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SI* (MODERN METRIC) CONVERSION FACTORS

APPROXIMATE CONVERSIONS TO SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
in inches 25.4 millimeters mm
ft feet 0.305 meters m
yd yards 0.914 meters m
mi miles 1.61 kilometers km
AREA
in’ square inches 645.2 square millimeters mm?
ft? square feet 0.093 square meters m2
yd2 square yard 0.836 square meters m?2
ac acres 0.405 hectares ha
mi? square miles 2.59 square kilometers km?
VOLUME
fl oz fluid ounces 29.57 milliliters mL
gal gallons 3.785 liters L
ft® cubic feet 0.028 cubic meters m3
yd® cubic yards 0.765 cubic m?
meters NOTE: volumes greater than 1000 L shallbe
MASS
oz ounces 28.35 grams g
Ib pounds 0.454 kilograms kg
T short tons (2000 1b) 0.907 megagrams (or "metricton") Mg (or "t")
TEMPERATURE (exact degrees)
°F Fahrenheit 5 (F-32)/9 Celsius °C
or (F-32)/1.8
ILLUMINATION
fc foot-candles 10.76 lux Ix
fl foot-Lamberts 3.426 candela/m? cd/m?
FORCE and PRESSURE or STRESS
Ibf poundforce 4.45 newtons N
Ibf/in® poundforce per squareinch 6.89 kilopascals kPa
APPROXIMATE CONVERSIONS FROM Sl UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
mm millimeters 0.039 inches in
m meters 3.28 feet ft
m meters 1.09 yards yd
km kilometers 0.621 miles mi
AREA
mm? square millimeters 0.0016 square inches in?
m2 square meters 10.764 square feet ft?
"2 square meters 1.195 square yards yd2
ha hectares 2.47 acres ac
km? square kilometers 0.386 square miles mi?
VOLUME
mL milliliters 0.034 fluid ounces floz
L liters 0.264 gallons gal
m3 cubic meters 35.314 cubic feet ft2
m3 cubic meters 1.307 cubic yards yd®
MASS
g grams 0.035 ounces oz
kg kilograms 2.202 pounds Ib
Mg (or "t") megagrams (or "metricton") 1.103 short tons (2000 Ib) T
TEMPERATURE (exact degrees)
°C Celsius 1.8C+32 Fahrenheit °F
ILLUMINATION
Ix lux 0.0929 foot-candles fc
cd/m? candela/m? 0.2919 foot-Lamberts fl
FORCE and PRESSURE or STRESS
N newtons 0.225 poundforce Ibf
kPa kilopascals 0.145 poundforce per squareinch Ibf/in®

*Sl is the symbol for the International System of Units. Appropriate rounding should be made to comply with Section 4 of ASTM E380.
(Revised March 2003)
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EXECUTIVE SUMMARY

The purpose of the ARDOT TRC2107 research project was to identify a non-nuclear method for the
determination of soil density and soil moisture content. Several non-nuclear techniques were
investigated including electrical, microwave, and optical remote sensing techniques. All of the testing
results were compared against the nuclear testing technique and the comparisons are presented.

The various devices were evaluated for use in base course material and subgrade materials (sands and
clay). The dry unit weight obtained from the Photomodeler remote sensing technique commonly
underpredicted the dry unit weight obtained from the nuclear density gauge and the sand cone.
However, the obtained Photomodeler value was within 1.1 pcf of either the nuclear density gauge or the
sand cone. The optimum moisture content obtained for compacted samples of red clay and kaolinite,
using the microwave technique, was within 0.5 percent moisture content. The coefficient of regression
(R?) between the F-value from the HydroMix HM-08 and the corresponding oven-obtained moisture
content for all combined soil types was 0.92.

Based on the obtained results, the Photomodeler photogrammetry technique showed promise in the
rapid determination of the in-situ density. A conventional microwave oven and the HydroMix HM-08
microwave sensor both showed promise in the rapid determination of the soil moisture content. A
conventional microwave oven may be used to expedite the testing process if the oven setting is either
Power Level 3 or Power Level 4. Power levels above Power Level 4 may result in solids from clay
samples not being retained in the bow! while drying. Use of the Humboldt EDGe gauge is not
recommended. However, additional verification testing with these techniques is recommended.



CHAPTER 1. INTRODUCTION

1.1 CHAPTER OVERVIEW

Multiple studies were performed to obtain the total unit weight and soil moisture content that can then
be combined to obtain the dry unit weight or dry density of the soil. A photogrammetric analysis was
performed to obtain the soil volume and combined with the exhumed weight of soil to determine the
total soil unit weight. Additionally, a rapid microwave method to obtain the in-situ soil moisture content
was tested to complement the results of photogrammetrically obtained total density to obtain soil dry
density. The characteristics and scope of these methods, in conjunction with an extensive description of
the tests, are described in this document. Additionally, comparisons between results obtained from the
photogrammetric method, the nuclear density gauge, and the sand cone were performed to determine
the accuracy of the methods presented herein. The combination of results obtained from the
aforementioned methods was also compared with the results from an EDGe Humboldt electrical gauge
to compare the results with another non-nuclear method. An overview of the work performed is
presented in Section 1.2. The motivations behind these investigations are described in Section 1.3. The
outline of the thesis document is presented in Section 1.4.

1.2 DESCRIPTION OF WORK

The aforementioned photogrammetric tests were performed on two compacted clay test pads located
at the University of Arkansas Engineering Research Center (ERC) in Fayetteville, Arkansas. One of the
test pads was located under normal outdoor conditions and the other was also located within the ERC
building. The tests performed on the compacted clay pads were compared with the sand cone (ASTM
D1556/D1556M, 2016) initially and were also compared to a Troxler nuclear density gauge (ASTM
D6938, 2021). Tests were also conducted along the sides and within the center of a base coarse (gravel)
driveway at the ERC building. The tests performed on the base coarse were compared to tests
performed using the sand cone method. A complete description of the tests performed is presented in
Chapter 3.

The conventional microwave oven method to determine soil moisture content (ASTM D4643, 2019),
provided results within 30 minutes. However, the high temperatures within the microwave oven may
cause the chemistry of clays to change. Multiple tests were performed by using a conventional
microwave oven at different low to high-power settings and were compared to laboratory oven-
obtained moisture content values. Specifically, the tests were performed at different power level
settings and the total duration required to achieve a dry soil was recorded. Other moisture content tests
were performed using the HydroMix HM-08 microwave sensor, these tests were rapid (less than 3
minutes) and required no calibration.

The electrical density EDGe nuclear gauge was tested on the environmentally controlled clay test pad

and the obtained results from this method were compared with the results obtained from the

photogrammetric method, the sand cone method, and the nuclear density gauge method. The EDGe
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device required a calibration of the compacted soil; this calibration was performed before performing
the tests on the compacted clay pad. The calibration was performed on soil compacted into six-inch
diameter proctor molds (AASHTO T180, 2019 and ASTM D698, 2021). Additionally, the EDGe obtained
moisture content was compared with laboratory oven moisture content measurements.

1.3 MOTIVATION

The nuclear density gauge method (ASTM D6938, 2021 and AASHTO T310, 2019) is the most common
method used to obtain the in-situ soil total unit weight, soil dry unit weight, and soil moisture content
(Berney et al., 2011). However, multiple state transportation departments are seeking alternative
methods to replace the nuclear density gauge. The certification, licensing, training, transportation, and
storage requirements and regulations for a nuclear density gauge are extensive due to the radioactive
nature of the device. Therefore, a reliable in-situ method to obtain the required aforementioned soil
properties may reduce the costs and time required to operate the nuclear density gauge. For a new
method to replace the nuclear density gauge, the method must be able to measure the total unit weight
of soil and the moisture content of the soil to obtain the dry unit weight promptly. The majority of
methods, including the sand cone test (ASTM D1556/D1556M, 2016) and (AASHTO T191, 2014) and the
rubber balloon test (ASTM D2167, 2016) and (AASHTO T205, 1986), require the moisture content of the
soil to be obtained using the 12 to 24-hour oven dry method; Therefore, the properties cannot be
obtained at the time of testing.

A combination of the photogrammetric method to obtain total unit weight, and the conventional
microwave oven or microwave sensor method to obtain moisture content, can be used to obtain dry
unit weight while in the field. These methods require minimal training and require no certification or
licensing for use. Therefore, the utilization of these methods can provide the necessary soil properties at
the moment of testing. Additionally, the cost of testing may be significantly reduced as the methods
only require common items that are commercially available to the public.

1.4 DOCUMENT OVERVIEW

Six chapters and two appendices are contained in this document. The introduction, which contains a
description of the investigation, and the motivation of the project are presented in Chapter 1.
Background information and the corresponding literature review are presented in Chapter 2. The
photogrammetric method is presented in Chapter 3. The determination of soil moisture content with
the conventional microwave oven and the microwave sensor HM-08 is presented in Chapter 4. The
testing of the Humboldt EDGe electrical gauge and the methodology and results related to this gauge
are presented in Chapter 5. The conclusions obtained from the results of the investigations are
presented in Chapter 6. A comprehensive list of references for the whole document is presented in the
References section of this report. Additionally, detailed information on the tests performed for the
photogrammetric method is presented in Appendix A. Other test information related to the
conventional microwave oven and microwave sensor methods is presented in Appendix B.



CHAPTER 2. BACKGROUND

2.1 CHAPTER OVERVIEW

A literature review of previous work performed to obtain an alternative method of obtaining compacted
soil properties, including density and unit weight, was performed. In-situ measurement methods for
determining soil moisture content were reviewed including previous studies that used conventional
microwave moisture content sensors. Additionally, previous investigations related to photogrammetric
applications for the determination of soil volume at different scales were reviewed. Challenges related
to the determination of soil total and dry density by different methods are presented in this chapter.

2.2 SOIL DENSITY DETERMINATION USING ELECTRICAL DENSITY GAUGES

Multiple studies have assessed the feasibility of alternative methods for soil density determination. For
instance, results obtained from an electrical density gauge were compared with results obtained from
the rubber balloon method (Rathje et al., 2006). The electrical density gauge had difficulty with
determining the density and moisture content of high plasticity clays and stiff soils. Additionally, the
results were inconsistent with the results obtained from rubber balloon tests. The electrical density
gauge was also tested in granular soils and coarser material (Brown et al, 2007). For this case, the
electrical density gauge compared well to a nuclear density gauge with a regression coefficient of 0.90.
However, the electrical density gauge required the gauge to be calibrated with a nuclear density gauge
on site; thus, making a nuclear density gauge necessary in the field. More current studies with electrical
gauges reveal that the devices still require laboratory calibration or provide low accuracy in determining
soil density (Berney et al., 2017).

2.3 SOIL DENSITY DETERMINATION USING PHOTOGRAMMETRY

The use of photogrammetry, as an alternative to electric density gauge, has been tested with increased
success. For instance, the Photomodeler software was used to monitor volume changes in triaxial tests
using cameras located around the cell (Zhang et al., 2015). Small changes in the volume of a soil cylinder
during triaxial testing were able to be measured using this method. The photogrammetry method was
expanded by introducing cameras inside the triaxial cell, providing a higher accuracy of the obtained
results (Salazar et al., 2015, Salazar and Coffman 2015). This method allowed for small-scale
determination of changes in the volume of soil. Therefore, using this method, the total density of
something like a small dug hole in the field could be obtained (Berney et al., 2013).

Further photogrammetry studies allowed for three-dimensional surfaces to be created from
photographs acquired from soil to determine aspects of roughness (Tran et al., 2017). Another
photogrammetric investigation used multiple cameras, controlled by the DigiCamControl2 software, to
determine the changes in the volume of a sand surface (Suchan and Azam., 2021). This method was

conducted under very strict environmental controlled conditions. The possibility of performing a
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photogrammetric analysis on photographs obtained from an uncalibrated camera from a mobile device
was also explored successfully (Whithing et al., 2020). Multiple images of a soil ped were obtained with
two different mobile devices; an iPhone 5 and a Samsung Galaxy Note 8. These images were obtained
around the soil ped and were analyzed and processed, obtaining a three-dimensional model surface of
the ped. The use of this method may allow for the determination of the soil volume of many peds.
Depending on the soil tested on the field, peds are not always an option, especially with cohesionless
soils or soils with a high moisture content. However, the study provided a basis for obtaining
photographs of excavation within the soil at similar rotations and angles as described herein.

A method was developed to obtain the bulk density of soil pits excavated approximately one cubic foot
(Mohren et al., 2020). While this process was labor intensive, the results provided an accuracy of 95
percent compared to laboratory methods of soil density determination. The method consisted of two
sets of photographs collected, before and after the hole was excavated. These photographs were
analyzed and combined using Regard3D (Version 1.0.0) and CloudCompare (Version 2.11) to scale and
create a point cloud mesh that can be processed into a three-dimensional surface for volume
determination. Mohren et al. (2020) used a commercially available camera (Olympus OM-D E-M10,

16 MP (megapixel); Lumix G 50 mm in 35 mm film equivalent f1.7 aspherical fixed-focal-length lens). The
limitations of this study included highly reflective areas or shady areas in the excavation, which the
software could not process correctly.

The most relevant method for performing a photogrammetric analysis of an excavation was performed
using MATLAB on photographs obtained from an excavation with similar characteristics to the
excavation for the sand cone method (Berney et al., 2018). The method entailed two sets of
photographs, one collected before and one collected after the hole was completed. The images were
obtained using a commercially available camera. A guide was placed next to the excavation to provide a
reference for scaling during the analysis. During the image analysis, four points were selected around
the hole to fit a surface and obtain the volume of the excavation. The MATLAB analysis was
cumbersome and required knowledge of the programing for use. Berney et al. (2018) compared results
from the photogrammetric technique with results from the nuclear density gauge, with an obtained
accuracy of 92%. Berney et al. (2018) also compared the results from the photogrammetric technique
with results from the sand cone and obtained an accuracy of 89%. This method established a guideline
for obtaining total soil density. However, the investigation did not account for soil moisture content to
obtain dry unit weight.

The Photomodeler software was used to obtain soil bulk density from holes created by core sampling
(Bauer et al., 2014). A calibrated DSLR camera was used to obtain the necessary images of the
excavation. A circular guide was placed around the excavation for scaling. Volume measurements were
obtained; however, no relevant comparisons were provided to any in-situ density determination
method. Additionally, problems were encountered during the analysis when sharp differences in light
and shade were described.



2.4 SOIL MOISTURE CONTENT DETERMINATION

Multiple non-nuclear methods to measure in-situ soil moisture content were compared, including a
comparison with the nuclear density gauge (Berney et al., 2011, Kvasnak et al. 2007, Mejias-Santiago et
al 2013). Specifically, the soil density gauge, electric density gauge, nuclear density gauge, gas stove,
microwave oven, moisture analyzer, and speedy moisture tester were compared by Berney et al.,
(2011). The microwave oven method provided relatively accurate results, however, it produced
overheating in several cases. The soil and electric density gauges were unreliable without proper
calibration. The moisture analyzer was unable to provide enough energy for evaporation. The speedy
moisture tester tended to overestimate moisture content. The gas stove method provided accurate
results without energy variations. The microwave oven method was also used in a different study on
roadway base and subgrade with positive results (Sebasta et al., 2012). Specifically, the results were
consistent for compacted or uncompacted material. In addition, no bias was detected during the
investigation. However, it was concluded that the results had a high standard deviation.

As reported in Manchikanti (2007), an investigation performed for soil moisture content determination
using a Hydronix HydroMix IV sensor was performed. The device was originally developed to measure
real-time water-to-cement ratios of Portland cement mixing during batching. This sensor has a
penetration depth of 100 [mm] and requires 3 seconds to stabilize the output. Manchikanti (2007),
investigated soil moisture content for compacted soils. Positive results were obtained from the tests
performed; however, variations were found depending on the types of soil tested and soil texture.



CHAPTER 3. IN SITU DENSITY MEASUREMENT OF SOIL USING
PHOTOGRAMMETRIC METHOD

3.1 CHAPTER OVERVIEW

The photogrammetric method used to obtain soil volume, the corresponding total unit weight, and the
corresponding dry unit weight are described herein. The limitations of the study are presented in
Section 3.2. The methodology of the image acquisition and processing are presented in detail in Section
3.3. The results and accuracy derived from the results are presented in Section 3.4. The conclusions
derived from the investigation are presented in Section 3.5. Detailed information and testing results are
presented in Appendix A. The comparisons between the method and the results from the EDGe
electrical gauge are presented in Chapter 5.

3.2 LIMITATIONS OF THE DESCRIBED STUDY

The clay tested in the compacted clay pads may not reflect the same results as other clays. However, it
can be defined as a characteristic locally obtained clay. The base coarse tested on the driveway has been
used by vehicles consistently and cannot be considered to be in a newly placed state; multiple large
particles were crushed, especially at the center of the driveway. Additionally, weather conditions may
have modified some properties of the outside compacted test pad. Faulty test results from the sand
cone were not considered as part of this investigation.

3.3 METHODS AND PROCEDURES

3.3.1 Setup

A 12MP iPhone 12 camera, a sand cone plate, a hand trowel, an 11 [inch] long guide with black and
white one-inch and one-centimeter marks, a Husky 10,000 lumens LED portable work light, and a black
matte-colored rubber sealant spray were used to complete the different tests that are described herein.
The objects used (except for the iPhone 12 camera, the sand cone plate, and the can of rubber spray)
are shown in Figures 3.1 and 3.2. The clay testing area is shown in Figure 3.1. while the base coarse
testing area is shown in Figure 3.2. The aforementioned work light was required to remove shadows
that were created by the angle of the sun at different times during the day.

The equipment required for the inside clay pad was the same as the equipment used for the outside clay
pad. In addition to the previous equipment, a water dispenser was used to develop different moisture
contents within the soil. Multiple tests were performed to investigate the influence of water content on
the obtained results.



Hand

Trowel
Work Guide
Light
Work
Light
Hole 4
Excavated (b)

Figure 3.1. Photographs of a sand cone excavation in a compacted clay test pad after removal of the base plate,
(a) without the light on and (b) with the light on.

Figure 3.2. Photographs of a sand cone excavation in base coarse material after removal of the base plate, (a)
without the light on and (b) with the light on. Image (b) includes the applied rubber sealant spray within the
excavation.

Before excavating, the sand cone plate was used to scrape the surface of the soil to create a flat surface.
Like with the sand cone test, the excavation proceeded through the center of the sand cone plate, as is
typical for a sand cone test. The soil removed from the excavation was stored in a sealed Ziploc bag to
determine the total mass extracted from the excavation, and a portion of the obtained soil was used to
obtain the water content of the excavated soil. The plate was then removed, and a measurement guide
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was placed next to the excavation to serve as a reference during the Photomodeler volume
determination process. As previously mentioned, depending on the time of day, the portable work light
was placed opposite the shadow and as close as possible to the excavation, without interfering with the
photographs, to increase the effectiveness of the work light. To overcome the variations caused by the
poor condition of the outside soil pad, an inside clay pad was created from the same soil that was
contained in the outside pad. The sand cone, nuclear density gauge, and Photomodeler methods were
performed in the same manner on the inside test pad as were performed in previous tests. Three
different sets of tests were performed. The first test was performed on a dry clay pad, the second test
was performed on a wet pad one day after wetting, and the third test was performed 10 days after
wetting the soil.

3.3.2 Image Acquisition

The iPhone 12, a 12 MP camera, with a fixed optical zoom of two times magnification, was used for this
Photomodeler method. Twenty (20) to 25 images per test, like those shown in Figure 3.3, were acquired
from the outdoor clay test pad. The same number of images were obtained of the base coarse area. The
base coarse pictures included the gravel without and with a rubber spray coating. The coating was used
to prevent sand from flowing into the base coarse during the sand cone test. The Photomodeler
software required 15 to 17 images to obtain a volume of the hole. One of the images was obtained from
directly above the hole (NADIR). The remaining images were obtained from around the excavation at
regular approximately 10-degree circumferential intervals and elevation angles of 20 to 40 degrees. The
Photomodeler software may reject one or more images, so it is advisable to obtain around four to five
additional images. Because the soil surface lacks distinguishing features, the measurement guide must
be present in all of the images for accurate image processing. Image acquisition was completed in five to
ten minutes. However, if the rubber spray sealant was applied, the sealant required approximately 20
minutes to properly dry. It was important to wait for the rubber coating to dry into a matte color
because the Photomodeler software had difficulties with processing the shinny wet surface of the
rubber coating (Figure 3.3).



Figure 3.3. Photograms obtained for use in the Photomodeler volume determination. (a) clay, (b) clay with
rubber coat, (c) base coarse, and (d) base coarse with rubber coat

3.3.3 Image Processing

The uncalibrated images were uploaded into Photomodeler in a HEIC format. Photomodeler was able to
automatically create a dense point cloud and mesh and subsequently create a surface using
triangulation. The created model was scaled using the reference guide within the photographs to
replicate the actual scale. The point mesh was then reduced to the edges of the excavation, and the
dense point cloud was left unchanged. Eight to ten points, from the point cloud, from directly around
the excavation were selected to create a best-fit plane was created through the points on top of the
excavation. A volume was calculated between the surface of the unexcavated plane and the measured
excavated surface. The Photomodeler analysis took eight to 15 minutes to process. The process is
presented in Figure 3.4.
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(b)

(c)

Figure 3.4. (a) dense point cloud creation and surface creation, (b) point mesh reduction, (c) best-fit plane and
volume calculation.

Equations 3.1 and 3.2 were used to determine the total unit weight and the dry unit weight. The total
unit weight and dry unit weight values were calculated using the volumes obtained from the
Photomodeler software and the sand cone method and the values were compared.

W .
Yr = V_T Equation 3.1
W (1 -
D = M Equation 3.2
Vr

yr: Total Unit Weight [pcf]

¥Yp: Dry Unit Weight [pcf]

Wr: Total Soil Weight [Ib]

Vp: Total Soil Volume [ft?]

w: Gravimetric Soil Moisture Content [decimal]

A second set of tests were performed to obtain the volume of an excavation in the outside clay test pad.
The tests were performed to determine the consistency of the Photomodeler Method after the first set
of tests was unsuccessful due to a bad sand cone measurement. The tests consisted of obtaining two
sets of photographs, processing a three-dimensional model using the Photomodeler software, and then
comparing the volume total, total unit weight, and dry unit weight results, to the results obtained from
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the same hole using a calibrated sand cone test. The photogrammetry method was also used in a base
coarse driveway at the ERC. This base coarse was predominantly light gray limestone.

3.4 RESULTS

For the first set of results, obtained from the clay test pad that was located outside the ERC, the total
volume (VT) of the excavation based on the Photomodeler method was 802.3 [cc]. The volume of the
excavation was also determined using the sand cone method; the volume from the sand cone method
was 813.7 [cc]. The resultant values were reported as displayed in the program, no sensitivity analysis
was performed for accuracy. These volumes were used along with 1) the weight of the material
excavated and 2) the oven-based gravimetric water content of the material to obtain the total unit
weight and dry unit weight values. The total and dry unit weight values that were obtained using the
Photomodeler volume for the outside clay pad were 117.6 [pcf] and 100.1 [pcf], respectively. The total
and dry unit weight values obtained using the sand cone test were 115.9 [pcf] and 98.7 [pcf],
respectively. Small differences in the total and dry unit weight values from the two methods were
obtained (1.46% difference and 1.41% difference, respectively).

The volumes obtained from the Photomodeler software from the first and second sets were 908 [cc] and
905 [cc], respectively. The sand cone test that was performed on the same excavation resulted in a total
volume of 881.5 [cc]. The total unit weights for the first set and second set of photographs were 103.9
[pcf] and 104.2 [pcf], respectively. Based on these results, the Photomodeler method is extremely
consistent when shadows in the excavation are properly eliminated with the use of a work light during
daylight. The measured sand cone's total unit weight was 107.1 [pcf]. The dry unit weights obtained
from the Set 1 and Set 2 photographs were 90.5 [pcf] and 90.8 [pcf]. The dry unit weight obtained from
the sand cone test was 93.17 [pcf]. In this third test on the outdoor clay test pad, the values obtained
were consistent with the previous results that were obtained for the same soil pad.

The first trial of photogrammetry testing in the base coarse produced errors due to the brightness of the
base coarse. Additionally, the sand cone had inaccuracies due to the sand infiltrating between the large
base coarse particles. A rubber spray coating was used to alleviate these issues.

A second set of tests were performed on the base coarse. To limit some sources of error, the work light
was placed closer to the hole and 18 photographs were collected instead of 15 photographs to increase
the accuracy of the Photomodeler program. The total volumes obtained using the Photomodeler
software were 1161.52 [cc], 1036.45 [cc], and 1076.51 [cc]. The total volume obtained from the sand
cone test resulted in 1157.87 [cc]. The total density results obtained from the Photomodeler method
were 95.37 [pcf], 106.97 [pcf], and 102.90 [pcf]. The total density of the sand cone result was 95.72

[pcf].

A third set of tests was performed using a rubber spray coating to resolve the accuracy problems of the
method when testing the base coarse. Two sets of photographs were collected: one without the rubber
coating and one with the rubber coating. The total volumes acquired with the Photomodeler method
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resulted in volumes of 648.98 [cc] without the rubber coating and 617.25 [cc] with the rubber coating.
The sand cone, which was performed in an excavation that had the coating, resulted in a volume of
672.14 [cc]. The total unit weight obtained was 108.92 [pcf] and 116.33 [pcf] for the respective
Photomodeler method tests and 106.79 for the sand cone test. Dry unit weight values of 103.28 [pcf]
and 110.31 [pcf] were obtained using the Photomodeler method for the uncoated and coated
excavation and 101.26 [pcf] for the sand cone. Based on these results it appears that the coating did not

help with improving the accuracy of the method.

Additional tests were performed at different times on the outside clay pad with the use of a Troxler
nuclear density gauge. The tests were performed adjacent to the excavation where the sand cone test
was performed and where Photomodeler measurements were collected. The results from these three
different sets of tests can be observed in Table 3.1.

Table 3.1. Outside clay pad sand cone and nuclear density gauge comparison

Set 1 Set 2 Set 3
Nuclear Nuclear Nuclear
Photomodeler Sand Cone Density Photomodeler Sand Cone Density  Photomodeler — Sand Cone  Density
Gauge Gauge Gauge
Volume [cc] 665.5 703.01 N/A 717.53 663.56 N/A 756.27 767.5 N/A
Total [E;‘ltﬂwe‘ght 126.42 11976 1267 117.26 12688 1186 107.72 10772 1237
Dry ngf\;]elght 106.42 100.42 107.5 99.64 107.81 100.9 93.49 93.49 107.5

The results from the Photomodeler and the nuclear gauge were similar for the Set 2 tests and the sand
cone and Photomodeler results were similar for the Set 3 tests. However, the wide variations between
results in the methods were determined to be due to the poor condition of the outside clay pad and the
proximity to a hard asphalt surface near the testing location causing variations in the nuclear gauge
results during collection of the data for Set 3. Thus, more tests were required to obtain viable results.
The results from the tests performed on the inside test pad are presented in Table 3.2.

Table 3.2. Outside pad sand cone and nuclear density gauge comparison.

Dry Pad Wet Pad (after 1 day) Wet Pad (After 10 days)
Nuclear Nuclear Nuclear
Photomodeler ~ Sand Cone Density Photomodeler Sand Cone Density Photomodeler Sand Cone Density
Gauge Gauge Gauge
Volume [cc] 732.00 659.36 N/A 835 823.65  N/A 769.6 751.69 N/A
Total nggﬂwe‘ght 90.91 100.87 98.7 105.71 107.16 1113 105.55 108.19 108
Dry U[“;Zf\]velght 89.76 99.59 97 94.03 95.33 102 96.03 98.43 100.3

The dry soil had large variations due to these methods not being designed for completely dry soil. The
second test resulted in similar results between the Photomodeler and the sand cone method; however,
due to most of the water within the top one inch of the soil, the nuclear density gauge was not as
accurate. On the last test, the water was homogeneous within the soil layer because the water that was
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placed on the surface had percolated through the profile. Thus, all the results were within 4 [pcf] for
total density and dry density for this set of tests.

3.5 CONCLUSION

The results obtained from the Photomodeler Method were comparable with results obtained with the
sand cone method and the nuclear density gauge method. The total measured volumes of the
excavation were similar, and the measured total unit weight and dry unit weight values were within a
difference of 4 [pcf] or a percent difference no greater than 4.5%. The time used to perform the
Photomodeler method was significantly less than the sand cone but still more than the nuclear density
gauge. The Photomodeler method required less equipment and eliminated the need for the continuous
replacement of the expensive silica sand required for the sand cone. The Photomodeler method does
require more time than the nuclear density gauge; however, it does not require significant training and
special storage requirements.
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CHAPTER 4. DETERMINATION OF SOIL MOISTURE CONTENT USING
MULTIPLE METHODS

4.1 CHAPTER OVERVIEW

Three methods for rapid testing of soil moisture content were evaluated and compared to soil moisture
content measurements obtained by oven drying. The limitations and challenges of this study are
described in Section 4.2. An introduction to the methods is provided in Section 4.3. The testing methods
including the use of a microwave oven, the HydroMix HM-08 microwave sensor, and a capacitance
sensor are provided in Section 4.4. Specifically, the aforementioned methods are described in Section
4.4.1, Section 4.4.2, and Section 4.4.3 respectively. The results are summarized in Sections 4.5.1, 4.5.2,
and 4.5.3, respectively. Conclusions and recommendations about the use of these methods are
presented in Section 4.6.

4.2 LIMITATIONS OF THE DESCRIBED STUDY

The microwave oven method is limited because the soil should be maintained at relatively cool
temperatures (<105°C) within the oven. As the temperature of the soil rises, the soil will dust and blow
around the inside a conventional microwave oven. Thus, the soil sample loses mass and the moisture
content measurement becomes unreliable. The formation of a crust on high-plasticity soils results in the
crust bursting after the water that is trapped below this crust begins to boil. This bursting also results in
a loss of mass as particles are sent outside of the container.

The HydroMix HM-08 sensor must test samples that are larger than the diameter of the sensor and
deeper than three to four inches. For compacted samples, a flat surface is required for the sensor to
obtain accurate readings. Thus, successful readings were obtained from the soil in contact with the base
plate of the proctor mold following demolding, as the top and middle tended to be too coarse for
reliable measurements. For the same reason, the method is limited to base coarse, clays, silts, and
sands. Larger particles including open coarse gravels may produce irregular and unreliable
measurements. The measurements from the capacitance sensor are limited to measurements of only
the area surrounding the sensor.

4.3 INTRODUCTION

The most commonly used method for moisture content determination is oven-drying the soils in a
laboratory oven for over 24 hours. This method is unpractical for usage in the field due to the time
required and the oven not being mobile. Currently, the microwave method is specified (ASTM D4643,
2019). The microwave oven method allows for the use of a microwave at maximum power. The use of
maximum power results in a series of problems, which include: loss of material due to soil overheating,
possible chemical changes occurring on some types of soil, and a possible short life span of the
microwave oven due to large quantities of dust being developed within the microwave during use. Thus,
tests were performed using the microwave oven at lower power level (Power Level 5 to Power Level 7)
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settings; the reduction in oven power settings increased the recommended time for drying. Various
tests were performed on different types of soils to determine the moisture content in a rapid manner to
be applied for field testing. The objective of these tests was to determine if a non-nuclear method for
moisture content determination could be developed and used in the field.

The HydroMix HM-08 is a microwave sensor developed by Hydronix to measure the moisture content of
Portland cement mixtures. This sensor monitors the real-time moisture content of certain elements
through the use of the complimentary Hydro-Com software. Three different types of outputs, which
vary from 0 to 100, are provided in the Hydro-Com software for different types of measurements. The
outputs can be calibrated to provide a moisture content value or can be maintained as a raw value. The
sensor is powered by an input 15-30 V power supply and can be connected to a regular computer to
process and display the measurements. For this method, two different tests were performed, one on
loose soils and the second to test compacted soils.

A third method was investigated to obtain soil moisture. The third method consisted of a capacitance
sensor connected to a Raspberry Pi board computer. These tests were used to determine if the
capacitance method could be used in the field to rapidly measure moisture content instead of using the
nuclear gauge or long-duration laboratory testing methods. The capacitance sensor consisted of a two-
prong plastic sensor inserted into the soil. The results obtained were later processed using Microsoft
excel. The tests were performed on different types of soil, which included: local red clay soil, illite clay,
bentonite clay, coarse sand, and silica sand.

4.4 METHODS AND PROCEDURES

4.4.1 Microwave oven soil moisture content methodology

For all of the microwave oven tests performed, a Hamilton Beach Model No. P90D23AL microwave oven,
was used (Figure 4.1). This microwave oven was capable of operating at ten different power levels. A
ceramic bowl without a lid was used to contain and microwave the soil for all of the soil types that were
investigated. The preparation of the tests included mixing the soils to a specific moisture content and
microwaving the soil immediately after mixing to avoid evaporation. Per the ASTM D4643 (2019)
standard, samples larger than 100 [g] were tested to ensure a representative sample. All tests were
compared to comparison samples that were dried using the traditional method of using a conventional
oven in the laboratory for at least 24 hours.
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Figure 4.1. Hamilton Beach model no P90D23AL microwave oven.

The first set of tests was performed by microwaving the soil sample for three minutes, allowing the soil
to rest for one minute, and then microwaving the sample for one additional minute. For these tests, the
following soils at the specified moisture contents were used. Red clay at 10 [%] and 20 [%], coarse sand
at 10 [%] and 20 [%], silica sand at 10 [%] and 20 [%], and bleached kaolinite at 10 [%], 20 [%], 50 [%] and
100 [%]. In addition, for the kaolinite sample at 100 [%] moisture content, one-minute intervals were
added to completely dry the soil. Bentonite was also tested, however, due to dusting and water trapped
in the clay, test results were inconclusive.

A second set of tests was performed to develop a method to avoid the sources of error that were
encountered during the first set of tests. These tests were performed on kaolinite and bentonite soil
types. For these tests, a sample was prepared and separated into two bowls to be used for microwave
and oven tests. To solve the blowing and dusting at higher power levels, the tests were performed at
lower power levels as follows; for kaolinite, Power Levels 2, 3, or 4 were used, for bentonite, Power
Levels 2, 3, 4, or 5 were used depending on the amount of moisture present and the time elapsed.

A third set of tests were performed on the kaolinite and bentonite soil types due to wide variations
between the tests obtained during the second set of tests. To avoid changes in moisture content,
separate samples were made for the microwave and oven methods with the same water-to-dry soil
ratios and were immediately tested. For this set of tests, kaolinite was tested at an initial moisture
content of 30% and a Power Level of 3, 4, or 5. In addition, bentonite was tested at an initial moisture
content of 50% at a microwave Power Level of 5.

Additional tests were performed on red clay samples to confirm that the moisture curve remained
constant following several additional one-minute increments. The samples were removed from the
microwave oven and weighed after each one-minute interval. The test was performed for a total time of
30 minutes.

A final set of tests was performed to measure the moisture content of compacted samples (ASTM D698,
2021) of red clay and kaolinite. Tests were also performed on a compacted base coarse sample (AASHTO
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T180, 2019). The specimens for the microwave oven and conventional oven methods were obtained
from the center of the compacted samples, avoiding the edges which were generally drier. The red clay
samples were tested using the microwave method using Power Level 3 or 4, and the samples of
Kaolinite were tested using the microwave method at Power Level 3 or 4. The sample compacted was
prepared with a target of 26.5 percent moisture content. Four other points were used to develop a
compaction curve which was selected for kaolinite based on previously obtained optimum moisture
content for compaction. Portions of the same sample were used to compare the microwave and oven
methods. Five points were developed for the red clay to develop a compaction curve for both power
levels and for the conventional oven method.

For the base coarse, samples of seven different moisture contents were prepared to obtain a
compaction curve. The moisture contents for each point on the compaction curve were tested using the
microwave method at Power Level 3 or 4 and were also tested using the conventional

oven method for comparison. The previously described method of microwaving the sample for three
minutes followed by one-minute increments until the difference between measurements was less than
0.1 percent.

4.4.2 HydroMix HM-08 microwave moisture sensor methodology

Two sets of tests were performed with the HydroMix HM-08 sensor. The first set of tests was performed
on loose soils. These soils included: coarse sand, Ottawa silica sand, Ottawa F65 silica sand, a locally
obtained red clay, and a locally obtained base coarse. The soils were placed in ceramic containers to
avoid any metal interference. All soils were tested at different soil moisture contents and compared
with the oven moisture content obtained from the conventional oven method. After the sensor was
connected to the computer software, a stabilization time of 10 seconds occurred before stable
measurements were obtained and displayed. The Hydro-Com software produced three different
outputs. However, the “F” output was selected as it was recommended by the manufacturer for use on
denser materials and also because it provided the most consistent output when compared with the
other outputs. The setup for these tests is presented in Figure 4.2.
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Figure 4.2. HydroMix HM-08 sensor setup on coarse sand placed in a ceramic container.

The second set of tests was performed using the Hydromix HM-08 sensor on compacted clay samples.
This set of tests was performed on compacted soil (ASTM 698, 2021) within a 6-inch proctor mold. The
soil and mold were removed from the base plate and the top and bottom of the sample were tested by
flipping the sample and placing the sensor on each exposed surface. The sample was then extruded
from the mold and the center of the sample was tested. Shavings obtained from the center of the
sample that were placed in a ceramic bowl| were also tested.

4.4.3 Capacitance sensor soil moisture content measurement method

Soil samples were prepared in a ceramic dish by mixing a specific amount of soil and water to obtain the
desired moisture content. The mixed sample was then immediately divided into two samples, one for a
comparative oven drying and the other for a capacitance test. For the capacitance test, the sample was
placed in a glass petri dish. The capacitance sensor was covered with dialysis tubing to prevent direct
contact between the sensor and the soil while allowing water to move through the tubing. To avoid any
moisture interference between the sensor from the dialysis tubing, the tubing was placed in a descant
container for 24 hours before the test. The sensor was then inserted into the sample allowing soil to
surround the sensor on top and the bottom and avoiding direct contact with the glass. The end of the
sensor was also carefully placed outside the petri dish to prevent any electrical equipment from
touching humid materials or wet surfaces.

The sensor was activated via a small portable computer and capacitance measurements were taken
automatically every 30 seconds by the computer immediately after the sensor was placed in the sample.
The test was allowed to continue until a stable capacitance number was reached or until a clear
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changing trend was identified. The following results (discussed in Section 4.5) were then processed using
Microsoft excel, and then comparing the moisture contents with the capacitance obtained.

4.5 RESULTS
4.5.1 Microwave oven testing results

The first set of tests obtained using the microwave oven to determine soil moisture content revealed
multiple concerns regarding the testing process specified in the ASTM D4643 (2019) specification. These
concerns included: dusting during testing of the clay soils at power levels higher than Power Level 5.
Small peds are “popcorned” when heated at high power levels, resulting in material jumping outside the
container while drying. In addition, the 50 [%] and 100 [%] water content kaolinite samples resulted in

vapor trapped in the sample boiling and exploding, sending material outside the container, and making
weight measurements inaccurate.

The results from the second set of tests proved to be more stable, causing less material loss due to
dusting and blow out. A set of curves (Appendix B, Figures B1-14) was developed to provide the
moisture content achieved at one-minute intervals for every power level. In addition, due to concerns
about the accuracy of the microwave method and the ability of bentonite to retain water, figures were
developed comparing the results from oven drying and microwave drying of the same sample. Wide
discrepancies were observed between oven drying and microwave drying of the sample.

The results obtained from the third set of tests accounted for the discrepancies caused by the moisture
evaporation between tests. From the kaolinite results, the highest microwave power resulted in more
deviation from the oven tests (Figure 4.3). These deviations can be explained by some loss of material

due to dusting. The curve settles at a constant moisture content over time and shows small to no
changes for a 30-minute test.
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Figure 4.3. Kaolinite microwave results compared to the oven method with a sample aim of 30% moisture
content.
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The microwave oven-obtained curves for the compacted samples did not vary from the loose samples
and demonstrated the same behavior (Appendix B, Figures B17-33). In addition, the compaction curves
were constructed with moisture contents obtained from the oven method and both microwave power
levels. These curves for red clay and kaolinite have very similar numbers for optimum water content and
maximum dry unit weight. The obtained optimum moisture content and optimum dry unit weigh are
presented in Table 4.1. The results are similar between tests and are within one percentage point for
moisture content for all methods and within 1 [pcf] for maximum dry unit weights.

Table 4.1. Optimum water content and maximum dry unit weight parameter comparison between
oven and microwave.

Soil Red Clay Kaolinite

Optimum  Maximum Optimum  Maximum
Method Moisture Dry Unit Moisture Dry Unit
Content [%] Weight [pcf] Content [%] Weight [pcf]

Oven 13.16 115.35 24.82 92.94
Microwave Power 3 12.85 115.60 24.36 93.45
Microwave Power 4 13.04 115.92 25.00 92.88

In addition, the results for the typical base coarse Proctor curves were compared to typical results from
base coarse and were plotted on compaction curves. The typical compaction curves used for comparison
were compared with Preston Boundary Blend Proctors and Sharp Boundary Blend Proctors (from
Welcher., 2004); Welcher (2004) also used the same AASHTO T180 standard to develop the comparison
curves. The obtained base coarse results were significantly lower and less pronounced than the Welcher
(2004) curves. The results were consistent between the oven and the microwave methods at microwave
Power Levels 3 and 4.

4.5.2 HydroMix HM-08 microwave moisture sensor results

The results from the loose soil test show a similar trend between the output “F” parameter and the oven
moisture content, with an observed linear regression coefficient (R?) of 0.92. All of the soils were below
saturation. It was observed that if saturation is reached, the sensor will display values between 90 to
100. The linear relationships for the different soil types were also analyzed separately. These linear
relationships possess similar equations and slopes; this shows promise for a method that can measure
different types of soils without any calibration being required. The results for clay were not as linear as
the sands; however, these results follow the same trend as the rest of the soils. The samples tested for
base coarse were less than the other soils due to the material saturating at moisture contents greater
than 12 [%]. The other outputs “V” and “E” were analyzed as well; however, the relationships are not as
linear and precise as output “F” The results of all the soils tested are presented in Figure 5.3. The overall
linear relationship is presented in Figure 5.4.
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Figure 4.5. HydroMix HM-08 linear relationship of all soils combined.

A second set of tests was performed on compacted clay, as compacted in 6-inch proctor molds with
standard energy. The results from measuring the bottom of the mold displayed a strong linear
relationship with an R? = 0.98, this relationship is presented in Figure 5.5. As shown in Appendix B,
Figure B.40 the tests on samples from other locations within the Proctor specimens revealed weak
relationships, as the surfaces tested were not as smooth as the surface at the bottom of the mold.
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Figure 4.6. HydroMix bottom of the proctor mold “F” output linear relationship.
4.5.3 Capacitance sensor soil moisture content results

The initial testing with the capacitance sensor revealed that the capacitance numbers reduce as the
water content increases. However, the results from each soil type varied and required specific
calibration for each of the different types of soil. The different types of soils varied largely from each
other regarding the obtained capacitance values and actual moisture content values obtained from the
oven method (ASTM D2216, 2019). Most of the observed curves had a decreasing trend but settled on a
specific capacitance value.

Clays with higher moisture contents such as bentonite developed different trends. Different trends were
observed for different types of soils and the results did not correlate to each other in a meaningful
manner. It was also observed that the readings obtained from the sensor were unreliable over time. In
addition, the different types of soils had different trends and rates of change over time.
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Figure 4.7. Capacitance sensor obtained values comparison for different types of soils.

4.6 CONCLUSION

An effective use of the microwave oven method was developed with some modifications to the ASTM
D4643 (2019) standard. To avoid dusting, material loss, and material damage, power levels between
Power Level 2 and Power Level 6 were effective. These low power levels allowed for an accurate
measurement of moisture content. These lower power levels, however, required a longer amount of
time in the microwave, which may vary between 5 to 20 minutes depending on the soil type and
moisture content. This method proved to be most effective for moisture contents between 5 [%] to 30
[%]. High moisture contents of 50 [%] up to 100 [%] presented difficulties with the method depending
on the soil tested.

When applied to compacted specimens, the microwave oven method proved to be consistent with the
oven method at microwave power levels of Power 3 and Power Level 4. Overall, the microwave oven
method can be successfully used by selecting low microwave power levels of Power Level 3 or Power
Level 4, initially microwaving the soil for 3 minutes, and then adding 1-minute intervals until the change
in weigh of the sample is smaller than 0.1[%] difference.

The HydroMix HM-08 provided viable moisture content results for unsaturated soils. Further testing
should be performed to validate the full use of the sensor; based on the collected information, the
HydroMix HM-08 can be used with a single calibration for all types of soil. The device performance was
accurate for clay specimens if the soil at the bottom of the compaction mold was tested. Additional
testing on different soil types is recommended to determine if the obtained linear relationship can be
adequately used for all types of soil. For field use, it is recommended to smooth/flatten the surface of

25



the soil before deploying the device to obtain accurate measurements. Additionally, this method is
advantageous because it requires almost no training, and the total setup and use time is within 2to 5
minutes.

The capacitance sensor did not provide viable results. The testing using this method was terminated.
Wide variations in correlated capacitance and oven-dried moisture content were obtained.
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CHAPTER 5. IN SITU DENSITY DETERMINATION OF SOIL USING A
HUMBOLDT EDGE ELECTRICAL DENSITY GAUGE

5.1 CHAPTER OVERVIEW

Testing of the Humboldt EDGe electric density gauge is described herein. The limitations and challenges
of the study using this gauge are presented in Section 5.2. A detailed introduction about the device and
the method developed to test the device are described in Section 5.3. The methodologies for the
laboratory calibration of the device and the field testing performed on the compacted clay test pads are
described in Section 5.4. The results derived from the tests performed and comparisons with other
methods are presented in Section 5.5. The conclusion and recommendations associated with the EDGe
are presented in Section 5.6.

5.2 LIMITATIONS OF THE DESCRIBED STUDY

The testing performed for the Humboldt EDGe electrical gauge was limited to the surface of the
compacted clay test pads. Specifically, only soil to a depth of four inches below the surface was tested
for comparison purposes. The results were compared to the sand cone method and the
photogrammetric method that was described in Chapter 3. A major limitation of this EDGe device was
that the device required laboratory calibration. This laboratory calibration procedure is necessary for
acquiring accurate results and must be performed before the device can be used in the field.
Additionally, the laboratory calibration procedure must be conducted for every soil type evaluated.

A computer with the installed EDGe software and wi-fi connection was required within proximity to the
device. The connection established between the device and the computer can disturb the test and
multiple tests might be required to obtain the results. This test cannot be performed on very stiff soils,
as the spikes required to be hammered into the soil may become broken. Additionally, the removal of
the rods from stiff soils is cumbersome and requires extended times of up to 20 minutes to extract and
remove the rods without producing damage. The EDGe test cannot be performed on gravel or different
types of crushed rock, as the tips of the rods will become damaged and the laboratory calibration is
complicated.

5.3 INTRODUCTION

Electric density gauges can perform measurements of total unit weight, dry unit weight, and soil
moisture content in a brief period, similar to the nuclear density gauge. However, these devices cannot
accurately measure these aforementioned properties without a previous laboratory calibration for each
soil type (Berney et al., 2017). Even if properly used, these devices were previously found to not be
accurate on stiff clays or very plastic clays (Rathje et al, 2006). In the aforementioned studies, electric
density gauges were also found to provide inaccurate soil moisture content results. However, the newly
developed EDGe devices are claimed to be able to overcome the previously mentioned challenges
(Humboldt, 2021).

27



Humboldt developed a new device in 2021, the Humboldt EDGe HF-6500.3F. This device is an electric
density gauge that has two main components. It includes a laboratory device that is required to calibrate
the device with the same soil that will be tested in the field. The laboratory calibration procedures
involve performing standard proctor compaction tests (ASTM D698, 2021) in a 6-inch diameter mold.
Following calibration, the device was used to perform tests in the field using the field components for
the device. Both the laboratory components and the field components transmitted information to the
EDGe application and downloaded the information to a portable computer into a computer program.
This computer program created a Proctor curve and linked the calibration test to the in-situ density and
water content of the soil. The device was offered as a quality control and quality assurance method that
is non-nuclear.

The EDGe electric density gauge was tested and compared to the photogrammetric method described in
Chapter 3. Additionally, the EDGe gauge results were compared to the results obtained from the sand
cone test (ASTM D1556/D1556M, 2016) and compared to the results obtained from the Troxler nuclear
density gauge (ASTM D6938, 2021). The tests were performed within two compacted clay pads, one test
was conducted under outdoor weather conditions, and the second test was conducted under controlled
indoor weather conditions. These tests were performed at the UofA ERC. The soil moisture content
provided by the device was compared to the soil moisture content provided by the nuclear density
gauge and to the soil moisture content obtained from the oven method in the laboratory (ASTM D 2216,
2019). The calibration of the soil was performed by obtaining a compaction curve based on five points
utilizing six-inch Proctor molds subjected to standard compaction (ASTM D698, 2021).

5.4 METHODS AND PROCEDURES

5.4.1 EDGe laboratory compaction calibration

The laboratory calibration for the EDGe device required enough points to obtain a Proctor compaction
curve. The laboratory procedure was performed using six-inch proctor molds and applying standard
compaction energy equal to 12,400 [ft-Ibf/ft3] (ASTM D698, 2021). For the laboratory compaction tests,
a representative amount of soil was retrieved from the ERC and transported to the laboratory for
compaction testing. Six different compaction moisture content points were selected for testing based on
an assumed optimum water content. The Proctor tests were performed, and the EDGe calibration
procedure was applied to each Proctor point. Some Proctor points required the procedure to be
completed multiple times, as the sensor connection can be disturbed if the clamps are not connected
safely. The sensor provided the necessary readings, and the temperature was acquired with the probe
provided by the device. The compaction curve that was obtained from the EDGe software was
compared to a regular compaction curve obtained by weighing and oven drying. The oven moisture
content input is required to be provided to produce the EDGe curve, along with the device reading, The
weight and volume of each sample were also required by the software. The points and curves were
stored in the software to be used in the field. If necessary, multiple curves can be stored to be used in
the field. The curve produced by the software is presented in Figure 5.1. The curve comparison is
presented in Figure 5.2. The software curve slightly overestimated the laboratory curve. However, this
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overestimation was not significant as it is less than 1 [pcf], and the same optimum soil moisture content
was predicted.
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Figure 5.1. EDGe software calibration curve output (from EDGe gauge).
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5.4.2 EDGe testing on compacted clay test pads

After the calibration was performed, the field tests were performed. The device was installed into the
test pad in approximately 10 minutes, as the four darts were carefully hammered into the soil using the
provided plastic guide. The device was connected directly into the center dart and the three clamps
were adjusted to the external darts. The device was then synced to the computer containing the
calibration compaction curve and the test was triggered via the computer. It was necessary to clear the
surrounding area of objects such as tools that may disrupt the measurement of the soil properties. The
procedure was performed multiple times if the device failed to obtain the measurement on the first try.
This procedure required three to five minutes for the device to produce results; however, during testing,
the testing required multiple tries, which might take additional time to perform. The software stored the
results and allowed labeling. Additionally, when the tests were performed at the site without cover
(roof, tree canopy), the device obtained a GPS location of the test.

The photogrammetric test and the sand cone test were also performed at the same location and within
reach of the locations of the dart holes for comparison at a similar location. The nuclear density gauge
was also performed nearby but away from the dart holes as these could produce inaccurate results in
the gauge. The results obtained from each of the test methods are presented in Figure 5.5.

5.5. RESULTS

The first test was conducted in the compacted clay pad exposed to outdoor weather conditions. The
EDGe device overestimated the total unit weight and the dry unit weight while underestimating the
moisture content when compared to all of the other field test methods. These results are presented in
Table 5.1. In these tests, the sand cone and Photomodeler software were comparable, and the nuclear
density gauge overestimated the unit weight measurements. The moisture content was consistent
between the oven and nuclear gauge methods and was underestimated by more than 3 [%] by the EDGe
device.

Table 5.1. Total unit weight, dry unit weight, and moisture content comparison on outer compacted
clay pad.

Photomodeler Nuclear Density Gauge Sand Cone EDGe Gauge

Total Unit Weight
109.00 123.70 107.72 126.03
[pef]
Dry Unit Weight
9491 107.50 93.49 112.83
[pef]
Moisture Content
[%] 15.23 15.10 15.23 11.7

The variations between the tests could have been caused by the proximity of an asphalt surface that
was within proximity and other external factors. Thus, three more tests were performed on the
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environmentally controlled indoor compacted clay test pad. The first test was performed in a very dry
condition, the second was performed one day after the pad was wetted and the third test was
performed on the wetted pad after 10 days of wetting. The results of these tests are presented in Table
5.2, Table 5.3, and Table 5.4 respectively. The EDGe consistently overestimated the values for total unit
weight and dry unit weight, and it consistently underestimated moisture contents under all conditions.
With an erroneous negative moisture content number for the dry condition. The overestimations of the
device were significant and cannot be neglected as they differ from current methods such as the nuclear
density gauge and the sand cone. As previously discussed in Chapter 3, the Photomodeler test on the
dry test pad was also poor due to the dusty nature of the soil.

Table 5.2. Total unit weight, dry unit weight, and moisture content comparison for dry conditions on
the environmentally controlled compacted clay pad.

Photomodeler Nuclear Density Gauge Sand Cone EDGe Gauge

Total Unit Weight
90.91 98.70 100.87 103.01
[pef]
Dry Unit Weight
89.76 97.00 99.59 104.14
[pef]
Moisture Content
[%] 1.28 1.80 1.28 -1.08

Table 5.3. Total unit weight, dry unit weight, and moisture content comparison for wet conditions
after one day of wetting on the environmentally controlled compacted clay pad.

Photomodeler Nuclear Density Gauge Sand Cone EDGe Gauge

Total Unit Weight
105.71 111.30 107.16 114.73
[pef]
Dry Unit Weight
94.03 102.00 95.33 107.87
[pef]
Moisture Content
[%] 12.41 9.10 12.41 6.42

Table 5.4. Total unit weight, dry unit weight, and moisture content comparison for wet conditions
after 10 days of wetting on the environmentally controlled compacted clay pad.
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Photomodeler Nuclear Density Gauge Sand Cone EDGe Gauge
Total Unit Weight

105.55 108.00 108.19 114.19
[pef]
Dry Unit Weight
96.03 100.30 98.43 107.67
[pef]
Moisture Content
[%] 9.92 7.70 9.92 6.05

5.5. CONCLUSION

The results obtained with the Humboldt EDGe electric density gauge were relatively precise when the
clay within the test pad was not dry. However, the accuracy of the device was low, especially for
moisture content results. Even with a laboratory calibration for the soil tested, the devices consistently
overestimated total unit weight and dry unit weight. Additionally, the device consistently
underestimated the water content when compared to the values obtained from the nuclear density
gauge and the oven-obtained soil moisture content. The tests were performed on clay; thus, it might be
possible that the accuracy of the results would improve on sands or other larger particle soils. Overall,
while the device showed promise, it requires improvement compared to methods such as the nuclear
density gauge and the sand cone. While the method was able to provide a base reference it requires an
additional method to confirm the in-situ results.
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CHAPTER 6. CONCLUSIONS

6.1 CHAPTER OVERVIEW

The overall conclusions of the investigation are reported herein. The limitations of the investigation are
presented in Section 6.2. The summary of the conclusions is presented in Section 6.3. Recommendations
for further research related to the topic are presented in Section 6.4.

6.2 LIMITATIONS

The main limitation of the photogrammetry method for use in obtaining soil dry unit weight is that it
requires an external test to determine soil moisture. Other limitations are derived from the
Photomodeler software experiencing difficulties with highly reflective surfaces or shadowed areas.
Mobile phone cameras of lower quality than the iPhone 12 camera used for testing may lower the
quality of the results obtained in this investigation.

The Humboldt EDGe electrical density gauge that was tested proved to have multiple limitations. As
other investigations have determined for electrical gauges, the EDGe gauge required soil-specific
calibrations. Furthermore, the electrical gauge had difficulties with obtaining results in stiff soils and
under very dry conditions. Additionally, the calibration performed in the laboratory may not be directly
related to in-situ conditions.

The capacitance sensor had limitations of very small areas being tested around the sensor. The sensor
would also require soil-specific calibrations. The microwave oven method has difficulties with saturated
clays and dusty clays. Low-poor settings (Power Level < 5) are recommended when using the microwave
oven technique. As for the Hydromix HM-08 sensor, flat surfaces are required to obtain consistent
measurements on compacted soils. When the hydromix HM-08 sensor was used in the laboratory the
soil depth must be at least 3 to 4 inches.

6.3 SUMMARY

Overall, the photogrammetric method was determined to be versatile and convenient for measuring
total unit weight and dry unit weight. The accuracy achieved was within 4 [pcf] and could be improved
under more controlled conditions. The simplicity of the method required almost no training. The
processing was relatively simple through the use of the Photomodeler software. This method should be
combined with the Hydromix HM-08 method to obtain moisture content to develop dry unit weight in a
short period. The combination of these methods would not require any level of certification or
specialized training. The Hydromix HM-08 sensor was able to achieve an excellent linear relationship for
all soil types and can be used in the field to obtain accurate moisture content measurements. The
Hydromix HM-08 method presented no problems with measuring moisture content in dry conditions. If
a flat surface is achieved, the method is effective.
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The EDGe, while being versatile in providing total unit weight, dry unit weight, and moisture content,
constantly overestimated the unit weight values while undermining soil moisture content. The variations
are fairly irregular; therefore, a correction might be used to provide accurate measurements.
Additionally, if the soils tested are stiff, the method becomes cumbersome as the darts are difficult to
drive into the soil and remove from the soil. The capacitance sensor was determined to be too
cumbersome and the calibration for all soil types is extensive.

6.4 RECOMMENDATIONS

The recommendations mentioned below refer mostly to possible future research on the methods
described herein. These recommendations are provided for future research endeavors.

e Further remote sensing research on different types of compacted clay and sand will reveal if the
method is appropriate for all types of soil and lighting conditions. Advancements in mobile
phone cameras will significantly increase the quality of the results of the method. Furthermore,
a computer with high processing power will significantly decrease the time currently required
for this method.

e Research regarding microwave oven testing of moisture content is recommended to be
performed at lower power settings as discussed herein. Additional moisture content
measurements using the microwave sensor Hydromix HM-08 on different types of compacted
soils will lead to the development of a linear relationship for all soils without the need for
further calibrations depending on the soil types.

e Additional testing with the Humboldt EDGe electrical gauge is recommended to determine if the
overestimation trend of total unit weights is consistent among different types of soils. Further
investigations of laboratory calibration are recommended to determine if the accuracy in the
field can be improved.

e The development of a prototype to automate and standardize the image acquisition for the
Photomodeler method is recommended. The prototype recommended is a track for cameras
and lights to be placed over the hole. This method will allow for photographs to be acquired in
the same locations each time, increasing the usability of the method. Images before and after
the excavation will be obtained at the same locations and a more accurate analysis may be
performed.
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APPENDIX A. PHOTOGRAMMETRIC RESULTS

A.1 CHAPTER OVERVIEW

A detailed description of the Photomodeler image analysis is contained in Section A.2. Additionally, the
records of all the measurements performed in conjunction with the photogrammetry analysis are
contained in Section A.3.

A.2 DETAILED DESCRIPTION OF PHOTOMODELER IMAGE ANALYSIS METHOD

The “Automated Point Clouds & Meshes (Smart Points)” as shown in Figure A.1, was used for this
method. The “Dense Point Cloud Creation - MSV”, “Surface Creation — Triangulation” and “MSV Higher
Density” options (Figures A.2 and A.3) were selected, and the remaining settings were left on default
mode. After the photos were uploaded into the program, the uncalibrated camera option was selected,
and the program automatically began processing. Following processing of the images, the surface
appeared as presented in Figure A.4. The model was then scaled by using the “Scale/Rotate Wizard”
(Figure A.5) tool and using the measurement guide as a reference in centimeters. After the scales were
determined, the model was trimmed around the hole by using the “Point Mesh Edit Region Mode”
(Figure A.6) as observed in Figure A.7. The final model is presented in Figure A.8. The trimming of the
model included rotating the model in three-dimensions (3D) to ensure that the edge of the hole was
being selected.

Getting Started...

Click to create a new project: Click to open a recent project:

Automated Point Clouds & Meshes (SmartPoints) 1: C\Users\mal023\Downloads\Cone Test 3.prmr

Automnated Targets 2: C\Users\mal023\Desktop\Cone Test 3.pmr

Manual Modeling 3: Ch\Users\mal023\Desktop\ Cone Test 2.pmr

Camera Calibration 4 c\ ... \Project Backups\Untitled_AutoSave.prmr

Shapes-based 5 CA L. Amal023\Desktop'\Sand Pile Volume.prmr
Browse for project...

Click to get help and learn: Click to access the web:

View Tutorials Main web site

Open Help File Support FAQ

Online tip videos Check for updates (last check: 07/06/2021 11:25:37)
Expired Maintenance Subscription renewal information

PH DTO M U D E L E H Wersion: 2016.0.8.1825 [64-bit) Built: May 09, 2016

Scanner Faintenance Subscription Expiry: July 14, 2016

Figure A.1. Automated point clouds and meshes (SmartPoints).
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Mew Project Wizard

Peint Cloud and Mesh Project Type - Automated Peint Clouds and Meshes

Choose the zettings and options for your paint cloud and mesh praject. E

Automatically

1. Smart Feature Detection and Matching

2. Orientation - Solve camera positions

Alzo zolve internal camera parameters [&uto-calibration]

(®) When no other calibration is found () Always
3. Denge Point Clowd Creation - MyS
4 Surface Creation - Triangulation

Show Advanced Settings:

< Back I MHext > Il Help

Figure A.2. Dense point cloud creation and surface creation — triangulation.

Mew Project Wizard

Advanced Settings - Automated Point Clouds and Meshes

Chooze the advanced =ettings and options for your point cloud and mesh project. E

Dengity

Only enabled if MY'S iz selected on

() MWS Default (®) Mv'S Higher Density previous pane.

Triangulation

Higher numb_er MEeans more tri_angles,
tdeshing Smoothing/Sharpness: I:l sharper details. Only enabled if
Triangulate enabled on previous pane.

| < Back || MNewt » || Help

Figure A.3. Advanced settings: MSV higher density.
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Figure A.4. Results from initial surface model creation of the dug hole.

File Edit View Marking Referencing Project Window Options DenseSurface  Help
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BB E.

Scale/Rotate Wizard

This step-by-step wizard will help you define a
scale. and optionally a rotation for pour project's
coordinate system,
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Figure A.5. Scale/rotate wizard.
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Figure A.6. Point mesh edit region mode.
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Figure A.7. Trimming of the model around the outside edges of the hole.

Figure A.8. Model trimming completed.
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Figure A.8. Model trimming completed.

Following trimming, the remaining surface is the hole itself, 8-10 smart points on the ground level
around and above the hole were selected and a flat plane was placed through these points by the use of
the “Create Best Fit Plane From Selected Objects” (Figure A.8). After the plane is fitted, the
“measurements” tool becomes activated. The hole surface and the flat plane surface were selected at
the same time and the final volume was displayed, in cubic centimeters, on the right side as “Volume
Above the Plane” (Figure A.9). The processing took 8 minutes and 50 seconds.

Figure A.9. Model surface selection and volume measurement reported.
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A.3 TOTAL UNIT WEIGHT AND DRY UNIT WEIGHT TESTS PERFORMED

The results of the tests performed utilizing various methods are presented in the tables below.

Table A.1. Photomodeler and sand cone total and dry unit weight comparison on outer compacted

clay pad.
Photomodeler Sand Cone
Volume [cm3] 802.3 813.74
Total Unit Weight 117.63 115.98
[pef]
Dry Unit Weight 98.71 100.12
[pef]

Table A.2. Simultaneous tests for Photomodeler and sand cone total and dry unit weight comparison
on outer compacted clay pad.

Photomodeler Photomodeler

Test 1 Test 2 Sand Cone
Volume [cm3] 695 678 632.49
Total Unit Weight 136 139 14921
[pef]
Dry Unit Weight 116 118 127.42
[pef]

Table A.3. Repetition of simultaneous tests for Photomodeler and sand cone total and dry unit weight
comparison on outer compacted clay pad.

Photomodeler Photomodeler

Test 1 Test 2 Sand Cone
Volume [cm3] 908 905 881.5
Total Unit Weight 103.94 104.28 107.06
[pef]
Dry Unit Weight 90.45 90.75 93.17
[pef]

Table A.4. Simultaneous tests for Photomodeler and sand cone total and dry unit weight comparison
on base coarse.

Photomodeler Photomodeler

Test 1 Test 2 Sand Cone
Volume [cm3] 961.85 1128.62 1409.08
Total Unit Weight 95.59 81.44 65.22
[pef]
Dry Unit Weight 90.45 81.38 65.17
[pef]
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Table A.5. Repetition of simultaneous tests for Photomodeler and sand cone total and dry unit weight
comparison on base coarse.

Photomodeler Photomodeler Photomodeler Sand Cone
Test 1 Test 2 Test 2
Volume [¢cm3] 1161.52 1036.45 1076.51 1157.85
Total Unit Weight 95.37 106.97 102.9 95.72
[pet]
Dry UEEE 1(\]’Velght 92.63 103.89 99.98 92.96

Table A.6. Photomodeler and sand cone total and dry unit weight comparison on base coarse with and
without spray rubber coating.

Photomodeler Photomodeler Sand Cone
Test 1 Test 2 (Rubber)
Volume [cm3] 648.98 617.24 672.11
Total Unit Weight 108.92 116.33 106.79
[pef]
Dry Unit Weight 103.28 110.31 101.26
[pef]
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Table A.7. Time of processing analysis based on the number of images uploaded to the Photomodeler

software.

Number of Time for model Volume
Photos Model Feasability processing processing
Taken [min] time [min]

1 No -

2 No -

3 No 3:13
4 No 3:35
5 No 4:04
6 No 3:49
7 No 6:00
8 No 5:21
9 No 5:46
10 No 6:08 8:30
11 No 5:14
12 No 7:43
13 No 7:17
14 No 8:14
15 Yes 8:50
16 Yes 11:55
17 Yes 12:40
18 Yes 13:42
19 Yes 14:06
20 Yes 15:16
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APPENDIX B. MOISTURE CONTENT TESTING

B.1 CHAPTER OVERVIEW

The full set of tests performed on different soils using the traditional microwave oven method at
different power levels are presented in Section B.2. The results obtained from the microwave sensor
HydroMix HM-08 on outputs “V” and “E” are presented in Section B.3. The methods and results to

measure moisture content of a compacted sample with the HydroMix sensor for the “F” output are
presented in Section B.4.

B.2 MICROWAVE OVEN TESTING AT DIFFERENT POWER LEVELS

The figures presented in this chapter contain results from different soils being tested at different power
levels within the microwave oven. The tests were performed by placing the samples back into the

microwave oven until the weight of the sample did not differ by more than 0.1 [%] after an initial three-
minute heating period.

(3]
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= ° 2 2 g2 = ¢
S L N ST TR : £20 t P s
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g 8 1 ° A Oven 815 + °
= L . g
3 Z . ® Microwave ‘2 10 + ° A O\:en
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= 2 r = Red Clay (w = 20%)
0 - : : ! ! 0 . . . \
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Microwave Power Level

(a) (b)

Figure B.1. Red clay microwave results at different power levels. (a) 10 % moisture, (b) 20 % moisture.
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Figure B.2. Coarse sand microwave results at different power levels. (a) 10 % moisture, (b) 20 % moisture.
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Figure B.3. Silica sand microwave results at different power levels. (a) 10 % moisture, (b) 20 % moisture.
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Figure B.4. Kaolinite microwave results at different power levels. (a) 10 % moisture, (b) 20 % moisture (c) 50 %
moisture
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B.5. Kaolinite microwave results at Power Level 2, 3, and 4. (a) Power Level 2 and 10% moisture content,
(b) Power Level 3 and 10% moisture content, (c) Power Level 4 and 10% moisture content.
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Figure B.6. Kaolinite microwave results at Power Level 2, 3, and 4. (a) Power Level 2 and 20% moisture content,
(b) Power Level 3 and 20% moisture content, (c) Power Level 4 and 20% moisture content.
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Figure B.7. Bentonite microwave results at Power Level 2, 3, and 4. (a) Power Level 2 and 10% moisture content,
(b) Power Level 3 and 10% moisture content, (c) Power Level 4 and 10% moisture content.
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Figure B.8. Bentonite microwave results at Power Level 2, 3, and 4. (a) Power Level 2 and 20% moisture content,
(b) Power Level 3 and 20% moisture content, (c) Power Level 4 and 20% moisture content.
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Figure B.9. Bentonite microwave results at Power Levels 4, 5, and 6. (a) Power Level 4 and 50% moisture

120
100
80
60
40
20

120
100
80
60
40
20

149.60 % .t

[ «  Bentonite 50% (Power 4) 15

0 2 4 6 8 10 12 14 16 18
Time [minutes]
(a)

50.30 % ¢

Bentonite 50% (Power 6) 11

0 2 4 6 8 10 12 14 16 18
Time [minutes]
(c)

60

T
S S

»

Moisture Content [%]
(98]
(=]

[

Bentonite 50% (Power 5) 3

4 6 8 10 12
Time [minutes]

(b)

content, (b) Power 5 and 50% moisture content, (c) Power Level 6 and 50% moisture content.

98.30 % ot

[ oo " Bentonite 100% (Power 4)

0 5 10 15 20 25 3C
Time [minutes]
(a)

100.00 % KN

L . Bentonite 100% (Power 6)

. 16

0 5 10 15 20 25 3C
Time [minutes]
()

120
100
80
60
40

Moisture Content [%)]

20

98.50 % .

« * Bentonite 100% (Power 5) |19

5 10 15

Time [minutes]

(b)

20

25

content, (b) power 5 and 100% moisture content, (c) Power Level 6 and 100% moisture content.

50

3C



14
12 A
X A
2 .
3
s .
&
o
“5) or Bentonite w = 10%
g 4r ® Oven Moisture Content [%]
= 5 L 4 Microwave Moisture Content [%]
0 . . . . .
1 15 2 2.5 3 35 4
Power Level
(a)
L . ® Oven Moisture Content [%]
L 4 Microwave Moisture Content [%]
[ Bentonite w = 50%
[ A A
r .
. . . . .
3 35 4 4.5 5 55 6

Power Level

(c)

Moisture Content [%]

Moisture Content [%]

® Oven Moisture Content [%]

A Microwave Moisture Content [%]

Bentonite w = 20%

105
104
103
102
101
100
99
98
97
96

L5 2 2.5 3 35 4
Power Level
L Bentonite 100% °
r ®Oven Moisture Content [%]
[ 4 Microwave Moisture Content [%]
[ .
L N .
. . . . .

3 3.5 4 4.5 5 5.5 6

Power Level

(d)

Figure B.11. Bentonite microwave results compared to the oven method. (a) Sample at 10% moisture aim, (b)
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Figure B.12. Kaolinite microwave results at Power Levels 3, 4, and 5. (a) Power Level 3 and 30% moisture

sample at 20% moisture aim, (c) sample at 50% moisture aim, (c) sample at 100% moisture aim.
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Figure B.13. Bentonite microwave results at (a) Power Level 5 and 50% moisture content, (b) Power Level 5 and

100% moisture content.
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Figure B.15. Compacted red clay microwave

content, (b) Power Level 4 and 9.5% moisture content.
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Figure B.16. Compacted red clay microwave results at Power Level 3 and 4. (a) Power Level 3 and 12% moisture
content, (b) Power Level 4 and 12% moisture content.
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Figure B.17. Compacted red clay microwave results at Power Level 3 and 4. (a) Power Level 3 and 15.68%
moisture content, (b) Power Level 4 and 15.68% moisture content.

18
—16 [16.81% R
St :
s .
grr .
o
010 -
3 .
g 8 r
s 6 I ¢ Red Clay 17.39% (Power 3)
’ 11
4 L L L L L
0 2 4 6 8 10 12 14
Time [minutes]

(a)

18
—16 (17.22% °
2 .
214 .
2
12 -
o] .
210 -
2
Z 8 F
ﬁ 6 Red Clay 17.39% (Power 4)
4 . . .
0 2 4 6 8
Time [minutes]

(b)

Figure B.18. Compacted red clay microwave results at Power Level 3 and 4. (a) Power Level 3 and 17.39%
moisture content, (b) Power Level 4 and 17.39% moisture content.
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Figure B.19. Compacted red clay microwave results at Power Level 3 and 4. (a) Power Level 3 and 20.14%
moisture content, (b) Power Level 4 and 20.14% moisture content.
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Figure B.20. Compacted kaolinite microwave results at Power Level 3 and 4. (a) Power Level 3 and 26.5%
moisture content, (b) Power Level 4 and 26.5% moisture content.
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Figure B.21. Compacted kaolinite microwave results at Power Level 3 and 4. (a) Power Level 3 and 20.33%
moisture content, (b) Power Level 4 and 20.33% moisture content.
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Figure B.22. Compacted kaolinite microwave results at Power Level 3 and 4. (a) Power Level 3 and 23.14%
moisture content, (b) Power Level 4 and 23.14% moisture content.
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Figure B.23. Compacted kaolinite microwave results at Power Level 3 and 4. (a) Power Level 3 and 26.59%
moisture content, (b) Power Level 4 and 26.59% moisture content.
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Figure B.24. Compacted kaolinite microwave results at Power Level 3 and 4. (a) Power Level 3 and 31% moisture
content, (b) Power Level 4 and 31% moisture content.
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Figure B.25. Compacted base coarse microwave results at Power Level 3 and 4. (a) Power Level 3 and 9.5%
moisture content, (b) Power Level 4 and 9.5% moisture content.
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Figure B.27. Compacted base coarse microwave results at Power Level 3 and 4. (a) Power Level 3 and 4.3%
moisture content, (b) Power Level 4 and 4.3% moisture content.
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Figure B.28. Compacted base coarse microwave results at Power Level 3 and 4. (a) Power Level 3 and 2.4%
moisture content, (b) Power Level 4 and 2.4% moisture content.
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Figure B.29. Compacted base coarse microwave results at Power Level 3 and 4. (a) Power Level 3 and 3.9%
moisture content, (b) Power Level 4 and 3.9% moisture content.
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Figure B.30. Compacted base coarse microwave results at Power Level 3 and 4. (a) Power Level 3 and 10.85%
moisture content, (b) Power Level 4 and 10.85% moisture content.
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Figure B.31. Compacted base coarse microwave results at Power Level 3 and 4. (a) Power Level 3 and 12.53%
moisture content, (b) Power Level 4 and 12.53% moisture content.
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Figure B.32. Red clay oven method compaction curve.
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Figure B.33. Red clay microwave method Power Level 3 compaction curve.
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Figure B.34. Red clay microwave method Power Level 4 compaction curve.
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Figure B.35. Kaolinite oven method compaction curve.
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Figure B.36. Kaolinite microwave method at Power Level 3 compaction curve.
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Figure B.37. Kaolinite microwave method at Power Level 4 compaction curve.

B.3 HYDROMIX HM-08 OUTPUT “V” AND OUTPUT “E”

The figures presented in this chapter are for the same soils presented for output “F” (Figure 4.4) of the
HydroMix Hydro-Com software. However, the alternative outputs “V” and “E” were recorded and are
presented in Figures B38 and B39.
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Figure B.38. HydroMix testing using output “V”.

61

25.00



100 L

90 d
80 |
70 L

60 O

Output "E"

40 +
30 F [m] [ ]
20 ) A
A
10 T
0 1 1 1
0.00 5.00 10.00 15.00 20.00 25.00
Oven Moisture Content [%]

® Coarse Sand @ Local Red Clay A Ottawa F65 Sand O Ottawa Silica Sand

Figure B.39. HydroMix testing using output “E”.

B.4 HYDROMIX COMPACTED SAMPLE TESTING AT DIFFERENT LOCATIONS

As shown in Figure B40, the moisture content measured using the HydroMix microwave sensor was
different for the soil obtained from different locations within the Proctor mold. The best result was
obtained from the bottom of the mold, as reported previously in Figure 4.6.
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Figure B.40. HydroMix compacted sample measurements at (a) the top of the mold (b) the center of the sample
(c) soil shavings obtained from the center of the sample (d) the sample center filled with silica sand.
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