௢௥௥௘௖௧௘ௗ = sensor output corrected for dry density, 𝑚𝑉௥௔௪ = raw (uncorrected) sensor 

output, 𝑚௔௩௚.= average slope of line relating dry density to sensor output for a given volumetric 

water content (see Figure 22), 𝜌௜ = specimen dry density during testing, and 𝜌௔௩௚. = average dry 

density of all moist-tamped specimens prepared during sensor calibration. The corrected sensor 

output was then used to predict the volumetric water content based on the calibration equation 

developed during this study (Figure 16). 

The calibration equation for volumetric water content is assumed to be representative of 

the average dry density of the moist-tamped specimens prepared during the calibration process. 

If the specimen dry density at a given point in time during infiltration is known, the specimen 

density state relative to the average dry density of specimens during calibration can be 

determined. The relationship between the change in specimen dry density and resulting change 

in sensor output for a given volumetric water content (represented by the variable m in Figure 22) 

can be used in conjunction with the relative density state of the specimen to approximate an 

increase or decrease in sensor millivolt output due to variations in dry density at a given volumetric 

water content. Test results presented in Figure 22 and the exercise conducted in Appendix E, 

suggest m is consistent regardless of volumetric water content provided the specimen remains 

unsaturated. Therefore, the average value of m for the three volumetric water contents tested 

during the Characterization of Density Affects was used along with the relative specimen density 

state to correct the sensor output.  

The temporal trend of the predicted volumetric water content during the infiltration test is 

reproduced in Figure 28 along with the prediction that incorporates the density-corrected sensor 

output. The applied correction reduced the error by 4.5%, which corresponded to a final error of 

3.8% between predicted and measured volumetric water content at the completion of infiltration. 

The remaining error in the sensor prediction of volumetric water content could be due partly to 

heterogeneity within the specimen. Additionally, preparing all moist-tamped specimens at the 
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same target dry density during calibration testing could help to further improve the correction to 

sensor output because this would reduce uncertainty in specimen density state relative to the 

average specimen dry density during calibration.  

The gradual and steady change in predicted volumetric water content and degree of 

saturation during infiltration suggests the sensor response was likely similar to the rate of moisture 

infiltration. However, the accuracy of the sensor predictions at intermediate points during 

specimen infiltration is unknown, and more sophistication and control in the approach and 

equipment used during testing would be required to more appropriately assess temporal accuracy 

of the sensor to infiltration. The advantage of knowing the accuracy of the sensor at intermediate 

points during specimen infiltration would depend on the intended application of the sensor in the 

field.  
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Table 3.  Summary of test specimens prepared during calibration testing including the targeted 
dry density and volumetric water content of each test specimen. 

 
Targeted 

Dry Density 
Targeted Volumetric Water Content 

0% 5% 10% 15% 20% 25% 30% 35% 40% 50% 60% 
1.44 g/cm3 3 3 3 3 3 3      
1.60 g/cm3  3 3 3 3 3 3     
1.68 g/cm3        3    
1.76 g/cm3         3   

N/A          3 3 
Method of 

Preparation Moist-Tamped Slurry-
Deposited 

 

Table 4.  Summary of processed values obtained from a single calibration test, including 
representative sensor output values and specimen mass-volume properties 
determined from direct measurement for Calibration Test M-05. 

 
Value Specimen A Specimen B Specimen C 
Representative Raw Sensor 
Output 

1719.56 mV 
(Sensor 1) 

1718.18 mV 
(Sensor 2) 

1724.69 mV 
(Sensor 3) 

Volumetric Water Content a 20.4% 20.5% 20.7% 
Degree of Saturation a 43.9% 44.8% 44.9% 
Dry Density a 1.46 g/cm3 1.47 g/cm3 1.47 g/cm3 

a Determined from specimen mass and volume measurement  
 

Table 5.  Summary of results from accuracy testing. 
 

Test 
No. 

Average 
Raw Sensor 
Output (mV) 

Volumetric Water Content (%) Degree of Saturation (%) Dry 
Density 
(g/cm3) Predicted Measured Error Predicted Measured Error 

1 1326.94 7.9 7.0 0.9 14.5 15.4 -0.9 1.48 
2 1515.41 13.3 12.5 0.9 29.9 29.0 0.9 1.55 
3 1588.28 14.9 15.9 -1.0 35.9 33.0 2.9 1.41 
4 1817.07 20.2 22.6 -2.4 54.7 51.9 2.7 1.54 
5 2094.77 32.8 30.8 1.9 77.4 85.2 -7.8 1.74 
6 2119.08 34.5 33.5 1.0 79.4 88.0 -8.6 1.69 
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Table 6.  Summary of test specimens prepared during characterization of density affects testing 
including the targeted dry density and volumetric water content or degree of saturation 
of each test specimen. 

 
Volumetric Water 

Content or 
Degree of 
Saturation 

Targeted Dry Density 

1.36 
g/cm3 

1.44 
g/cm3 

1.52 
g/cm3 

1.60 
g/cm3 

1.68 
g/cm3 

1.76 
g/cm3 

θ = 15% 1 1 1 1 1  
θ = 20%  1 1 1 1 1 
θ = 25%  1 1 1 1 1 
S = 30% 1 1 1 1 1  
S = 45%  2 2 2 2  
S = 60%   2 2 2 2 

 

Table 7.  Summary of test results from evaluation of sensor temporal response to variations in 
volumetric water content. 

 

Specimen ID 

Target 
Volumetric 

Water 
Content (%) 

Target Dry 
Density 
(g/cm3) 

Approximate 
Sensor 

Insertion 
Time (sec.) 

Approximate 
Sensor 

Response 
Time (sec.) 

Approximate 
Sensor 

Insertion 
Rateb (cm/s) 

T1 5 1.44 3 2.9 1.4 
T2 10 1.52 4 3 1.1 
T3 15 1.52 4 3.2 1.1 
T4 20 1.52 2 2.1 2.2 
T5 25 1.60 3 2.6 1.4 
T6 30 1.68 3 2.7 1.4 
T7 20 1.52 2.1a 1.8 2.0 
T8 25 1.60 1.6a 1.4 2.7 
T9 30 1.68 1.6a 1.3 2.7 

a Sensor insertion time recorded by an additional person operating a stopwatch. 
b Based on wave guide (needle) length of 43 mm 
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Table 8.  Specimen loading program targeted during testing to evaluate sensor response to 
specimen compression. 

 
Target Applied Stress Duration Sustained 

0 kPa 2 to 5 min. 
67 kPa 2.5 to 7 min. 
134 kPa 3.5 to 7 min. 
200 kPa 3.5 to 7 min. 
267 kPa 3.5 to 7 min. 
334 kPa 5 to 7 min. 
401 kPa 5 to 7 min. 
467 kPa 5 to 7 min. 
534 kPa 5.5 to 7 min. 
601 kPa 6 to 7 min. 
668 kPa 7 min. 
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Figure 16. Results from calibration testing of (a) volumetric water content and (b) degree of 
saturation versus sensor output in millivolts (mV).  

  

a) 

b) 

R2 = 0.98 

R2 = 0.98 
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Figure 17. Calibration test results of specimens prepared at the same volumetric water content 
but two different dry densities. Plot a) shows the relationship between sensor output 
and volumetric water content, and plot b) shows the relationship between sensor 
output and degree of saturation for the same specimens.  

  

a) 

b) 



 

58 
 

   

  
 
 
 
 
 
 
 

Figure 18. Photos of specimens exhibiting porous macro-structure. Photo a) shows a specimen 
targeting a volumetric water content of 25% with a dry density of 1.44 g/cm3. Photo b) 
shows a specimen targeting a volumetric water content of 30% with a dry density of 
1.60 g/cm3. Photos c) and d) show a specimen prepared at a volumetric water content 
of 25% and a dry density of about 1.52 g/cm3.   

a) b) 

c) d) 
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Figure 19. Plots showing excluded test points and modified calibration for (a) volumetric water 
content and (b) degree of saturation.  

a) 

b) 

R2 = 0.99 

R2 = 0.99 
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Figure 20. Accuracy test results for a) volumetric water content calibration and b) degree of 
saturation calibration.  

a) 

b) 
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Figure 21. Sketches depicting two specimens prepared at the same volumetric water content but 
different dry densities.  
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Figure 22. Plot showing the relationship between sensor output and specimen dry density for 
constant values of volumetric water content. 

 

 

 

 

Figure 23. Plot showing the relationship between sensor output and specimen dry density for 
constant values of degree of saturation.   

m = 302 

m = 278 

m = 430 

m = -456 

m = -256 

m = -3 
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Figure 24. a) Predicted vs. Measured volumetric water content during Characterization of Density 
Affects testing. b) Predicted vs. Measured degree of saturation during Characterization 
of Density Affects testing.  

a) 

b) 
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Figure 25. Sensor output with respect to elapsed time during sensor insertion into test specimens. 

a) 

b) 

c) 

d) 
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Figure 26. Results from sensor response to specimen compression. Standard deviation 
presented is based on results from accuracy testing.  

a) 

b) 
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Figure 26 Cont. Results from sensor response to specimen compression. Standard deviation 
presented is based on results from accuracy testing.   

c) 

d) 
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Figure 27. Results of sensor response to infiltration.  

a) 

b) 
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Figure 28. Results of sensor response to infiltration showing predicted volumetric water content 
corrected for density affects.  
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CHAPTER 6: CONCLUSIONS 

 

The scope of work in this study suggests that an electromagnetic soil moisture sensor can 

be used to predict the volumetric water content and degree of saturation in mine tailings with a 

useful degree of accuracy depending on the application and precision required. The following 

conclusions were drawn from this study.  

 A material-specific calibration is important to obtain accurate predictions of volumetric 

water content and degree of saturation relative to using the manufacturer’s general 

calibration for mineral soils. The manufacturer’s general calibration overpredicted 

volumetric water content by 5.7% to 12.3% for the tailings tested. 

 Sensor output is affected by variations in dry density of the surrounding medium. The 

effect of dry density on sensor output appeared generally consistent for different 

volumetric water contents, whereas the effect of dry density on sensor output increased 

as the degree of saturation increased.  

 Sensor output reflected the average dielectric permittivity of the materials within the sensor 

volume of influence weighted by the volume of each material. The volumetric fractions of 

air, water and solid phases explained the observed change in sensor output for a given 

volumetric water content but differing dry densities. 

 An electromagnetic sensor should respond to variations in moisture at a fast enough rate 

to provide continuous data if incorporated into a probe-based application, such as a CPT. 

Results from insertion testing (Table 7) indicate sensor temporal response to changes in 

volumetric water content and degree of saturation on the order of 27 mm/s were achieved.  

 An electromagnetic sensor should respond to changes in volumetric water content and 

saturation induced by compression and/or infiltration of unsaturated tailings to a useful 

degree of accuracy. During specimen compression, error in predicted volumetric water 
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content was less than 1.5%, and error in predicted saturation was predominantly less than 

5%. After specimen infiltration, the error in predicted saturation was also less than 5%, 

and the error in predicted volumetric water was 3.8% when corrected for dry density 

effects.  

 Understanding the effects of variations in dry density on sensor output can be utilized to 

correct sensor output for density affects and reduce potential error in sensor predicted 

values. Correcting sensor output for the effects of dry density resulted in a 4.5% decrease 

in the error of predicted volumetric water content at the end of infiltration testing. 

 

Calibrating an electromagnetic sensor to predict the degree of saturation in tailings can 

offer benefits when assessing geotechnical and geochemical stability of a tailings facility. The 

following recommendations and areas of potential future work were developed from the study: 

 The potential error in predicted volumetric water content and degree of saturation due to 

variations in tailings dry density will depend, in part, on the range of dry density the sensor 

will be subjected to in a field application. The potential range of tailings dry density at a 

given facility should be considered when developing sensor calibrations. During 

calibration, preparing specimens at a dry density near the middle of the expected range 

of dry densities should help to reduce potential error in predicted values. 

 When performing laboratory calibration of a sensor, efforts should be made to mimic field 

conditions to the extent possible to reduce potential error in predicted values of volumetric 

water content and degree of saturation.  

 Due to the horizontally stratified nature of tailings typically encountered within a 

conventional tailings facility, designing a probe-based sensor to have a relatively thin 

volume of influence vertically may improve accuracy and resolution in predicted values of 

volumetric water content and saturation.  
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 If a probe-based sensor were to be developed to predict a vertical profile of saturation in 

tailings, consideration should be given to correcting for variation in saturation due to 

changes in dry density induced by probe advancement. The change in dry density and 

resulting variation in saturation brought on by probe advancement would depend on the 

initial dry density of the tailings prior to probe insertion. 

 

Future study involving a more focused and robust characterization of the effects of dry 

density on sensor output to develop a density correction process that can be implemented in 

tailings engineering practice would be very beneficial in advancing the successful application of 

sensor technology in tailings facilities. Additionally, laboratory-scale proof-of-concept testing of a 

probe-based sensor with the goal of producing a vertical profile of volumetric water content and 

saturation in tailings would be a critical next step in expanding the application of sensor technology 

in tailings engineering practice and addressing current challenges within the tailings engineering 

community. Finally, evaluating sensor performance on a variety of tailings materials would be 

beneficial to further understand the effects of material properties on sensor performance and the 

importance of developing material-specific calibrations for different types of tailings.  
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APPENDIX A 

 

 

 

 

 

 

 

LIST OF POTENTIAL METHODS FOR DETERMINING THE DEGREE OF SATURATION IN 

POROUS MEDIA 
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Available Methods for Determining Degree of Saturation in Porous Media 
Category Method Examples 

Invasive Methods 
Gravimetric In-Situ Sampling with Shelby Tube  

Penetration Testing 

Cone Penetration Test with Pore 
Pressure Sensor (CPTu)  

Cone Penetration Test with Seismic 
Sensor (SCPT)  

Cone Penetration Test with Electrical 
Resistivity Sensor (RCPT)  

Dilatometer Test (DMT)  
Seismic Dilatometer Test (SDMT)  
Dynamic Probe (DP)  
Field Velocity Probe (FVP)  
Field Velocity Resistivity Probe (FVRP)  

Sensors - 
Electromagnetic 

Frequency Domain Reflectometry (FDR) 
or Capacitance Sensors 

ECH2O, Theta Probe, Hydra Probe, 
Teros T10, 11 or 12, etc. 

Time Domain Reflectometry (TDR) 
Sensors 

TDR100, 200 or 300, CS600-Series 
sensors, SoilVUE10, etc. 

Time Domain Transmissometry (TDT) 
Sensors  

Other EM Sensors Time Domain Cone Penetrometer, 
Virrib Sensor 

Sensors – Electrical 
Resistance 

Gypsum Block  
Nylon Block  
Fiberglas Block  
Electrical Resistance Sensor Array 
System  

Sensors – Nuclear Neutron Probe  
Gamma Densitometry  

Sensors – Thermal 
Conductivity 

Dual-Probe Heat-Capacity Sensor  
Actively Heated Fiber Optics  

Sensors – Fiber 
Optic 

Optical Fiber Long Period Gratings 
(LPG)  

Sensors – Matric 
Suction/Potential Tensiometers Teros 21, 31 or 32, MPS-2 or 6, 

CSL229, etc. 

Cross-hole/Down-
hole Testing 

Cross-hole/Down-hole Seismic Testing  
Cross-hole/Down-hole Ground 
Penetrating Radar (GPR)  

Other Passive Wick Fluxmeter  
Non-Invasive Methods 

Surface 
Geophysics 

Electrical Resistivity (Wenner 4-Pin)  
Electrical Resistivity Tomography (ERT)  
Seismic Refraction (ReMi)  

Remote Sensing 

Satellite-Based Sensors Microwave Radiometer, Infrared, 
Scatterometer, etc. 

Airborne Sensors  
Cosmic Ray Neutron Sensor  
Ground Penetrating Radar (GPR)  

Data Banks 
Global Soil Moisture Data Bank  
International Soil Moisture Network 
(ISMN)  
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RESULTS FROM SURVEY OF PRACTIONERS 
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MICRO-CONTROLLER CODE 
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CHARACTERIZATION OF DENSITY AFFECTS HYPOTHETICAL EXERCISE 
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To better understand the sensor behavior resulting from changes in dry density for a given 

value of volumetric water content or degree of saturation, phase diagrams were created to 

represent several of the test specimens and are shown in Figure E1. The four series of diagrams 

represent specimens prepared at constant volumetric water contents of 15% and 25% and 

constant degrees of saturation of 30% and 60%. The percentage of the specimen by volume for 

each phase (e.g. solids, water, and air) is included in each diagram. By definition, specimens with 

the same volumetric water content will have the same volume of water for a given total specimen 

volume. Specimens with the same degree of saturation will have the same ratio of water to void 

space by volume within the specimen.  

The dielectric permittivity of air is 1, the dielectric permittivity of granite is about 7 to 9, and 

the dielectric permittivity of water is 80 (Noborio, 2001). By assigning these values of dielectric 

permittivity to each of the three phases shown in the phase diagrams, an average dielectric 

permittivity was computed for the entire specimen weighted by volume (Table E1). The following 

relationship between sensor output in millivolts and apparent dielectric permittivity is provided by 

the METER Group in the user manual for the Teros 10 sensor.  𝜖 = 1.054 × 10ିଵ × 𝑒ଶ.଼ଶ଻×ଵ଴షయ×௠௏ 

By rearranging this equation, a predicted sensor output in millivolts can be determined based on 

the hypothetical average dielectric permittivity values presented in Table E1. 

The relationships between specimen dry density and predicted sensor output for each 

volumetric water content and degree of saturation are shown in Figure E2 and Figure E3.  Based 

on the plotted data, the relationship between dry density and predicted sensor output is linear for 

each series of hypothetical specimens. Little variation was noted between the slope of the lines 

for simulated specimens at volumetric water contents of 15% and 25% (Figure E2). As the degree 

of saturation increases from 30% to 60%, the relationship between specimen dry density and 

predicted sensor output becomes increasingly negative (Figure E3). In general, variations in the 

relationship between dry density and the predicted sensor output for the given volumetric water 
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content and degrees of saturation exhibit a similar trend as the test results presented in Figure 22 

and Figure 23.  

Differences in the slopes and predicted sensor output values for this hypothetical exercise 

are assumed to be due to several factors. First, the assumed dielectric permittivity for each of the 

three phases within the specimens likely vary from the actual properties of the material tested, 

particularly the solid and liquid phase. Second, the hypothetical specimens are idealized as 

homogenous; however, some amount of heterogeneity exists within the actual specimens created 

during testing. While this exercise explaining the sensor behavior is simplified to some degree, 

the content offers a general understanding of sensor function and how variations in dry density 

affect sensor output for given values of volumetric water content and degree of saturation. 
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Figure E1. Sketches of phase diagrams representing test specimens prepared at constant values 
of volumetric water content or degree of saturation. a) Specimens prepared at 
volumetric water content of 15%. b) Specimens prepared at a volumetric water content 
of 20%. c) Specimens prepared at a saturation of 45%. d) Specimens prepared at a 
saturation of 60%. 

 

 

Table E1. Hypothetical average dielectric permittivity of each specimen weighted by volume. 
 

Volumetric Water 
Content or 
Degree of 
Saturation 

Specimen Dry Density 

1.36 
g/cm3 

1.44 
g/cm3 

1.52 
g/cm3 

1.60 
g/cm3 

1.68 
g/cm3 

1.76 
g/cm3 

ϴ = 15% 16.35 16.56 16.77 16.97 17.18 -- 
ϴ = 25% -- 24.46 24.67 24.87 25.08 25.28 
S = 30% -- 15.85 15.36 14.87 14.37 -- 
S = 60% -- -- 25.80 24.61 23.42 22.23 
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Figure E2. Relationship between specimen dry density and predicted sensor output for 
specimens prepared at volumetric water contents of 15% and 25%.  

 
 
 
 

 

Figure E3. Relationship between specimen dry density and predicted sensor output for 
specimens prepared at 30% and 60% saturation. 
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