THESIS

PREDICTING WATER CONTENT AND SATURATION IN MINE TAILINGS WITH AN

ELECTROMAGNETIC SOIL MOISTURE SENSOR

Submitted by
Garret M. Martin

Department of Civil and Environmental Engineering

In partial fulfillment of the requirements
For the Degree of Master of Science
Colorado State University
Fort Collins, Colorado

Summer 2023

Master's Committee:
Advisor: Christopher A. Bareither

Joseph Scalia IV
Jay M. Ham



Copyright by Garret M. Martin 2023

All Rights Reserved



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.qg., 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



to determine in situ tailings saturation to assess stability (Zandarin 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.



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



potential with electromagnetic sensor technology that could be incorporated into a probe-based

application, such as a CPT.



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.



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

10



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/m?® 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 500" 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 500" 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 500"
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/cm?3, as appropriate. The control
volume occupied the maijority 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/cm?® 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
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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/cm?, 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/cm?, 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 Proaram Name Test Specimen No. of Tests
9 Mold Preparation Performed
I . Moist-tamped &
Calibration Testing Small Slurry-deposited 48
Accuracy Testing Small Moist-tamped 6
Characterization of Density Effects on Small Moist-tamped 36
Sensor Output
Sensor Temporal Response to Variation Small Moist-tamped 9
in Water Content
gensor Re_sponse to Specimen Large Moist-tamped >
ompression
Sensor Response to Specimen Large Moist-tamped 1

Infiltration

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.

Number of Total Number of
Number of Measurements R ted Outout Approximate
Test Name Sensors Averaged to Vepor © P Test Run-
Used Produce One alues Collected Time
Per Test
Reported Output

Calibration 3 100,000 > 1,000 8 hrs.
Accuracy 3 100,000 21,000 8 hrs.
Characterization of
Density Affects 1 100,000 > 1,000 3 hrs.
Sensor Temporal
Response to
Variation in 1 1,000 >1,0002 2 to 3 min.
Volumetric Water
Content
Sensor Response to
Specimen 1 1,000 1,500 to >4,000 ® 1 hr.
Compression
Sensor Response to 1 5.000 119,000 7 days

Specimen Infiltration
a Qutput 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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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.
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Figure 3. a) Sensor data from calibration test specimen M-05. b) Sensor data from
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Temporal Response testing specimen T5. d) Sensor data from Compression Test 1.
e) Sensor data from Infiltration Test.
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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.

29



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.
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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.
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Figure 7. Cross-section of small mold depicting specimen zones.
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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. ¢) Specimen after cover construction. d) Specimen sealed following cover
construction.
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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. ¢) Specimen primary zone immediately after sensor insertion. d) Specimen
after secondary zone construction. e) Specimen after buffer zone construction.
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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.
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Figure 14. Specimens for Zero Effective Stress Void Ratio Test.

w

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/cm? and 1.60 g/cm? 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/cm?, 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/cm?®, 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/cm?®, 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/lcm?® to 1.68 g/cm? 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/cm?, 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

48



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/cm?, and
at completion of infiltration testing, the dry density of the specimen was 1.75 g/cm?. 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:

chorrected = mVraw - mavg.(pi - pavg.) (1)
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where mV,yectea = S€NSOr output corrected for dry density, ml;.,,, = raw (uncorrected) sensor
output, mg,, = average slope of line relating dry density to sensor output for a given volumetric
water content (see Figure 22), p; = specimen dry density during testing, and p,,4, = 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 Targeted Volumetric Water Content
Dry Density 0% 5% 10% 15% 20% 25% 30% 35% 40% 50% 60%
1.44 g/cm? 3 3 3 3 3 3
1.60 g/cm? 3 3 3 3 3 3
1.68 g/cm? 3
1.76 g/lcm? 3
N/A 3 3
Method of . Slurry-
Preparation Moist-Tamped Deposri){ed

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 1719.56 mV 1718.18 mV 1724.69 mV
Output (Sensor 1) (Sensor 2) (Sensor 3)
Volumetric Water Content @ 20.4% 20.5% 20.7%
Degree of Saturation @ 43.9% 44.8% 44.9%
Dry Density 2 1.46 g/cm? 1.47 g/cm3 1.47 g/cm?

@ Determined from specimen mass and volume measurement

Table 5.  Summary of results from accuracy testing.

Test Average Volumetric Water Content (%) Degree of Saturation (%) Dry_
No. gi\’:\;/)uste(rrﬁ\?; Predicted Measured Error Predicted Measured Error I(Dge/grsr:t%/
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 Targeted Dry Density

Content or 1.36 1.44 1.52 1.60 1.68 1.76
Degree of g/lcm?® glcm?® glcm?® glcm?® glcm?® glcm?®
Saturation

0=15% 1 1 1 1 1

0 =20% 1 1 1 1 1

0 =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.

Target Approximate  Approximate  Approximate

Specimen ID Volumetric T%rgr?;%)/ry Sens.or Sensor Sens_or
Water (g/em?) Insertion Response Insertion
Content (%) Time (sec.) Time (sec.) RateP (cm/s)

T1 5 1.44 3 2.9 14
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
5 25 1.60 3 2.6 14
16 30 1.68 3 2.7 1.4
T7 20 1.52 2.18 1.8 2.0
T8 25 1.60 1.62 1.4 2.7
T9 30 1.68 1.62 1.3 2.7

@ 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 2.5to 7 min.
134 kPa 3.5t0 7 min.
200 kPa 3.5to 7 min.
267 kPa 3.5to 7 min.
334 kPa 5 to 7 min.
401 kPa 5to 7 min.
467 kPa 5to 7 min.
534 kPa 5.5to 7 min.
601 kPa 6 to 7 min.
668 kPa 7 min.

55



----- Manufacturer Calibration CSU Calibration O Sensor 1~1.44g/cmA3
®  Sensor1~1.60g/cm”3 O Sensor 1 - Slurry Deposited A Sensor 2~ 1.44 g/cm?3
A Sensor2~1.60g/cm”3 A Sensor 2 - Slurry Deposited O  Sensor 3~ 1.44 g/cmA"3

® Sensor3~1.60g/cm”3 ©  Sensor 3 - Slurry Deposited

Volumetric Water Content (6)
B
R
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a) Sensor Output (mV)

100%
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[5(%) = (8.194 x 10~H)mV — 0.9424]

Degree of Saturation (S)

1000 1200 1400 1600 1800 2000 2200 2400 2600
b) Sensor Output (mV)

Figure 16. Results from calibration testing of (a) volumetric water content and (b) degree of
saturation versus sensor output in millivolts (mV).
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. 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.
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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/cm?®. Photo b)
shows a specimen targeting a volumetric water content of 30% with a dry density of
1.60 g/cm?®. Photos c) and d) show a specimen prepared at a volumetric water content
of 25% and a dry density of about 1.52 g/cm?.
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----- Manufacturer Calibration CSU Calibration (All Data) «esseeeee CSU Modified Calibration

Sensor 1~ 1.44 g/cm?3 Sensor 1~ 1.60 g/cmA”3 Sensor 1 - Slurry Deposited

Sensor 1 - Excluded

m) O
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® e}
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Figure 19. Plots showing excluded test points and modified calibration for (a) volumetric water
content and (b) degree of saturation.
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Figure 20. Accuracy test results for a) volumetric water content calibration and b) degree of
saturation calibration.
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O = 16%, Dry Density = 1.46 g/cm?, SG = 2.72 © = 16%, Dry Density = 1.65 g/cm?, SG = 2.72

3
30.3 Cm3 233 cm

100 cm3 100 cm?3

Figure 21. Sketches depicting two specimens prepared at the same volumetric water content but
different dry densities.
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Figure 25. Sensor output with respect to elapsed time during sensor insertion into test specimens.
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Figure 26 Cont. Results from sensor response to specimen compression. Standard deviation
presented is based on results from accuracy testing.
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Figure 27. Results of sensor response to infiltration.
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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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e 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

ECH:20, Theta Probe, Hydra Probe,
Teros T10, 11 or 12, efc.

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

Dual-Probe Heat-Capacity Sensor

Conductivity Actively Heated Fiber Optics

Sensors — Fiber Optical Fiber Long Period Gratings

Optic (LPG)

Sensors — Matric Tensiometers Teros 21, 31 or 32, MPS-2 or 6,
Suction/Potential CSL229, etc.

Cross-hole/Down-

Cross-hole/Down-hole Seismic Testing

Cross-hole/Down-hole Ground

hole Testing Penetrating Radar (GPR)
Other Passive Wick Fluxmeter

Non-Invasive Methods
Surface Electrical Resistivity (Wenner 4-Pin)
Geophysics 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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APPENDIX B

RESULTS FROM SURVEY OF PRACTIONERS

78



General Survey Details

Question:

“To what extent is the listed method currently used in practice for determining the degree of saturation
in porous media, particularly in regard to mine tailings?”

“Note: If you do not have experience with mine tailings, please answer the question based on your field of
experience”.

Response Details:

 Total Recipients Polled: 39
» Total Responses: 14
» 12 of 14 Responses from individuals familiar with mine tailings

« 2 of 14 responses from individuals with experience in the Agriculture
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Method

To What Extent is Each Method Used in

Practice?
All Responses Tailings Practitioners
Percentage of Responses Percentage of Responses
0% 20% 40% 60% 80% 100% 0% 20% 40% 60% 80%  100%

In-Situ Sampling with Shelby Tube |H————— In-Situ Sampling with Shelby Tube |

Cone Penetration Test with Pore... [ ———— Cone Penetration Test with Pore... | ——
Cone Penetration Test with Seismic... [———— Cone Penetration Test with Seismic... [———
Cone Penetration Test with Electrical... Cone Penetration Test with Electrical...
Dilatometer Test (DMT) gy Dilatometer Test (DMT) g
Seismic Dilatometer Test (SDMT) [ Seismic Dilatometer Test (SDMT) [
Dynamic Probe (DP) Dynamic Probe (DP)
Field Velocity Probe (FVP) Field Velocity Probe (FVP) Wtrequently

Field Velocity Resistivity Probe (FVRP) Field Velocity Resistivity Probe (FVRP) o
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Method

To What Extent is Each Method Used in

Practice?
All Responses Tailings Practitioners
Percentage of Responses Percentage of Responses
0% 20% 40% 60% 80% 100% 0% 20% 40% 60% 80% 100%

In-Situ Sampling with Shelby Tube

In-Situ Sampling with Shelby Tube |EEE————

Frué{;:enc;r Il).uma-in IRefiéct;JmEtfy (FDR) h - .Fr;aduéncydliomainl heﬂéctoméf-rv‘[;bﬁi....: T i
Time Domain Reflectometry (TDR)... Bl Time Domain Reflectometry (TDR) Sensors s
Time Domain Transmissometry (TDT)... Bl Time Domain Transmissometry (TDT)... gum
Other EM Sensors T Other EM Sensors g
Gypsum Block g Gypsum Block
Nylon Block Nylon Block
Fiberglas Block Fiberglas Block
Electrical Resistance Sensor Array System B Electrical Resistance Sensor Array System  gum
Neutron Probe T Neutron Probe 9%
Gamma Ray Densitometry e Gamma Ray Densitometry [ u Frequently
Dual-Probe Heat-Capacity Sensor Dual-Probe Heat-Capacity Sensor
m Somewhat
Actively Heated Fiber Optics Actively Heated Fiber Optics
Optical Fiber Long Period Gratings Optical Fiber Long Period Gratings
Tensiometers —___ Tensiometers B
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Method

To What Extent is Each Method Used in

Practice?
All Responses

Tailings Practitioners

Percentage of Responses Percentage of Responses
0% 20% 40% 60%  80% 100%

0% 20%  40% 60%  80%  100%
In-Situ Sampling with Shelby Tube P In-Situ Sampling with Shelby Tube

Cross-hole/Down-hole Seismic Testing —

]

Cross-hole/Down-hole Seismic Testing -

Cross-hole/Down-hole Ground Cross-hole/Down-hole Ground Penetrating W Frequently
Penetrating Radar (GPR) -

Radar (GPR) - M Somewhat
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To What Extent is Each Method Used in

Practice?
All Responses Tailings Practitioners
Percentage of Responses Percentage of Responses
0%  20% 40% 60% 80% 100% 0% 20% 40% 60% 80%  100%
I-Situ Sampling with Shelby Tube — InSitu Sampling with Shelby Tube —
Surface Geophysics - Electric Resistivity Surface Geophysics - Electric Resistivity

(Wenner 4-Pin) (Wenner 4-Pin)

Surface Geophysics - Electric Resistivity Surface Geophysics - Electric Resistivity

Tomography (ERT) _ Tomography (ERT) _

Surface Geophysics - Seismic Refraction = Frequently

(ReMi)

Surface Geophysics - Seismic Refraction

(ReMi) ® Somewhat
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Method

To What Extent is Each Method Used in

Practice?
All Responses Tailings Practitioners
Percentage of Responses Percentage of Responses
0% 20% 40% 60% 80% 100%

0% 20% 40%

60% 80% 100%
In-Situ Sampling with Shelby Tube — In-Situ Sampling with Shelby Tube —

S U S O N S S S N W Y U S

Satellite-Based Sensors

—— R
Airborne Sensors - Airborne Sensors -
Cosmic Ray Neutron Sensor O Cosmic Ray Neutron Sensor
B Frequently
Ground Penetrating Radar (GPR) Survey - Ground Penetrating Radar (GPR) Survey _ = Somewhat
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Method

To What Extent is Each Method Used in

Practice?
All Responses Tailings Practitioners
Percentage of Responses Percentage of Responses
0% 20% 40% 60% 80%  100%

0% 20% 40% 60% 80% 100%

In-Situ Sampling with Shelby Tube — In-Situ Sampling with Shelby Tube —

Passive Wick Fluxmeter Passive Wick Fluxmeter

Global Soil Moisture Data Bank . Global Soil Moisture Data Bank

International Soil Moisture Network . International Soil Moisture Network M Frequently
(ISMN) (ISMN)

W Somewhat
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Method

Methods used Somewhat to Frequently in practice...
(Based on all responses)

% of Respondents
0% 1% 20% 30% 40% 50% 60% 70% 80% 90%

Cone Penetration Test with Seismic Sensor (SCPT)
In-Situ Sampling with Shelby Tube
Cone Penetration Test with Pore Pressura Sensor (CPTu)

Tensiometers

Cone Penetration Test with Electrical Resistivity Sensor (RCPT)
Cross-hole/Down-hole Seismic Testing

Satellite-Based Sensors

Surface Geophysics - Electric Resistivity (Wenner 4-Pin)
Surface Geophysics - Electric Resistivity Tomography (ERT)
Gamma Ray Densitometry

Surface Geophysics - Seismic Refraction (ReMi)

Time Domain Reflectometry (TDR) Sensors

Frequency Domain Reflectometry (FDR) or Capacitance Sensors
Meutron Probe

Time Domain Transmissometry (TDT) Sensors

Other EM Sensors

Electrical Resistance Sensor Array System
Cross-hole/Down-hole Ground Penetrating Radar (GPR)

Airborne Sensors

Ground Penetrating Radar (GPR) Survey
Dilatometer Test (DMT)

Seismic Dilatometer Test (SDMT)

Field Velocity Resistivity Probe (FVRP)
Field Velocity Probe (FVP)

Gypsum Block

Cosmic Ray Neutron Sensor

Global Soil Moisture Data Bank
International Soil Maisture Network {ISMN)
Optical Fiber Long Period Gratings
Dynamic Probe (DP)

Nylon Block

Fiberglas Block

Dual-Probe Heat-Capacity Sensor
Actively Heated Fiber Optics

Passive Wick Fluxmeter

]

100%



Method

Methods used Somewhat to Frequently in practice...
(Based on responses only from Tailings Practitioners only)

% of Respondents

o 20% 30% 40% 50% 60% 70% 80% 90% 100%

=
2

Cone Penetration Test with Seismic Sensor (SCPT)

In-Situ Sampling with Shelby Tube

Cone Penetration Test with Pore Pressure Sensor (CPTu)

Cone Penetration Test with Electrical Resistivity Sensor (RCPT)

Tensiometers

Cross-hole,/Down-hole Seismic Testing

Surface Geophysics - Electric Resistivity (Wenner 4-Pin)
Surface Geophysics - Electric Resistivity Tomography (ERT)
Surface Geaphysics - Seismic Refraction (ReMi)

Gamma Ray Densitometry

Satellite-Based Sensors

Ground Penetrating Radar (GPR) Survey

Dilatometer Test (DMT)

Seismic Dilatometer Test (SDMT)

Field Velocity Resistivity Probe (FVRP)

Freguency Domain Reflectometry (FDR) or Capacitance Sensars

Time Domain Reflectometry (TDR) Sensars
Meutron Probe

Cross-hole/Down-hole Ground Penetrating Radar (GPR)
Field Velocity Probe (FVP)

Time Domain Transmissometry (TDT) Sensors
Other EM Sensors

Electrical Resistance Sensor Array System
Airborne Sensors

Dynamic Probe (DP)

Gypsum Block

Nylan Block

Fiberglas Block

Dual-Probe Heat-Capacity Sensor

Actively Heated Fiber Optics

Optical Fiber Long Period Gratings

Passive Wick Fluxmeter

Cosmic Ray Neutron 5ensor

Global Soil Maisture Data Bank

International Soil Moisture Network (I5MN)
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MICRO-CONTROLLER CODE
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f/CODE USED FCR CALIBRATICN AND ACCURACY TESTING//

//LIBRARRIES TO INCLULE
#include <Arduino.h> //Base Arduinc Library
#include "Statistic.h™ [/S5tats Library

//DEFINE VARIRBLES
doeubles analogPin? = A7: //Rszigning a wariable name to physical microcontroller pins
double analogPin2 = A2;
double analogPind = A4;
Statistic myStatsl; //Identify wvariables needed for Stats Function
Statistic myStats2;

Statistic myStats3;
conat int numBeadings= 100000; //Each indiwidual measumrent will be the average of this many recordings

double T10 1; //Sensor 1 connected to pin AT
double T10 2; //Sensor 2 conmected to pin A2
doukle T10 3; //Sensor 3 connected To pin Rd

/[ FHERDER INFG
String Teat ID = "M-057;
String Dry UW = "80 pcf”;
String Mst Cnt = "207;
String Date = ™8/58/2022";

vold setup() [

//TURN ON SERIAL PRINTEE AND PRINT 3 BLANE LINES
Serial.bagin{9600);
Serial.printlni);
Serial.println(};
Serial.princln{);

//REFRESHING CODE TO GIVE MICROCCONIROLLER TIME TO STABILIZE - Zana
for(uintd © £t =4; €t > 0; t—) {
Serial.printf (" [SETUP] WRIT %d...\n", t);
Serial.flush();
delay (1000) »
}

J/INITIALLY CLEAR THE myStats VARILBLES
myStatsl.clear{);
myStats2.clsar{) s
myStata3.clear():
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J//EFRINT HERDER
delay {3000} 2
Serial .printlni);
Serial .print ("Test EDz, "}:
Serial.println(Test ID);
Serial.print("Target Dry UW:z, "}:
Serial.princln(Dry UW);
serial . prant [(“Tapget Vol. Mzt. - GConazi Tz
Serial.println (Mst Cnt);
Serial.print{"Datez; ™);
Serial .println{Date)
Serial.println();
Serial.println("Specimen A, Specimen B, Specimen C");
delay (1000} ;

void loop() |

S/BEGIN TAKING RERDINGS AND SUMMING THEM
myStatsl.add{analogR=ad (analogPin7) )
myStatsld.add{analogBRead (analogPind) ) »
myStatad.add{analogRead (analogPind) ) ;

S fCHCE numReadings IS5 RCHIEVED, AVERAGE THE RERDINGS
if [myStatsl.count() = numBeadings) |
T10 1= myStatsl.averags():
T10 2= myStatsd.averags();
T10 3= myStats3d.averags();

S FPRINT MERSUREMENTS TO SERIAL MONITOR
Serial .print(T10 I);
Serial.print(™, ")

Serial .print(T1I0 2);
Serial.princ(™, ™)
Serial.printin{T10 3);

//CLEAR THE myStats VARIRBLES
myStatal.clear ()
myStatad.clear();
myStatad.clear();
delay (500) 2
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//CODE USED FOR CHABRCTERIZATION OF DENSITY AFFECIS//

S/LIBRERTES TO INCLUDE
f$include <Arduino.h> /fBase Arduino Library
$include "Statiatic.h™ [J/5tats Library

//OEFINE VRRIABLES
doubls analogPin7 = A7 //R3signing & variable name to physical microcontroller pins
Statistic myStatsl; //Identify wvariables needed for Stats Function
const int numBeadings= 100000; //Each individual measumrent will be the awverage of this many recordings
doubls T10_l; //5ensor 1l connected to pim A7

J//HERDER INED
String Test ID = "Specimen EDA";
String Dry UW = "105, pcf™;
String Mst Cnt = "45, §";
String Date = "03/08/23";

void setup() {

J/TURN ON SERTIAL PRINTER RND PRINT 3 BLANKE LINES
Serial.pbegin(9600);
Serial.println{)s
Serial.println{):
Serial.println():

//BEFRESHING COBE TO GIVE MICROCONTROLLER TIME TO STABILIZE - Zana
for{uint? tt = 4; £ > 0; t—) {
Serial.printf(™[SETUP] WAIT %d...\n", t):
Serial.flushi{);
delay(1000);
}

J/INITIALLY CLEAR THE myStats VARIABLES
myStatal.clear():

S fERINT HEADER
delay {3000} ;
Serial.printlni();
Serial .print ("Test ID:=, "}:
Serial.println(Tesat ID)};
Serial.print ("Target Dry UW:, "):
Serial.println(Dry_UW):
Serial .print ("Target Degree of Sat.z, "):
Serial.println{Mst_Cnt);
Serial.print ("Date:z, "};
Serial.println(Date);
Serial.println{);
Serial.println("Raw mV Cutputs™):
delav (1000} 2
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void loop() {

S/BEGIN TRKING READINGS RND SUMMING THEM
myStatsl.add {analogRsad{analogPin?))

JfONCE numBeadings IS5 ACHIEVED, AVERAGE THE READINGS
if {myStatsl.counc() == numBeadings) |
T10 1= myStatsl.average();

JFPRINT MEASTUREMENTS TO SERIAL MONITCR
Serial.printIn(T10 1);

J//CLERE THE myStats VARIRBLES

myStatsl.clear();
delay (500);
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J//CCODE USED FOR SENSOB INSERTION AND COMPRESSICHN TESTING//

//LIBRRRIES TO INCLUDE
#include <Arduino.h> [//Base Arduino Librarﬂ
#include "Statistic.h™ [f/5tats Library

//DEFINE VRERIABLES
doubles analogPin7 = A7; //Assigning a variable name to physical microcontroller pins
Statistic myStatsl; //Identify wariables needed for Stats Function
conat int numBeadings= 1000; //Each individual measumrent will e the average of this many recordings
double T10 1; ffSensor 1 connectad to pin A7

//HERDER INFO
String Test ID = "Compression Test #27;
String Dey UW = "85, pcf”;

String Mst Cnt = "13, %"
String Date = "05/03/23™

vold setup() |

J/TURN CN SERIARL FRINTER AND PRINT 3 BLANK LINES
Serial.begin {(9600) ;
Serial.println();
Serial.println();
Serial.println(};

J/BEFRESHING CODE TO GIVE MICROCONTROLLER TIME TO STRABILIZE - Zana
for(uints t t=4; ©t > 0; t=-) |
Serial.printf (" [SETUP] WAIT %d...\n", t};
Serial.flushi();
d=lay(1000);
}

J/INITIALLY CLERR THE myStats VARIABLES
myStatsl.clsac();
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//ERINT HEADER
delay (3000)
Serial.printin();
Serial.print({"Test ID:, "}; Serial.println(Test ID);
Serial.print ("Target Dry UW:, "); Serial.println(Dry UW);
Serial.print("Target Mat. Cont.:, ™); Serial.printlin(Mst Cnt);
Serial.print("Date:z, ™); Serial.println{Date);
Serial.println();
Serial.printc{"Raw m¥ {utputs™); Serial.printc({™,"); Serial.println({"Ellapsed Tim="):
delay{1000) 7

void loopi() |

//BEGIN TREING RERDINGS AND SUMMING THEM
myStatsl.add(analogRead {analogPin7) ) ;

//ONCE numReadings IS ACHIEVED, AVERAGE THE RERDINGS
if (myStatsl.count{) == mumBeadings) |
T1l0 1= myStatsl.averags();

//PRINT MEASUREMENTS TO SERIAL MONITOR
Serial.print(I10.1): Serial.print{™,"™):

//FRINT ELAPSED TIME IN MILLISECONDS TO SERIAL MONITOR
Serial.printlnimillis());

J/CLERR THE myStats VARILRLES
myStatsl.cl=arc();
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//CODE USED FOR INFILTBATION TESTING//

/fLIBRARIES TO INCLUDE
#¢include <Arduino.h> //fBase Arduino Library
$include "Statistic.h™ [f/S5tats Library

//DEFINE VARIRBLES
double analogPin7 = RA7; //Assigning a variable name to physical microcontroller pins
Statistic myStatsl; //Identify wariables needed for Stats Function
const int numBeadings= 50007 //Each reported cutput will be the average of this many measurcements
double T10 -1; //5ensor 1 connected to pin AY

//HERDER INFQ
String Test ID = "Inundation Tesat #1";
String Date = ™05/03/23";

void secup() {

J/ATUBN ON SERIAL PRINTER ARND PRINT 3 BLANK LINES
Serial .begin(9600);
Serial.println();
Serial.println{);
Serial.println{);

/REFRESHING CODE IO GIVE MICROCONTROLLER TIME TO STABILIZE - Zana
for{uint8 t t =4; ¢ > 0; t—) {
Serial .printf (" [SETUP] WAIT %d...'n", t):
Serial.flush():
delay (1000} ;
}

JAINITIALLY CLERR THE myStats VARIABLES
myStatsl.clzar{);
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//ERINT HERDER
delay (3000} ;
Serial.println();
Serial.print("Test ID:, ™)r Serial.printin(Test ID);
Serial.print("Date:, "); Serial.println(Date):
Serial.println(};
Serial.print {"Baw mV Outputs™); Serial.print(","):; Serial.println{"Ellapsed Time");
delay (1000} ;

void loop() |

J/BEGIN TRKING REARDINGS AND SUMMING THEM
myStatsl.add{analogBead (analogPin?) ) ;

/fONCE numReadings IS ACHIEVED, LVERAGE THE REARDINGS
if [myStatsl.count() == numBeadings)|{
T10_l= myStatsl.average()s

//EFRINT MEASUREMENTS T{ SERIAL MONITCR
Serial.print{T10.1); Serial.print{™,"}:

S/PRINT ELAPSED TIME IN MILLISECONDS TQ SERIAL MONITOR
Serial.println({millis()):

//CLERR THE myStats VARIABELES
myStatsl.cl=arc();

J/DELAY 4.5 Seconds
delay (4500) ;

96



APPENDIX D

DATA PROCESSING
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DETAILS FOR SMALL MOLD

Characteristic Units Mold 1 Mold 2 Mold 3
Total Empty Mold Mass g 503.75 503.23 504.00
102.10 102.38 102.24
Mold Diameter ikt 102.27 102.17 102.03
101.94 102.11 102.25
Average 102.10 102.22 102.17
96.73 101.12 98.18
Height of Controlled Volume s 97.91 100.70 98.15
97.91 100.14 98.15
Average 97.52 100.65 98.16
152.63 153.10 152.61
Total Mold Height mm 152.85 153.91 152.68
152.52 153.28 152.47
Average 152.67 153.43 152.59
Approx. Cross Sectional Area mm”2 8187.85 8206.57 8199.08
Approx. Cross Sectional Area cmh2 81.88 82.07 81.99
Approx. Controlled Volume mm”3 798451.55 826018.54 804821.47
Approx. Controlled Volume cm”3 798.45 826.02 804.82
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Calibration Test: M-01 ::‘;fm o g
Sample Preparation Details {For Meisture Canditioning] Target Vol Mat. on. 0% Sensor1 |Sensor2 |Sensor 3
General Details Units | Specimen A Specimen B Specimen C e a2 Actual VMC|  0.6% 0.5% 0.5%
MiDisture Conditioning Date = 8/3/2002 /312022 £/3/2020 Acutal DUW (g/em#3)| 183 1as 1aa
Mold & = 1 2 3 Specimen A Specimen 8 Specimen © Degree of i 12% 1.0% L0%
Wold Apprax. Control Volume cm*3 79845 826.02 804.82 Fere e 1150 1 Average Raw my - Full| 113517 | 115528 | 1149.96
Empty Mold Total Mass & 50375 503.23 504.00 113805 1882 1asss 2 Std. Dev. (mv)- Full|__0.33 0.0 0.43
O e 113834 frene 1816 3 Average Raw m\ > 500] 113525 | 115529 | 1150.08
13830 115088 nen s | std.Dew.(mv)>500] 037 0.46 0.48
Target Volumetric Moisture Cantent 113454 115481 w2 s
Target Gravimetric Moisture Cantant 113088 1.8 18 8
Details for Cantrol Volume Prep 1138 115088 mwez 7
Mass of Salids 113814 1se81 1ee3 8 1158
Mass of Water * 113389 usa6 114803 a 1157
Details for Cover 113895 se7 L8 1
Mass of Solids* E 2 . 113489 115065 iiee03 u =
Mass of Water | 0.00 0.00 0.00 1131 1508 nen 1 50
Prepared Specimen (Prior to Sensor Insertion) 113479 118478 1as1s 1 1154
Measurement Units | Specimen A Specimen B Specimen C 11349 115478 les0s 1 1153
Specimen Preparation Date - 8/4/2022 8/4/2022 8/4/2022 113483 115467 114888 1
Wiass of Mo E S03.84 S03.44 S03.98 11329 115038 msl e
Miass of Mold + Specimen e 1655.00 1634.33 1564.21 188,04 L1886 mez v 1151
mm 5397 515 [ZET! 13478 uses s 18 1150
Depth to Tag of Specimen mm 55.89 5313 63.14 113462 115468 1488 18 £5di
mm 53.57 5268 61.81 113468 1588 1as1s M
mm 54.97 5220 63.20 13831 115436 uaEn 1 1148
Average mm 5450 5175 61.82 1148 11550 wen  n =S
Specimen Tatal Mass & 115116 1190.89 1060.23 113009 11sase ey n =
Spetimen Total Valume emA3 802.95 826.24 736.04 113071 1539 lan1e 2 3116
S e Sy g/em3 123 144 144 16 users e m S 15
oct 89.5 20.0 89.9 113468 15461 ITT R E -
B g/cm~3 143 144 144 JLETSY 115488 11408 2
SeHiE ey ey, S 892 897 895 g 11547 uesan 2 s,
Maisture Content (Post-Test) 1380 1sag3 e m 1142
Measurement Units | Specimen A Specimen B Specimen € e 1501 e 1181
Mass of Tare E 154 15 358 83 15274 113532 18883 mar @
‘iss of Tare + Wet Tallings e 116684 1472.33 102693 113638 usa w0 m 1140
‘Mass of Tare + Dry Tailngs e 1162.93 1468.63 1024.18 113889 1185 80 S0 1 1138
Total sample Mass e 1012.60 11135 274.19 1u3ss8 freen LsoEs 3 fisd
Mass of Salids e 11088 B7L.44 13858 nssa usos 3%
Mass of Water e 391 3.7 275 113858 18583 1s0a 3% Az
Gravimetric Moisture Content % 0% 03% 03% ns 188 s B 1136 &1 .
Volumetric Maisture Cantent " % 0.6% 05% 05% 1is881 1155 87 usoz s fik % MM
Degree of Saturation 113846 118673 us0w ¥ ¥
Measurement/Value Units | Specimen A Specimen B Specimen C 11388 18878 usaz 4 1
Specitic Gravity 272 272 272 s 115538 usos 4 1133
Mass of Water (in molded specimen) B a.44 398 3.34 u3s? 118577 18037 42 @ 50 100 150 200 250 300 350 400
Mass of Solids (in malded specimen B 1146.72 1186.93 1056.89 113844 118836 usoz 4
Density of Sofids * g/cm’3 112 272 27 113838 115588 us01s e
Valume of Salids (in molded specimen) m*3 42150 436.37 388.56 nas2 ne.2 usog2 4
Volume of Water * cm*3 a.44 3985 334 113845 11588 LS04
Volume of Voids cm*3 38137 389.87 347.48 s 11888 waz @
Degree of Saturation % 13% LO% 10% 113854 IS g0 4
113872 1186 83 1180 26 -
Notes o

a) Value assumes density of water is 1 glem”3
b} Value based on assumed total valume of 300 cm"3

99

450 500 S50 60D ES0 70O
Recording

® Sensor 1
Sensor 2
Sensor3

a P;,‘ ...M R

eV

850 900 950 1000



Calibration Test: M-02 Far ue
Target Bry LW sa pof
Sample Preparation Details {For Moisture Conditioning] Farget Vol Mst. Con. s % Sensor 1 Sensor 2 Sensor 3
General Details Units, Specimen A Specimen B Specimen C Date: o062z Actual VME|  69% 6.0% 6.1%
Tvioisure Cond tioning Date = §/a/2002 8/4/2023 8/4/2022 Acutal DUW (g/em3)| 161 143 186
Wiokd # = 1 2 3 Sgecmen & Secimen  Speomen € Degree of Saturation|  17.0% 128% 13.1%
Mold Apgrox Contral Volume cmh3 798.45 226.02 E04.82 T TioLas T T Average Rawmv - Full| 135718 139823 1330.76
Empty Mold Total Mass B 503.75 503.23 504.00 1357.84 130139 134232 2 Std. Dev. (mV) - Full 0.52 0.95 0.82
= - T 90 13578 130118 Baa 3 Average Raw mV > 500] 133608 1397 60 133933
Targe: Dry Demsity T w 1581 13013 206 4 Std. Dev. (mV) > 500 0.43 0.40 0.23
Target Violumet ric Moisture Content % 135782 130162 133176 L
Target Grawvimetric Maoisture Content 135814 13011 13416 &
Details for Control Valume 135823 10113 139156 H 1362
FELTRY TR 133181 E) 1360
138818 130088 138183 s 1358 -"Mww. o rgals s g P P
Details for Cover 125811 130087 130138 10 1356 e
Mass of Solids” . 135807 e 194128 1 1354
Mass of Water = e | 00| 15.00 15.00 e Laon07 e 12 152
Prepared Specimen (Prior to Sensor Insertion) 135839 130126 134174 13 Y
Me asurement Units Specimen A Specimen B Specimen € 135837 130014 13168 1 1348
Specimen P reparation Date = 8/6/2001 8/6/2022 8/6/2022 135806 130108 186 16 148
Whess of Mdd 1 503.86 503.54 504.01 135824 130097 1128 16 1244 =
Wass of Mdd + Specimen & 169363 1734.82 1703.68 135834 130106 T 132 g &
mm 57.94 5416 5572 R _— sug  u 1340 [ et R R ra e = »
Deptinto Tép ol Specimin mm 65.70 52.56 56.97 13817 Li0a81 w18 1238
mm 6388 5172 56.85 135832 10 s 20 1336
mm 66.27 5302 £5.96 sas uma unss n -
4verage mm 65.95 52.87 56.38 138843 130016 EEPPETRR Y T
Specimen Total Mass E 1189.97 123128 1199 67 135833 130104 EETTT L 1 T 1300
Specimen Total Volume: ocm”3 710.04 &25.29 788.83 135845 13a. 134171 k2 g 18
Spacimers TR TRy glom3 168 1.49 152 135851 10117 PEPPE R & isin
pt 1046 931 94.9 135854 130128 13488 26 b
Sgiecimen Dry ity Blcm*3 161 143 146 135837 130087 130183 L £ s
pef 1003 89.4 912 1382 130071 Han M i
'Moisture Content (Post-Test) 135828 1300.9 134148 9
Units. Specimen A Specimen B Specimen € 135828 110098 PEPPEC I Y :::
Mass of Tare E 154.09 35878 152.6 135837 1300.99 133157 £
Mazs of Tare + Wet Taillings e 129827 1435 88 1319.67 1585 130118 133188 3 134
Mass of Tare+ Dry Tallings B 125082 144024 1273.04 135853 130116 130183 1 1312
Totsl Samp = Mass A 1144.13 1127.1 1167.07 preTes B0z s o 180
Was3 of Sciids e 1096.73 1081.45 1120.44 13833 130064 a8 36 1308
WMess of Water e a7.4 45.64 46.63 135848 L0108 w3 1306
Gravimetric Moisture Content % 4.3% 4.2% 4.2% 135843 130104 13418 ar 1304
Volumetric Moisture Content * % 6.9% 6.0% 61% 1357.08 130042 134261 3 1302
Estimated Degree of Saturation 135683 129978 139287 19 1300
Measurement/Value Units Specimen A Specimen B Specimen C 15725 12978 139058 0 1298
Specific Grawity — 272 272 272 1581 140023 a8 41 1296
Mass of W ater (in molded specimen) E 49.30 49 86 47.93 135811 JELNTES 133181 42 1294
Mass of Solick ({in molded specimen e 114067 118142 115174 1 e w181 4 1292
T prc 3% 273 = sl B A S0 s 185 380 180 00 3 4od 4sn so0 59 a0 6s0 o0 70 sod @ oo
Volume of Soiids {n molded specimen) | _cm*3 419.36 43435 473.03 135788 129954 W0 45 Recceting
Volume of Water * cm"3 48.30 49.86 47.93 135745 129987 076 46
Volumeni Voids cm"3 290.68 39095 365.39 1357.09 s PEE I
Degreeof Satumtion ] 17.0% 12.8% 131% 125742 120983 men 4
138715 129957 1390 26 43
Noras: Cant.

3) Value zssumes dersity o water is 1 g/em”3

b) Value based on assumed total volume of 300 cm*3
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Motes:

a) Value assumes density of water is 1 g/em3
b) Value based on assumed total valume of 300 cm"3

Cant.

Calibration Test: M-03 T b
Target Dry UW: %0 pof
Sample Preparation Details (For Moisture Conditioning] Target vol. Mt Con.: 0%
General Details Units Specimen A Specimen B Specimen C Date: aworyz
Moisture Conditioning Date = 8/6/2002 8/6/2022 §/6/2022
Wioid # = 1 2 3 Specimen d Specmen B _Specimen €

Nold Approx. Contral Volume cm"3 79B.45 826.02 804.82 1408 12 w08 wmn 1
Empty Mold Total Mass e 503.75 503.23 504.00 146754 143479 wa oz
i O Dy pcf 90 90 180873 wsa umw 3
/o3 144 144 140788 1451 unse 4
Target Volumetric Moisture Content 1607 63 141458 une| 5
Target Gravimetric Moisture Content 107 58 141442 143156 &
Details for Control Volume Prep 14078 L1454 wns 7
Mass of Solids 146813 el mpaw 8
Mass of Water * 14818 uMEL M 8
Details for Cover 140791 1467 umes 10
Mass of Solids * 140798 uun  umer n
Mass of Water ** € 30,00 30.00 30.00 14078 e umes 1
Prepared Specimen (Prior to Sensor Insertion) 160817 1488 36 13
Measurement Units Specimen A Specimen B Specimen C Le0e13 wmar mma WM
Specimen Preparation Date P 8/7/2002 8/7/2022 8/7/2022 14083 Um0 uEM 1
Mass of Mold B 503.88 503.48 1408 141467 Wizl 18
Mass of Mold + Specimen £ 173371 1776.04 1743.93 1aaar wsE mamas 1
mm 56.09 54.00 S56.01 140815 1M e 1
Depth ta Top of Specimen il Shuds SR8, a3, s s e -
mm 5591 54.31 56.81 140808 14147 143233 20
mm 56.53 5378 55.52 140805 141447 uBr 1
Average mm 56.25 54.02 56.29 1407.9 ETITEVIE e ST
Specimen Total Mass g 1220.83 1272.56 1239.89 1407.98 T TR e |
Specimen Tatal Volume cm*3 789.42 £15.84 789.56 1e0803 HMTT uR1 M
Spacimen Total Density g/om*3 156 156 157 1407.53 uMM unE
pct 973 97.4 98.0 150791 UusE  uRY 2%
Specimen Dry Density g/cm*3 145 145 146 1408 46 1 2
pef 90.6 90.7 912 140734 143445 43218 28
rtent [Post Test) Lot 1048 w428 29
ent Units Specimen A Specimen B Specimen € 140815 121485 43244 30
Mass of Tare £ 155.53 289.57 279.12 10008 LME  umam 3
Mass of Tare + Wet Tailings £ 135023 1245.96 1305.98 140826 LME Mmas 2
Wass of Tare + Dry Tailings £ 1285 64 1180.42 1234.23 140776 uMz  unm B
Total sample Mass & 17137 956,39 1026.86 ta1 Jatesd w32 W
Mass of Solids £ 113011 8I0.85 955.11 1a0808 lassr  mmam o oxm
Mass of Water z 23,50 65.54 LTS 140785 UMY M 3
Grawimetric Moisture Content % 7% 74% 7.5% 180801 Bus uRy W
Valumetric Moisture Content * % 10.7% 10.7% 110% 1808 13 wwse a3
Extimated Degree of Saturation 140821 161473 MM 3
Measurement/Value Units Specimen A Specimen B Specimen C 140808 142462 BLE-E ]
Specific Gravity = 272 27 272 08 M5 MEE @
Mass of Water (in malded specimen) £ 84.70 87.21 86.64 140712 U4 unnl w2
Mass of Salids (in moided sperimen) E 114513 1185.35 1153.25 a6 ETTETT T T
Density of Soids * gfom*3 2.72 272 272 180684 ETTTETRNE e
wolume of Solids (in molded specimen) cm*3 421.00 435.79 42399 140693 w1 MAw s
Volume of Water mA3 84.70 87.21 86,64 10069 1132 T
Volume of Voids cm*3 368.42 380.04 365.57 140673 w1298 ;T a7
Degree of Saturation % 23.0% 2.9% 23.7% 180683 11308 1ame  ax
140676 e wmE
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1434
1433
1432
1431
1430
1429
1428
1427
1426
1425
1424
1423
1422
1421
1420
1419
1418
117
1416
1418
1414
1413
1417
1311
1410

Sensor 1 | Semsor2 Sensor 3
Actual VMC|  10.7% 10.7% 11.0%
Acutal DUW (gfem"3)| 145 145 La6
Degree of i 230% 22.9% BT
Average Raw mV - Full| 140651 1411.00 1429.55
Std. Dev. [mV)- Full| 059 115 087
Average Raw m\/ > 500] 1406.42 141039 1429.16
Std. Dev. {mV)>500] 051 049 0.52
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Calibration Test: M-04 :::l?bq - "‘“;; ot
Sample Preparation Details (For Maisture Conditioning) Target Wol. Mst. Con. FLEEH Sensor 1 Sensor 2 Sensor3
General Details Units imen A imen B imen C Dt 08j08/22 Actual VMC|  16.2% 16.1% 16.0%
Moisture Conditiening Date - /7/2022 8/7/2022 8/7/2022 Acutal DUW {g/cm"3) 145 145 146
Mold # - 1 2 3 Specimen A Specimen @ Specimen C Degree of 34.8% 34.4% 34.6%
Mold Approx. Control Volume cm*3 798.45 826.02 804.82 158332 156877 FETYTI Average Raw mV - Full| 158075 1564.75 158623
Empty Mold Total Mass E 503.75 503.23 504.00 158382 1562.02 1500 2 Std. Dew. {mV) - Full 077 118 113
Tatget Dry Density pcl a0 90 a0 158332 15685 158583 3 Average Raw mV > 500|  1580.32 1563.99 1585.43
g/cmn3 144 144 144 158337 156889 158988 4 Std. Dev. (mv)>500] 058 0.60 0.3%
Target Volumetric Moisture Content % 15% 15% 158348 156807 158899 5
Target Gravimetric Moisture Content % 10.4% 10.4% 1583.3% 156885 1589.96 &
Details for Control Volume Prep 1583.17 1568.58 158981 7
‘Mass of Solids 156302 156844 158872 g
Mass of Water * E 119.77 123.90 120.72 158317 156865 188085 g Py
Details for Cover EaEE E 158313 156839 188876 10
Mass of Solids " £ 432.48 43248 432.48 158311 156834 188055 4y 1530
Mass of Water *® [ & [ o0 | 4500 45.00 158218 15687 E R 1588
Prepared Specimen (Prior to Sensor Insertion) 1583.36 1565.08 189022 43
Measurement Units A i B i [4 158334 1568 55 159014 14 1586
Specimen Preparation Date - 8/8/2022 8/8/2022 8/8/2022 1583.38 1569 169018 15 1584
Masz of Mold B 503.28 503.45 504.05 158323 1568.86 1801 16 L
Mass of Maold + Spacimen B 1774.22 181759 1784 44 158328 1568.89 1590.07 17 1582 "M___ —t-®
mm 5797 54.62 56.04 158319 16688 188881 4 Lo .,"__ L3
1580 -
Depth to Tap of Specimen mm 56.04 54.45 56.05 158253 1567.65 190897 19 s
mm 56.04 53.31 57.20 158223 15673 18867 3g £15m
mm 5636 5377 55.99 1582712 1567.33 188865 p g
Average mm 56.60 54.04. 56.32 150233 15674 15827 1 2 1576 * sensor 1
Specimen Total Mass E 1270.34 1314.14 1280.39 158228 1567.02 18879 33 E i Sensar 2
Specimen Total Valume cm~3 786.56 815.67 789.30 158238 156721 1S9BEE  3a H Sensor 3
specimen Total Density fome3 162 161 1.62 158238 156727 1SBE4 a5 1872
pcf 100.3 100.6 1013 1882 12 1567.36 158873 g
P—— g/cmn3) 145 1.45 146 1sgi83 1567 158246 37 A=
pet 90.7 90.5 91.3 15818 1566.76 158835 g 1568
Moisture Content (Post-Test) 158205 15671 158855 39
Measurement Units imen A imen B imen C 18818 1566.88 18883F 1566
Mass of Tare B 154.06 15259 358.79 158208 1567.07 158858 3 1564
Mass of Tare + Wet Tailings B 1350.45 1379.09 1601.36 158154 156649 188806 3
Mass of Tare + Dry Tailings B 1230.24 1256.74 1478.82 158189 15665 15080 3 1562
Total Sample Mass E 119639 12265 1242.57 158183 156688 18835 3
Mass of Solids E 1076.18 1104.15 1120.03 15822 1567.3 LTS TR 560
Wiass SFWater . T e T S S e © 50 100 150 200 250 300 350 400 450 500 550 B00 650 70O 750 80D 850 900 950 1000
Gravimetnic Mofsture Content % 117% 11.1% 10.9% 1580163 15667 w0y Rearding #
Volumetric Moisture Content % 16.2% 16.1% 16.0% 158165 1566.65 18818 4y
: Estimated Degree of Saturation 150152 e T
Measurement/Value Units Specimen A Specimen B Specimen C 158159 1566.46 18797 4p
Specific Gravity - 272 272 272 158132 1566.15 1878 41
Mass of Water (in molded specimen) B 127.64 131.09 126.27 158232 1567.51 1589.02 a2
Mass of Solids (in molded specimen) B 1142.70 1183.05 1154.12 1582.45 1567.63 158918 43
Density of Solids * g/cm~3 272 272 272 158254 1567.76 158830 g4
Volume of Solids (in molded cm*3 42011 434.54 42431 158261 1567.80 158835 45
Wolume of Water * cmA3 137.64 131.09 12627 158272 1567.96 188848 45
Valume of Voids cmA3 366.45 380.73 364.99 158272 1567.8 188847 a7
Degree of Saturation % 34.8% 34.4% 34.6% 1582711 156756 158845 48
15820 15671 18857 a8
Motes: Gadt:

a) Value assumes density of water is 1 gfem*3
b} Value based on assumed total volume of 300 cm”3
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Calibration Test: M-05 ToRNE s
Target Dy Lnw: 80 pef
‘Sample Preparation Details (For Moisture Conditioning) Target Vol Mst. Con. 0 % Sensor 1 Sensor 2 Sensor 3
General Details Units Specimen A Specimen B Specimen € Date: 080822 Actual VMC 204% 20.5% 20.7%
Maisture Conditioning Date - 8/8/2022 8/8/2022 8/8/2022 Acutal DUW (g/cm*3) 1.46 147 147
Mold # o 1 2 3 Specimen A Specmen  Specimen C Degree of i 43.9% 44.8% 44.9%
Mold Approx. Control Volume cmA3 79845 826.02 B804 82 118 17278 173012 1 Average Raw mV - Full 172009 1718 71 1725.54
Empty Mold Total Mass B 503.75 503.23 504.00 msi3 wan 1730.08 2 Std. Dev. (mV) - Full 120 106 145
pcf 90 90 930 12482 172285 1730.04 El Average Raw mV » 500 1719.56 1718.18 1724.69
Target Dry Density L swergpe awmua e
g/omh3 144 144 144 1S e 172084 4 Std. Dev. (mV) > 500 0.78 0.64 0.65
Target Volumetric Moisture Content % 20% 20% 20% 172452 w2a 173006 5
Target Gravimetric Moisture Content % 13.9% 13.9% 13.9% 172475 172283 173005 &
Details for Control Volume Prep 172438 w23l 172891 7
Mass of Solids 172044 17223 12881 N
Mass of Water * 17242 72191 172954 g 273,
Details for Cover maz1s ST e 1817 10 1730
Mass of Salids ® 8 432.48 432.43 432.48 11288 e 12878 1 1738 Sensorl - Sensor2 - Sensor 3
Mass of Water ** | & | sooo | o0 | eooo T o e
Prepared Specimen (Prior to Sensor Insertion) 172248 172073 112847 1 1728
Units | SpecimenA Specimen B Specimen C 1711206 una e 1 s
Specimen Preparation Date = 8/9/2022 8/6/2012 /972021 2286 nn 172808 1
Mass of Mald £ 503.87 503.45 504.04 EEEH v 2881 16 1726
Mass of Mold + Specimen g 181387 1838 68 182447 6 1 1287 1 1
mm 56.38 5591 56,76 T un mess 5 1725 g
Depth to Top of Specimen mm 56.71 54.57 56.61 2315 SR 172316 18 31728 <
mm 55 85 5370 5587 11302 172126 12815 x &
mm 5633 55.83 5592 aes 17087 mse gy § 17
Average mm 5632 55.00 56.29 R w6 12857 2 & 1722
Specimen Total Mass B 1310.00 1355.23 1320.43 172219 1720.83 172828 n
Specimen Total Volume 3 788.87 207.75 783,58 2258 182 FEFTS TR 1721
Specimen Totsl Density gfom*3 166 1.68 167 12297 ma 17291 P i a.
pf 103.7 104.7 104.4 126 18 12w P e
, ] 145 147 147 258 e 12853 o
e y‘pd 90.9 §1.9 815 172246 1738 FETE e » e A
Maisture Content (Post-Tes 211 08 izl E5) = 1718 =
Measurement Units | Specimen A Specimen B Specimen C 2211 wwmE 112850 5 1717
Mass of Tare E 152.56 155.41 154.01 172159 17:0.38 1mea n
Mass of Tare + Wet Tailings g 1411.02 1489.69 1432.03 172196 1720.34 172842 ar 1716
Mass of Tare + Dry Tailings g 1256.58 132634 127384 172255 w2083 17289 a8 @ 50 100 150 200 250 300 350 400 450 500 550 600 G50 700 750 8OO 850 900 950 1000 1050 1100
Total Sample Mass F 1758.46 1334.28 1278.00 1713 11208 1mETs i Output Number
Mass of Sofids £ 1104.02 1170.93 111983 2208 e 11285 5
Mass of Water z 154.44 16335 158.19 w2211 1715 2887 3
Gravimetric Moisture Content % 14.0% 14.0% 14.1% 172206 148 12856 .
Valumetric Moisture Content * * 20.4% 20.5% 20.7% 172187 1720.50 172837
12213 1wms 12856 |
Measurement/Value Units. Specimen A Specimen B Specimen € 12206 w2 12858 a0
Specific Gravity = mn 272 272 e 17012 12817 A
Mass of Water {in molded specimen) g 160.77 165.91 163.44 B s 12883 a
Mass of Salids (in molded specimen| E 1149.23 1189.32 1156.99 112118 17205 172857 o
Density of Solids * g/om"3 172 2172 2172 sy 17ama2 17284 =
Volume of Solids (in molded specimen) cmh3 422,51 437.25 42536 e Ay kL r
Volume of Water * em*3 160.77 165.91 163.44 171154 nm 172806 %
Volume of Voids cm*3 366.36 370.50 364.18 172181 1720.57 1mEa a
Degree of i % 43.9% 44.8% 44.9% e w1mE 12863 -
e S 1 =
MNotes: ot

4] Walue assumes density of water is 1 gfem3
b) Walue based on assumed total volume of 300 cm"3
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Calibration Test: M-06 T e
Target Ory LW: %0 pot
ple Preparation Details {For Moisture Mﬂmhﬂ Tasget Vol. Mst. Con.: P Sensor 1 Sensor 2 Sensor 3
General Detalls Units. Specimen A Specimen Specimen C Date. 051022 Actual VMC|  25.6% 25.7% 25.8%
Moisture Conditioning Date = 8/0/2022 B/0/2022 8/0f2022 Acutal DUW (gfcmA3) 145 1.46 1.46
Mold i - L3 2 3 Specimen & Specimen®  Specimen C Degree 55.1% 55.5% 55.9%
Mald Approx. Control Volume o3 157187 19575 1850.51 1 Average Raw mV - Full| 1868.42 1919.84 1953.43
Empty Mold Total Mass E 1571.89 191543 1960.25 2 Std. Dev. (mV]) - Full 117 195 231
Target Dry Density pcf 187195 191558 1950.84 3 Average RawmV > 500| 1867.70 191856 1951.94
Bfcm*3 1871583 192574 1960.42 1 Std. Dev. [mV] > 500 0.51 0.51 0.54
Target Volumetric Moisture Coatent % 157163 1953 196006 5
Target Gravimetric Moisture Content 187202 192559 1860.27 &
Detalls for Control Volume Py 127189 11538 1960.03 7
Mass of Solids 187169 197545 1960.25 a
Mass of Water * 157156 197537 1960.22 5 1570
Detalls for Cover 1571.54 19546 1960.37 m 1965
Mass of Salids * 432.48 1ETLIE 19157 196055 " 1060
Mass of Water *© g | mw | me | 75.00 17181 rer7s .
epa TPrior to Sensor pr—— . 196031 g 1955
I Units Specimen A Specimen B Specimen C 187158 192545 1950.3% 1 1950
Specimen Preparation Date - 8/10/2022 &(10/2022 8/10/2022 | 157167 1m1559 196038 15 1045
Mzss of Moid B 503_84 503.45 504.02 157163 197558 1960.41 16
Mass of Mold + Specimen £ 185386 1900.05 186457 157168 1mm82 (T 1540
|_mm | 56.25 54.14 56.06 15716 195,41 196021 1 1935
Dagth to Tap of Specimen mm 55.90 54.2% 56.72 157152 190535 1950.15 15 50
mm 56.74 54.86 56.14 157155 s 185014 m
mm 56.37 54.04 56.09 157131 1|5 19598 n = 1925
Average mm 56.32 54.32 56.25 18712 1524 57 1959.62 n % 1920
Specimen Total Mass E 1350.02 139660 1360.55 157121 190451 19587 bE] 2
Specimen Total Volume ] 788.91 813,39 780,85 187181 P H 196007 34 B 1915
Specimen Total Density Efcm~3 171 172 172 157148 197535 1960.2 15 § 1910
pcf 106.8 107.2 107.5 157148 sms s 196012 5 B 1905
mA3| 1.45 1.46 146 157124 192458 19537 17
Specimen Oy Denzky &rcpd 90.8 91.2 814 15TLES 190548 1960.32 5 1300
Mo t (Post-Test) 157139 o 19598 5 1895 P T—
Units. Specimen A § n 8 Specimen C 17133 192491 M- £ 1200 Sensor 2
Mass of Tare E 154.02 1525 155,32 157136 =E0 1958.37 IS
Miass of Tare + Wet Tailings 1479.98 1520.59 1458.67 187137 1smm 195376 P 1885 * Sensor 3
Mass of Tare + Dry Tallings I 128142 1315.94 1363.28 1w PER 19538 T
Total Sample Mass E 132596 136809 1303.35 157165 1m5E 19504 m
Mass of Solids £ 11274 1163.44 1107.96 187151 1253 issams g5
Mass of Water £ 198.56 204.65 195.39 157065 191397 195855 E 2 2R — —
Gravimetric Moisture Content % 17.6% 176% 17.6% 157066 19395 195855 7 1868 i " ———
Volumetric Moksture Content % 25.6% 25.7% 25.8% 1570.55 19738 1958.42 .
d Degree 1870.42 1m1E 1958.2 E] 1800
Value Units r e B C Kb S2e Bl s a 100 200 300 400 500 600 700 800 900 1000
Specific Gravity - i1 .72 272 15598 192278 1957.26 s Recarding #
Mass of Water {in molded specimen} E 202.16 208.91 203.97 ARTVP YRS ey a2
B 1147.86 118769 1156.58 1712 192471 1959.37 T
Density of Solids* gfem*3 272 272 272 1m7L07 1477 5947 g
Volume of Solids {in molded specimen) cmt3 422 01 436.65 435.23 15712 15242 19595 45
Volume of Water* cmt3 202,16 208.91 203.97 e 13451 UL S
Wolume of Volds cmh3 366.01 376.75 364.64 12713 192458 1959 37 ar
Dﬁme of Saturation b 55.1% 555% 55.9% 157112 152454 1959.21 aE
15712 192458 195a.28 =
Notes: Conk

a) Value assumes density of water is 1 gfema3
b) Value based on assumed total volume of 300 cm*3
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Calibration Test: M-07

s pd
Sample Preparation Details [For Maisture Conditioning) 5w
General Details Units Specimen A Specimen B Specimen C BE112
Maisture Conditioning Date - 8/10/2022 2022 8/10/2022
Mald - 1 2 3 Speomen 8 Speament
WMald Approk. Control Valume cm*3 798.45 E26.02 804,82 131015 12805 i
Empty Mold Total hass ] 50375 503.23 504.00 13160 1ana 2
pel £ 100 100 131834 134063 3
Tamet ey Deoity wemnd 141 160 160 1394 11sam s
Target it Mgiiure Content % 5% 5% =3 151901 1880 5
Target Gravimetric Moisture Content % 15% 3.1% 1.1% T 13802 &
Details for Control Volume Prep 1517 18073 '
Mass of Solids 132341 T 14004 [
Miass of Water 4130 151896 135007 0
...................... i i 7R
Mass of Solids 4348 131873 RELEE) 11
Mass of Water ~* e | 1500 15.00 15.00 131851 B
Prepared Specimen [Prior (o Semsor | 131840 a7 1
Measurement Units imen A 5 ] Specimen C 131650 134805 1
Specimen Preparation Date — /112022 /112022 81172002 131850 134843 15
Miass of Moid g 50382 503.43 S04.00 131847 138077 1
Mazs of Mold = Specimen ] 169602 1B66.00 183228 131847 14001 13
mm 56.87 5516 5716 131063 1380 i
Depth ta Tep of Specimen mm 5615 5484 5616 | 131853 msam g
mm 5631 5556 56.28 FEITED 18078 =
mm 56.47 5523 57.50 131846 ey
Averoge mm 56.45 5520 56.76 131054 14007 1
Specimen Total Mass ] 1192.20 1363.47 132827 13184 1Ma8ET oy
Specimen Total Volume cm*3 78779 0615 78557 13184 13807 »
Specimen Total Density gfem3 151 169 169 131836 1e08E
f 945 105.6 105.6 131837 LT
g.ft;n%‘ L6 164 163 13828 nen oy
s ai1 1022 1020 131790 PP
Maisture Content |Post-Test) 3847 134858 i
Measurement. Urits | _Specimen A Specimen B Specimen C 125K 131802 s o
Mas ol Tare [ 154.04 152.47 155.3 1ELER 131804 134877 EH
Wi of Tare + Wek Tailings ] 131024 7322 140668 wan 131784 neEl oy
Mass of Tare + Ory Tailings g 1269.25 T13.46 1364.55 FIEET) an EELEE
Total Sample Mass g 1156.2 579.73 125139 ST 231646 1B 34
Wais of Solids 8 111531 560.89 1208.65 128045 131653 1MaR2 xg
Mass of Water B 40.99 18.74 4174 E0.50 31654 1I4E4E 3
Gravimetric Maisture Content % 17% 1% 35% msar 131676 182861 ar
Volumetric Maisture Content * % 5.8% 5.5% 5% PR 131695 134877 3
T Casiay i w7l 1867 EETTT R
Measurement [Value Uinits men A imen B imen € 125066 131652 0k a
Specific Gravity - 172 272 172 15866 131664 1ekEL 4
Mass of Water (in molded speci g 4237 4407 4430 125062 15168 naEsE .
Mass of Selids {in molded specimen 1149.93 1319.40 1281.57 1 1367 wakE 4y
Density af Selids * gfemhy iy 272 172 1280 3161 132E6T w“
Volume of Solids fin molded i emt3 ARz 485.07 472.05 125086 136 14671 &
Volume of Water * em*3 4227 4407 44.30 280y 131676 1MEN g
Vaolume of Yoids cm*3 365.02 12108 31352 P 131648 14841 a
Degree of Saturation * 11.6% 13.7% 14.1% L 131651 sk 51 a
s 131654 ETTTCRH
Notes: cione,

&) Valie assumes density of water is 1 gfema3
b) Value based an assurmed total volume of 300 em*3

1360
1355
1350
1345
1340
1335
1330
1325
1320
1315
1310
1305
1300
1295
1290

Serssce Dutput (my)

1280
1275
1270
1265
1260
1255
1250
1245
1240
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Sensor 1 Sensor 2 Sersor 3
Actual VMC|  5.4% 5.5% 5.6%
Acutal DUW| 146 164 163
Degree of Saturation| 11 6% 13.7% 14.1%
Average RawmV - Full| 125033 | 131332 1347.24
Std. Dev. [mv] - Full| _ 0.60 140 0.E8
Average Raw mv > 500 125013 | 131296 134661
Std. Dev. (mV]>500) 057 069 063
® Sensor 1
Sensor 2
Sensor 3
— P PR P e s P R R
o 100 200 300 400 500 600 700 00 00 1600 1100 1200
Recording 4



Notes:
a) Value assumes density of water is 1 gfem3
b) Value based on assumed total volume of 300 em*3

Test i e
Calibration Test: M-08 Target Eny L pe L
|~ Sample Preparation Details (For Moisture Conditioning) | Targee Mot st G
General Detsils Units Specimen A Specimen B imen £ Date e
Moisture Conditioning Date - 8112022 8/11/2022 8/11/2022
Mold # — 1 2 3 Specmes A Specimes B Spacimen C

Maid Approx. Control Volume et 798.45 826.02 80482 [e=r a7 En a1
Emipty Maid Tatal Mass g 503.75 503.23 504.00 15600 TAL sapezm 1
Target Dry Density ped 100 100 100 L4EEDR LATLLR 185584 3
piem*3 160 160 160 1m0 FU S T 4
Target Volumetric Moisture Content % 0% 1% 1% 15637 14453 TSI
Target Gravimetfic Moisture Content % 6.2% 6.3% 6.2% 145622 WAL ST
Details for Contral Volume Pre; 18623 M 14961 7
Mass of Solids s60T W uwem 8
Mass of Water " 145603 TR 14575 ]
Details for Caver L5598 1emas wmE 1
Mass of Salids * frt wIRET sgssy 1
Mass af Water 2 | & [ oo | meo [ aom w5612 w0
Prepared Specimen (Prior to Sensor Insertion) (ELTETY 1T 2R EELEE |
Measurement Linits. Specimen A Specimen B Specimen C 15615 TR MpET 14
Specimen Preparation Date - 8/15/2007 8/15/2003 B/15/2022 14561 147438 4868 15
Mais of Mald [ 503.85 503.41 504.05 143618 147422 340621 1
Mass of Mold + Specimen & 1B61E3 1008 28 187265 15614 14741 I 17
mm 57.67 55.53 57.91 143604 147380 1496 13
Degth to Top of Specimen mm 56,85 55.43 57.83 ll.fs.ﬂ 4TLTE 149583 1%
mm 57.44 54.05 57.84 143604 147385 340642 m
mm 57.86 53.87 57.68 145572 14TLAR 149545 M
Averoge mm 57.46 54.72 57.82 145562 wnn w51 B
Specimen Tatal Mass & 1357.58 1404 87 136E.E0 5551 147267 Ml B
Specirnen Total Valime et 77958 810.07 104 145603 T sl M
Specimen Tetal Density gfem*3 174 173 176 145613 R R E] 1459629 =
ped 108.7 108.3 110.0 145678 1475 149743 %
g em”3 163 1.63 145672 14793 1497.17 n
Sy e iﬂ LY 1015 145657 14774 wgrs: M
Moisture Content (Past-Test] 145652 TN ET AT ]
Measurement Uinits. Specimen A Specimen B Specimen C 143648 147456 MBEET 3
Mass of Tare B 154.03 152.4 155.18 143851 UTSE aees M
Mass of Tare + Wet Tailings [ 147802 1384 39 1403.07 145651 147456 W m
Mass of Tare + Dry Tadings [ 134777 130713 1324.54 15652 TG sapsEd 3
Total Sample Mass [ 127399 1231.98 1247.89 L5635 147455 M M
Mass of Solids 1 1193.74 1154.79 116935 145665 E7TTE PR ST
Mass of Water B E025 772 78.53 WSETE L7ea PETET )
Gravimetric Maisture Corntent % 7% 6.7%: 5.7% LSETS wTE? wha @
Moisture Content * % 11.0% 10.9% 111% 1558 WUMA T B
Estimated Degree of Saturation 145652 w2 wss @
Specimen A Specimen B usEE2 147450 wra
Specific Gravity - 272 272 145647 147438 140553 4
Mass of Water {in molded speci ] E5.54 ERO3 14567 TLTS ETLTET R
Mass of Salids [in molded specimen) B 1272.44 131684 s v wgm @
Density of Solids * glem*3 172 272 a2 L MITDE 4
Volume of Salids [in molded il et 3 467.81 484.13 145661 14ME 1496.98 “®
Vturne of Water * et E5.54 88.03 145647 147436 HeETE 48
Welurne of Vaids et 3 31177 325.54 145646 14TA33 WETd 47
Degree of Saturation % 27.4% 27.0% 143656 14152 148580 43
145662 4TS T 4

conm.

1500
1498
1496
1494
1482
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Sensor 1 Semsor 2 Sensor 3
Actual VMC 11.0% 10.9% 11.1%
Acutal DUW 163 153 165
Degree of Saturation 27.4% 27.0% 28.2%
Average Raw mV - Full| 145581 147184 1494 67
Std. Dev. (mv) - Full 0.36 0.95 0.90
Average Raw mV > 500| 145573 147140 149412
Std. Dev. {mV) = 500 0.3 0.51 0.52

* Sensor 1
Senaor 2

Sensor 3
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Tast 10 aaog
Calibration Test: M-09 Targst Dry b i
Sample Preparation Details (For Moisture Conditioning) Target Wol, Mt Con.: P Sensor 1 Sensor 2 Sensor 3
General Details Units | _Specimen A Specimen B Specimen C Dt BEAERE Actual VMC|  16.4% 16.2% 16.1%
Maisture Conditioning Date = B/15/2002 8/15/2022 8/15/2022 Acutal DUW| 166 166 1.64
Mald it - 1 z 3 Speciman A Specimam B Specimon C Degree of 42.2% A416% 40.5%
Wokd Agprax. Contral Valume cm*3 79845 B26.02 804,82 163839 6555 165338 4 1652 58 1650.27
Empty Mold Total Mass £ 503.75 503.23 504.00 163853 16556 165333 3 [ osa | 109 |
Target Dry Density pcf 100 100 100 163848 165565 ABS3M 3 165196 164057
glem*3| 160 160 160 163828 55T 165343 4 0.65 0.59
Target Volumetric Moiture Content % 15% 15% 15% 1638 31 165552 165311 g
Target Gravimetric Moisture Content k3 9.4% 9.4% 0.4% 1638.08 1655.54 165338 B
Details for Control Volume Prep § z 1638.24 1655.78 165385 7
Mass of Solids 1638.00 1655 62 165346 g
Mass of Water * 1638.07 555,61 165356 g 1657
Details for Cover = 1383 185561 155377 10 1656
Mass of Solids ® £ 48054 48054 48054 1638.23 185577 1683TE 4 1655 :
Mass of Water *° [ g | asm | esm0 | asm 183808 P T R 1654 | il oo - Woeeh
Prepared Specimen [Prior to Sensor Insertion) 1638.08 1ss561 eSS 13 1653 ' S F e < >
Measurement Units Specimen A Specimen B Specimen C 1637.86 553 165345 14 1652 e
Specimen Pregaration Date - /162002 | ®/i6/2002 | ajiejaooz | 1637.86 \E5A1 GEEEED g 1651
Mass of Mold B 50383 503.44 504.01 153795 155548 1Em351 g 1650
Mass of Mold + Speciman '] 1902.03 1049 68 101326 153773 165548 165349 47 15439
mm 6015 58.14 S6.89 1637.05 185473 16SIE1 g4 = 1644
Mmm'npa‘wmeﬂ mim 5849 56.28 56.45 1636.47 165428 185232 19 % 1647
mm 5830 56.53 5715 163648 5548 165237 ag § 1646
i 59.72 55.65 57.87 1635 49 55432 165738 gy 2 1845
Average mm 59.17 56.65 57.09 1635.36 1565415 165213 13 5 1644 Teamae
Specimen Tolal Mass g 1398.20 1446.25 1409325 153647 54,17 165337 g3 .ﬁ 1643
Specimen Total Volume cmha 76558 704,23 78298 163639 15415 165RIE - 34 1642 Sensor 2
Specimen Total Density gﬂ.m“s 183 182 1.80 1635,29 185407 165213 25 1641 Sancor 3
114.0 113.7 112.4 153837 P 15218 36
Efemn3| 166 L.66 164 1636.21 5335 1B5106 77
e T e _E 103.8 103.5 102.3 1636.37 1654.12 165125 g5
Miist Test) 1636.06 55379 165199 29
Measurement Units Specimen A 153552 165331 16515 an
Mass of Tare. £ 15387 15235 15505 1535.54 15332 158 gy
Mass of Tare « Wet Tailings L 1492.37 15331 149133 163618 18538 18520 33
Mess b are:+ Dey Tallgs £ A3a ai ik iz ks How B o 0 50 100 150 200 250 300 350 400 450 SO0 S50 600 650 700 750 800 850 S00 850
Total 5ample Mass [ 13384 13B0.75 133627 1636.15 165185 165207 34
TWass of Solids z 1218.27 1257.60 12168 153629 155308 tes21 35 Recarding %
Mass of Water E 12013 123.11 119.47 1636.25 \53m 1613 38
Gravimetric Moisture Content % 9.9% 9.8% 1636.36 65404 165222 37
Valumetric Moisture Contant % 16.4% 16.2% 16.1% 1635,58 5541 165335 35
Estimated of 5a i i 1636.72 5428 AESTAE 3
Measurement/Value Units pecimen A Specimen Specimen C 163659 654,13 165243 g
Specific Gravity = 232 273 272 1636.12 5378 165200 41
Mass of Water {in molded specimen) [ 12550 128.95 17599 1636.48 65418 185215 a2
Mass of Salids {in molded specimen) Iy 1272.70 1317.30 128376 1636.9 55443 16EIST 43
Deasity of Solids * Bfcm*3| 232 272 272 163582 55445 165251 4a
Valume of Solids (in molded spacimen) cm*3 467.91 484.30 47178 1365 54,13 16513 a5
Volume of Water * m*3 12550 128.95 12599 1636.03 165365 165182 45
Wolume of Voids cma3 29767 309.93 31120 163,43 \5413 185137 47
Degres of % 423% ALEN 40.5% 163582 165438 165149 48
1636.68 165424 165239 a5
Notes: Cont.

a) Value assumes density of water Is 1g/em~3
b} Value based on assumed total volume of 300 cm*3
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Calibration Test: M-10 s M o o
|~ Sample Preparation Details [For Moisture Conditioming) | Fangut Vol bt £on.: i Sensor 1 | Sensor 2 Sensor 3
General Details Uniits. Specimen C et A Actual VMC|  21.1% 21.0% 21.0%
Moisture Longiioning Date -~ 8/16/2022 B/16/2022 Acutal DUW| 163 163 163
Mald # - 2 Spucinman A Spacinman 8 Speman C Degree of Saturation|  52.7% 52.5% 52.3%
Woid Appro, Contrel Volume emtd 836.02 Fr=ore BmA teear L Average Raw mV - Full| 184458 1803.42 1800.08
Emipty Moid Total Mass 8 50123 sasa0z Bm s 2 Std Dew. (mv) - Full| 122 | 108 128
Target ey Denity pd 100 15487 BROL e 3 Average Baw mV > 500 184434 1803.07 1759.46
g/em*3 1.60 185011 1507.20 1E0454 4 Std. Dew. [mV) > SO0 D65 0.55 062
Target Violumetric Moisture Content % 1840 64 Fronees proeey 5
Target Gravimetsic Moisture Content % 138019 1806.97 BG4 57 6
Details for Contral Volume Prep 180850 WTAE s 7
Mass of Solids E 127885 1323.11 1289.16 18485 18073 18434 B
Mass of Water * 184767 1806.25 180377 a 1854
Details for Cover 1586.71 1505.36 1E02 T8 w0 1851
Mass of Salids 13495 1805.51 1B0308 1 1848 ‘w
Nass of Water *® e | 50.00 | 50.00 60.00 184745 W53 18G4E 12 W w »
PrmredST-ITthmeemlmrﬂw l w2 wse e e o S PV BRI p TR L g L
Measurement Units imenA_ | Speci Specimen C 184744 sees s w e
Specimen Preparation Date = 8/17/2072 B/17/2022 8/17/2022 1847.26 180583 18344 15 1833
Mass of Mold & 503.79 50335 504.00 18455 150 1ERER 16 1836
Mass of Mald + Specimen g 1041 79 159039 1953.18 184704 1805.65 FTCETI ] —
mm 57.74 5555 S5.48 185 87 WSSL 1EE3E 16 i
Dejath i Tap of Spadimen mm 56.52 5557 56.06 188802 180557 T TR E 1830
mm 57.34 5432 S6.68 18%.26 P T E = 1827
mim S7.61 5459 56.95 188638 ST Y 53 1824 o Srmor 1
Arrge mm 57.30 5501 56.30 128672 1A% 81 1R » a
Specimen Total sk 5 183800 e Ty e wET a1 g taipials
Specimen Total Valure [} 72083 807.71 78344 184714 BEE 18345 14 5 1818 Sensor 3
Specimen Total Density plem*3 1E4 184 184 158595 5T 160935 15 1815
1150 1149 114.6 18007 BEN 1EE4E 6 S
& 'emA3 163 1.63 163 154731 1805.91 1B 6L bl
i S j::[nl 1018 1018 1015 185,05 1S56R  1B034s 18 1809
Moisture Content (Post-Test) 185 B3 180554 18033 F 1806
Measurement Units. Specimen A Specimen B Specimen C 154538 EBIS 3 A 30 1803 x
Mass of Tare B 15383 15232 15504 184741 180579 te0as2 3 1800
Mass of Tare + Wet Tailings [ 1567.08 1463.57 145176 184565 18548 10315 3
Mass of Tare + Ory Tailings e 140459 1313.88 1303.14 189,63 18054 TYCPORRYY mn
Total Sample Mass B 141315 1311.35 1296.72 184703 1H5.66 18034 3 1794
Mas of Solids 3 1251.06 1161.56 1148 1 1847.04 180569 1B00 41 5 o 50 100 150 00 50 300 i) 400 450 500 550 600 650 700 750 800 850 900 950 1000
Mass of Water [3 162.09 14069 148 62 184772 180618 1803 85 k] Recording #
Gravimetric Moisture Content 3 13.0% 129% 120% 184803 180541 BB 37
Volumetric Moisture Content * % 21.1% 0% 2L.0% 184564 1B 10476 38
e [Estimated Degree of Saturation ) B 1548 38 1506 66 13044 39
Mieasurement/Value Units | Specimen A Specimen B Specimen C 185864 WOSES  1BMEE 40
Specific Gravity -~ n 2372 272 184837 1806 6 T ETRTY
iass of Water [in molded specimen) & 164.94 168.76 166.09 184,19 1806.5 18429 42
Mass of Salids [in molded & 127306 1317.27 1281.08 184873 1806 6 T EUY
Density of Solids * glem*3 72 272 272 184219 WA LBMIE 44
Wolume of Solids [in molded speci ] 458.04 484.29 47172 185871 WOSES  1BME 45
Volume of Water * emtd 164.94 168.76 166.09 28 18069 W47 48
Volume of Vaids 3 312.79 323.42 31772 180882 WOEEY  EMTS 47
Degree of Saturation % 52.7% 52.5% 52.3% 15884 1506.98 10434 48
184871 180689 1B T 49
Notes: ent

) Value assumes density of water is 1 glem®3
1) Value based on assumed tatal velume of 300 em*3
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Calibration Test: M-11 ;:’Iﬂlfﬂfi L '\‘1;‘; pef
T Sample Preparation Details [For Moisture Conditioning) | Tagut vl Mz Con.: 2w [ Sensor 1| Sersor 2 | Sensor 3
General Details Units | Specimen A Specimen B Specimen Date: o838/ Actual VMC|  26.0% 26.0%
MAELLTe Contilioning Date — B/17/2022 B/17/2022 B/17/2022 Acutal DUW| 161
Waid # = 1 z 3 Speciman s Specimen B SpeckeanC Degree of FE
Mold Approx. Contrel Volume 3 798.45 A26.02 804.82 196543 188351 WAz 1 Auerage Raw mv - Full
Emipty WoH Total Mass 1 503.75 0323 504.00 1955 58 1837 ez 2 Std. Dev. [mV] - Ful
v pcd na 100 100 s a7 w0942 3 m\ = 500
Target Dry Density
glem3 1.60 1.60 1.60 196549 198325 200835 4 Std. Dev. (mV) >500| 075
Target Volumetric Moture Content % 25% 2% 7% | fre 19833 wam s
Target Gravimeteic Moisture Content * 15.6% 15.6% 15.6% 1985 16 188331 20083 &
Details for Contral Volume Prep B 18383 156206 200758 7
Masis of Solids 13 198193 200736 H 2014
Mass of Water * 10634 193140 200737 @ 2012
Details for Cover 18E1ER 198176 200776 1w 2010
nass of Salids * 19636 1981 63 20754 1 o
Mass of Water ** [ ¢ | 7500 | 700 [ 7so0 196171 wan wes u S
Prepared Specimen [Prior to Sensor Insertion] 13 aE ra1Et 200791 FE]
Measurement Units | Specimen A Specimen B Specimen C 195353 1L 275 4 it
Specimen Preparation Date — B/18/2022 8/18/202F B8/18/2022 =1 o 88 200795 15 2002
Mass of Mold ] 50374 50333 503.98 10522 108124 wo7i 2000
ass of Mold + Specimen g 158144 2032.02 1933.40 198352 19615 worer 47 1998
mim 5645 5436 S6.68 1san 188117 Wl A
Depih ta Tep of Spacimien i 56.48 5375 56.08 195355 138139 200744 1 Sacy
frem 56.38 54.09 56.60 1963 98 168187 200794 o = Sensar i
i 56.06 5414 56.78 HEAT £ WOTE un = 1942
Average v 56.34 54.09 56.54 196365 198157 mMersE 1 E ya00 Seniar 3
Specimen Tatal Msss T & | o 152869 1a89.42 15382 LN wws2 1 B i Sentar3
Specimen Total Valume et 788.69 B15.28 787.49 196354 158145 w74 24 §
Specimen Totst Dentity | g/em*3 187 188 18 iy 1981 06 wew 2 °§ 1386
ped 170 117.1 11E.1 193 19811 PR H 1984
” emA3 LEL 162 1.6 185375 1881 50 075 n 1982
Spetanen Dry Dty 8" 100.7 100.9 1018 185372 198164 200757 m 1980 -
Moisture Content (Post-Te 195346 19613 20725 ]
Measurement Units. imen A en 5§ jmmen C 196319 108104 200691 an 1978
Meass of Tare E 1539 15228 155.01 196328 1 09 o698 3 196
Mz of Tare + Wel Talings & 139175 162425 015 | 196337 et a1 F RO 1974
Mias af Tare + Dry Tadings € 130562 142157 1403.33 196335 198145 wores @ 1872
Total sampie Mass & 1337.35 147197 144753 186273 158050 WAz 34 18%0
Wass of Solits ] 115172 126939 128822 196303 15034 MeE2 35
Mass of Water ] 185.63 202 68 19931 195106 198078 weaEs 3 1968
Gravimenric HI_JI!lurE'CﬂnlE'n\ % lﬁ.lﬁ 16.0% 16.0% 186335 1981 200634 Ex) 1966 'S ‘ ? h v - m “ ﬁ.l m -
Wolumetric Moisture Content * % 26.0% 25.8% 26.0% 195124 193084 weeEs 3 1964 ol " [y il qutty L #w
B ) 186318 15E0.92 0EET a0 1962
Measurement/Value Units pec Specimen € 186312 198075 20066 an fa60
Speciiic Gy L= it - o seesom © 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 B50 900 S50 1000 1050 1100
Mass of Water (in molded 2 205.08 s 058 R B Recording #
Mass of Salids [in malded specimen] & 127259 1318.20 1284.34 T 15800 Wwes2 4
Density of Solids glem*3 272 72 72 11 158037 wess 44
Volurme of Solids [in molded speci ernt3 467.36 48463 47218 19317 198075 MeEAE 45
Volume of Water * emtd 20511 21048 205.08 196316 18072 WESE 46
Wolume of Voids 3 32082 330.65 31531 196338 158095 MWeET 47
Degree of Saturation % 63.9% B3.7% 0% 19633 158078 W4T 48
195304 19806 200628 49
Notes: £a

a) Value assumes density of water is 1 glem®3
b) Vahue based on assumed total volume of 300 cm*3
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Notes:
) Vialue 2ssumes density of water is 1 glem®3
1) Value based an assumed tatal velume of 300 em*3

Calibration Test: M-12 s A ME
Sample Preparation DEtais [For Moisture Conditioning] Fagut vol. Mesx. Can.. w
‘General Details Units. Specimen € [ 0823722
Moisture Conditioning Date = 8/18/2022 B/18,2022 Bj18/2022
Mald # - 1 i 3 Spationns A Speciesnd  Specisan C

Moid Apprco. Control volume em3 708,45 B26.02 #0482 FITreT) FIFTFE] FITTTT] 1
Empty Maid Tatal Mass B 503.75 503.23 504.00 uny FIEIEE] 214338 1
e —— ped 100 100 T IR 21435 a7 1
glem*3 160 160 14 211130 05 4 4
Target Volumetric Moisture Content % 30% E 30% FHET FIVIETH FIT T} 5
Target Gravimetric Maisture Content % 18.7% 18.7% 18.7% 211138 FIRLE 14383 &
Details for Control Volume Prep 138 1836 214348 7
Mass of Solids 21086 21848 24268 &
Mass of Water 211088 21847 14l a
Demilsfor Coves e e 2183 4 neyn W
Mass of Salids * FIEEEC 212858 214315 at
Mass of Water ** e | 00,00 50.00 | 50.00 2u0c8 1t naum w0
Prepared Specimen [Frior to Sensor Insertion] 20852 23714 FIPTE -
Measurement Units | Specimen A Specie Specimen 210936 212639 24107 "
Spetimen Preparation Date = 8/22/3072 8/23/2022 8223022 210884 313853 214056 =5
Mass of Mold E 50370 50336 503.92 210038 213638 aver 16
Mass of Mold + Specimen g 2019.50 2072.63 3300 210881 FEaT A a1 )
mmn 57.74 5451 56.98 21082 21677 a0 @
Deisth 5°Top of Specimen mm 5733 5435 56.19 210038 11656 nass w
mmn 56.39 5420 56657 20083 SIS maas m
mim 56.82 5445 56.92 10452 1 214104 A
Average mm 57.07 5435 56.69 20007 213652 214087 2
Tpecimen Tatol o & 1516.20 156837 Tozaoa | a7 138 FIPIET RNt
Specimen Total Valurne et 7873 813.08 78626 B 2651 FIPLE R
Secimen Total Density ] 104 193 184 0937 168 PP TS ]
pet 120.8 105 1714 21083 676 nus %
5 'emh3 161 152 L&3 FICE 672 nus W
N e ﬁ‘pd 10L5 1012 102.0 202 2687 207 ]
Migisture Content (Post-Test) 0964 1o nan  m
Measurement Units |  Specimen A Specimen B Specimen € 200 e FIPTS ERN ]
Mass of Tare [ 15397 15223 154.97 210046 212638 T4 E
Mass of Tare + Wet Tailings [ 1567.08 1588.72 159435 210896 21642 214044 2
Mass of Tare + Dry Tailings [ 1339.99 1358.28 1363.79 210936 21674 naps 33
Total Sample Mass ] 141311 1436.49 143938 210034 P E) 4055 w4
Mazss ol Solics B 1186.02 1206.05 120862 210092 212649 212058 E5
Mass of Water B 217.09 23004 23056 210030 243648 214051 3
Gravimetre Maisture Content % 181% 151% 101% 210000 21842 24042 37
Valumetric Moisture Content * % 31.1% 3L.0% 31.2% 204935 21657 214053 3
e Estimated Degree of Saturation ) 210927 212656 214058 E']
Weasurement/ Value Linits Specimen A Specimen B Specimen C FITCETE 242644 214048 a0
Specific Gravity - 272 17 2.72 20957 21838 num @
Wiass of Water {in molded specimen) & 243.66 25176 24493 210054 21659 2200 2
Mass of Salids [in molded g 137254 1317.61 1284.15 20009 1630 4036 43
Density of Sofids* glem*3 272 272 272 21083 2658 2057 44
Wolurne of Salids fin molded cm*3 467.85 48442 47211 a4 685 nam a5
Wolume of Wter® et 243.66 25176 24493 32 22658 a8 46
Walurne of Voids et 31488 32867 31415 21003 2685 nus 42
Degree of Saturation % 174% 76.6% TRO0% 20934 22647 4030 48
20913 21637 FIPLEER

2148
2148
2144
2142
2140
2128
2136
2134
2132
= 2130
E iz
22
& 2124
§a12
& 2120
211
2116
2114
2112
2110
2108
2108
2104
2102

110

Sensor 1 | Sensar2 | Sensord
Actual VMC 31.1% 3L0% 3%
Acutal DUW 163 162 16
Degree of Saturation T7.4% 76.6% TRL%
Average Raw mV - Full 3107.42 2133.06 FIEFETR
Std. Dev. [mV] - Full 130 143 212
Average Raw mV > 500 2107.63 212278 213430
Std, Dev., (mV) > 500 108 .50 0.57

o,

50 100

150 200 250

300

350 400

450

500 550

= Sonsar 1

Sonsor 2

Sensor 3

»a fk?,."‘l.mn'w s

W‘M'M‘m rm

600 650 700 750 800 E50 900

Recording #

950 1000 1050 1100 1150 1200



Notes:

) Value assumes density of water is 1 glem®3
1) Value based on assumed tatal velume of 300 cm*3

ot

Calibration Test: M-15 ki s e
Tasgat bry L 6 pd
Sample Preparation Details (For Maisture Conditianing) Targot Vol Msx. Con.: @ %
General Details Units Specimen A Specimen B Specimen C Dat 821/22
Molstute Candmioning Date = 9/21/2022 9/21/2002 9/21/2022
Mold # — 1 2 3 Speding A SpewsanB  Spacimen C

Mald Appro. Contred Volure em*d 708,45 826.00 804.82 3106 233555 233057 1
Empty Mold Tatal Mass & 503.75 503.23 500.00 245 ns7 304
Taeget Dry Density pd 66,04 66.04 6604 | Y 233548 B g
glem*3 106 106 106 PE TR FEECETS 23097 4
Target Volumetric Moisture Content % 6% 6% 60 FEET] FEECET 23400 5
Targel Gravimetsic Moisture Content % 56.7% 56.7% 56 7% 23004 FEEEREY 380 &
Details for Control Volume Prep e FEEERT) 233798 7
Mass of Solids 31003 FEEETY FEETES 8
Mass of Water* FE T 346 FEERRE 3
Details for Cover 2077 FEEEE) e 0
hass of Solids * B 31735 317.35 31735 232003 PEEES] 233804 1
Mass af Water ** | ) 1000 | 1snmo 180.00 23387 FEERT TR
Prepared Specimen (Prior to Sensor Insertion) 238 BN 3173 13
Measurement Units | Specimen A Specimen B Specimen C 1317 1175 nrs gy
Specimen Preparation Date — 9/21/2022 9/21/2022 9/21/2022 238966 nue 233749 15
Wiass of Mald & 503,65 S0323 | soiEs | 2197 preery mA g
Mass of Mold + Specimen & 1B46.58 188257 180678 231939 85 267 g
mm 52.14 5028 55.19 231918 nae HIEE "
Depth ta Top of Specimen mm 5108 5021 54.75 23196 nu& w7 gy
mm 5196 50.29 55.07 33043 FEEREt] 6%
mm 5189 49,40 5488 231939 08 mEm oy
Average mim 52.04 50,07 54.97 23035 23255 PEETRE] 2
Specimen Tatal Masi B 134203 1379.34 1302.93 FELE s 233728 P
Specimen Tetal Valure em~1 #23.90 4R35 800.35 231033 LTS =IE g4
Specimen Total Density ] 163 161 163 2334 FEE T T
pet 10LE LS 1016 31035 FEERT FECLE R
5 'em*h3 1,06 105 105 23036 FEEET BmEs p
N s j!tpr.l 659 65.7 5.7 2m4 mazar FECT)
Moisture Content (Post-Test) 231916 pEEET] 233675 b1
Measurement Units | Specimen A Specimen B Specimen € 231896 Bnm 233641 a0
Mais of Tare B 35878 28952 27308 231035 23236 PEETEY] 3
Mass of Tare + Wet Tailings [ 154239 1506.28 1476.67 2003 n3is AR 3
Wiass of Tare + Dry Tailings & 113549 1077.27 10528 FECEE] 13 mmes 3
Total Sampie Mass ] 118351 1217.86 1167.59 2m050 23388 AT gy
Mass of Solids B T66.71 TBT.S F7T2 2z 233808 233887 s
Mass of Water B 4165 4767 47387 23006 23354 233813 %
Gravimetric Moisture Content % 54.4% 54.5% S4A% 23805 3287 2371 3
Volumetric Moisture Content * % 57.4% 57.4% 57.5% 251066 23272 233748 38
N Estimated Degree of Saturation i i 23108 3286 730 1
‘Measurement/Value Units Specimen A Specimen B Specimen C 231953 Hire 233731 an
Speilic Gravity - 72 272 272 231049 33282 33728 &
haass of Water {in molded specimen) & 473.02 48665 46115 231238 maz3a Bmam 4
Mass of Salids [in molded 3 853.91 892 49 84178 231033 BN 233699 4
Density of Solids = glem*3 2.72 272 272 231007 B387 233650 44
Wolume of Salids [in molded em*3 319.82 32812 30248 231932 3238 133707 45
Veluirne of Water * emh3 473.02 486,85 461.15 3138 =0 mrm| 46
Wolurne of Vaids et 3 504.07 520.13 490.87 231894 Bun 233648 47
Degree of Saturation % 93.8% 93.6% 919% 3042 B FEETET B
23028 Ban FEETT Y

Sonsor Output [mv)

2342
2340
2338
2336
2334
2332
2330
2328
2326
2324
2322
2320
2314
2316
2314

2310

111

Seraor 1 | Semsor2 | Semsord
Actusl VMC|  57.4% 57.0% S7.6%
Acialouw| LD 105 105
Degree of Saturation|  93.8% 236% a30%
Average Raw my - Full| 231650 232766 731303 |
St Dew. [mV) - Full| 155 268 188
Average RawmV > 500| 231558 | 232563 | 233137
Std. Dev. (mv)>500] 153 14a i

it -
L W
o 100 200 300 400

500

A X
th!\gw’t t

* Senaor 1
Sensor 7
Sensor 3
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700 1000

1100

1200
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Calibration Test: M-17 s A <
| Sample Preparation Detais [For Moisture Conditioningl | ‘Tagut vl M. Con.: st % | Semsor1 | Sensor2 | Sensord
General Details Units | Specimen A Specimen B Specimen C Date: [ory Actual vMC|  aa.8% 48.5% 48.5%
TAoEtaTe Candiionng DAte = 9)28/2022 5/ 28,2022 BJ38/2022 —E.m‘i'-ﬁf 131 132
WMald ¥ = 1 T 3 Spociman & Spccimin B Spacieant
Maild Approx. Cantrol Volume et 79845 826.02 304.82 1mE TS 2mA 2053 |
Emipty Mald Tatal Mass g 50375 503.23 504.00 s e P 209047 2
e
Target Dry Density pd E4.07 8407 8407 2527 w5 02 3
&lem*a 135 135 135 x84 2T w043 4
Target Volumetric Moisture Content % 50%. 5% S0% 844 21859 21950 s
Target Gravimetsic Moisture Content % 37.1% I7.1% 37.1% proch ] nees a0 13
Details for Contral Volume Prep proct 116 Ham 7
Mass of Solids 2146 AL 2934 3
Mass of Water * 2278 M6 2882 5 2184
Details for Cover EEET 218506 FrEE 0 2293
Mass of Salids 403.39 403.59 40399 21824 R T oy 3
Muass of Water *® g | 100 | iso0 | 1s000 Pt msm maE g e [ A > .
Prepared Specimen (Priof to Sensor Insertion] FEEY) s AT 3 2291 . 3
Measurement Uinits Specimen A Specimen Specimen C 2416 2645 ma ,. 2290 -
Specimen Preparation Date = 5/28/2002 9/28/2022 §/28/2022 nmana 1881 ;s g5 ,
Mass ef Mold B 503.68 50332 503.90 mmaE 21865 25057 2288
Mass of Mold + Specimen [ 1541 E5 2038.30 194878 AR 28655 a7 2288
mm 55 4386 55.89 nse 2672 e PP R =
Depth 1o Top of Specimen mm 54,94 45564 5516 2334 28658 M g E 27
i 54.34 43.77 5502 umE 2386 36 215854 m 2 2286
mm 55,10 4347 55.65 AT B g g g !
Average e 54.89 49.69 5543 ma? w52 35 g3 O 2ms | oe .
Specimen Tatal Mass B 143817 1534.08 1444 B8 TS 2mAs 084 33 2 o [
Specimen Tetal Valme emt3 30056 B5L.39 79660 proveny i nes g4 & 1% . 3
Specimen Total Density glem*3 180 180 181 procET 1mEE0 28957 25 1283 %& f q‘ . ;‘3
1122 1126 113.2 FEEEEEY 1868 s 18 Saar *l . s' § ? o
Specimen Dry Density | g/em™3 131 131 132 i) 228671 2m057 Pl s - % - * .}
ped ELT B0 23 28337 21634 2958 M . = P}
Whoistire Content [PostTes) 5344 mem mn w 120 . W* g ..
Measurement Urits SpecimenB | Specimen C amast mesm wmen g * Sensor 1 Bk el + % k‘
WMiass of Tare & 280,51 279.08 238 28755 e 27 Sensorz
Mats of Tare + Wet Tailings [ 1552.52 146132 imaa 21156 mWamM 3 2278 Sensor 3
Wiass of Tare + Ory Tailings & 120971 11401 EEE ] 2100 w0l @
Total Sample Mass B 1263.01 1184.24 2maan 21573 P 4 2277
M of Solids & 3202 FEL02 2308 & man 3 O 50 100 150 200 250 300 350 400 A4S0 500 S50 GO0 650 700 750 EOO 850 900 950 1000 1050 1100
Mass of Water 3 342 E1 31322 M3t nee? 2N 36 Recording ¥
Gravimetrat Moisture Content % A% 37.5% 23 21574 2975 3
Mugisture Content * % ARS% A9.5% 1H176 215 18040 2
i “Estimated Degr i _ a0 M6 s m
Mieasurement alue Units Specimen B Specimen C 2326 s mam g
Specific Gravity — 272 272 17 2647 imEss a1
Mass of Water [in molded speci ] 416,63 39436 28256 28638 s
Mass of Salids [in molded specimen) ] 111835 1050.52 s 2655 imes 4
Density of Salids B glem*3 2.72 2.72 2284 867 nEe? 44
Volume of Salids (in molded speci 3 41115 38632 2283 22871 2976 a5
Wolurne of Water * em?d 416.63 39436 228278 28683 W g
Wolurne af Voids ] 440.73 41037 24 263 FETPPR
E&dﬁ“m % B4.6% 96.1% 2r233 262 238933 48
208 2HETT 8028 49
Notes: Coes.

a) Value assumes density of water is 1 glemn3
b) Value based on assumed total volume of 300 cm*3
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Calibration Test: M-18 {;‘l"'fb__ - o A
T Sample Preparation Details [For Moisture Conditioning) | Taut Vol ML Con ¢ 5% [ Semsor1 | Sensar2 Sensar 3
General Details Units. men A imen B imen € Dt casias ActuslvME| a6 34.4% 34.7%
Moisture Contiliomng Date — 1/35/2023 1/25/2023 1/25/2023 Acutal DUW[ 15t 163 154
Mold # = 1 3 8 Specimin & Sgucisan C ree of Saturation B7.0% BEI% BT.E%
Mold Approx. Control Violume emt3 F98.45 A26.02 80482 213423 210623 1 11[@.29__’1@.33
Empty Mo Tatal Mass v 503,75 50123 504.00 213385 20585 e Std. Dew. [mV) - Full Li3 155
Targeét Dry Density ped 105 105 105 3351 210510 3 Average PawmV>500| 217085 | 710765 | 2006.03 |
glem*3 168 168 168 3338 upase 4 Std. Dew. [mV) > 500] 0BG 0E7 142
Target Valumetre Masiure Contenl % 5% 5% % 23328 2087 s
Target Gravimetsic Moisture Content % 20.8% 20.8% .8% 213226 10492 &
Details for Contral Volume Prep pIEREL] 2104197 7
Mass of Solids 323 1023 10399 &
Mass of Water * 213238 213058 210453 £ ] 2138
213409 Hia 10641 m 2135
504.57 504.57 50457 23am 2059 1
Mass af Water >® e | 105.00 | wsm | 105.00 21337 2115 20684 o 13
Prepared Specimen (Prior to Sensar Insertion) 213424 5198 nees 09
Measurement Units | Specimen A Specimen Specimen C 23387 116 norE w4 128
Specimen Préparatien Date — 1/26/2023 1/26/2002 1/26/2023 213408 2105596 15 T
Mass of Mald B 50339 50209 503.54 213397 210638 16
Mass of Mold + Sperimen [ 1616 2170.84 Z12E.56 pIEER ] 205 ET 17 2147
mm 55.57 S165 467 23386 npE g8
Depth ta Top of Specimen mm 52.57 50.03 52.22 pEEIEE) I 1 2120 —
ram £0.93 2108 50.98 EFEEE™ PP an =
i 54.57 52.17 54.01 FIERETS FTF LR Y E 2117 Sensor 2
Average i 53.41 50.73 52.97 325 FITET S g Sensor 3
Specimen Tatal Mass [ 161277 1667.85 1625.02 13246 210435 1 2 2114
Specimen Tetal Valume em~3 812.70 842,79 81676 23248 14 7] =
et Tt oS gem™3 158 15 1m aua s 3 E iz
pd 1219 1235 1242 23241 nps % i
Spetimen Dey Denisity | glem™3 164 163 164 23215 210388 w
pod 1023 102.1 102.6 23205 w7 m 2108
Moisture Content |Post-Test) a1 210875 1
Measurement Uhnits. Specimen A Specimen B Specimen C 213185 210329 a0 2102
WiEss of Tare € 286.66 281 58 1m.12 23t88 nms n
W of Tare + Wet Talings & 160,83 1666 62 167839 FPETeY] EETEPOR ! 2098
Mass of Tare + Dry Tailings g 1388.17 1437.4 143539 FIEIEY] 210344 EE)
Testal Sampie Mass ] 133417 1375.03 1400.27 38 oA 3 a0
Mass of Solids g 110151 113581 1156.17 21324 upam 35 Soda
Mass of Water [ 23266 23822 2481 23208 nms
Gravimetric Maisture Content % A% 211% A% 213258 FIT R n 2090
Muisture Content * % 34.7% 21345 210589 ' o 100 200 300 400 500 500 To0 200 00 1000
) “Estimated Degree — 213439 s oawsss  m Pcoriding i
Measurement/Value Lnits Specimen € 213384 135 uss A
Specific Gravity -~ 272 272 272 BrETES] FITTE N MBEAZ AL
Mass of Water [in molded ] 28134 290 16 283.28 23374 21145 s 42
Mass of Salids [in molded specimen) ] 133153 1377.69 134174 3383 FITTFN H3 43
Density of Solids * glem*3 272 2.72 272 3389 13157 210529 a4
Wolurne of Salids (in molded i em*3 49953 50650 40329 PIEER 212145 210622 a5
Wolurne of Water * em?d 28124 290.16 28338 naien LA mEL 46
Wolurne of Vaids 3 37317 336.29 31348 23360 21135 ugssE 47
Degree of Saturation % _Bro% BG.3% H.6% 213358 PIEIEL] pET a8
13an 11141 2105142 49
Notes: Cost.

a) Value assumes density of water is 1 glem®3
b) Valhue based on assumed total volume of 300 cm*3
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Tt i L]
Calibration Test M-19 rai—— s e
B sne Tasgut Vol Mst Con.: a0 =
General Details Units. Specimen A imen B Specimen € Date TP
Moisture Conditioning Date = 1/26/2003 1/26/2023 1/26/2023
WMald # — 1 2 3 Speciman A Speciman B SpecimanC
Mald Appros. Cantral Volume em*3 798.45 826.02 B04.82 217324 26175 2s457 T
Emipty Maid Tatal Mass g 503.75 503.23 504.00 FILET S MELES 216445 2
Target Dry Density pd 110 10 110 17247 26115 MEAL ]
glemaa 176 1.76 176 217285 116151 216454 “
Target Volumetric Moisture Content % A0 4% A% 217339 115188 218447 :
Target Gravimetfic Moisture Content % 12.7% 12.7% 12.7% 7284 IETY Mea3s 6
Details for Contral Violume Pre 1N 613 218455 7
Mass of Solids 17228 116084 218406 2
Mass of Water " nns 245091 2E418 a
Details for Cover 217264 216181 218443 ]
Mass of Salids * 52859 528.50 27283 HELIE Heaa2  m
Mass of Water *® | & [ 1w 100 | 1m0 238 me11 nea2s
Prepared Specimen (Prior to Sensor Insertion) BERFET) 8082 PIE L) ]
Measurement Linits. Specimen A Specimen B Specimen C 217242 nELee 216407 "
Specimen Preparation Dats - 1/27/2023 1/37/2023 1/27/2023 una 216096 2184135 5
Mass of Mald B 503.52 503.93 503.73 217182 216033 eI
Mass of Mold + Specimen 3 2087 .05 2148 69 210989 217185 118057 s3ET o
mm 5434 84 4, e 215082 ngass 8
Depth ta Top of Specimen T 54.86 07 17211 nsa? 2161.?! . ]
i 53.63 .03 17194 116051 21€351 0
T 53.27 .65 217158 118023 218326 n
Averoge m 54.01 0.57 7iEs 28032 FIEETR
Specimen Tatal Mass & 158353 164476 1606.16 27175 B3 MEaE B
Specirnen Total Valurme em~3 a07.66 944.11 B19.14 nna 115000 FITET O
Specimen Total Density gfem*3 196 195 1.96 21“?2 nsnn 1632 F3
ped 122.4 1216 1224 ML 216034 218332 %
Specimen Dry Density luw\s 1.59 158 159 2736 215996 215306 ki
pd 988 994 217104 nsam nEn ®
Moisture Content |Past-Test] nmna 6030 MELS 2]
Measurement Units Specimen B Specimen C amsa 216029 FIT-R I ]
Mass of Tare B 29162 279.11 217148 218006 EIT-To T
Mass of Tare + Wet Tailings B 175888 171857 37099 115973 FIE T R
Niass of Tare + Dry Tadlings. & 1483.38 144842 21 08 ness @
Total Sample Mass B 1467.26 1a300 | 1M 15054 nas M
Mass of Solids & 119176 11683 | 209085 213933 nE3 3
Mats ol Water B 2755 27015 27132 2598 FIT-E P
Gravimetric Moisture Content * 1i1% 31% 17128 115986 127 ar
Mpisture Content * % 36.6% 36.8% 27133 1598 HE27E 38
‘Estimated Degr 217094 T FITEC R )
Measurement Wal Units Specimen B Specimen C 217046 215936 FITET ]
Specific Gravity - 272 272 27185 B nas ow
Mass af Water {in molded ] 30863 30144 217136 nza73 uE27 4T
Mass of Salids [in molded g 1335.93 1304.72 60 HEnss nas @
Density of Sofids * glem*3 272 272 .72 e 15957 nE2s2 M
Walurmne of Salids [in molded speci [T 273.07 49115 478,68 27108 15054 26254 45
Valurne of Water * ermtd 29678 I08.63 30144 a7 ns0se uE2EE 4
Walume of Voids et 134,59 352.96 339,46 27138 13036 nezE 47
Degree of Saturation % BETR BT.5% B 271 215978 usige 48
1maz 115938 26223 45

Notes:
a) Value assumes density of watet is 1 glemt3
b) Value based on assumed total volume of 200 em*3

2176

2174

2172

2170

sensor Qutput my]

;oM om o om
2 o8 B
2 8 8

il
Z

2158
2156

2154

2150
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Sensorl | Sensor2 Sensar 3
36.6% 36.8%
156 158
E7.5% E8.8%
215502 | 215816
260 242
2151.00 2156.25
067 064

Recording #



Accuracy Test Serles 1 Tt i PRe—
Voot vy Lo [——
Sample Freparation Detals [For Maisture Condioning] | Tegeved M tan: e Semsor 1| Sersor2] Sensar 3
Ceneral Details Units | Specimen A Specimen B Specimen € e P Achml VMC| 0% 125% | 156%
Naaisture Conditaning Date - 1/31/2023 17312023 1312003 148 155 141
WMok & = 1 2 3 P [T Spmcern Degree of Saturation | 15.4% | 200% | 330%
Wald Apprea Control Valume omd TIR.45 £26.02 08,83 nmu FTETEY e T Average RawmV .- Full| 132730 | 1516.11] 158918 |
Empty Mold Total Mass E 50375 50323 50400 pit R} BERUEY ELLE 1 Std. Dev. E!l Full 0.60 102 127
- S 3 a smsr b P T Average RawmV > 500| 132685 | 161541 158828
Target Dry flendty wem*d 152 152 152 tamn ik pare % S1d, Dew. mv) > 500] _ 0.42 [ [
Target WMosture Cantent % i 1% i ey sstar wea 4
Target Gravimetric Mosture Content " 4E5% 7.9% 11.2% TP H1EAL T &
Details for Control Volume Prep e stk T I |
Whass of Salis 1 Y s A T
Mass of Water * 1300 9% pLAR R pLt L1 o
Detaiks for Cover e ik mae  w 1559
‘Mass of Sodids © raman ssraem wra @ S
Mams of Water * ik TR ] gL ET 1 1570
“Actual Mass Far Controll Volume: sumr 1r5 s w 1560
Mass of Solids & 130000 1350.00 1300.00 tamer 174 s 1550
Mass of Water * ] 5980 | 0646 | 14523 1ms winm sma w i
Frepared Saecimen [Prior to Sensor insertion) iz sirgs s
Weasurement Units | SpecimenA | Specmen8 | SpecimenC 1y wire PO EU R 1m0
Specimen Preparation Date ~ 22{H003 22023 222003 tiziar mrra 18e0 64 ™ 1570 - - :
W of Mol = waa | sasr | samr . s1rem wom W 1510 -
Mass of Mald + Speomen E 175017 186831 1729.44 nra e e » L6
mm a1 5472 111 ts1ras mnm  on
Dt 6T of Spicionn mm | sand 5558 [LET] e 1174 Ham @ 1450
54.72 5323 5647 pi-ad ) pLIRE -} pLL LA n 1480
5633 st wsarar smn M = 1470
57.23 s 1 wom E
1t ss1re s o ;e
wamar reet) free] ) 5 1450 R
em*3 155 16 1harar ss1rat PRI 1440
o it 5 %63 1048 379 — i —— ; it —
} em~3 a8 155 a1 1azi 08 ssiraz mam
Sl Do Dty mfpd [ 7.0 7.9 sum 51740 sy m T Sensor 3
ey v PR 1418
Measuremnent 1508 % pLiR Ty pLUERY " 1400
Tass of Tare ] 28664 ik 27508 0w Mrss FEE ] " 1390
Whazs of Tare + Wet Tailings E 138833 124558 132043 T 14148 T IY :
Wiz of Tare + Dry Tailings & 133407 174,76 121456 ssmoe 14128 man % Laea
Tatal Sample Mass B 1000 65 953,88 104134 T wirm FE " 1370
Mass of Salids 3 5743 CERD EELESE My pLit iy 2155184 u 1360
Whass of Water & 2516 T0.82 10583 1kt sstrar e om ek
Gravimetric Mcisture Cantent % 4TH a0% 113% 1y P ETY wa - i
Volumetric Maisture Content * % 1.0% 12.5% 15.9% 101 siras sme @
gree of T T L FTE T a 1330
Units | Specimen A Specimen 8 Specimen © tasns 1740 man ow 1320
Specific Graty = 172 Pz 273 1umm irs mnm e 1310
s of Water | i 1 56.16 10124 12458 1 17 wm e
Mass of Salids fin E 118055 1262.55 110123 sz s1ra mm - = — o — . w00 00 a0 .
Density of Solids * plem*3 2.7 1.1 272 urras Bira FEET ar Recarding i
Volume af Soiids (in mokded specimen) o3 437.70 46417 a04.86 sz 15172 seas 4k
Notume of Water * o3 | seas 10134 12458 uza 1700 ey -
Volume of Noids om*3 36556 12855 376.98 sz s1rz om0
ree of Saturation % 1EA% 0% S50% wna 11 mim @
J—mﬂm e 81138 mom W
Void Rtia | =1 0.84 1 0.7% 1 .93 wmm wirm wam s
pis EE HirE FLL ) -
Notes: Cont.

5] Valus assumes density of water is 1 glem*3
) Vatue based an assumed total volume of 300 cm*3
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Accuracy Test Series 2 e A A
Sample Details (For Moisture Conditioning] Tangert Ve WSt €. Radem
General Details Units Specimen A Specimen B Specimen C e LxT
Moisture Conditioning ate = 2023 1/31/3023 1/31/2021
Mold # - 1 2 3 Sqmanin 4 Semaiermn Sowuimmn C
Moild Appron. Control Volume cm*3 79845 E26.02 B04.22 183217 i 26 nEn 1
Empty Mold Total Mass g 503.75 503.23 504.00 1ArLEE 20801 nmes F
: pel E3 35 95 Frge: e TR 3
TampetDfy Daveily glemA 152 152 152 1A MNEEE nEar I
Targel Volumetric Momsture Content % % Fr E frises 2083 1y s
Target Gravimetric Moisture Content % 14.5% 17.7% 19.7% 1884 i0E4T 6y %
Details for Contral Volume WS 10B15 n¥in T
Masis of Soiids FrTe fi P 5
Mass of Water s noRay F 1)
Details for Cover e FITTE T nEy 1w
Wiass of Salids " riaps noen nEm u
Mass of Water *® recen norew 1Ay i
Actual Mass Prepared for Controll Volume 18I I HEH 10
Marss of Solids g 1300.00 1350.00 181164 0784 1A %
Mass of Wates * g | 1mes | 3mesa | 2629 FrERY] PN uEE 15
Prepared Specimen [Prior to Sensor insertion) priid ) 20187 A5 6
Measurement Units | Specimen & pecimen Specimen C 1l FITIE nEM it
Specimen Preparation Date — 2/3/2023 2/3/20; 2/3/2023 preeT] 0EE nx 1]
Mass of Mald ] 50343 50441 503.62 pEiiE:) noray nEM "
Mass of Mold + Specimen 2 188536 2091.00 056,55 riee 20727 n®s
mm 5788 50.42 59.02 L8 otk nE®  n
Depth ta Top of Spetimen mm 56.2¢ 58.50 59.68 FrES 10608 nEn  n
mm 5570 57.80 58.40 grITEY 20866 nEm  n
mm 58, S8.60 5810 WIOET 084 nres M
Averoge nim 57 58.83 58.82 Wm 10640 nEa b
Specimen Total Mass B 1381 93 158659 1552 63 fL-tET 1066 0 £
Specimen Total Volume el FEa24 77634 TEE.TE e BT nEs  m
Specimen Total Density | gfem*3 176 .04 102 preE) 210638 HEAS n
pef 110.1 1276 126.1 W35 n0ETS nwm )
- gfemA3) 154 174 LES 181135 20675 nEn m
i s | pet | 951 1083 1052 1w n U666 nEn M
FrTES: 20681 nEy 0
men C T noTsE nEn
Thaes of Tare g 2751 FrEE 0T IS £
Mags of Tane + Wet Tailings g 1403.04 1569.04 1550.96 preiEy) HOERS AR E13
Mass of Tare + Dry Tailings. 2 126035 137611 13401 FHE 20EES nEa %
Total Sample Mass [ 1116.42 1277.44 127LER pE R npem nxun ar
Mass of Solids B 97373 108461 1061 WS 10696 XL 3
M of Water 2 142.69 103 E3 21086 i h i) 20674 nse "
Maisture Cantent % WI0E 206 nme s
Welurnetric Meisture Cartent ™ % Wen 20834 nEm o oa
. = | FET nosny nma a
Messurement it AT Ty nME &
Specific Gravity 1m0 noss nmas s
PMiass of Wster {in molded 1WHIE 0813 HEB 4
Miass of Salids [in molded spedimen| B 120531 1347.09 129547 W8k D46 nmE a6
Density of Salids gfena 272 272 172 W06 1nin3 n¥es a1
Valumne of Salids {in moided specirmen) emA3 44313 495.26 476.28 181058 10835 mss
Wislurne af Water * em3 176.62 738,50 257.46 18207 mEs nEe
Volume of Voids cm*3 340.12 281.09 292.50 1065 nnsr nssy 50
of Saturation * 51.9% B5.2% BRI LS 2e0835 A3 51
oid Ratio 10 210534 HEE CH
Vaid Ratio 1 -1 0.77 1 0.57 | 061 s 210828 s CH
18038 npeay nma s
[

Notes:
a) Value assumes density of water is 1 gfemt3
b} Value based on assurmed total volume of 300 cm*3
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Characterization of Density Affects - Series 1 - VWC 15%

Target Dry Dersity

Target Wolum etric Malsture Content

Target Gravimetrc Mosture Content

Detaills for Control Volume Prep

‘Mass of Sl

Mass of Water *

Details for Cover

Nass of Selids

Notes:

a| Value #ssumes dersity of water s 1 glem*3
b} Value based on assumed total wolume of 300 cm*3

Specimen Pregaratian Date S ETETTEE
B i 5. S
g | 1#6.15
mm $6.19
mm 5584
Depth ta Top of Specimen e e
mm 5586
Average mm 55.50
Tpecimen Total Mass ¥ 130588
Specimen Total Valume em*3 19231
Specimen Total Gensity “"E ::;
= Wem3| 137
Specimen Ory Density |
\isture Content [Post-Tess)
Measurement Units. AL
Wiaze oF Tare B FICEY
Mass of Tare + Wt Tasings B 141249
Wiass of Tare + Dry Tallirgs & 1388 51
e Mass g | 1aia
Wiass of Sy B 101841
Mass of Water B FEEET] X 471
Gravimetac Mosture Content % 1LI% b5 AG1% EX 8.1%
Wolumetric Malsture Content * % 15.3% 1545 | 156% | 154
Measurement/Value Units AL . B1 ec. C1 ec. 01 | 5 131
Speciic G - 2. L7 F3 7] 172 71
Mass of Water (in molded specimen] B 12137 11113 13237 | 12308 12130
Mass of Salits {in molded specimen) & 108461 | 114873 | 121184 | 127533 | 13001
Density of Solids s glem*3 2.72 272 272 172 172
‘Walume of Solids {in moided specmen] omtl RIS 42233 | aas.ah | 26EE7 492 65
Vohume of Water * cm*3 12127 121.13 122.37 12208 121 30
olume of Voids cm*3 39156 364.31 33838 32283 30050
Degree of Saturation % 30.8% EERC] 361% | 378%

Spwcimen Al Somimen il Soecieen 0l lowimanDi Specnan £l
148018 ey 1862 uKn preveTy 1
pre T wrrey s s FUT H
ks 1mss seamn w052 ETeTEs 3
preEs) a1z 186278 a0 T «
pre T 207 158078 18800 TEH s
e T 158079 e n Ereer) &
mm ey 1sa1m s Erveny )
umm 1m 138004 e N gLt [}
M 18mE ST s WIS u
s 11 sy 1 ey ®
mn mamn 18ise wear priTen] 5
prE et 1 1y sy ELTEE i
s 1423 848 e W o
ums 12914 g 1 268843 w
ke e 1880 aL7 Frves) =
ams B o e Ere] "
s it e 1508 0180 i
amm pEE e vmm ETeves) "
e JEEt) FEeT e WY g
uma 1mmoe ST 157 W g
e mm resn e 4 T R
1ama 1o Ly 1 LT
ama 1w 86008 wes e T TET R
TR 1 et Lt AT
umsr 120 188057 1808 a4 m
1A e 156018 e 6164 Y
Pt e 15a0 ki ek gy
U FE e EEE) s bl 3
o e 1ssax wes s 18286 F
1mr ik tesay 1857 LT R
amsr reie 1sex wtses ETETET R
s 1 FE T e n WEE g
ume a8y 158018 18 a8s84R u
14T Le T T T WM g
sy 1 iy s WA g
uma 1y EEMT) 14008 b 3
ke 1w 1sea11 wesa ETCT E
muz s 158018 et ] 184 "
arsm 1803 580 wean EUTC R

e FEE tasns 1 EUTE R
i e 18607 et LY ] a
ke e 15s0 s weam a
umi mmn sz 1 s 4
a1 1wy 186087 e s W m
pre T 02 158020 140051 WHN g
mam fEE 1seam wea R 45
umr 101 1887 a0t 188 x
wm 11018 18808 wmm WEL  ap
TR 145034 18405y 158871 WL
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Characterization of Demsity Affects - Series 2 - VWC 20%

Mgisture Condibioning Date 3
Mo A

ool Appros. Control Voiume cm*3

gEy Tatal Mas

Units
Specimen Pregaration Gate
Wiasz of toid E
Wz of Ml + Specimen g
e
e
Depth to Top of Speciman =
mm 5E3
Auveroge e 563
Taocimen Tatal Pass E 131000
Specimen Tatal Vol Lme [ 78887
specimen Bfcm*3 LEE
ot 1m7
= pet | £
Moistire Content
Measuremant Units | Spe
Wass of Tare £ 15156
Wizt of Targ + Wot Tallings & 1ATI 0
Wi of Tare + Ory Talings € 125658
Tatal Sampie Mas i 125836
Warts of Sollds 8 110400
Wasz of Water & [T
[ Gravimetic Moisture Content % AT
Wolumetric Maisture Cantent* =
| Measuement/Value Unéts
172
Mass of Water £ LED.TT
Maass of Salids [In molced specimen) E 1135.23
Density of Salids * gfcm*3 im
“olisme of Solids {in molded specimen) | _cm*3 21251
walume of Water * em=3 2EDTT
“olume of Vokds £ma3 3EEIE
L e

Hotes:
3] Value assumes density of water & 1 glam*3
o] Value based on asssmed totad volume of 300 cree3

mrm

e
ez
amran

mun
mna

BEE EEE

EE

sssteER
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» Speckmen E2



Charscterization of Density Affects - Series 3 - VWC 25%
TRl 2 : )
Wicire Conaaioning Gate 2/3/2001 215/003
Mald | 1 1
Wicid Approx. Cantral Vaume 3 7a6.35 738,45 iy
by oA Total ez 3 50375 SET e H
o——— . pef 50 a5 e 1
plomz 134 152 umnam .
g Toisture Content % F=Y 5% 7L an !
Target Gravimetric MOIsEUTE Cantent % | 17.3% 16.4% unm 5
Details for Control Volume P i T
s .
T 0
e -
e u
i u
umnm PR
Units. s e
= wnar s
] % L 1w
Wias of Mok = Speciman ¥ 185385 ims 6 | 198047 R wna
mm 5625 57.43 mne w10
Depthn mm 5550 BEE s w0
mm B 5614 wama 1128
mm w637 57.50 U pro
Average mm 532 57.00 ans 0510 = 1900
Specimen Tatal Mass ] 1350.00 1a12.47 umn s £
Specimen Tomal Valime a3 | 7BE.5L THI 2 e 13148 g 1938
P glom3 in 180 Ay 1om1an 310
pef | 1068 126 s s § 1925
"3 1a5 155 T wan g * W08 Sensar 1
e B s e — ot § 1o
SR A 19185 « Spacimen B3
Messurement Urits Spec. 83 wnn 1515 1910 e
Wiass of Tare 5 EETE] Fren wam 1905
Mass of Tare + Wet Tailings B 171583 wmar mnm 1900 Specimen 03
Mass of Tare + Dry Tal 1522 87 W man
ot Samp e : 5108 wna i 1895 ¥ St
Wiaw of Soids g 116207 o mae 1890
Wazs of Water ' 19256 T wsLa 1885
Gravimetric Mokture Content % | 16.6% mae nm 1880
Volumetric Molsture Content * = AN T wnm e
T 7 ma EEREY
WMeasurement/ vaue it o1 ) e s men 1870 TN oy —. F R —
72 ann 132044 P e 1885
Mass of Water {in [ 20084 nnor s man e 1560
Mz of S [in molded speciment g 114788 FETENTY 2 protn LI sy 100 00 30 a0 =00 s00 700 =00 800 1000 1100 1700 1300
Density of Solids * glom*3 272 wnar . 1oanar RENET] Recording #
Volume of Salids (m moided specimen) | cmS. Az w2 w1 10277 wan -
Volume of Water * 3 02,16 unn s waen wna a
Volume of Voids 3 366,51 iz wam wan wmm a
Degree of Saturation % | 55.1% 1L B 8057 eza 194189 an
s 20 1814 s ¥
eRny ot

) Value assumes density of water is 1 glemn3
o} Value based on assumed total volume of 300 cm*3
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Ganeral Datads
WIS tUnE Conibonng Date
- 1
ok Appros Co ] TIRAT
Empty Mold Total Mass [] 50375
pct B
it = glem*3 1%
Target Degrée 0f SatuEDn [ Ty
Spacific Gravity am
Vhume of Saids o 39867
Volumic of Water om*3 113563
Target Volumetric Maisture Content " 150%

Target Gravimaans Mokbwe Cantent

Mass of Sohds®

Mass of water **

Specimen Freparation Date = 270205 I20/P003 | 3/20/003 | 213073 | Serams |
Pelazs of Mokt [ S0337 503.08 503.08 SO0 50286
Wi of WGl + Spacimen ] 170915 178568 | ta2a4a | 1Evast | maner
mm F3E) 56583 5658 7] 56.50
DeptntaTop “mm 5584 5610 5442 =76 s521 |
mm 5571 55.37 5450 EEan 55.70
mm 5525 5641 5655 £ 5rE |
Avernge mm EEE 5633 651 EE] 56.17
Epecimen Total Mass. [ 120522 T6rse | 131934 | 137655 | 1asisl
Tpocimen ToT Voume o 73231 ] Tolea | veoia
Speciman
Ta—.
Uris
Wiz of Tar [
Wizt ol Tare + Wet Tailngs ] 1d1249 133588 | 135993 | 167937 | LiR9SS
Waks af Taro = Dy Tasings 8 139851 13227 | wvaes | tsson | owuis
[ 113339 113835 | 1oB00Y | 1moed | senss
B AL
[ e
- raRnatrc kv oy Corart X sl
2 % 1538
Mieasurement/Vabhse [
Mags of water ] 12137 uem | iz | uman sam
Muass of Salids (n moided speciman) B 10BLEL 1arTy | 12157 | 1mvso7 | sames
‘Density of Solids * alem#3 i irz in FEz) 7
“olume of Saids s 3375 42195 | assas | eemyy | amaay
Vakume of Water * e 42127 wag | wryr | woem s
Valume of Vaids cm*3 30358 36768 | 3aags | amee | devss
Dagroo of Saturation 3 E T T

Netes:
a) Wahse assumas density of water & 1 g/om3

B Vaiue hased on assumed total volume of 300 cm "3

s

urm

g

L

umLm
(e
ey
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B ‘Specimen T4 Spedman D4 Specimen E4

1aE 1EE% ) 119%
145 151 161 1@

T 0% AN ILEN

Average R my - Full| UTRE 149778 143898 15125 138076
[ [ 056 [T 05

147851 185757 348877 15L07 14808
0.66 o [ 049 [

1506

1500

1405
i
H
5 1430

1485

% :
¥ .
",‘» MW,‘,

* Spec. M = Spec. AL

* Specimen B3

« Specimen £a
Specimen Dd

* Specimen B4
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Sensor Temporal Response to Variations in Volumetric Water Content
Sample Preparation Details (For Moisture Conditionin,
General Details Units Spec. T1 Spec. T2 Spec. T3 Spec. T4 5 T5 Spec. T6 Spec. T7 Spec. TR Spec. T9
Maoisture Conditioning Date &/10/2023 | 4/10/2023 | 4/10/2023 | 4/10/2023 | 4/10/2023 | 4/10f2023 | 4f12/2023 | 4f12/3023 | 4/12/2023
Mold # i 1 1 1 3 1 1 1 1
Mold Approx. Control Volume cmt3 79E.45 798.45 T9B.45 J58.45 798.45 79845 T98.45 T98.45 798.45
Empty Mold Total Mass g 503.75 503.75 503.75 503.75 503.75 503.75 503.75 503.75 503.75
Target Dry Density pef a0 a5 g5 95 100 105 95 100 105
gfem*3 144 1.52 152 1.52 160 1.68 1.52 1.60 168
Target Volumetric Moisture Content % 5% 10% 15% 20% 5% 305 20% 5% 30%
Target Gravimetric Moisture Content % 3.5% 6.6% 9.9% 13.1% 15.6% 17.8% 13.1% 15.6% 17.8%
Details for Control Volume Prep
Mass of Solids B 1151.06 1215.01 1215.01 1215.01 1278.95 134280 1215.01 1278.95 1342.90
Mass of Water E 35492 79.85 119.77 159.69 199.61 239.54 159.69 195.61 239.54
Prepared Specimen [Prior to Sensor Insertion)
Measurement Units Spec. T1 Spec. T2 Spec. T3 Spec. T4 Spec. TS Spec. T6 Spec. T7 Spec. T8 Spec. T9
Specimen Preparation Date - /112023 | a/11/2023 | apans2023 | e/11/2023 | af11/2023 | a/11/2023 | a/13/2023 | ana3frozs | 441372023
Mass of Mald g 502.79 502.82 502.80 502.79 502.76 502.76 502.42 502.44 502.41
Mass of Mold + Specimen g 1689.63 1793.63 1833.22 1873.47 1975.21 2076.25 1875.10 1978.37 2080.81
mm 57.42 56.20 56.68 55.90 56.70 59.58 56.32 56.50 57.74
) mim 5537 56.23 56.82 56.47 57.52 59.28 56.67 £6.91 57.15
N e mm | 5697 57.00 5625 5605 58.03 59.00 5782 56.90 56.56
mm 57.54 56.85 55.28 55.29 57.19 &0.08 57.61 57.65 56.63
Averoge mm 56.83 56.60 56.26 55.93 57.36 59.48 57.11 57.08 57.02
Specimen Total Mass E 1186.84 1290.81 1330.42 1370.68 147245 1573.49 1372.68 1475.93 1578.40
Specimen Total Volume cm*3 784.74 786.62 7E5.38 752.09 780.36 T&3.00 TELA4 TB2.57 783.14
specimen Tatal Density glem~3 1.51 1.64 1.69 1.73 189 2.06 1.75 1.89 2.02
pef 94.4 102.4 105.2 108.0 117.8 1287 109.5 117 125.8
3 gfem”3 145 1.54 153 1.53 1.63 175 1.55 1.63 1.71
Spaciivien Dry berishty pef 510 959 955 952 101.6 109.0 %5 1016 1065
Moisture Content (Post-Test)
Measurement Units Spec. T1 Spec. T2 Spec. T3 Spec. T4 Spec. TS Spec. T6 Spec. T7 Spec. T8 Spec. T9
Mass of Tare g 155.7 15428 274.21 28952 286.61 358.74 358 48 274.02 289.34
Mass of Tare + Wet Tailings g 134196 144211 1162.34 1051.85 980.1 1276.43 173041 1099.66 1102.45
Mass of Tare + Dry Tailings g 1259506 1359.3 1080.46 561.5 28493 113568 1567.74 986.3 977.62
Total Sample Mass E 1186.26 13287 .83 828.13 76233 593.49 917.69 137183 225.64 813.11
Mass of Solids E 114336 1205.02 806.25 671.98 598.32 776.94 1209.26 712.28 688.28
Mass of Water E 42.9 8281 51.88 9035 95.17 140.75 16267 113,36 12483
Gravimetric Maisture Content % 3.B% 6.9% 10:2% 13.4% 15.9% 18.1% 13.5% 15.9% 13.1%
Volumetric Moisture Content % 5.5% 10.6% 15.5% 20.5% 25.9% 31.6% 20.8% 25.9% 30.9%
Estimated Degree of Saturation
Measurement/Value Units Spec. T1 Spec. T2 Spec. T3 Spec. T4 Spec. T5 Spec. T6 Spec. T7 Spec. T Spec. T9
Specific Gravity 2.72 2.72 272 2.72 2.72 272 272 2.72 2372
Mass of Water (in molded specimen) g 42.92 £3.00 122.66 162.45 202.07 24133 162.76 202.64 242.32
Mass of Solids (in molded specimen) g 1143.92 1207.81 1207.76 1208.23 1270.38 1332.16 1209.92 1273.29 1336.08
Density of Solids » glem*~3 2.72 2.72 2.72 .72 2.72 2.72 272 2.72 272
Walume of Solids {in molded specimen) em*3 A420.56 444.05 444.03 444.20 467.05 489.76 A444. 82 A68.12 491.21
volume of Water * emt3 42.92 23.00 122.66 162.45 202.07 24133 162.76 202.64 242.32
Velume of Voids emn3 364.18 342.57 345.35 347 .88 313.20 27323 337.62 314.45 291.93
Degree of Saturation % 11.8% 24.2% 35.5% 46.7% 64.5% 88.3% 48.2% B4.4% 83.0%

MNotes:

a) Value assumes density of water is 1 gfoma3
b) Value based on assumed total volume of 300 em™3
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Sensor Data from Temporal Response Testing

Specimen T1 Specimen T. Specimen T3 Spedimen T4 pecimen TS Specimen TE Specimen T Specimen T Specimen TS

m¥ | Time{ms)| Time (s} m¥ | Time [ma)] Time (1} mV | Time (ms)| Time (3] mV | Time (ma)| Time (s} my | Time (mz)] Time (s} mV | Time [ms}| Time [s) my | Time ma)| Time (s} my | Time {ms)| Time (s} mV | Time [ms}} Time (s]
101852 82214 B.214 10273 E213 BE213 1037 65 a213 81213 1034.21 B3 8213 1034 & B213 8313 103513 8113 B213 1034.02 8113 8213 1036.27 B213 8213 1037.67 8213 B3
102901 E314 B.314 102694 2313 B313 1036.29 4311 8313 1035.23 B313 8313 1034.22 B313 8313 1035.06 8311 2313 1034.02 B313 8313 1036.33 E313 8313 1035.91 2313 B313
103336 B4i3 B.4i3 107784 B4il EAld 1025.4 8413 8412 103458 8412 8412 1034.48 B4i2 B4il 1035.15 8412 B412 iDa3.es BdiZ 8412 1036 86 BE412 BA412 1037 B4i2 E413
10337 8512 B.512 102647 BS11 8511 1022.23 8511 8511 103456 B511 8511 103478 B511 B.511 1034.28 8511 Es11 1034.14 B511 8511 1036.89 B511 8511 1036.68 8511 B.511
103542 BE11 B611 102748 BE10 B.E1 102154 8610 861 103467 BE1D 861 1035.15 B&10 8.61 1032.92 BE1D B.EL 103435 BE1D B.61 1036.73 B&10 861 1035.64 BE10 BBl
1034.39 8710 871 1027.79 E7D9 E.709 102136 ams 8703 1034.33 B70% 8.709 10348 BT 8709 103269 8709 B.70% 1033.53 B709 8709 1036.21 E70% 8708 1035.54 8709 E.70%
103443 BEOY BB 1027.77 EBB0E E_B08 10269 8808 8.808 1034.45 BEOE HEDE 1035 ESDE &.B08 1033.04 8808 E808 1034 48 BEDE 8808 103544 E30E &.E08 1035 85 8808 E.EDE
1035.24 230% 8908 102773 ESD8 B.508 10204 A908 8908 1034.32 BSOB 8.908 103488 E90a B.508 1032 67 8908 B.S0E 1033.79 BSQ7 8907 1034 69 307 B.507 103531 BO08 E S0
103473 S00E 8.008 1027286 G007 5007 1020.58 ana7 2.007 103404 apoy 2.007 103428 G007 2.007 10327 a07 5007 1033 ia ama7 2.007 1034 63 007 8,007 103555 3007 5007
103485 2107 2107 102754 106 D106 1020.65 B106 3_106 1034.07 9106 9106 103461 SiD6 2106 1032 46 S106 106 103352 9106 9106 103337 G106 9,106 1035.01 S106 5106
1034.E5 206 9.206 1077494 G205 §.305 1030.42 ANE 9205 1034.42 2205 9205 103438 8205 8305 103304 M5 8205 103311 8105 2205 1033 &7 G205 2205 1034 85 8205 5.205
1034.78 2305 2.206 1027.4 5304 5.304 102107 F304 2.304 1034.51 2304 9.304 103445 2304 9,304 1033.54 3304 ‘2304 1033.23 2304 2,304 1031.79 2304 9,304 103535 9304 5.304
1034.58 404 0,404 102739 o403 £.403 102081 3403 9.403 1034.4 9403 9.403 103486 Sap3 9.403 103412 9403 G403 1031.52 2403 9403 1030.97 5403 9403 1035.82 9403 5403
103457 9504 050 102692 5503 5.503 1020.03 9503 9503 1034.25 8503 2503 1035.09 5503 2503 103427 9503 ‘5.503 1030.9 8502 9502 103081 5503 9.503 103615 9503 5.503
1035.16 8603 9603 102627 G602 5.602 102035 9602 9.602 1034.15 9602 9602 103438 5602 9602 103394 9602 9602 1030.1 9601 9601 1031 7% 5602 9602 1036 9602 5602
1035.02 a702 8.702 102653 5701 5704 102138 AN 2701 103zad a70i 2.701 103541 8701 8.0 i03a g3 a7l 8701 i028.71 a7l 2701 103068 5701 8.701 1035.71 2701 8701
1034 E6 G801 9.801 1025065 SE0d 2.8 102107 9800 9.8 103333 SEOD 58 1035.09 a0 9.3 1033 85 980T 4.8 1029.23 SE00 9B 1025.07 5300 Lk 1034 89 9B 38
103458 2800 5.8 1030008 SE03 §_R95 102088 AFID 9859 103348 SESD 9800 1035 16 GAD3 9,839 103376 aEag 5830 102983 QR3S 9850 1078 15 GASG 8899 10338 985D 5 BOn
1035.37 Co0 0,959 1020.44 ooog 0.098 1020.14 9038 0,908 10334 2000 9,959 1034.70 G308 9.098 1033.93 9939 0,990 102967 a0ag 2,953 1075 G908 0.998 103423 9008 0.050E
1035.15 10099 10.059 103043 10098 10098 1019.02 10098 10.098 | 103404 10058 10.098 103488 10098 10.098 1033.0% 10098 10.098 102952 10057 10.097 1026.5 10097 10.057 1034.63 10098 10.098
103454 10158 10.158 1030018 10187 10.197 101303 10197 10.197 1033.E5 10157 10.157 103837 10197 10.197 103239 197 10,197 1028.81 10156 10.156 1024 87 10197 10.157 103514 1097 10.197
1035.13 10257 10257 103048 10296 10.296 1018.57 10296 10.296 | 103352 10256 10.2596 1032.42 10296 10.296 103145 10296 10.296 1028.27 10255 10.295 10253 10296 10.256 103476 10296 10.296
103513 10356 10.396 103035 10345 10395 1018.37 10395 10.395 1034.1 10355 10355 103304 10385 10395 103235 10395 10,395 1026.28 10355 10.385 1024 B8 10395 10.355 103467 10395 10395
103528 10455 10.465 103057 10434 10494 101951 ap4a4 10.484 1033.m 10404 10.454 1030.56 10494 10.494 1032.12 10494 10494 1024.91 10454 10.484 1025.15 10494 10.454 i034.08 10494 10494
103501 10554 10.504 103036 10543 10593 103006 i05a3 ip593 | 103204 10554 10.594 103088 10583 10.593 103215 594 10594 ipad.a2 105583 10.583 10351 10543 10553 1033.35 ip5a3 10593
103534 bl 10.604 102539 106493 10693 102153 10693 10.693 | 103235 10653 10.653 103039 10693 10.693 1032.38 10693 10.693 1024.97 10692 10.692 102508 10E52 10,652 1034.11 10693 10.693
1035.18 10753 10.703 1035063 107z 10.792 103212 a07az 10742 103149 10752 10.792 1030.68 1074z 10791 10332 54 107932 10,792 1025.53 10751 i0.791 1035.73 10782 i0.782 1034 66 10792 10792
1035.21 10852 10.892 1025003 10891 10,891 102185 10891 10.891 1031.27 10851 10.851 103067 10891 10.891 1032.43 10891 10.891 1026.3 10890 10.89 1025.87 10E91 10.851 103439 1pa91 10.891
103542 10551 10.991 102898 10590 10.99 102197 10990 10.93 1031 10950 10.99 103045 10930 10,99 10331.05 10390 10.9% 1027.08 10989 10.989 102611 10590 1099 103288 10990 10.95
103548 11050 1108 102672 11089 11,088 102204 11089 11085 | 1030.68 11089 11.089 1025.92 11089 11.089 1034 2% 11085 11 085 1027.47 11089 11.089 102591 11089 11.088 1034 54 11089 11049
103508 1iiga 11189 107E64 11iR8 11188 103173 iiizg 11180 103103 11189 11.1R9 103013 i1i88 11188 1034.7% iiigg 11189 ip27.28 pakl::] i1.iz8 103554 i1iR8 putsl:] 10336 11138 iiias
103561 iiZga 11 783 102E.14 11388 11288 102144 1i288 11388 | 103136 11284 11288 1030.08 11388 11288 103483 11788 1i 388 i03a.4 311387 11387 1026 52 11387 11287 i030.85 11288 11388
1035.36 11388 11388 10IR 46 11387 11.387 102256 11387 11387 1031.05 11387 11:387 1030.21 11387 11387 103475 1i3a7 1i3a7 1028.77 11386 11336 1076 16 11386 11385 1031 14 11387 11347
1035.35 11487 11487 | 10ZES51 11486 11485 | 102205 | 11486 11486 | 1031.06 11486 11.486 | 102577 11485 11,485 | 103471 | 11486 11486 | 102843 11485 11485 102614 11485 11.4E5 10315 11486 11.485
1035.36 115B6 11586 102E48 11585 11585 102242 11585 11.585 1031.19 11585 11.585 103047 11585 11585 103486 11585 11 585 1028.74 11584 11.584 10265 11585 11585 1032.37 11585 11585
103479 11685 11.6E5 102E64 11684 11684 102176 11684 11684 1030.8 11684 11.684 103046 11634 11.684 1035.03 11684 11 634 1039 11663 11,683 102655 11684 11684 1032 06 11684 11684

135 1174 11.764 102E.96 11783 11.783 1021 84 11784 11784 103133 11784 11784 103075 11784 11784 10352 11754 11784 1029.08 11783 11783 1027 15 11783 11783 1031 84 11783 11783
103543 11EBL 11 BE4 102EE 11883 11882 1023.07 11883 11 EA3 1031.26 11E83 11883 103103 11883 118383 103413 11883 11 883 1029.28 11BE2 11 882 1027.2 11E8Z 11882 1029 87 11883 11.683
1035.42 115E3 11983 102745 11582 11.582 1029.84 11982 11.882 1031.37 11982 11982 103074 11582 11982 1032.00 11982 11 682 1029.16 11981 11 981 102658 11581 11981 1023.79 11982 11582
103534 130T 12082 10ZE 231 1308F 1Z.081 1034.86 13081 12081 103133 172081 12081 10306 12081 12.081 0317 12081 12081 ip3o.3i 12080 1208 1027.77 12080 1208 029 57 13081 12081
1034.65 12181 12381 | 10ZB.60 12180 12.18 103985 | 1210 12.18 1031.89 12180 1218 103125 12180 12.18 103314 12180 1218 103104 12173 12173 | 1026.58 | 12180 1218 1030.12 12180 1218
1035.06 12380 1228 10ZE.36 12279 12279 103436 12279 12379 1031.E9 12379 12.279 103096 12279 12.279 103341 12279 12273 1031.17 12278 12.278 1027.16 12279 12279 1029.97 12279 12379
1033.77 12379 12.379 102B.35 12379 12379 103766 12379 12.37% | 103159 12379 12.373 1031 12379 12.379 1033.61 12375 12379 1031.77 12378 12.378 102732 12378 12378 103014 12378 12378
10343 12479 12.479 102855 12478 12478 103711 12478 12.47E | 103174 12473 12.478 103136 12478 12,478 103383 12478 12478 1031.51 12477 12.477 1027.6 12477 12.477 103074 12478 12.478
10349 12578 12578 102E.66 12577 12537 103718 13577 12577 103183 12577 12577 1031 15 12577 12 577 1033.48 12577 12577 1031.86 12576 12576 102738 13576 12576 103019 12577 12577
103432 12677 12677 102843 12676 12676 103599 1676 12676 | 103137 12676 12.676 1031 .51 12676 12 676 10331 12676 12 676 103226 12675 12.675 102776 12675 12675 1030.31 12676 12676
103373 1Z7%6 12776 | 10ZE28 13775 12775 1036.84 13775 12775 | 103167 12775 12775 103179 13775 12,775 103284 13775 12775 ipaz.ag 172774 12774 107738 13778 377 10305 13775 12775
1034.056 12875 12878 103612 12874 12874 103554 12874 12 874 103181 12874 12874 1031 86 12874 12874 1032 a5 12875 11875 103245 12873 12.873 1038 12874 12874 1030.68 12874 12874
103489 12075 12675 102894 13574 12474 103505 11974 12874 103131 12874 12974 1032.32 11574 12974 103265 12974 12574 1031.72 12872 12.972 10275 12573 2an 103061 13473 12573
1034.67 13074 13.074 1025.1 13073 13073 1034.5 13073 13.073 1032.17 13073 13.073 1032.28 13073 13.073 1032.34 13073 13.073 1032.91 13071 13.071 1028.27 13072 13,072 1030.64 13073 13073
10334 13173 13173 102E96 13172 13172 103385 13172 13172 | 103169 13172 13.172 10322 13172 13172 10325 13172 13.172 103237 13171 13171 102817 13171 1311 1030.94 13172 13172

Cant Cont. Cont. Cont. Cant, Cont. Cont. Carit, Cont
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Evaluation of Sensor Response Time
SpecimenT1 | SpecimenT2 | SpecimenT3 | Specimen T4 Specimen T6 i
Actual VMC 5.5% 10.6% 15.5% 20.5% 255% 31.6% 20.8% 25.9% 30.9%
Acutal DUW !&fl‘.m"i] 1.46 1.54 153 1.53 1.63 175 155 163 171
EmnlSaluratinn 11.8% 242% 35.5% 46.7% 64.5% 88.3% 48.2% 64.4% B83.0%
Recorded Insertion Time [sec.) 3 4 4 2 3 3 21 1.6 16
Approx. Time [sec.) 29 3 12 21 16 .7 1.8 1.4 13
Speciman T1 Specimen T2 Specimen T3
1300 1500 1600
- = 1500 T
S0 - % v 3 -
é " v g g 1300 -
5 1w e B E el Ly
Joon Reestssesasssiccssasenst
385 40 405 41 415 42 azs 43 435 44 445 45 3as 35 3ss 36 38W 37 3Am 38 WS 38 395 4D ans A1 LS 3 35 39 WS 40 405 A1 ALS 42 425 43 435 M A4S 45
Elarodi s e filapsad Time fsecands) Ellapsed Time {seconds)
Specimen T4 Specimen TS Specimen T&
1800 _ 2000 s 2300 I
RO .. L LA 2000 PR = =
£ 1m0 W g™ " E 1000
a . O 1400 LT 2 1400
- R p e § 1200 Jogrwont § 1200
an 305 E 55 a6 i6S a7 315 T 34 5 s ass i 365 ar ars 3# a0 05 . 15 1 a5 1 s ax s s
Ellapsed Time [zacondt) ERapsed Time [saconds) Ellapsed Time (secorids)
Specimen T7 Specimen T8 Specimen T9
_ 1m0 2000 o 1200
E sun0 R ] Z 100 s b eseisl e sieie e Z 2000 P B e
= . % 1600 ] 5 1800 T
£ 1400 e £ oo = 2 100 —
5 1200 B 5 A . S 1uo .
3 L § 1200 — 2 1 _—
Eqmp  =reseesalee Hqop | mommomom ow e Bgn | = s e e s a e on]n
E2 ] 35 35 355 £ 6.5 T 315 EL i s 35 355 36 365 A 1 EIR) a5 355 16 L] w
Ellapzed Time (seconds) Ellapsed Time [seconds) Ellapsed Time {seconds]
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DETAILS FOR LARGE MOLD

SENSOR VOLUME DETAILS
item | unit | Test1 | Test2
Sensor Body
Height mm 20.15 20.15
Width mm 23.71 23.71
Length mm 5111 51.11
Total Volume mm*3 | 24418.13 | 24418.13
Sensor Needles
Total Length mm 53.47 53.47
Diameter mm 3.12 3.12
Tip Length mm 10.9 10.9
Rod Length mm 42.57 42.57
Rod Volume mm”3 | 325.4638 | 325.4638
Tip Volume mm*3 | 27.77821| 27.77821
Total Volume (2 Needles) mm*3 | 706.4841 | 706.4841
Cord between Sensor Body and Ferrite Core
Length mm 89.62 89.62
Diameter mm 4.05 4.05
Total Volume mm"3 1154529 | 1154.529
Ferrite Core
Min. Diameter mm 29.83 29.83
Max. Diameter mm 32.55 32.55
Body Length mm 49,67 49.67
Body Volume mm”3 | 34753.44 | 34753.44
Nipple Length mm 5.79 5.79
Nipple Diameter mm 11.81 11.81
Nipple Volume mm*3 | 1268.523 | 1268.523
Total Volume mm*3 | 36021.96 | 36021.96
Cord from Ferrite Core to Mold Wall

Length mm 420 450
Diameter mm 4.05 4.05
Total Volume mm~3 | 5410.647 | 5797.122
Total Sensor Volume mm~3 | 67711.76 | 68098.23
Total Sensor Volume ctmh3 67.71176 | 6B.09823

Mold Characteristic Units Test1 Test 2
Total Empty Mold Mass g 503.75 503.75
301.96 301.96
Mold Diameter o 300.20 300.20
302.29 302.29
Average 302.43 302.43
Height of Primary Zone mm 108.92 108.92
Height of Secondary Zone mm 32.55 32.55
Height of Buffer Zone mm 45.00 45.00
Targeted Specimen Total Height mm 186.47 186.47
364 364
i 363 363
Total Mold Height . 363 263
362 362
Average 363 363
Approx. Cross Sectional Area mm®2 71835.58 71835.58
Approx. Cross Sectional Area cmh2 718.36 718.36
Approx. Primary Zone Volume mm#*3 7824331.69 | 7824331.69
Approx. Primary Zone Yolume cm”*3 782433 7824.33
Approx. Secondary Zone Volume mm~"3 2338248.224 | 2338248.224
Approx. Secondary Zone Volume cm”3 2338.25 2333.25
Approx. Buffer Zone Volume mm®*3 3232601.232 | 3232601.232
Approx. Buffer Zone Volume cm”3 3232.60 3232.60
Approx. Total Test Volume mm~3 13395181.15 ) 13395181.15
Approx. Total Test Volume cm”3 133095.18 13395.18
Approx. Sensor Volume mm®*3 67711.76 68098.23
Approx. Sensor Volume cm”3 67.71 68.10
Approx. Total Volume of Conditioned Tailings mmn*3 13327469.39 | 13327082.91
Approx. Total Volume of Conditioned Tailings cm”3 13327.47 13327.08
Load Platten Characteristic Units Test #1 Test #2
12.35 12.35
; 12.57 12.57
Thickness
mm 12.47 12.47
12.35 12.35
Average 12.44 12.44
298.52 298.52
Diameter el 2287
mm 298.51 298.51
298.55 298.55
Average 298.52 298.52
Appon: Cross Sectionyl Ares mm®2 69990.12147 | §9990.12147
cm”™2 659.9012147 | 699.9012147
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Sensor to il jon - Test 1
[ Semple Preparation Detalls [For Majsture Condioning] Gravimetric MosTute Content (Post-Test] ol Degree ol saturation |
General Details Units Value Measurement Units value Measurement Units Value Measurement/Value Units Value
Moisture Ci Date - 4/23/3023 Specimen Date — 4/24/2023 Mass of Tare #1 g 289.32 Specific Gravity — 272
W of Sensors — 1 Mass of Mold + Sensar [ 9468 Mass of Tare + Wet Soil g 1064.02 Mass of Water {in molded specimen) [ 204822
Target Dry Density pef 15 Mass of Hald + Serisor -+ Wet 5o e 29673 Mass of Tare + Dry Soil 1 985.21 Mass of Soilds (in molded specimen) g 1815578
glcm*3 136 mm 180.81 Total Sample Mass [ 7747 Density of Solids ™ glem™3 272
Target Volumetric Molsture Content % 15% mm 178.78 Mass of Solids [ 69589 Volume of Solids {in molded specimen) cm*3 B674.92
Target Gravimetric Moisture Content % 110% mm 177.95 Mass of Water E 7881 volume of Water * cm*3 2049.22
ma Depth ta Top of iy mm 177.17 Gravimetric Moksture Con:eﬂtl % 11.3% WVolume of Volds cm*3 5456,
Number of Lifts - mm 181.74 Volumetric Moisture Content * 15.6% Degree of Saturation ] 3L5%
Target Compacted Lift Height mm mm 179.09 Mass of Tare #2 g 286.43
17834 Mass of Tare + Wet Soil £ 976 36
Total Volume per Lift Ll § e
i 3 1117.76 mm 182.84 Mass of Tare + Dry Soll E 906.65
Mass of Solids 3 152186 Average mm 179.59 Tnta[gampE ass [ 68993
paass of Water g 167.66 Specimen HE Prior to Load Plattens mm 183.41 Mass of Solids g 62022
Details for Secondary Zone Prep “ mm 167.74 Mass of Water E 6971
Number of Lifts = 3 mm 167.68 Gravimetric Molsture Content % 112%
Targat Total Zone Height mm 3255 mm 165.84 Volumetric Molsture Content ” * 15.5%:
mm*3 | 233824823 mm 165.68 TWiass of Tare 83 B 274.03
Total Zone Volume Depth to Top of Load Platten
cm*3 2338.25 mm 164.64 Mass of Tare + Wet Sod B 1027.61
Approximate Sensor Volume mm*3 | 6I7ILTG mm 165.43 Miass of Tare + Dry Soil B 951.33
o3 67.71 mm 165.94 Total Sampla Mass E 753.58
Approximate Total Volime of Conditioned Tadings  |_mm~3 | 337053647 mm 7.4 WiEss of Solids E B77 3
uired cm*3 2270.54 Average mm 166.27 Bdazs of Water B 7628
Approximate Total Volumne of Conditioned Tailings Per |_mm*3 T56845.49 Thickness of Plastic Load Platten mm 12.44 Gravimetric Moksture Content % 113%
tm*3 756.85 Specimen Ht. Immediately Prior to Compression mm 184.29 ‘olumetric Moisture Content * % 15.5%
Mass of Solids [ 1030.46 Specimen Total Mass E 20205.00 Mass of Tare #4 L 358.51
WMass of Water * g 11353 Specimen Total Volume (+ Sensor Vol | o3 1323667 Mass of Tare + Wet Soil E 1848.15
Details for Bulfer Zone Prey Specimen Total Volume |- Sensor Vol | tm"3 13170.96 Mass of Tare+ Dry 501l ] 1606.84
Number of Liftts — 3 glcm*3 153 Total Sample Mass [ 1489.64
Target Compacted LIft Haight mm 15,00 Speckmen Total Densky 95.8 Mass of Solids £ 133833
" A Mass of Water
Total Volume per Lift Lol ] L iRl Specimen Initial Dry Density gemea i - £ 131.a%
m*3 1077.53 pef 86,1 Moisture Content % 113%
Mass of Solids [ 1467.09 Moilsture Content * % 15.6%
Mass of Water® g 161.63 Mass of Tare #5 E 155,31
Mass of Tare + Wet Soil g 1347.05
Notes: Wiass of Tare + Dry Soil © 1226.04
a)Value assumes density of water ks 1 gfem»3 Tatal Sample Mass E 119174
Mass of Salids £ 1070.73
Mass of Water g 121.01
Moisture Content % 113%
Volumetric Molsture Content * % 15.6%
Average Gravimetric Water Content % 11.3%
Initial Average Water Content * * 15.6%
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Sensor Response to Specimen Compression - Test 2

Sample Preparation Details (For Moisture Conditioning) Initially Prepared Specimen Gravimetric Moisture Content (Post-Test) WB@QMW
General Details Units Value Measurement Units value Measurement/Value Units Value
Moisture Conditioning Date = 5/1/2023 Specimen Preparation Date 5/3/2023 Target Gravimetric Water Content from Sample Preparation used to determine Initial Specific Gravity - 2.72
# of Sensors - 1 Mass of Maold +Sensor g 9472 Dry Density, Volumetric Water Content, and Degree of Saturation Mass of Water {in molded specimen) g 2053.74
" pef 85 Mass of Mold + Sensor + Wet Soil E 29683 Mass of Solids (in molded specimen) [ 18157 26
Target Dry Density
glema3 136 mm 182 56 Density of Solids * gfems3 2.7
Target Volumetric Moisture Content % 15.4% mm 182.30 Volume of Solids (in molded specimen) emt3 B675.46
Target Gravimetric Moisture Content % 113% mm 183.80 Volume of Water* cmh3 2053.74
Details for Primary Zone Prep m Depth to Top of Specimen mm 18184 Volume of Voids cmh3 540513
Number of Lifts mm 180.85 Degree of Saturation % 32.1%
Target Compacted Lift Height mm 1556 mm 179.01
Total Volume per Lift mmn3 | 111776167 mm 178,62
emn3 1117.76 mm 18355
Mass of Solids [ 1521.86 Average mm 18157
Mass of Water* E 172.14 Specimen Ht. Prior to Load Plattens mm 18143375
Details for Secondary Zone Prep 3 mm 168.93
Number of Lifts - 3 mm 167.95
Target Total Zone Height mm 3255 mem 166.97
mm*3 [ 2338248.22 mm 16533
Total Zone Volume s o Depth to Top of Load Platten e T
Approximate Sensor Volume L 1] saaa.IR i il
cm*3 6810 mm 168.59
Approximate Total Volume of Conditioned Talings | _mmA3 | 2270149.99 mm 169.11 |
Required cm*3 227015 Average mm 167.53
Approximate Total Volume of Conditioned Tailings Per |_mmn3 756716.66 Thickness of Flastic Load Platten mm 12.44
Lift emA3 756.72 Specimen Ht. Immed ately Prior to Compression mm 18303875
Mass of Solids e 1030.29 Specimen Total Mass e 20211.00
Mass of Water 116.53 Specimen Total Volume (+ Sensor Vol.) em*3 13148.70
Details for Buffer Zone Prep Specimen Total Volume (- Sensor Vol.) cm"3 13080.60
Number of Lifts - 3 em*3 155
Target Compacted Lift Height mm 15.00 Specimen Total Denshy g’pﬁ 96.5
mm*3 | 1077533.74 " gfem”3 1.39
Total Volume per Lift -—:"F—m— Specimen Initial Dry Density o %7
Mass of Solids 3 1467.09 Initial Volumetric Water Content * % 15.7%
Mass of Water* 3 165.94

Notes
a) Value assumes density of water is 1 g/em*3
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Measurement WUnits Wahae Measurement Value Uinits Walue
Specimen Preparabion Date 5302003 Spe Motes Balow Specific Gravity - 1
mm 15283 Melass of Water {in moided specmen) © g 2053.74
mm 1928 Wzus of Solids (in malded specimen) B 18157.26
- mm 19158 Dersity of Splids * glmr3]| 172
D b B o b Pt mm 5L Volume of Solids {in molded specimen) | oma3 | BE75.48
mm 19143 Valumie of Water * omAl | 05374
mm 19206 wolume of Voids cmad | 463058
mm 192.40 Degree of % 44.3%
mm 192.63
A mm 183,23 Motes: |
Thickness of Plastic Load Platten e 13,44
Spedimen HE. Immediately Prins to inundation T 158,34 2 Assumes density of water i1 glem#3
Specimen Total Mass (Prar ta Compression] © [ 1100
E Specmen Tatal Volume {+ Sensar Val | _cm*3 1157445 b Specimen Total Mass immediately prior to inundatian assumed to be same as specimen total mass messured
Specimen Tatal Vokume (- Sensor Vo) o3 | 1130635 priar ta Compressicn Test 2.
Specimen Tatad Density glom*3 1o
pef 1115 c} Target Gravimetnic Water from Sample Preparatsan for Compression Test 2 osed 1o determine Dry Density,
Specimen Dry Density | Rfom*3 LEL Wobumsetric Water Content, and Degres of Saturation of specimen prior to eundatan.
ot 1003
Grametnic Water Content [From Sample Prep.) = "= 11.3%
L volumetrict Water Contans © % 18.2%
Specimen Details Gravimetric Malsture Contert ]
Measurement WUnits Walse Measurement units| Value Measurement Value Uinits Value
Total Mass of Specimen + Mold + Sensor [ 30&30.79 Warss of Tare A1 B I7a.m & pascific Grawety - rn
Specimen Total Mass ® E 21158.79 Muass af Tare + Wt Soil E | 11835 Mass of Water [in moided specimen) ] 2854.88
Specemen Height at End of Test mm 145.52 Mass of Tare + Dy Soil § | 1Dd23s iz of Solids (in malded specimen) [ 1E303.51
Specimen Tatal Volum |+ Sensar Val.} ] 10453.75 Tatad Sample Mass g | Baan Densiy of Solids * gm™3| 173
Soecemen Tatal Volume |- Sersor Vol cm3 10345 B5 lass of Sobds g 72832 Wolume of Solids {in molded imen) cm*a | e7ra.as
tpecimen Tatal Density Bamta . Bhan of Waer g | 15w Valume of Water * cmA3 | 2dsedR
et 12172 ‘Gravimenc kaisture Cancent e 15.9% Wolume of Woids cm*3 | 3E55.27
gfom*3 17 Wobumetric Matsture Content * L% 8.0 Degree of Saturation % TEIR
Aoy Dy ped 1100 Mass of Tare A2 g | ImEa3
s of Tare + 'Wet Sofl E 103589
Miass of Tane + Doy Soil E §35.85
Notes: Tatal Sample Mass g | 74848
Masz of Sobds. E BR0.42
a} Assumes density of water ks 1 gfemnd Mz of Water [ 10004
Gravimetnc Makstune Cantent % 15,4%
1. Specimen Total Mass calculated based on mass af obumsetric atsture Contert ] 2T 2%
Miold = Sensor measured prior to Compression Test 2. Marss of Tare 33 E 280,33
Moy T et Sl | g [ESeES
Ml:is-nthil:+Dw5mT B BRG.55
Tatal ample Mass E [C=ERr]
Miass of Sobids E BO0LE2
Mass of Water B 931
Mialsture Cantent % | 155%
Viokumetric $aisture Cantent * % | 27I%
IWAass of Tare 54 [ 155.38
Wiz of Tare + Wet Soll g | 133553
Mass of Tame + Doy Soil g | 10083
m:dj:_m_n B hdass £ | 1omias
Mass of Sobds B 535,45
Mass of Water B 145.7
Gravimetric Malsture Cantent % | 15EW
WoumeEtric Malsture Cantent © % [ 275%
WAass of Tare 85 K 35852
Wam of Tare + Wet Soll B 19134
Mazs of Tare + Diry Soll E 17028
Tatal Sample Mass g | 155383
Mass of Sokds B 13443
Mz af Waber g 209.58
Cantent w 15.6%
Wolumetric Malsture Cantent * % 21.5%
Awerage Gradmetnc Water Content % 15.8%
Average ‘Water Comtent % | 215m
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Test - Data Processing

Elapsed Teme i
serreee | cmrre | Portenen | et | et |t | i | o | e, | v | o ] v | sy
Phase. Tma Sansar Sansar | Vabume of Vit ‘Sansor i Dutput | EXapsed Tima jms] | Eiapsed Time [soc] | Elagsed Time {min) | Elapsod Toma jhr.) | Velumtric Water Contont Saturation
[ {mem Arardl Semsar Sensor ) 3y [t = pioir fom3) | Ratio | Donsitygiem3}
sy Actbvation (hr.) 1 |
Pelorw efiitfation %3207 804 10799.33073 34871187 o a a a 4L MSSSE1  686.31BATSL o 15838 11306 34797 o 463088 ass 181 wnn 5= 2e0 b1a aon: man ey
Mlerifitacin SALZIES] 07389 474ATSI6  GESIAITTE  lSEBRLSSST 100128 w77 475635074 A mmmBe2T 12a1E7s s s3I 10385 85077 sansanism sminas s in maLes 13581 158 o3 ao0s 1mam s
raLE ey ms8 031 oms man aam
v 75 ns o3 am 1man a1
B5% s 28557 ms 48 e 1w sz
B2% s 338 a5 P ams 1 s
1730, Er mss o5t oo mam am
79% s =50 a5 o7 aoz 12 2w
e ag535 a5 Bt aos man 2%
76% 175094 527 5352 0B oo 1w 1w
wam sEas e oae o mam aam
73% sl B3511 £51 106 aoie 1max 01
5 s sas0n s 114 ans 153 pory
B 70% s T3 ns i amo 1man P
g 67% PELE TBLET TRas 13 anz 1w et
2 e 3473 na 13 s man 1m0
& gas AL BBaTL mar 147 ams 1mam sin
k-1 waLE s341 2% 155 ams 1 s
& 61% 17813 e a4 164 oz 1z sa3%
=3 . e w385 1 ams 1% 1w
= 58% 5L 8.4 181 o0 1245 483%
s preseny naa 189 aca . aam
55% was nem nsa 1m s 1mam s
5% waLs peee i 208 o man aam
A w280 nsa1 212 o 12a% a1
49% s o) 1320 m nosr 1man s
e naEs a3 am = 1mam e
46% £ 143383 14338 238 0o 1% arw
s HmTs 14838 247 a1 1max e
43% w513 mne 5337 256 aos3 1m4% i
o 10 20 30 40 50 &0 70 80 S0 100 110 120 130 140 150 160 170 g oo ] t oo oo i
waLE fre=n 18335 in o 1 saan
Ellapsed Time (hr.) s e w830 281 aoe 1z 8w
s oms w3 28 ame 1z 1w
13512 e 1333 231 s 153 @
= Predicted Measured Pre-Inundat = = Measured Post-Inundation 51 183319 18331 306 amst 1% 2%
mELs e 15531 31 ans: 125 1%
40% ey 1amm 19330 am s 1ma% s
L 1amss 19830 3m s 155 e
38% 5L 20u87 w3z EE] noss BN 433%
L g wez8 a7 o 1man aa1m
36% 175101 num n3zm 355 aoss 1a4% aa1%
ConT
.i 34%
€ 32%
S
S
g 30%
= 28%
)
g 26%
£ 2am
S
= 2%
20%
18%
16%

20

30

70 80 90
Ellapsed Time (hr.)

60

100 110

120

130 140

150

160 170
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Zero-Effective Stress Void Ratio Test

Particle Sedimentation Observation

Specimen A

Specimen B

Specimen C

Date/Time Approximate Beaker Reading (mL) Approximate Beaker Reading (mL) Approximate Beaker Reading (mL)
8/29/22 @ 1700 ~540 ~600 ~500
8/30/22 @ 0800 ~305 ~340 ~340
8/30/22 @ 1615 ~305 ~340 ~340
8/31/22 @ 0830 ~305 ~340 ~340 * Particle Settlement judged to be complete
Determining Weight of Water and Solids
Wt. of Beaker - Pre Test (g) 404.14 405.35 393.85
*Remnants of solids remained on beaker glass after air drying. The purpose of obtainin|
Wt of Beaker + Sat. Sample (g) 929.04 934.24 913.54 X ; e o o o
these measurments is to perform a check on actual mass of Sat. Sample in tare to judge
Wt. of Air Dry Beaker (g) 404.48 405.78 394.14 potential for sample loss (solids and/or water) during transfer from beaker to tare.
Total Wt. of Sat. Sample (g) 524.90 528.89 519.69
Wizof Sat: S::'ile FIe;noued G 524.56 528.46 519.4 *Does not account for water that evaporated from remant soil on beaker
aker (g
Tare D R-41 R-44 R-45
Tare Wt. (g) 358.77 289.52 279.09
Tare + Sat. Sample (g) 882.28 B17.20 797.83
Tare + Oven-Dry Sample (g) 654.66 58404 573.17
Total Wt. of Sat. Sample (g) 52351 527.68 518.74
Wt. of Solids (g) 295.89 295.42 294.08
Wt. of Water (g) 227.62 232.26 224.66
Gravimetric Water Content (%) 76.9% 78.6% 76.4%
Solids Content (%) 56.5% 56.0% 56.7%
Determining Void Ratio
Assumed Unit Weight of Water i % i
(g/em"3)
Volume of Water (cm®3) 227.62 232.26 224.66 *Sample assumed to be 100% Saturated. Therefore Vol. of Water = Volume of Voids
Specific Gravity of Solids 272 272 2.72
Volume of Salids {cm*3) 108.7830882 108.6102941 108.1176471 *Vs = Ws/(SG x UW of Water)
Appr Void Ratio 2.09 2.14 2.08
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Shrinkage Curves

Specimen

Specimen A

Physicel Measurements of Velume Change

Date & Time

Bf31/2022 12:12
9/1/2022 7:30
9/1/2022 9:30
9/1/2022 14:00
9/2/2022 7:30
922022 9:45
9/2/2022 11:30
9/2{2022 13:30
9/2/2022 15:40
9/6/2022 7:25
9/6/2022 11:30
9/7/2022 9:20
9/7/2022 11:30
9/7/2022 13:40
9/7/2022 16:35
9/12/2022 B:05

9/12/2022 16:25
9/13/2022 9:45

Initial Initial

Inimial Total ; Total y i
Start & Time Full Tare Mass imen Mass Specimen Specimen Specimen Initiad Sofids Infial Solids specific Graity Final Oven-
(4] ¥ Thickness  Diameter 1, Content {3} Mass (g} Dried Solids {g]
1] Volume fem’)
|em) [em)
8/31/2022 12:12 5861 25.49 1225 4121 1633 5371 13169 in 13.68
Elapsed Time {d} M, (g} BH {em) AD {em) H [em} D (e} Wy fem’] Ay om’)} M. 5] L]
(i 25.43 0 0 1225 4121 163 00 1369 1180
0604 2173 02413 0.000 0.984 a1 131 iz 1369 £.10
0.EER 2142 0.2685 0.000 0.956 4121 128 36 13.69 7.73
1075 2064 03145 0.000 0.810 4121 121 a2 1369 695
1B04 .02 03580 0.000 0.867 41 116 48 1369 633
1E98 1965 0.3B85 0.000 0.836 4121 12 52 1369 596
1971 1935 0.4088 0.000 0.816 4121 108 55 13.69 567
2.054 19.01 0.4078 0.106 0.817 ams 10.3 60 1369 532
2184 1864 0.4235 0.156 0.801 3.965 9.9 64 1369 495
5.801 1832 04245 0.216 0.800 3905 95 67 1369 453
5.971 17.77 0.4170 0281 0.808 3.840 9.4 70 1369 4.08
B.EEL 17.45 04305 0319 0.734 EF-1 5.0 73 1369 376
6971 16.96 0.4385 0387 0.785 3734 86 77 1369 327
7.061 16.49 0.4478 0.411 o777 3709 84 73 1369 2.80
7.183 1585 0.4475 0.431 77T 3.689 83 80 13.69 216
11828 15.49 0.4640 0.437 0761 3683 81 82 1369 1.80
12176 14.07 04630 0.434 o762 3,687 8.1 82 1369 038
12.898 13.69 0.4623 0.438 0.763 3.687 81 B2 13.69 0.00
25
L o
o
r —5cale Data (Assume 5= 1)
iy [ O Measurements (Assume 5 = 1)
[ O Wv=VT-Vs
F a
15 | A
o L
g g
g | 8
s | g
[ o
10 ¢ a
g a
L o
oo o o 8
0.5
[ o
[ ©
0.0 & " . . 1 " . . .
o 10 20 30 40 50 &0 80 90 100

Water Content (3)
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Solid Volume
fem’)

503

Vs fem’)

503
503
503
503
503
503
503
503
503
503
503
503
503
503
503
503
503
503

Vi fem’)

11.80
810
7.73
695
633
5.96
567
532
495
463
408
i7e
a7
280
216
180
038
0.00

Void Ratio
[assume 5=1)

2344
1609
1536
1381
1258
1184
1127
1057

Wy fem)

1130
BOE
7.72
711
6.52
6.12
585
53
486
4355
432
398
358
336
32E
307
310
3

Void Ratio

2.245
1.606
1534
1412
1296
1216
1162
1.055
0.965
0.904
0.B58
0.791
0.710
0.668
0651
0.611
0.616
0.617

Gravimetric Salids
Water Content  Content

1% (%}
EB.2 537
58.2 62.8
56.5 639
50.8 66.3
46.2 68.4
435 69.7
414 707
3E9 720
36.2 734
338 747
8.8 77.0
75 785
239 0.7
05 B30
158 6.4
131 BE4
28 973
00 100.0

Valumetric
Water
Content (%]
0723
0618
0.506
0573
0.548
0.534
0.521
0.514
0.500
0.483
0.436
0.417
0.380
0.333
0.260
0.222
0.047
0.000

Dry
Density
(g/eme3)
0.84

104
107
113
118
123
126
132
138
143
146
152
159
183
165
169
168
168

Dry Density
{pef]
523
652
67.0
70.4
738
766

Degree of
Saturation (¥}
1044
100.2
100.2
97.8
970
974
970
100.2



Shrinkage Curves

Specimen

Specimen B

Physical Measurements of Volume Change

Date & Time

B/31/2022 12:16
9/1/2022 7:30
9/1/2022 2:30
9/1/2022 14:00
9/2/2022 7:30
/22022 9:45
9/2/2022 11:30
9/2/2022 13:30
9/2/2022 15:40
9/6/2022 7:25
9/6/2022 11:30
9/7/2022 9:20
9/7/2022 11:30
9/7/2022 13:40
9/7/2022 16:40
9/12/2022 £:10

9/12/2022 16:30
9/13/2022 9:45

25

20

i5

Void Ratio

i0

0.5

0.0

Initial

Initial

Initial Tatal s Tatal ™~
S— Full Tare Mass. He men  Specimen el Initial Soligs  Initial Solids N— Final Oven-
i (g} Specimen MAsS i kness  Diameter . Content{%  Mass (g} PECic GFaVIY bried solids (g)
el Wolume {eem’ |
fem) (em}
8/31/2022 1216 2545 25.46 1218 4116 16.21 5385 1371 72 171
Elapsed Time (d} M, (g} AH {em) a0 {em) H fcm) o (em) Vi fem’] avy [em’} M. (2] M, g
o 2545 (] [ 1218 4116 162 [:1:] 1371 1175
0.E01L 175 0.2138 0.000 1004 4.116 134 18 1371 B.O4
0.EES 2138 02575 0.000 0.961 4116 128 34 1371 7.67
1072 063 0.3108 0.000 0.907 4116 121 a1 1371 6.92
1B01 20,08 03538 0.000 0.858 4116 114 a8 137 632
1B95 19.55 03798 0.000 0.838 4116 112 51 1371 5.5
1968 19.37 0.4060 0.000 0.812 4.116 108 54 1371 5.66
2051 19.00 0.4033 0.108 0.E15 4.008 10.3 59 1371 529
2142 1857 0.3980 0.179 0.E20 1337 10.0 62 1371 486
5798 1826 04110 0.220 0.807 389 96 65 137 455
5.968 17.70 n.4220 0.286 0.796 1830 9.2 70 1371 199
GETE 17.42 0.4268 0.323 0781 3793 LX) 73 1371 7
6.968 1693 0.4340 0389 0.784 3727 86 77 1371 22
7.058 16.45 0.4398 0.405 o778 am 84 7B 1371 274
7.183 15.78 0.4383 0.432 o773 3684 a3 73 1371 207
11829 15.40 0.4600 0.438 0758 31677 20 B2 1371 169
12176 14.06 0.4483 0.436 0.770 3,680 a2 B0 1371 035
12.895 1371 0.4620 0.435 0.756 3681 a0 82 1371 0.00
—5cale Data (Assume 5= 1) 4
o
O Measurements {Assume 5 = 1)
I 0 Wv=VT-\s
L o
g =}
L o =]
=}
a B
(= o @ 2 e
[ o]
Q
=]
o
& L A . . s . s
0 10 20 30 40 50 60 70 80 S0
Water Content (%)
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Solid Volume
fem’)

5.04

Ve fem’)

5.04
504
504
5.04
504
5.04
5.04
5.04
5.04
504
5.04
504
5.04
5.04
5.04
5.04
504
5.04

Vi fem’)

1175
BD4
767
692
6.32
5.95
5.66
529
4386
455

Void Ratio
[assume 5=1)

2331
1595
1522
1373
1254
1180
1123
1.050
0.964
0903
o792
0.736
0.639
0.544
0411
0335
0.069
0.000

Vi lem')

1117
B3z
7.74
7.03
B.3B
611
576
524
4594
458
413
390
351
338
326
EXGE
315
3.00

Void Ratio

22115
1651
1.536
1395

Gravimetric Solids

Water Content  Content
1%) (3}
B5.7 538
5B.68 630
559 64.1
505 B66.5
46.1 68.4
434 69.7
413 70.8
386 722
354 738
33z 751
29.1 774
271 78.7
235 810
0.0 B33
151 B6.9
123 89.0
6 875
o0 100.0

Violumetric
Water
Content (%)
0.725
0.602
0.600
0573
0.553
0.533
0524
0.515
0.487
0.473
0.435
0.415
0.376
0.325
0.249
0.210
0.043
0.000

Dry

Density

lgfem*3)
0BS5S

103
107
114
120
113
127
133
137
143
14g
153
160
163
LES
170
167
170

Dry Density
{pcf)

528
641
670
709
750
6T
792
833
B85.7
B89.0
933
957
100.1
017
103.1
106.4
045
1064

Dagree of
Saturation (%}
105.2
966
8991
SEA4
991
97.3
9E.2
101.0



Shrinkage Curves

Initial Initial
Total
ach PR Full Tare Mass mlﬂa}Tc:‘al Specimen  Specimen Spacimen Initiad Solids  Initial Solids P Final Oven-
iy e T (1] X ATEN Thickness  Diameter i 3, Content 3} Mass (g} S ey Dried Solids (g]
(1] Wolume (o)
{em) fem}
Specimen C 8/31/2022 12:18 2518 2668 1261 4119 1680 5375 1434 7 1434
Physical Measurements of Volume Change
Date & Time Elapsed Time {d} M, (2} #H (em) A0 fem) H [em) D [em} Vi fem’) Ay fem’) (g M, (g
8/31/2022 12:18 o 26.68 o [} 1.261 4118 168 oo 1332 1234
9/1/2022 7:30 0800 275 0.2093 0,000 1052 4119 14.0 28 1434 BAd1
9/1/2022 9:30 0583 2237 0.2565 0,000 1.004 4119 134 34 1434 EO3
9/1/2022 14:00 1071 157 0.3008 0.000 0,960 4.119 128 40 1432 7.23
9/2/2022 7:30 1EDD 093 03568 0.000 0,904 4119 120 48 1434 6.59
5/2/2022 9:45 1ES4 055 0.3845 0.000 0.E76 4118 117 51 1332 621
9/2/2022 11:30 1967 024 0.3800 0.087 071 4,032 111 57 1434 590
9/2/2022 13:30 2050 19.88 03855 0.182 0.ETS 3.938 107 61 1434 554
9/2/2022 15:40 2140 19.43 0.3048 (%711 0,856 3899 103 65 1432 5.09
9/6/2022 7:25 5.797 19.12 04148 0.250 0846 3.860 L] 1] 1434 478
9/6/2022 11:30 5.967 1855 0.4015 0.297 0.859 3822 L] 69 1332 121
9/7/2022 9:20 6E76 18.26 0.4030 0,346 0.858 3773 o 72 1434 ag2
9/7/2022 11:30 6967 17.76 04218 0.410 0.839 3708 9.1 77 1434 342
9/7/2022 13:40 7.057 1736 0.4343 0.435 0.827 1684 88 B0 1432 292
9/7/2022 16:45 7.185 16.58 0.4208 0.457 0.B40 3662 ] B0 1432 224
9/12/2022 B:15 11831 16.23 04333 0.456 0822 3653 D 83 1338 189
9/12/2022 16:35 12178 14.78 04508 0.454 0.E10 3.655 a5 &3 1434 0.4z
9/13/2022 9:45 12.894 1434 0.4443 0.462 0817 3.657 £ 832 1434 0.00
25
r ——5cale Data (Assume 5= 1) o
- o
- © Measurements (AssumeS=1)
20 ¢
0 W=VT-V5
15 e
o L
e g
a -
= g B8
10 b -2
+ o
[ =
- B o I 8
05 |
(=]
[ O
0.0 & . L L N L i s L
(1] 10 20 30 40 50 &0 70 B0 50

‘Water Content (%)

136

Solid Velume
(em’)

527

Vs fem’)

527
527
527
527
527
527
527
5.27
527
527

Vi fem’)

1234
841
BO3
723
6.59
621
590
554
509
4.78
421
im
342
292
224
189
0.42
0.00

Voud Ratio
[assume 5= 1)

2341
1595
1583
1371
1250
1178
1119
1051
0.965
0.907
0793
0.744
0.649
0.554
0425
0358
0D.0B0

Wy [em’)

1153
B.74
Bl1
752
B6.77
6.40
5BS
539
507
4.67
459
432
im
354
357
334
323

Gravimetric Solids

Void Ratio  Water Content  Content
1%) (%}
2.187 BE1 537
1658 SE6 63.0
1538 56.0 64.1
1426 50.4 665
1.285 46.0 B85
1215 433 698
1109 411 708
1022 3B6 721
0.961 355 738
0.BET 333 750
0.E7T0 294 773
0.E19 273 785
0.719 238 B0.7
0.671 204 B3l
0678 156 B&.S
0633 132 BE4
0.612 29 972
0.626 o0 100.0

Volumetric
Water
Contant (%]
0.735
0.600
0.600
0.565
0.547
0.532
0.531
0.520
0.492
0.481
0.427
0.409
0377
0.332
0.253
0219
0.049
0.000

Dry

Density

{Bfcmn3)
0.B5
102
107
112
119
113
129
135
139
laa
145
150
158
163
162
167
169
167

Dry Density
{pef]

533
639
66.9
700
743
767
BOS
B840
BEE
20.0
908

Degree of
Saturation (%}
107.0
96.2



APPEDINX E

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.

€ =1.054 x 1071 x ¢2827x107°xmy
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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pd = 1.36 g/cm”3

pd = 1.44 g/cm”3

pd=1.52 g/cmA3

pd = 1.60 g/cm”3

pd =1.68 g/cm”3

pd=1.76 g/cm”3
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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

Specimen Dry Density

Content or

1.36 1.44 1.52 1.60 1.68 1.76
gaet%r;?ig; g/lcm?® g/cm? g/cm? g/cm? g/cm? g/cm?®
© =15% 16.35 16.56 16.77 16.97 17.18 --
O =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%.
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Figure E3. Relationship between specimen dry density and predicted sensor output for
specimens prepared at 30% and 60% saturation.
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