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1. Introduction

1.1. Background

Compaction quality control is essential to virtually all earthwork and highway construction
projects. This is done to ensure that design conditions are actually met in the field. It is essential
to measure the in-place moisture content and density when evaluating the quality compaction
control of an earthwork project. Currently there are many methods used for determination of
these important parameters. This project is primarily concerned with the evaluation of a new
method for measuring soil water content and density involving time domain reflectometry
(TDR). Although TDR technology has been used for some time in other fields it is relatively
new to the field of geotechnical engineering and is an altogether different approach to measuring
soil properties than traditional geotechnical methods. Current methods used to measure soil
density and moisture content rely, in most cases, on separate and independent tests that are often
run on different soil samples. The TDR method measures both density and water content at the
same time using the same soil sample by evaluating an electromagnetic wave that is sent into the
soil medium. The TDR method for measuring in-situ water content and density was recently
standardized in the form of ASTM D6780. The formation of ASTM D6780 is credited largely to
work done at Purdue University; hence the method is commonly referred to as the Purdue TDR

Method. The evaluation of this method will be the primary focus of the following chapters.

1.2. Problem Statement

The Purdue TDR method for measuring soil water content and density (ASTM D6780) is a
relatively new method. Preliminary research indicates the method to be accurate and viable in
terms of use in geotechnical applications. Extensive analysis and testing has yet to be carried out
to determine the accuracy and utility of the TDR method. A program of testing and analysis
must be implemented to properly evaluate the prospects of widespread implementation of the

TDR method in the state of Florida.



1.3. Project Objectives

The specific objectives of this project are:

1y

2)

3)

4)

5)

6)

Performing an extensive literature review — A review of previous research carried out in
the field of time domain reflectometry was conducted to gain competency in the
understanding of the TDR basics. Review of current methods of determining soil
moisture content and density was executed in an effort to compare the TDR method to
those currently used. Particular attention was given to reviewing of research done at
Purdue University as this project is part of a nationwide beta testing program to evaluate
the method.

Familiarization with proposed Purdue TDR equipment — In an effort to aid in the
improvement of the TDR method extensive use of the TDR equipment allowed for
educated recommendations for method and equipment improvement.

Recommendations for soil constants “a” and “b” for common Florida soils — A good
portion of research efforts was concentrated on testing soils common to Florida to
establish reliable soil calibration constants that can be used in practice in the State.
Studies on the effects of changing these soil constants were performed to evaluate the
sensitivity of these parameters as they pertain to the TDR measured soil properties.
Establishing accuracy of TDR method — The TDR measurements were evaluated for
accuracy after obtaining the soil constants. This was done by comparing measurements
to calibrated soils with know properties.

Formulating a correlation of the LBR test with the TDR spike driving procedure — As an
extension of the TDR research it was proposed to develop a correlation relating the LBR
test with the TDR spike driving process. This was accomplished with the implementation
of a field testing program.

Compare the TDR method to other field testing methods — The TDR method was
compared to a limited number of other methods used to determine soil moisture content
and density. This was done to evaluate the TDR method as opposed to other methods in

terms of accuracy.



7) Compilation of data — The data collected along with future data generated by FDOT is to
be compiled in an easy to use format. As such, a database was created for this purpose
using Microsoft Access 2000.

1.4. Report Organization

This report is divided into 9 chapters:

e Chapter 2 is a literature review of current methods used for determining soil moisture
content and density. It also reviews research done previously in time domain
reflectometry and discusses the evolution of technology as it arrives to the field of
geotechnical engineering. The chapter also reviews work done at Purdue University in
the development of ASTM D6780. The dielectric constant, and its use as it pertains to
TDR technology, is explored.

e Chapter 3 is a detailed explanation of the equipment and procedure involved for proper
use of TDR equipment.

e Chapter 4 involves the determination of soil constants “a” and “b.” The testing procedure
and scope is described. Studies involving the effects of compaction energy on the soil
constants are discussed as well as a theoretical evaluation of the effects on measured
results due to variability in the soil constants. All results from testing are analyzed and
discussed.

e Chapter 5 entails several studies designed to investigate the normalized and absolute
accuracy of the TDR method. Actual data collected was compiled and used to determine
possible sources of error. Tests involving operator dependency, variability in compaction
and inherent error were carried out to investigate their effect on the accuracy of the
method.

e Chapter 6 is primarily concerned with establishing a correlation of the TDR spike driving
process to the in place LBR test. Methods and procedures used are reviewed here, and a
recommended correlation is developed.

e Chapter 7 deals with the accuracy of current methods compared to the accuracy of the
TDR method. Discussion here is based largely on the comparison of the different

methods and offers suggestions as to why certain methods perform better than others.



o Chapter 8 discusses the formation of a database that was designed to handle the
experimental data acquired during the testing phase of the project.

e Chapter 9 gives a summary of the report and reviews the project recommendations.



2. Literature Review

Several methods are currently being used to measure both soil density and water content. It is
important to understand both the theoretical and functional background of these methods to
properly evaluate the TDR method. A working understanding of current methods and limitations
in their application is crucial in assessing the viability and practicality of the TDR method. The
theory behind the use of time domain reflectometry is also discussed in this chapter. An effort to
map out its course to the field of geotechnical engineering was made. A review of recent work

done by Purdue University is discussed here briefly, and more in depth in chapters 3 and 4.

2.1. Different Methods Used to Determine the Moisture Content
Several methods are used for determining the soil moisture content in both field and laboratory.

The following is a summary of these tests with commentary on the limitations of each.

2.1.1. Laboratory Determination of Water Content of Soil and Rock (FM 1-T 265)
Equivalent Methods: AASHTO T 265 and ASTM D2216
This method is widely known in geotechnical practice as the “Oven Dry Method”. The principle

behind the test is to determine both the weight of solids and water contained in a particular soil
sample using heating processes. A conventional oven is utilized and kept at 110°C for 24 hours.
The wet and dry weights of the soil are determined before and after drying. The apparatus
consists of: a drying oven, balances, specimen containers, desiccators, and a container-handling

device.

The procedure can be summarized in the following steps:
1. Determine and record the weight of empty container.
2. Select representative wet soil sample.
3. Place the wet specimen into the container and determine the weight of the wet soil plus
the container.

4. Place the container in the oven at 110°C up to the desired time length (usually 24 hrs).



5.

After the material has dried to constant mass, allow the container to cool down and

determine the weight of the dry soil plus the container.

6. Calculate the water content of the specimen.

The method is not suitable for materials containing extraneous matter, some organic material that

may be decomposed by oven dried, and materials containing gypsum. Material containing water

with an amount of soluble solids will give higher mass of solids than the true value. This method

should not use with contaminated soils unless adequate health and safety precautions are taken.

2.1.2.

Microwave Oven Method (FM 5-535)

Equivalent Method: ASTM D 4643

This method is similar to the oven dry procedure, except for the use of a microwave oven instead

of normal oven in drying the soil specimen.

The procedure can be summarized as follows:

1.
2.
3.

Determine and record the weight of the empty container.

Select representative wet soil sample.

Place the wet specimen into the container and determine the weight of the wet soil plus
the container.

Place the soil and the container in a microwave oven for about 3 min.

Remove the container, let it cool down, and determine the weight of the container plus
soil.

With a small spatula carefully mix the soil.

Place the soil and the container in a microwave oven again for about 1 min.

Repeat steps 5, 6, 7 until the change between two constitutive mass determinations is
insignificant.

Use the final mass measurement to calculate the water content.

Highly organic soils or soil containing oil or other contaminates may ignite during microwave

drying. This method is best suited to minus No. 4 sized materials. The use of this method is not

preferred when highly accurate results are required.



2.1.3. Direct Heating Method (ASTM D4959)

The idea behind this method is the same as the previous two methods, but the difference is in the
use of direct heat; such as a hotplate, stove, or blowtorch for drying the sample. The method
yield results faster than the oven dry method, but is less accurate. A moist sample is placed in a
container and the weight is determined. The soil is allowed to dry using a direct heating and is
then weighed. This procedure is continued until the change in the dry weight becomes

negligible. Using this weight, the water content can be determined.

2.1.4. Calcium Carbide Gas Pressure Tester Method (FM 5-507)
Equivalent Methods: AASHTO T 217 and ASTM D4944

Referred to as the “speedy moisture content” method, this method is used for determining the
water content of soil from the results of chemical reaction using calcium carbide as a reagent to
react with the soil pore water. Two steel balls are used to ensure that the reagent can contact all
the available water in the soil, producing Acetylene gas. A measurement is made of the gas
pressure produced when a specified mass of wet soil is placed in a testing device with an
appropriate volume of reagent and mixed. The apparatus consists of a calcium carbide pressure
tester set, a small scoop, two steel balls, No. 4 sieve, a supply of calcium carbide, and

clothing/safety equipment (Figure 2-1).

The procedure is summarized in the following steps:

1. Remove the cap from the testing chamber and place the desired amount of calcium
carbide reagent along with the two steel balls into the testing chamber.

2. Obtain a specimen of soil according to the amount recommended by the device
manufacturer.

3. Place the soil specimen in the testing chamber cap.

4. Shake the apparatus vigorously with a rotating motion so that the steel balls roll around
the inside circumference and cause a grinding effect on the soil and reagent.

5. When the pressure dial gage needle stops moving, read the dial while holding the

apparatus into a horizontal position.



6. Use the appropriate calibration curve to determine the corrected water content in percent

of dry mass of soil.

Speedy Moisture Tester (Courtesy of Soiltest, Inc.)

Figure 2-1 Speedy moisture content device

The method is not accurate for highly plastic clays and soils containing minerals that dehydrate
with heat. The test method is limited to soils with particles less than No. 4 sieve size.
Flammable and explosive acetylene gas is involved, appropriate guidelines and rules should be

followed by the operator.

2.1.5. Nuclear Method (Shallow Depth) (FM 1-T 238)
Equivalent Methods: AASHTO T 310 and ASTM D3017

In this method, a fast neutron source is applied to the surface of the soil. Using a surface slow
neutron detector, the slowing ratio of the fast neutron is measured. Using this ratio and the
calibration data, the moisture content of the soil is calculated. The hydrogen present in water is
the main factor in this test. The apparatus consists of fast neutron source and detector, readout

device, housing, reference standard, and site preparation equipment.

The procedure can be summarized in the following steps:



Standardize the instrument.
Select a test location and remove all disturbed materials (total contact is required).

Seat the instrument firmly and place the source in its position and take a reading.

o=

Determine the ratio of the reading to the standard count and determine the in-place water

content from the calibration and adjustment data.

The apparatus is more sensitive to water contained in soil near the surface (2-3 in). Hydrogen in
forms other than water will cause reading in excess of the true value. Some chemical elements
such as boron, chlorine, and minute quantities of cadmium cause measurements lower than the

true value.

2.2. Different Methods Used to Determine In-place Density
Several methods are used for determining the in-place density of soil. Following is a summary

of the test procedures and limitations for each of these methods.

2.2.1. Nuclear Method (FM 1-T 238)
Equivalent Method: ASTM D5195

The basic idea behind the nuclear method is to insert radiation tube containing source and
detector of gamma radiation into the soil to the desired depth in order to measure the attenuation
of gamma radiation through soil. The soil density is then determined by comparing the detected
rate of gamma radiation with previously established calibration data. The apparatus consists of
sealed source of high-energy gamma radiation, gamma detector, timed scale and power supply,
cylindrical probe, reference standard, access tubing, and hand auger or drilling equipment

(Figure 2-2).

The test procedure can be summarized as follows:

1. Dirill the access tube hole and install the access tube.

2. Record the ground water table and if saturated conditions are expected, seal the tube.
3. Lower a dummy probe down the access tube to verify proper clearance.
4

Standardize the apparatus.



5. Seat the apparatus firmly on the access tube and take readings at the selected time period

then, using the calibration data, determine the in-place density.

CONTROL UNIT / SHIELD

ACCESS PIFT

FIELD OF NEASUREMENT

Schematic Diagram: Depth Density by Nuciear Method

Figure 2-2. Nuclear method for determining in-field density

If the dry unit weight is required, the measurement of the in-place water content is needed.
Measurements will be higher than the actual values if some elements with greater atomic
numbers than 20 are encountered. Voids around the access tube can greatly affect the
measurements. The equipment utilizes radioactive materials that may cause hazards, so proper

precautions have to be taken by the users.

2.2.2. Nuclear Method (shallow depth) (FM 1-T 238)
Equivalent Methods: AASHTO T 310 and ASTM D3017

The shallow depth nuclear method is the same as the regular nuclear method, but either the
source and detector remains on the surface (Backscatter Method) or one of them is at the surface

while the other is at a known depth up to 300mm (Direct Transmission Method).

2.2.3. Sleeve Method (ASTM D4564)

The idea is to work a metal sleeve into the soil, removing the soil within the sleeve, and

determining the dry mass of soil removed per linear inch of the depth of the excavation within

10



the sleeve. The mass per linear inch is related to the dry density of the in-place soil through a

calibration equation. The sleeve method is used for soils that are predominantly fine gravel size,

with a maximum of 5% fines, and a maximum grain size of % (19 mm). For each particular soil

type to be tested, calibration equation is predetermined. The test is applicable for cohesionless

soils in a confined or limited space since the test method requires less working area compared to

the other methods. The Sleeve apparatus consists of template, sleeve, measurement plate, and

driver. Balances, driving equipment, and miscellaneous equipments are also required for the

complete set up (Figure 2-3).

The procedure can be summarized in the following steps:

1.
2.

8.
9.

Prepare a smooth, level working area.

Put the template and place the beveled edge on the soil surface inside the hole of the
template.

Place the driver on the sleeve and slowly rotate the sleeve in clockwise direction while
pushing the sleeve into the soil.

Remove the driver, extract the soil from inside the sleeve, and place the extracted soil in a
moisture-proof container.

Continue rotating and advancing the sleeve and extracting material in the sequence
determining in the calibration procedure until the driver rests on the template.

Flatten the bottom of the hole as much as possible, place the measurement plate on the
soil at the bottom of the hole, and rotate gently to seat it.

Measure and record the depth of the hole from the top of the measurement plate to the top
of the template.

Determine the mass of the soil removed from the test hole and record.

Determine the water content of the removed material from the hole.

10. Calculate the dry mass per inch of the test hole.

11. Using the calibration equation, calculate the in-place dry density.

Consistency in the gradation and particle angularity of the soil being tested is critical to the test.

The test is operator sensitive. The sleeve should be checked periodically for wear.
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2.2.4. Drive-Cylinder Method (FM 1-T 204)
Equivalent Methods: AASHTO T 204 and ASTM D2937

The idea behind this method is to drive a thin-wall steel cylinder into a smoothed soil surface

using a falling hammer. Following that, the soil has to be dug out around the cylinder to allow

for removal. Using a straightedge, the ends of the cylinder have to be trimmed.
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Figure 2-3. Sleeve method for determining in-field density
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Knowing the weight and the volume of empty cylinder and the weight of the cylinder and
removed soil, the unit weight of the soil can be determined. To get the dry unit weight of the
soil, the moisture content has to be determined using a standard method. The apparatus consists
of a drive cylinder that meets the clearance ratio requirements of Hvorslev, drive head, steel
straightedge, shovel, balances, drying equipment, and miscellaneous equipment (Figure 2-4).
The test is not applicable for organic soil, very hard natural soils, heavily compacted soils, and
soils which contain appreciable amount of sand. The cutting edge of the cylinder should be
checked after each test to ensure that it is still sharp. If any damage occurs to the cylinder edge

or body, the test results should be discarded.
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Figure 2-4. Drive cylinder for determining in-field density
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2.2.5.

Sand-Cone Method (AASHTO T 191)

Equivalent Method: ASTM D1556

In the Sand Cone Method a hole is excavated in the ground and the excavated soil is weighed.

The volume of the hole is then determined using standard sand replacement. The used sand

should be dry, clean, uniform, uncemented, durable, and free flowing. Knowing the weight of

the standard sand filling the hole and the density of the sand, the volume of the hole can be

calculated. The density of the excavated soil can be computed accordingly. To obtain the dry

density of the soil, the water content of the extracted portion is determined using a standard

method. Finally the dry density of soil can be determined using both wet density and water

content. The apparatus consists of sand-cone density apparatus, standard sand, balances, drying

equipment, and miscellaneous equipment (Figure 2-5).

The procedure can be summarized in the following steps:

1.
2.

Select a test location and prepare the surface.

Seat the template on the plane surface and dig a hole through the center hole of the
template.

Invert the sand-cone apparatus and seat the sand-cone funnel into the flanged hole of the
template. Allow the sand to flow into the hole and the cone by opening the valve.
Determine the weight of the apparatus with the remaining sand. Knowing the weight of
the apparatus when it is full of sand and the standard sand weight required to fill the cone
and the template, we can get weight of sand in the hole. The volume of the hole (soil)
and the wet density of the soil can therefore be determined.

The dry density of soil can be determined knowing both wet density and water content.

The method is not suitable for saturated, soft, organic, deformable or highly compressible soils.

It is also not suitable for soils that contain appreciable amount of rock or coarse materials (more

than 38mm).
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Figure 2-5. Sand cone method for determining in-field density

2.2.6. Rubber Balloon Method (ASTM D2167)

The concept behind the rubber balloon method is the same as the sand-cone method, but instead

of replacing the soil with standard sand, water is used. A flexible membrane filled with water
and connected to a water-filled calibrated vessel is used to measure the volume of the hole after
extracting the soil. The equipment consists of rubber balloon apparatus, template, balances,

drying equipment, and miscellaneous equipments (Figure 2-6).

15



External Pressure or
Vacuwum

Colibrated Vessel

Contained Liquid

Test Area Surface

Rk
§
?;
L

|

e

Void to be Filled when Externol
Pressurs is Applied

Detail of Typical
Pase Plate Recess

Schematic Drawing of Calibrated Vessel Indicating Principle (Not to Scale)

Figure 2-6. Rubber balloon method for determining in-field density

The procedure can be summarized as follows:
1. Prepare the surface at the test location.
2. Assemble the template and the rubber balloon apparatus (using the same pressure and
surcharge load used during calibration) and take an initial reading on the volume
indicator.

3. Dig a hole within the template.
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4. Place the apparatus over the template and apply the same pressure and surcharge load
used during calibration and take final reading.

5. Using the two readings, the volume of the hole (soil) can be determined. Knowing the
weight of the extracted soil, the wet density can be calculated.

6. The dry density of soil can be determined knowing both wet density and water content.

Prior to first use, the apparatus should be calibrated. The suitability of this method is the same as

the sand-cone method.

2.2.7. Other Methods

There are two more methods to measure the density of soil in-place. These methods are the sand
replacement method in a test pit and the water replacement method in a test pit. These tests rely
on the same concepts as the sand-cone and the balloon methods However, the sand-cone and the

balloon methods are more advanced and widely used.

2.3. Summary of Existing Methods

A summary of key points of the more commonly run tests is displayed in Table 2-1. For the
purposes of this report, the nuclear method is used most frequently. The nuclear method requires
training and special licensing to operate and field measurements are only as good as the
calibration of the device. On the other hand, the Sand Cone method relies heavily on the skill of
the test operator. Further discussion on the comparison of these tests with the TDR method will

be addressed in Chapter 7.

Table 2-1. Comparison of current methods.

Test Application Required Time Major Source of Error
Oven Dry Water Content 24 hours Considered as baseline measurement
Speedy Moisture | Water Content | 15-20 min + calibration Operator's ability to perform test correctly
Nuclear Method | Wc and Density [ 30 min + calibration Highly dependant on proficient calibration
Sand Cone Density 30 min + calibration Operator dependant
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2.4. Time Domain Reflectometry Basics

O’Connor and Dowding (1999) define Time Domain Reflectometry (TDR) as “a broad range
remote sensing electrical measurements to determine the location and nature of various
reflectors.” TDR is similar to radar in that a short electromagnetic pulse is first emitted, and a
reflection is returned when an anomaly is encountered. Measuring the time between
transmission and receipt and knowing the speed of light, the distance to the object could be
calculated. To this end, TDR devices are sometimes called cable radar. The main two features
of the TDR reflected waveform are the travel time through the probe, and the steady state voltage
amplitude of the waveform at long times. Additional details of the reflecting object can be
obtained from detailed analysis of the echo. TDR technology has been used to locate faults in
transmission lines since the 1930°s (Lin et al., 2000). Freller-Feldegg (1969) used them for
measuring permittivity of liquids. Developments made by Topp et al. (1980) demonstrated a
“unique relationship between the relative dielectric constant and the volumetric water content for
a large range of soils” (Dasberg and Dalton, 1985). This research proved to be very promising
for water content measurement in the field and for use of TDR technology in geotechnical

applications.

2.4.1. Complex Dielectric Permittivity

Electrical permittivity can be measured by placing the material between two plates of a capacitor
or into a coaxial line and measuring the complex impedance. For a complete characterization, a
number of measurements over a wide frequency range are required. The same information could
be obtained by making measurements in time domain instead of frequency domain using time
domain reflectometer (TDR) (Fellner-Feldegg, 1969). Since this time, TDR has been used
extensively to measure the complex dielectric permittivity of polar and non-polar liquids (Giese
and Tiemann, 1975; Clarkson et al, 1977). Further developments by Topp et al. (1980) led to the
development of a relationship between the complex dielectric constant and water content of soil.
This relationship measured the real portion of the dielectric constant and assumed the imaginary
losses to be negligible. The relationship developed was in fact between the apparent dielectric
constant and soil water content. This relationship between the apparent dielectric constant and

water content led to several other developments in TDR technology.
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2.4.2. TDR waveform

Maxwell’s equations are the source for and derived equation to solve electromagnetic fields.
The propagation of an electromagnetic field through a transmission line is governed by the wave
equation derived from Maxwell’s equations. Drnevich et al. (2000) stated that: “There are two
important components of the wave equation solution; the characteristics impedance, Z, and the
propagation constant, (y). The characteristics impedance is the ratio of voltage to current
propagating along the line. It is a function of the geometry of the transmission line and the

dielectric permittivity of the insulating material.” It can be derived, for a coaxial line, as:

ln[bj
7 a) o 1 _ Z

-2 5\/5_\/:;;“ (2-1)

Where “b” is the inner diameter of the outer conductor, “a” is the outer diameter of the inner
conductor, & is the vacuum permittivity (8.854x 10™%), p is the vacuum permeability (4nx10”
H/m), &, is the equivalent dielectric permittivity, and Z, is defined as the impedance of the same

line filled with air as the medium (Krauss, 1984).

The propagation constant is the other intrinsic property of a transmission line. It is only a
function of the dielectric permittivity of the insulating material. It can be derived, for a coaxial

line, as:

y= 27 et ip (2-2)

C

In which c is the velocity of the electromagnetic waves in free space, and o and [ are the real
and imaginary parts of the propagation constant, respectively. The real part represents the
attenuation of the wave, whereas the imaginary part is the spatial frequency, which gives the
velocity of wave propagation when divided by temporary frequency (2nf). The TDR waveform
recorded by sampling oscilloscope is a result of multiple reflections and dispersion. A typical

TDR output waveform is shown in Figure 2-7.
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Figure 2-7. Typical TDR output voltage

2.4.3. Developments in TDR Technology

Topp et al. (1980) suggested that research be carried out to develop transmission line
components that would be sufficiently accurate for water content measurement purposes.
Several research projects were carried out to evaluate different transmission line configurations
(Ledieu et al., 1986; Topp et al., 1982; and Dasberg and Dalton, 1985). Although results from
these tests indicated a reliable relationship between the dielectric constant to water content, the
need for a reliable and routine field technique was still evident. Zeglin et al. (1989) studied
several coaxial probe configurations and found that three and four wire configurations were
superior to a two wire system. Studies investigating cable length, quality and type of probe and
cable dimensions were carried out by Heimovaara (1993) to determine their influence on the
accuracy of TDR measurements. Improvements in calibration were made by Dirksen and
Dasberg (1993), which accounted for certain differences in mineralogy. These and other
improvements of the TDR method led to research done at Purdue University (Drnevich et al.,
2000) in the development of the Purdue TDR method. There work recently warranted the
acceptance of the method as ASTM standard D 6780 in 2002. A more in depth discussion of the

developments made at Purdue University will be dealt with in Chapter 4.
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2.4.4. Equipment

TDR instruments (sometimes referred to as cable radar) basically consists of a pulse generator

and a sampling oscilloscope. An electrical pulse along a coaxial cable is sent by the generator

and observed by the oscilloscope (Drnevich et al, 2000). The reflected pulse is measured and

analyzed to compute the apparent dielectric constant. Figure 2-8 shows the configuration of

typical TDR system, whereas Figure 2-9 shows an example of a TDR system used for measuring

soils dielectric properties.

TDR Device

sampler

Step Generator

|
I
i

o

I N
3 =g

Oscilloscope

Coaxial Cable
Measurement

Probe

Figure 2-8. TDR system configuration

TDOR Cable Tester
(Tektronix 15028)

Waveform

Figure 2-9. Example of TDR system used for soils
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2.4.5. Concerns with TDR Measurement

Significant research has been carried out to determine possible sources of error in TDR
measurements. Particularly problems with “lossy” materials and multiple reflections have
received attention. Mojid et al. (2003) studied problems with geotechnical TDR measurement in
lossy materials. The reflected TDR wave consists of a real and imaginary portion. Current TDR
methods assume that the imaginary portion of the TDR wave can be neglected and the measured
real portion is adequate for measurement. This is accomplished by operating in the frequency
range of 1 MHz to 1 GHz. In this range the frequency does not strongly affect the measured real
portion of the dielectric constant. This assumption is consistent with research carried out by
Davis and Annan (1977). However, in highly conductive materials a dispersive or lossy
phenomenon is observed. These lossy or dispersive materials are mostly fine-grained materials
or conductive materials where large amounts of ions are present in the pore water (Mojid et al.
2003). Yanuka et al. (1988) also discuss the significant error that arises when taking TDR
measurements in conductive materials. Developments at Purdue University have addressed the
problem of testing lossy material. The addition of a protective sleeve over the TDR probes can
be used to minimize the reflected wave loss into conductive material, thus minimizing wave
reflection loss. The result is a more accurate representation of the actual dielectric constant from
the apparent dielectric constant. Studies carried out for the purposes of this report did not
include testing of dispersive materials, due to their scarceness in the State of Florida. Research
was primarily concerned with typical Florida construction soils (sands). Recommendations in

this report are made accordingly and do not apply to highly lossy fine grained soils.
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3. Equipment and Procedure

3.1. Introduction

As discussed in the previous chapter, the use of TDR technology is relatively new to the field of
geotechnical engineering. Several advancements and improvements to the method led Purdue
University researchers to develop a TDR measurement system for widespread use. Siddiqui and
Drnevich (1995) studied the factors which influence the wave transmission. Based on the results
obtained from their study, transmission line components were designed and built to be robust,
easy to use, and provide superior wave transmission for field measurements of moisture content

and dry density.

The system configuration of the TDR device is shown in Figure 3-1. The TDR device used in
this study is ASTM Standard compliant, and was acquired from Purdue University (Figure 3-2).

TDR Device _
[m————————— L
1} T !
2L Coaxial Cable
Measurement
Step Generator Probe

PR T ——— S,

L‘

Figure 3-1. TDR system configuration. [Source: Lin et al. (2000)]
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TDR Cable Tester
(Tektronix 1502B)

Soil

Figure 3-2. Example of TDR system [Source: TDR User’s Manual]

3.2. TDR Prototype Equipment

TDR device consists generally of three main parts:

1 - A coaxial cable.

2 - A coaxial head (CH).

3 - Either a coaxial cylinder (CC) or multiple rod probe (MRP).

The coaxial cable consists of a center conducting wire surrounded by a cylinder casing, which
acts as the outer conductor (Lin et al., 2000). The coaxial head (CH) consists of three parts; a
coaxial line similar to the actual coaxial cable, a solid cylindrical head with an insolating
material, and multiple rod section that contains three perimeter rods and one center rod without
any insolating material. Figure 3-3 shows the main components of the coaxial head. The coaxial
head (CH) serves as a transition between the actual coaxial cable and coaxial cylinder
(CC)/multiple rod probe (MRP). It could be used for both field probe and compaction mold.
The coaxial head (CH) has one center stud and three perimeter studs. The center stud and two of
the perimeter studs are of the same length (21mm), whereas the third perimeter stud length

can
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Figure 3-3. Configuration of coaxial head [Source: TDR User’s Manual]

be adjusted to ensure full contact with the four probes in field or the ring and center probe in

mold.

The coaxial cylinder (CC) transmission line consists generally of a CC mold, a CC ring, and a
central rod. The CC mold looks like the compaction mold with an inner diameter of 101.6 mm
and a length of 232.87 mm. The CC ring has to fit on top of the CC mold. It works as an
extension during the compaction stage and as a part of the coaxial cylinder (CC) during the
measuring stage. The central rod is made of stainless steel and has a length of 234 mm and a
diameter of 8 mm. A guide template is used to guide the central rod during driving stage. Figure

3-4 shows the coaxial cylinder configuration.

The multiple rod probe (MRP) consists of one central rod and three perimeter rods, which have
to be inserted into the soil so that the soil acts as an insolating material. The configuration of the
MRP rods has to be the same as the coaxial head (CH). This is achieved with the help of

a
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Figure 3-4. The coaxial cylinder (CC) transmission line

[Source: Siddiqui and Drnevich (1995)]

temporary detachable template used to locate the probes in the driving stage. After the spikes
driving completed, the template is removed and the coaxial head (CH) is placed on top of the
spikes heads and a TDR measurement is taken at this stage. Figure 3-5 shows the multiple rod

probe (MRP) components.

The most important output from the TDR system is the waveform. With a high resolution
waveform output the accurate Interpretation of the waveform then becomes critical in extracting
information from the material tested. Lin et al. (2000) stated the following: “For the proposed
TDR system, tests have been conducted to verify the first and second reflection points.
Discontinuities in impedance occur at the connection of the coaxial cable and the CH, inside the
CH, at the top of the soil surface, and at the end of the CC or MRP as shown in Figure 3-6. The
goal of the waveform analysis is to find the reflection points that occur at the soil surface (point
1), and at the end of the CC or MRP (point 2). The first reflection point is at the peak of the
waveform right before it starts to drop. The second reflection point will be around the portion of

2

the waveform where it starts to rise to the steady state.” Waveform interpretation is performed

using a notebook connected to the TDR device.
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3.3. Procedure

10.

Try to level the surface of the tested soil as possible.

Place the template on the leveled soil surface and begin to drive the spikes using the
attached steel hammer, Figure 3-7. It is preferable to begin driving the perimeter spikes
simultaneously. After you are done with the perimeter spikes, drive the central spike.
Remove the template exposing the heads of the four spikes (Figure 3-8).

Place the coaxial head (CH) on the heads of the four spikes. It is very important to
ensure full contact between the four studs of the coaxial head and the four spikes heads.
This will be achieved with the help of the adjustable perimeter stud. After placing the
coaxial head and ensuring contact, make a measurement of the dielectric constant of the
soil in-situ (Figure 3-9).

Remove the four spikes and excavate soil from zone within spikes area as quick as
possible to maintain the same moisture content (Figure 3-10).

Compact the removed soil into a mold with a pre-measured weight and pre-calibrated
volume using a hand tamper in six layers (Figure 3-11). In order to obtain a reasonably
uniform specimen, the compacting energy has to be increased from the bottom layer to
the top layer gradually. This result can be achieved by either increasing the force per
drop applied to the tamper as layers are advanced or by increasing the number of tamps
per layer as layers are advanced, keeping the same force and drop for each tamp. The
second choice was chosen and the number of tamps per layer was increased from 10 to 20
gradually from the first to the sixth layer. The energy for one tamp was maintained
constant by ensuring free drop for the tamper from a 2 inch height.

Determine the mass of the mold and the soil to get the soil density (Figure 3-12).

Use the plastic cylinder guide template and drive the central stainless steel rod into the
mold using the acrylic.

Place the adaptor ring on the mold.

Place the coaxial head (CH) on the adaptor ring. Take a TDR measurement and

determine the mold dielectric constant for the soil (Figure 3-13).
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Figure 3-7. Driving spikes through template into soil surface.

[Source: TDR Manual]

Figure 3-8. Removal of the template exposing the heads of the four spikes
[Source: TDR Manual]
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Figure 3-9. Placement of coaxial head (CH) on spikes heads
[Source: TDR Manual]

Figure 3-10. Removal of soil from zone enclosed by the driven spikes

[Source: TDR Manual]
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Figure 3-11. Soil from in-place test compacted in the mold

[Source: TDR Manual]

Figure 3-12. Placement of compaction mold filled with soil on the scale

[Source: TDR Manual]
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Figure 3-13. Coaxial head measuring in-mold dielectric constant

[Source: TDR Manual]

3.4. TDR Software

The TDR software was designed with a user-friendly interface. It consists of two main screens.
The first screen is the In-Situ MRP Test in which the user has to input project name, contract
No., operator, test location, test No., temperature, and type of soil (cohesive or cohesionless).
The Get Waveform button is then pushed in order to obtain a waveform (Figure 3-14). The soil
dielectric constant in field, K, field, is calculated as the Calculate button is pushed. After the

value of is obtained, the file has to be saved and the Go To Mold button has to be pushed.
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The second screen is the CC Mold Test in which the user has to input mass of empty mold, mass
of mold and wet soil, volume of mold, and soil constants a and b. The Get Waveform button is
then pushed in order to obtain a waveform (Figure 3-15). The soil dielectric constant in mold,
Kamolda, 18 calculated as the Calculate button is pushed. In order to get the final results (dry
density in field and moisture content), the Compute button has to be pushed. After the final

values are obtained, the file has to be saved with the same name of the In-Situ file.
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Figure 3-14. In-field Test Screen. [Source: TDR Manual]
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Figure 3-15. In-Mold Test Screen. [Source: TDR Manual]
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4. Evaluation of Soil Parameters “a” and “b”

4.1. Introduction

The soil constants “a” and “b” are parameters that relate the gravimetric moisture content to the
soil dielectric constant through the equation developed by Siddiqui and Drnevich (1995), which
will be introduced later in this chapter. The aim of this chapter is to evaluate these parameters
for typical Florida construction soils. The dependency of these constants on soil type,
temperature, and dry density will be addressed. In this chapter, results from an experimental
study on different soil types will be presented and analyzed. The soils were provided by the
FDOT State Materials Office and the District One Materials Office. In order to determine the
constants “a” and “b”, a series of TDR tests in the mold were performed at different moisture
contents for each particular soil. Based on the findings for several soil types, average values for

soil parameters are recommended for use in conjunction with the TDR method for typical Florida

construction soils.

4.2. Theoretical Background

There are basic empirical equations, which have been developed to correlate the volumetric or

gravimetric moisture content to the soil dielectric constant. The volumetric water content (0) is

defined as:
0= Vwater (4_1)
Vsolids
Whereas the gravimetric water content (w,) is defined as:
— Wwater
We = W (4-2)

solids
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The two are related by the following equation:

4-
o =w, 20 (+3)

Pw

Topp et al. (1980) developed an equation to describe the relationship between volumetric

moisture content (0) and apparent dielectric constant K:
6 =-0.053+2.92x107K, -5.5x10*K,* +43x10°K,’ (4-4)

As an alternative to Eqn. (4-4), Ledieu et al. (1986), Alharthi and Lange (1987) proposed a linear

calibration equation:

JK, =a+b@ (4-5)

Where a and b are calibration constants: a = 1.545 and b = 8.787 according to Ledieu et al.
(1986); a=1.594 and b = 7.83 in Alharthi and Lange (1987). Lin et al. (2000) stated that
“Topp’s equation is essentially the same as Eqn. (4-5) in the normal range of water content

(0.05<6<0.5), witha=1.56 and b = 8.47”.

Ledieu et al. (1986) demonstrated that an improvement could be added if the bulk dry density is

included in the equation as:

JK, =ap, +bé+c (4-6)
Where a, b, and c are calibration constants: a=0.297, b= 8.79, and ¢ = 1.344.
By normalizing the effect of density, Siddiqui and Drnevich (1995) developed an equation

similar to Eqn. (4-6), with ¢ = 0. In their equation, the relationship between apparent dielectric

constant and gravimetric moisture content is expressed as follows:

36



JK, Le—atbw, (4-7)
P

Lin et al. (2000) noted that Equations (4-6) and (4-7) “provide better calibration than equations
(4-4) and (4-5) because the density effect is taken into account”. The previous empirical
equations were obtained under different density conditions and are therefore inconsistent in

terms of interpretation of the constants.

On the other hand, theoretical mixing formulas were found to be satisfactory to produce better
calibration, according to Dirksen and Dasberg (1993). Birchak et al. (1974) proposed a

volumetric mixing model from which a four-phase soil mixing formula could be obtained:

Ko :[&]K: (O -0, K2 +0,, KL +(1—&— ]K”‘ (4-8)

. ps air

Where K, Kiw, Kow, and Ky, are dielectric constants of soil solid, free water, bound water, and
air respectively; ps is the soil solids density; Oy, is the volumetric bound water content; and o is
the fitting parameter that accounts for the geometry of the medium with respect to the applied
electric field (o = 0.5, for an isotropic homogenous medium). Dobson et al. (1984)

approximated the fraction of the tightly bound water covering the mineral surfaces as:
ebw = I5pd S (4_9)

Where | is the number of molecular water layers of tightly bound water, 8 = 3x10""m is the
thickness of one molecular water layer, and S is the specific surface of the soil particle.

Substituting oo = 0.5 and 0y, in Eqn. (4-8):

K:[@%ﬂ—ﬂ)& po + (Ko Ky P+Ky  (#10)
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Equation (4-10) is the theoretical basis and the general case for empirical Eqns. (4-4), (4-5), (4-
6), and (4-7). Lin et al. (2000) stated that, “if the soil type effect is neglected, Eqn. (4-10)
reduces to Eqn. (4-6). If soil type and density effects are both neglected, Eqn. (4-10) becomes
Eqn. (4-5)”. It is evident that many empirical equations are available. They are different
because they are determined under different experimental conditions or address different
considerations. Siddiqui and Drnevich (1995) performed a laboratory work and indicated only
marginal benefits in using one calibration equation to another. Their experiments were limited to

a range in density of 1.40 to 1.95 Mg/m’ (87 to 122 pcf).

Lin et al. (2000) performed TDR tests on actual compacted soils over the typical range of
compacted densities to evaluate the calibration equations. The tests were conducted on soils
taken from actual construction sites in Indiana. The results of their work compared favorably

with results published by Topp et al. (1980) which are displayed in Fig. 4-1. The standard error

was 1.9% where the maximum error was 4.0%.

0.300
0.250 1 g
x x
= 0.200 ¢ a2
w *
3 e ™
Q 0.150 + °
% 0.150 . A <
t— A o I° . Vigo
% 0100 ¢ At » Hendricks |
4 4o 4+ Indianapolis
o Hendricks Il
0.050 1 x Bloomington
—1:1 Line
0.000 t t - + +
0.000 0.050 0.100 0.150 0.200 0.250 0.300

Oven-dry Water Content (w)

Figure 4-1. Comparison of oven-dry water content and TDR measured water content for

different types of soils using Topp’s empirical equation. Source: Lin et al. (2000)
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In order to get an expression in the form of Eqn. (4-5), values of JK were plotted against the

volumetric moisture content as shown in Fig. 4-2. The resulting relation was:

JK =2.13+7.000 (4-11)

The coefficient of determination, Rz-value, was 0.92, the standard error of estimate was 1.5%

and the maximum error was 3.2%.

6
5 <+
4 <4
—
X
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§. 3
2+ - * Vigo
= Hendricks |
A Indianapolis
1 o Hendricks ii
T x Bloomington
— Equation 7
0 —t + + + + + t +
0.000 0.050 0.100 0.150 0200 0250 0300 0.350 0.400 0.450

e
Figure 4-2. JK vs© relationship for different types of soils. Source: Lin et al. (2000)

The gravimetric moisture content was plotted in Fig. 4-3 and a regression analysis of the data
yielded:

JK, 2 = 1,03+ 824w, (4-12)
Py

The R*-value was 0.98, the standard error of estimate was 0.9% and the maximum error was

1.9%.
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Figure 4-3. Density-compensating water content relationship for different types of soils.

Source: Lin et al. (2000)

Lin et al. (2000) concluded that “unless greater accuracy is required or highly plastic soil is
encountered, Eqn. (4-12) can be used with approximately 1% standard error for water content

measurement if the density of the soil is known”.

4.3. Procedure

The Siddiqui and Drnevich (1995) relationship has been used to determine the soil constants “a”
and “b”. The process relied on performing the TDR method on a particular soil in the mold at
different moisture contents. In this case the soil dielectric constant in the mold K, moid 18
measured as an output from the TDR software. The wet density is readily measured since the
mold’s volume and weight are known a priori. The moisture content can be determined by the
oven-dry method, ASTM D2216. The two unknowns in this equation are, therefore, the
constants “a” and “b”. If the left hand side of the equation is plotted against the moisture
content, the results could be regressed to a straight line with a slope equal to the constant “b” and

an intercept equal to the constant “a”. This procedure is performed on 11 soils provided by

FDOT and 2 soils from inside and outside the soil laboratory.
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4.4. Experimental Results

The results from the tests are summarized in Table 4-1. In order to ensure accuracy, two

different operators performed the tests and, in selected cases, the test was performed by both of

them to ensure consistent testing procedures. According to Table 4-1, the mathematical average

value for constants “a” and “b”” were found to be 0.99 and 8.53, respectively.

Table 4-1. Values of constants “a” and “b” for various soil types

Test Description Operator| USCS| AASHTO a b Comment
1 Ottawa Sand Amr SP A-1-b 1.22 | 11.68 Discarded
1-a Ottawa Sand Brian SP A-1-b 0.95 | 9.00 Accepted
1-b Ottawa Sand Both SP A-1-b 0.91 9.41 Accepted
Average 0.93 9.21
2 Outside Lab Amr SP A-3 1.00 | 8.20 Accepted
2-a Outside Lab Brian SP A-3 1.03 | 8.35 Accepted
Average 1.02  8.28
3 MP-1 Amr SP A-1-b 0.93 | 8.78 Accepted
3-a MP-1 Brian SP A-1-b 1.01 7.48 Accepted
3-b MP-1 Brian SP A-1-b 0.98 | 8.21 Accepted
Average 0.97 8.16
4 Sample # 515 Both SP A-3 1.05 | 8.19 Accepted
4-a Sample # 515 Brian SP A-3 1.01 8.93 Accepted
4-a Sample # 515 Brian SP A-3 1.03 | 8.73 Accepted
Average 1.03  8.62
5 Sample # 2 Amr SP A-1-b 1.10 | 7.40 Accepted
5-a Sample # 2 Both SP A-1-b 1.04 8.06 Accepted
Average 1.07 7.73
6 Sample # 6944 Amr SP A-3 1.08 | 8.09 Accepted
6-a Sample # 6944 Brian SP A-3 0.99 | 8.65 Accepted
Average 1.04 8.37
7 | Sample with # 6944 | Brian SP A-1-b 0.99 | 8.80 Accepted
8 Sample # 6965 Both SW A-1-b 0.99 | 8.80 | Study the effect of compaction
8-a Sample # 6965 Both SW A-1-b 1.04 | 8.03 | Study the effect of compaction
8-b Sample # 6965 Both SW A-1-b 0.99 | 8.31 | Study the effect of compaction
8-c Sample # 6965 Both SW A-1-b 1.00 | 7.96 | Study the effect of compaction
Average 1.01 8.28
9 | Sample With # 6965| Brian SP A-1-b 1.02 | 8.20 Accepted
10 Sample # 6974 Brian SP A-1-b 0.99 | 8.27 Accepted
11 Sample # 6978 Brian SP A-1-b 1.02 | 7.93 Accepted
12 Sample # 6926 Brian SP A-1-b 0.90 | 9.24 Accepted
13 Sample # 6927 Brian SP A-1-b 0.87 | 9.83 Accepted

Note — test 1 was discarded due to incorrect procedures used.
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The results of all tests are plotted on a single graph, Fig. 4-4. Values of 0.99 and 8.48 were
determined for constants “a” and “b” respectively. The correlation factor, or R-value, for the

trend line used for all the data was 0.9826, indicative or a strong correlation.
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1.50 |
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] VK xpu/Pg = 8.48 W, + 0.99
0.50 - )
] R? = 0.9826
000 +—m"m—— —————————————————
0.00 0.05 0.10 0.15 0.20 0.25
We

Figure 4-4. Final results of the TDR test in-mold for various soil types

4.5. Effect of Compaction Energy on Soil Constants “a” and “b”

In order to study the effect of compaction energy on the values of constants “a” and “b”, TDR
tests must be performed at different compaction energies. Sample 6944 was chosen for this

study. TDR tests were performed using different compaction efforts by varying the number of

rod tamps, as summarized in Table 4-2.
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Table 4-2. The different tests performed to study the effect of compaction

Number of rod tamps per layer
Case No.
Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6
1 5 6 7 8 9 10
2 10 11 12 13 14 15
3 20 21 22 23 24 25
4 30 31 32 33 34 35

For each case, the water content was determined four times to give an accurate value of water

content. The results of the four tests are plotted in Fig. 4-5. From the figure, it can be concluded

that constant “b” decreases slightly with increasing compaction energy, whereas constant “a”

exhibits an increasing trend. However, the difference between cases 2, 3, and 4 is insignificant.

Therefore, it can be concluded that the compaction energy affects only slightly the value of

[P 4]

constants “a” and “b”. It is recommended to use the compaction energy associated with Case 3

to ensure consistent results.

2.6
@ Case 1
1 y=8.6565x +1
2.4 -
] Il Case 2
1 y=8.3668x + 1
2.2 A
] A case3
1 y=8.2424x+1
2 4
3 ] @ Case4
3 ] y=8.1448x +1
= 1.8
= 1
1.6 A
1.4
1.2
1T+ 7" 77—

Figure 4-5. Effect of compaction energy on constants “a” and “b”.
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4.6. Effect of the Accuracy of “a” and “b” on the Calculated Moisture Content

The study was based on Siddiqui and Drnevich (1995) normalized equation, Eqn. (4-7). From

the basic definitions and relations of Soil Mechanics, the dry density can be defined as:

= 4-13
o (l Tw, ) ( )
Substituting with pgq from Eqn. (4-13) into Eqn. (4-7):
JK Lo (1+w,)=a+bw, (4-14)
P
Rearranging Eqn. (4-14), we get:
K"-a
W, = 4-15
©b-K” (1

Where K is defined as: K* =,/ K, Pu
e,

All the quantities defining K* are presumed to be measured at a high accuracy. Therefore, no
error is assumed to result from these quantities. In order to study the effect of changing the
constant “a” on the predicted value of moisture content, Eqn. (4-15) was used to calculate the
water content from the assumed “a” values at different K* and “b” values. The “b” values were
varied from 7 to 12, whereas the K values were varied from 1.2 to 2.4. The results are

summarized in Fig. 4-6 and Table 4-3.
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Figure 4-6. Error resulting from changing the constant “a” on the predicted moisture content
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Table 4-3. Error resulting from changing the constant “a”

Error range in Change in the predicting moisture content in percentage

“a”, (b=9) K'=12 K' =16 K =20 K' =24
0.95—1.05 1.28 1.35 1.43 1.52
0.90—1.10 2.56 2.70 2.86 3.03

It is evident from Fig. 4-6 and Table 4-3 that the predicted value of the moisture content does not
change noticeably with changing the constant “a” in a range of 1 + 0.05. It is also clear that the
change in the predicted value of the moisture content varies, depending on the value of K”. This
is logical because the effect of the constant “a”, as an intercept, has to be more predominant at

lower values of moisture content.

In order to study the effect of changing the constant “b”, the water content was calculated from
the assumed “b” values at different K~ and “a” values. The “a” values were varied from 0.85 to
1.10, whereas the K values were varied from 1.2 to 2.4. The results are summarized in Table

4-4 and Fig. 4-7.

Table 4-4. Error resulting from changing the constant “b”

Error range in Change in the predicting moisture content in percentage

“b”, (a=1) K =12 K =16 K =20 K =24
8.0-10.0 0.67 2.23 4.16 6.82
70-11.0 1.41 473 8.89 14.15
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Figure 4-7. Error resulting from changing the constant “b” on the predicted moisture content



The effect of changing the constant “b” was higher than the effect of changing the constant “a.”
It can be seen from Fig. 4-7 and Table 4-4 that the predicted value of the moisture content

changes noticeably with changing the constant “b” especially in a range of 9 £ 2.0.

It is also clear that the change in the predicted value of the moisture content depends on the value
of the K. The higher the K" value, the higher the error in the predicted value of the moisture
content. This is logical because the change in the predicted moisture content resulting from a
change in the constant “b”, which is the slope of the straight line, is expected to be dramatic,

especially at high water contents.

The study was repeated using a different idea. Based on Eqn. (4-15), the change in the predicted

water content, Aw,, due to a change Aa in the value of the constant “a” can be expressed as:

*

AWC:K —(a+*Aa)_K —? (4-16)
b-K b-K

This equation can be reduced to:

AWc=ia*
b-K

Using Eqn. (4-17), the change in the predicted water content, Aw,, due to a change Aa in the

(4-17)

value of the constant “a” ranging from —0.2 to 0.2 was determined. The results of the study are

shown in Table 4-5 and Fig. 4-8.

Table 4-5. Error resulting from changing the constant “a” on the predicted moisture content,

Method 2

Aa
We 02 | -015 ] -01 | 005 ] o | 005 | o1 | 015 | 02

AW Y%ge

0.02 2.72 2.04 1.36 0.68 0.00 -0.68 -1.36 -2.04 -2.72
0.05 2.80 2.10 1.40 0.70 0.00 -0.70 -1.40 -2.10 -2.80
0.1 2.93 2.20 1.47 0.73 0.00 -0.73 -1.47 -2.20 -2.93
0.15 3.07 2.30 1.53 0.77 0.00 -0.77 -1.53 -2.30 -3.07
0.2 3.20 2.40 1.60 0.80 0.00 -0.80 -1.60 -2.40 -3.20
0.25 3.33 2.50 1.67 0.83 0.00 -0.83 -1.67 -2.50 -3.33
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Figure 4-8. Error resulting from changing the constant “a” on the predicted moisture content,

Method 2

It is evident from Fig. 4-8 and Table 4-5 that the predicted value of the moisture content changes
slightly with changing the constant “a”. It is also clear that the change in the predicted value of
the moisture content varies slightly with changing the value of w, for a constant value of Aa.
These results confirm the results obtained from the first method used for studying the effect of

[P -4

constant “a” on the predicted value of the moisture content.

The change in the predicted water content, Aw,, due to a change Ab in the value of the constant

“b” can be expressed as:

*

v, =2 K -a (4-18)
(b+Ab)— K b-K
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Using Eqn. (4-18), the change in the predicted water content, Aw,, due to a change Ab in the

value of the constant “b” ranging from —1.0 to 1.0 was determined. The results of the study are

shown in Fig. 4-9 and Table 4-6.

Table 4-6. Error resulting from changing the constant “b” on the predicted moisture content,

Method 2

Ab
We -1 -0.75 | -05 025 | o | 025 | o5 [ 075 [ 1

AW Y%ge

0.02 0.31 0.23 0.15 0.07 000 | -0.07 | -0.13 | -0.19 | -0.24
0.05 0.81 0.59 0.38 0.18 000 | -017 | -033 | -048 | -0.61
0.1 1.72 1.24 0.79 0.38 000 | -035 [ -068 | -099 [ -1.28
0.15 2.72 1.95 1.25 0.60 000 | -055 [ -1.07 | -1.55 [ -1.99
0.2 3.81 2.73 1.74 0.83 000 [ 077 | -148 | 214 | -2.76
0.25 5.00 3.57 2.27 1.09 000 | -1.00 [ -192 | -2.78 | -3.57

It is evident from Fig. 4-9 and Table 4-6 that the predicted value of the moisture content changes

noticeably with changing the constant “b”. It is also clear that the change in the predicted value

of the moisture content varies noticeably with changing the value of w, at a constant value of Ab.

These results confirm the results obtained from the first method used for studying the effect of

constant “b” on the predicted value of the moisture content.
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Figure 4-9. Error resulting from changing the constant “b” on the predicted

moisture content. Method 2
4.7. Effect of the Accuracy of “a” and “b” on the Calculated Dry Density

The study was based on Siddiqui and Drnevich (1995) normalized equation, Eqn. (4-7).

Rearranging this equation:

VK. oy
Po =" — (4-19)

~a+bw,

The rate of change in dry density, p4, due to a change of Aa in the value of constant “a” can be

expressed as:

Apy _ (@ =a+Aab.w, = f(@.h,K")) =Py, (@b,w, )

(4-20)
pd Jtrue pd Jtrue (a> b> Wc,true )

Where:

A
. 2P is the rate of change in dry density.

p d,true

51



" P 1S the true value of dry density assuming a =1 and b = 8.5 as base values for the soil
constants.
* pg is the wrong value of the dry density depending on an error Aa in the value of the

constant “a” and a water content which has been determined from the wrong “a” value.

Substituting from Eqns. (4-19) and (4-15) into Eqn. (4-20):

1 1
" “a+bw,
s Aa)+b[+< b<aI:*Aa)j
Lo _ (4-18)
,0 d,true ;
a+ ch,true
Multiplying both the nominator and the dominator by (a + ch,true) and rearranging:
APs _ 2 +£W 1 4-22)
pd,true (a + Aa) + b - (a +*Aa)
b-K
Substituting from Eqn. (4-15) and simplifying Eqn. (4-22):
A atbl = a
LPa _ - b_KK*A -1 (4-23)
Py true a+b B ? + 3;
b-K b-K
Eqn. (4-23) can be reduced to:
A _
Py b-a (4-24)

pd,true b-a-Aa

52



The previous equation was used to study the effect of an error in the value of constant “a”
ranging from —0.2 to 0.2 on the predicted dry density. The results of the study are shown in
Figure 4-10 and Table 4-7.
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Figure 4-10. Error resulting from changing the constant “a” on the predicted dry

density.

Table 4-7. Error resulting from changing the constant “a” on the predicted dry density

Aa

We 02 | 015 ] -01 | 005 ] o | 005 | o1 | 015 | 02

Apd/pd,true , Yoge

0.02 -2.60 -1.96 -1.32 -0.66 0.00 0.67 1.35 2.04 2.74

0.05 -2.60 -1.96 -1.32 -0.66 0.00 0.67 1.35 2.04 2.74

0.1 -2.60 -1.96 -1.32 -0.66 0.00 0.67 1.35 2.04 2.74
0.15 -2.60 -1.96 -1.32 -0.66 0.00 0.67 1.35 2.04 2.74
0.2 -2.60 -1.96 -1.32 -0.66 0.00 0.67 1.35 2.04 2.74

0.25 -2.60 -1.96 -1.32 -0.66 0.00 0.67 1.35 2.04 2.74




It is evident from Fig. 4-10 and Table 4-7 that the predicted value of the dry density changes
dramatically while changing constant “a”. It is also clear that the change in the predicted value

of the dry density is independent of the moisture content value, Eqn. (4-24).

The rate of change in dry density, pq, due to a change of Ab in the value of constant “b” can be

expressed as:

APy _ Pa (ab' =b+Ab,w, = f(a,b',K")) = pg e (@0, W, 1)

pd Jtrue pd Jtrue (a’ b’ Wc,true )

(4-25)

Where: pg4 is the wrong value of the dry density assuming an error Ab in the value of the constant

“b” and water content, which has been determined from the wrong “b” value.

Substituting from Eqns. (4-19) and (4-15) into Eqn. (4-25):

1 1
- Ca+bw
A a+ (b + Ab){ K b (a};—*Aa)] c,true
Pa_ _ (4-26)
pd Ltrue ;
at ch,true
Multiplying both the nominator and the dominator by (a + ch,true) and rearranging:
Apy a+bw, : 1 (4-27)
T
(b+ Ab)-K
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Substituting from Eqn. (4-15) and simplifying Eqn. (4-27):

a(b—K")+b(K" —a)
BPa__ b-K 1 (4-28)
Pome aD+Ab—K )+ (b+Ab)(K —a)
b+Ab—K”

Eqn. (4-28) can be reduced to:

Apy :( b-a jb+Ab—*K 1 (4-29)
Pawe \D—a+Ab b-K

Equation (4-29) was used to study the effect of an error in the value of constant “b” ranging from
—1.0 to 1.0 on the predicted dry density. The results of the study are shown in Fig. 4-11 and
Table 4-8.
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Figure 4-11. Error resulting from changing the constant “b” on the predicted dry
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Table 4-8. Error resulting from changing the constant “b” on the predicted dry density

Ab
We -1 | 075 [ 05 [ 025 ] o | 025 | o5 | 075 [ 1
Apd/pd,true , %ge

0.02 -0.31 -0.22 -0.14 -0.07 0.00 0.06 0.12 0.18 0.24
0.05 -0.77 -0.56 -0.36 -0.17 0.00 0.16 0.31 0.45 0.59

0.1 -1.54 -1.11 -0.71 -0.34 0.00 0.32 0.63 0.91 1.18
0.15 -2.31 -1.67 -1.07 -0.52 0.00 0.48 0.94 1.36 1.76
0.2 -3.08 -2.22 -1.43 -0.69 0.00 0.65 1.25 1.82 2.35

0.25 -3.85 -2.78 -1.79 -0.86 0.00 0.81 1.56 2.27 2.94

It is evident from Fig. 4-11 and Table 4-8 that the predicted value of the dry density changes
dramatically while changing constant “b”. It is also clear that the change in the predicted value

of the dry density changes noticeably with changing the moisture content value.
4.8. Effect of Scatter in the Predicted Moisture Content on the Calculated Dry Density
The study was based on Siddiqui and Drnevich (1995) normalized equation, Eqn. (4-7) in its

rearranged form, Eqn. (4-19). The rate of change in dry density, pq, due to a scatter of Aw, in the

predicted value of moisture content, W e, can be expressed as:

Apd . Pd (a’ b’ Wc,true + AWC) — Py true (a’ b’ Wc,true )
pd Jtrue ,Od Jtrue (a’ b’ Wc,true )

(4-30)

Where:

A . : )
- is the rate of change in dry density.

p d.true

"  pame 18 the true value of dry density taking a =1 and b = 8.5 as base values for the soil

constants and the true value of the moisture content.

= pgis the wrong value of the dry density assuming a scatter of Aw, in the predicted value

of moisture content.
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Substituting from Eqns. (4-19) and (4-15) into Eqn. (4-30):

1 1
A a+b(w + AW - a+bw
,Dd — ( c,true c ) c,true (4_3 1)
pd,true 1
a+bw

c,true

Multiplying both the nominator and the dominator by (a +bw, ) and rearranging:

c,true

Apy a+bw, B
pd,true a+ b(W + AWC )

(4-32)

c.true
Eqn. (4-32) was used to study the effect of a scatter in the predicted moisture content value

ranging from —2.0 to 2.0 on the predicted dry density. The results of the study are shown in
Table 4-9 and Fig. 4-12.

Table 4-9. Error resulting from Scatter in the predicted moisture content on the

predicted dry density
AW,
We -2 -1.5 -1 -0.5 0 0.5 1 1.5 2
-0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02

Apy/Parue , Yge

0.02 17.00 12.23 7.83 3.77 0.00 -3.51 -6.77 -9.83 -12.69
0.05 13.55 9.83 6.34 3.07 0.00 -2.90 -5.63 -8.21 -10.66
0.1 10.12 7.40 4.82 2.35 0.00 -2.25 -4.39 -6.45 -8.42
0.15 8.08 5.94 3.88 1.90 0.00 -1.83 -3.60 -5.31 -6.95
0.2 6.72 4.96 3.25 1.60 0.00 -1.55 -3.05 -4.51 -5.92
0.25 5.75 4.25 2.80 1.38 0.00 -1.34 -2.65 -3.92 -5.16
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Figure 4-12. Error resulting from scatter in the predicting moisture content on the

resulting dry density.

It is clear from Fig. 4-12 and Table 4-9 that there is a huge change in the predicted value of the
dry density with small scatter in the predicted moisture content. This effect decreases with the

increase of the moisture content value at which the test is performed.
4.9. Conclusions

An experimental testing program was carried out on different Florida construction soils in order
to determine the soil constants “a” and “b”. In-mold TDR tests, where the soil is prepared at
different moisture contents, were conducted on these samples. A measurement was then made

for the soil dielectric constant in the mold, the total density, and the water content by oven drying

a,mold

the sample. The “a” and “b” parameters are determined by plotting /K Pu versus we. A
Py

straight line is then fitted to the data. The value of “a” is the intercept of the line, whereas the

value of “b” is the slope.
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For the tested soils in this study, the value of the constant “a” ranges from 0.87 to 1.08
with an average value of 0.99. This value is considerably close to 1.00, the value
proposed by Lin et al. (2000). The study revealed also that the value of the constant “b”
ranges from 7.73 to 9.83 with an average value of 8.53. The value proposed by Lin et al.
(2000) for the same parameter is 9.0. In practice, it is recommended based on this study
to use a value of 1.00 for constant ““a” and a value of 8.50 for constant “b” for sandy soils

used in construction in Florida.

It is noted that most of the soil types included in this study were sandy soils. The USCS
classification for these soil types was SP and SW. The AASHTO classification was A-1-
b and A-3. Since no clayey or silty soil was used in this study, no recommendation is

made about the values of constants “a” and “b” for these types of soils.

The effect of compaction energy on the resulting “a” and “b” constants was investigated.
The TDR was performed on the same sample using different tamping energies and the
resulting “a” and “b” value were calculated accordingly. This study revealed that the
compaction energy slightly affects the values of the constant “a” and “b”. Based on the
results, it is recommended to compact the soil in six layers of 20 through 25 tamps for

each layer. This energy level is enough to yield consistent results.

The effect of the error in the values of constants “a” and “b” on the predicted moisture
content has been studied. The study revealed that the predicted value of the moisture
content changes slightly with changing the constant “a” and that the change in the
predicted value of the moisture content does not depend on the value of K*. The study
also revealed that the predicted value of the moisture content changes more noticeably
with changing the constant “b”. The level of change or “error” in the predicted value of
the moisture content depends on the value of K'. The higher the value of K, the higher

the error in the predicted value of the moisture content.
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The study was repeated using different idea and it revealed that the predicted value of the
moisture content does not change noticeably with changing the constant “a”. It is also
clear that the change in the predicted value of the moisture content varies slightly with
changing the value of w, at a constant value of Aa. The study also revealed that the
predicted value of the moisture content changes noticeably with changing the constant
“b”. It is also clear that the change in the predicted value of the moisture content varies

noticeably with changing the value of w, at a constant value of Ab.

The effect of the error in the values of constants “a” and “b” on the predicted dry density
has been investigated. It is concluded that the predicted value of the dry density changes
dramatically with changing the constant “a”. It is also concluded that the change in the
predicted value of the dry density is independent of the moisture content value. The
study also revealed that the predicted value of the dry density changes dramatically with
changing the constant “b”. It is also clear that the change in the predicted value of the

dry density changes noticeably with changing the moisture content value.

The effect of the scatter in the predicted value of the moisture content on the predicted
dry density has been investigated. It is concluded that there is a huge change in the
predicted value of the dry density with small scatter in the predicted moisture content.
This effect decreases with the increase of the moisture content value at which the test is

performed.
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5. Normalized and Absolute Accuracy of TDR Method

5.1. Introduction

A series of TDR tests were carried out in the laboratory to evaluate soil constants “a” and “b”.
More than 150 data point have been collected. The goal of this chapter is to evaluate the
accuracy of TDR method using the collected data points. There are different sources of error in
the TDR method that need to be evaluated. Absolute error, normalized error, error resulting
from operator dependency, and inherent error are the sources of error that will be dealt with here.
The chapter includes the examination of each one of these error sources through analysis of the
collected data. In order to measure the accuracy of the whole TDR method, a comparison to a
pre-determined dry density and oven dry water content should be performed. The second part of
the chapter contains accuracy measurement for the TDR method through comparison with

controlled laboratory boxes, which have been built especially for this purpose.

5.2. Absolute Error in Determining the Moisture Content

The TDR test in the mold has been performed on 13 samples resulting in 152 data points. A
straight trend line was used to fit all data points (Fig. 5-1). The absolute error was defined as the

difference between the measured and the theoretical moisture content for the same data point:

Absolute _ Error = (Wc,measured - Wc,theoretical) x100 (5' 1)

In order to determine the absolute error in the measured moisture content values, the theoretical
moisture content values were determined from the equation of the assumed straight trend line.
The spreadsheet for the determination of the absolute error is included in the Appendix. The
calculated absolute errors for each data point were used to draw the histogram shown in Fig. 5-2.
From Figure 5-2, it is clear that 48 points out of 152 points have absolute errors of +0.2% in
moisture content determination whereas 88 points out of 152 points have absolute errors of

+0.4% in moisture content determination. The minimum absolute error in moisture content
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determination for the whole data was determined to be -1.59% whereas; the maximum absolute

error was determined to be +1.45%. The average absolute error for the whole data set was

determined to be 0.01%.

VKaxpw/pd

VK xpu/Pg = 8.48 W, + 0.99

0.50 1
] R? = 0.9826
o0+ —
0.00 0.05 0.10 0.15 0.20 0.25
We

Figure 5-1. Final results of the TDR test in-mold for various soil types
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Figure 5-2. Histogram for the absolute error in moisture content determinaton



5.3. Normalized Error in Determining the Moisture Content

The normalized error was defined as the difference between the measured and the theoretical

moisture content divided by the measured moisture content:

W

Wc,measured -

W

c,theoritical % 100 (5_2)

¢,measured

Normalized Error =

The same scenario as in the determination of absolute error has been done here. The spreadsheet
is included in Appendix ch 5. The calculated normalized errors for each data point were used to

draw the histogram shown in Fig. 5-3.
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Figure 5-3. Histogram for the normalized error in moisture content determination

From Figure 5-3, it is clear that 88 points out of 152 points have normalized errors of + 5.0% in
moisture content determination whereas 123 points out of 152 points have normalized errors of +

10.0% in moisture content determination. The minimum normalized error in moisture content
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determination for the whole data was determined to be —29.66% whereas; the maximum

normalized error was determined to be +67.99%. The average normalized error for the whole

data set was determined to be 0.65%.

5.4. Operator Dependency

In order to study the operator dependency on the predicted soil constants “a” and “b”, two
different operators, Amr and Brian, carried out the TDR test on the same samples. Sometimes
the test was carried out by both of them together. The studied samples were Ottawa Sand, soil
outside the lab, sample # MP-1, sample # 515, sample # 2, and sample # 6944. The predicted “a”

and “b” constants for different soils obtained by Amr, Brian, or both are shown in Figures 5-4
through 5-9.

25

vKaxpw/pd

05 1 mBrian[a = 0.95 b=9.00, R=9949]
3 ABoth[a=0.90,b=9.58 R=0.9974 |
0 - L — T — T T T T T T — T T T T T T T — T T T T T T T T — T T T
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

W

Figure 5-4. Operator dependency for Ottawa Sand
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Figure 5-5. Operator dependency for sample Outside Soil-Lab
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Figure 5-6. Operator dependency for sample # MP-1
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Figure 5-8. Operator dependency for sample # 2
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Figure 5-9. Operator dependency for sample # 6944

Oven dry water content

The absolute errors in determining soil constants “a” and “b” for different soils are summarized

in Table 5-1.

Table 5-1. Operator effect on the determination of soil constants “a” and “b”

Amr / Both Brian / Both Amr - Brian

Sample a b a b a b
Ottawa Sand 0.91 9.41 0.95 9.00 -0.04 0.41
Outside The Lab 1.00 8.20 1.03 8.35 -0.03 -0.15
Sample MP-1 0.93 8.78 0.98 8.21 -0.05 0.57
Sample # 515 1.05 8.19 1.03 8.73 0.02 -0.54
Sample # 2 1.10 7.40 1.04 8.06 0.06 -0.66
Sample # 6944 1.08 8.09 0.99 8.65 0.09 -0.56
Max. 0.09 0.57
Min. -0.05 -0.66
Avr. 0.01 -0.16
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According to Table 5-1, the maximum absolute error resulting from operator dependency in
determining the constant “a” is 0.09 whereas the minimum absolute error is —0.05 with an
average absolute error of 0.01. The maximum absolute error resulting from operator dependency
in determining the constant “b” is 0.57 whereas the minimum absolute error is —0.66 with an

average absolute error of —0.16.

5.5. Scatter Resulting from Different Compaction Energies

Four in-mold TDR tests were performed on sample # 6965 in order to study the effect of
compaction on the value of soil constants “a” and “b”. The only difference between the four

tests was in the compaction energies applied during the test. Figure 5-10 summarizes the results

obtained from this study.
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Figure 5-10. Scatter resulting from the difference in compaction energy
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The absolute errors in determining soil constants “a” and “b”, assuming base values of a = 1 and

b = 8.50, for different compaction energies are summarized in Table 5-2.

Table 5-2. The effect of compaction energy on the determination of soil constants “a” and “b”

Measured Values Absolute Error
a b a b

5-6-7-8-9-10] 0.985 8.8 0.015 -0.3
10-11-12-13-14-15] 1.04 8.03 -0.04 0.47
20-21-22-23-24-25]1 0.99 8.31 0.01 0.19
30-31-32-33-34-35] 1.02 7.96 -0.02 0.54
Max. 0.015 0.54
Min. -0.04 -0.3
Avr. |-0.0088 | 0.225

Number of blows/layer

According to Table 5-2, the maximum absolute error resulting from scatter due to compaction
energy in determining the constant “a” is 0.15 whereas the minimum absolute error is —0.04 with
an average absolute error of -0.0088. The maximum absolute error from scatter due to
compaction energy in determining the constant “b” is 0.54 whereas the minimum absolute error

is —0.30 with an average absolute error of 0.225.

5.6. Inherent Error

Some of the tests have been done by the same operator on the same soil in the same laboratory
conditions and the determined values for constants “a” and “b” were slightly different. These
differences can be attributed to inherent errors, or errors beyond the control of the operator. In
order to evaluate the inherent scatter, two TDR tests were performed on samples # MP-1 and
515. These tests were performed by the operator “Brian” under the same laboratory conditions.
The results are shown in Fig. 5-6 for sample # MP-1 and Fig. 5-7 for sample # 515. The absolute
errors in determining soil constants “a” and “b”, assuming base values of a= 1 and b = 8.50, are
summarized in Table 5-3. According to Table 5-3, the absolute inherent error in determining the

constant “a” is 0.03 and 0.02 for sample # MP-1 and sample # 515, respectively. The absolute
error in determining the constant “b” is 0.73 and 0.2 for sample # MP-1 and sample # 515,
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respectively. While the scatter may seem high for each of the individual factors “a” and “b”, it is
noted that they are highly correlated. In other words, for a given soil, high “a” values correspond
to a low “b” values and vice versa. The predicted water content within the range of interest,

however, is not sensitive to such variation, provided the correlation between “a” and “b” holds.
9 9

Table 5-3. The effect of inherent scatter on the determination of soil constants “a” and “b”

Measured Values Absolute Error

Sample No. . b . b
Sample # MP-1 (1)] 1.01 7.48
- 0.03 0.73
Sample # MP-1 (2)] 0.98 8.21
Sample # 515 (1)] 1.01 8.93 0.02 0.2

Sample # 515 ()] 1.03 | 8.73

5.7. Soil Boxes for Controlled Lab TDR Tests

Two boxes were used in performing the TDR tests in the lab to provide controlled conditions.
The larger one is 24x24x20 inches, and is made up of plywood % thick. FDOT provided the
box, and a movable extension collar, 4” high, was fabricated at USF (Fig. 5-11).

Figure 5-11. The larger box with the extension collar
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The smaller box is 16x16x20 inches, and is also made up of plywood %" thick, with a similar

collar attachment (Fig. 5-12).

o O S WV

Figure 5-12. The smaller box with the extension collar

The two boxes have been insulated internally to prevent moisture loss or absorption through the
box connections or the plywood cracks (Fig. 5-13). Fiberglass mats and hardening resin (Fig. 5-

14) were used for the insulation.

(b)

Figure 5-13. Inner insulation for (a) larger box, (b) smaller box
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Figure 5-14. Insulation materials and tools

The insulation technique steps are described in detail as follows:

1.
2.

The inner surfaces of the box were dried and cleaned from any dust and residue.

The fiberglass mat was cut into pieces consistent with the box inner surfaces, with some
corner overlapping to ensure perfect insulation.

An amount of hardening liquid was applied to the resin and mixed well following the
manufacturer’s specifications.

A thick layer of the resin was coated on the box surfaces using a soft wide brush.

The corresponding fiberglass mat pieces were applied to the resin-coated surface.

More resin was coated on the fiberglass mat and distributed gently over the mat,
especially at the corners and sides of the box.

The resin was allowed to harden for 10-15 minutes before the next surface was applied.
The process was continued until all inner sides of the box were covered by the mat.

To ensure perfect insulation, fiberglass pieces were added to the box corners and sides.

The box was tested by filling it with water and ensuring there were no leaks.

The weight of the larger box when filled with soil was determined to be around 815 1b (370 kg),

which is too heavy to be handled by one person. A Bobcat or forklift was used to move the box,

so an alteration to the box base was required to accommodate the forks. A 1000 lb scale was

used to measure the weight of the compacted soil and calculate the density accordingly.
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5.7.1. Calibration of the Boxes

The small box was calibrated by filling it with tap water. Knowing the empty weight of the box
and measuring the weight of the box after filling it with water, the water volume, which equals to
the box internal volume, can be determined. By repeating this calibration method for 3 times,
the volume of the small box was determined to be 2.2917 ft* (64893 cm’). The same procedure
was used to determine the volume of the larger box and it was determined to be 5.2644 ft’

(149071 cm’).

5.7.2. TDR Calibration Tests

A series of TDR tests have been performed on different soils in order to calibrate the TDR
results against a pre-known density and oven dry moisture content. The tests were performed in
the smaller box. The first trial was carried out outside the soil laboratory. A pit was dug behind
the soil laboratory to get the sample. Generally the testing procedure can be summarized as

follows:

1. The soil was mixed with water many times using two shovels in the same time in order to

ensure homogeneity (Fig. 5-15).

Figure 5-15. Mixing soil with water
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2. The smaller box, with the extension collar, was filled with the soil in 6 layers, with the
number of tamps increasing from 20 for the first layer to 25 for the last layer. These

tamps were performed using a piece of wood of dimensions 4x4x40 inches (Fig. 5-16).

Figure 5-16. Compacting the soil in the smaller box with the extension collar

3. The extension collar was then removed and a steel straightedge was used to trim the extra
soil above the box height (Fig. 5-17). This procedure ensures that the volume of the soil

is equal to the volume of the box (Fig. 5-18), as determined from the calibration process.

(a) After taking the extension collar off (b) While trimming the soil in the box
Figure 5-17. Trimming the soil
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Figure 5-18. Soil filled exactly the box volume

4. A mechanical overhead crane was used to lift the box and put it on the scale (Fig. 5-19).

Figure 5-19. Lifting the soil using an overhead crane.
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5. The weight of the box filled with soil was determined using a 1000 lbs capacity scale
(Fig. 5-20). Knowing the empty weight of the box, the soil weight can be determined and

wet density can be calculated.

Figure 5-20. Weighing the box after filling it with soil

6. A TDR test was run inside the box, as the field measurement and the soil dielectric
constant in field was determined (Fig. 5-21).

7. The soil within the spikes region was excavated and compacted in the TDR mold in 6
layers, with number of tamps increasing from 20 to 25 per layer.

8. A second TDR measurement was taken into the mold and soil dielectric constant in the
mold was determined (Fig. 5-22).

9. The moisture content, the dry density in the mold, and the in-field dry density was
determined accordingly

10. The oven dry moisture content was then determined for the soil inside the mold for

comparison purposes.
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Figure 5-21. Measurement in the box (in-field measurement)

Figure 5-22. Measurement in the mold
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The absolute and normalized errors for both moisture content and dry density can be calculated

as follows:

Absolute _ Error _W, = (W, ontor — W, acuar ) X 100

Normalized Error W, =

Wc, fromTDR — Wc,actual

Wc, fromTDR

x100

AbSOIUte _ Error _ pdry = (pdry, fromTDR — pdry,actual ) X 100

Normalized _Error _ p,, =

. pdry,fromTDR - pdry,actual

Plry, fromTDR

x100

(5-3)

(5-4)

(5-5)

(5-6)

The spreadsheets, which used in calculation for all tested soils are included in the Appendix.

The final results are summarized in Table 5-4. The results indicate that the accuracy in

measurements in terms of both water content and density are in agreement with the theoretical

analysis. Further discussion on this issue is available later in this report.

Table 5-4. Results of TDR calibration tests

Moisture content, %ge Dry Density
Sample Date USCS | AASHTO| Actual [ TDR | Absolute | Normalized é:{:;:l Ja]l?li{ A;:?:rn ¢ [Normalized
Value | Value Error Error 1b/ft3’ lb/ftS’ 1b/ft3’ Error, %ge
1 8/6/2002 SP A-3 575 5.50 -0.25 -4.60 96.14 94.77  -137 -1.45
l-a | 8/6/2002 SP A3 110.63 9.70 -093 -9.56 9328 9522 193 2.03
I-b | 8/6/2002 SP A3 1252 1140 -1.12 -9.82 9579 98.70 | 2.91 2.95
2 8/6/2002 SP A-1-b 0 884 8.00 -0.84 -10.54 102.63 101.67 -0.96 -0.94
2-a 8/6/2002 SP A-1-b111.93 1040 -1.53  -14.72 106.23 112.31 6.08 542
3 8/9/2002 SP A-1-b 547 520 -0.27  -526 9474 98.08 3.34 3.40
3-a | 8/9/2002 SP A-l-b 962 940 -0.22  -2.31 98.72 100.79 2.07 2.05
3-b 1 8/9/2002 SP A-1-b 1221 11.10 -1.11 = -9.99 100.72 107.56 6.84 6.36
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5.8. Conclusion

The research carried out in this chapter primarily dealt with the evaluation of the TDR method’s
accuracy. Results from calibration testing indicate that nearly all the measurements recorded for
water content (with the exception of a few outliers) fall within the acceptable range for
geotechnical applications. The results for density are less accurate (within 5% to 10%), but
further validation and comparison with other methods is needed before a definite
recommendation is made. Results obtained here and from the Beta testing program at Purdue
University indicate the viability of the TDR method as a measurement tool for geotechnical
applications. Again, it should be noted that research carried out for the purpose of this report
primarily dealt with sandy materials common to Florida. Therefore, no conclusion can be made

with respect to the accuracy of the TDR method in fine grained or cohesive material.
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6. LBR Test Correlation to the TDR Spike Driving Energy

6.1. Introduction

The TDR method requires that three spikes be driven around a central spike to obtain a TDR
waveform. A brass hammer is used to drive the spikes into the ground. The energy required to
drive the spikes into the soil varies depending on the soil resistance to penetration, which is
directly related to the soil strength. Similar tests that rely on the measurement of resistance to

penetration have been used to estimate the soil strength.

Instead of using the brass hammer to drive the spikes, a modified standard proctor hammer is
used to measure the amount of effort required to drive the spikes. A steel cap with a groove
having the same dimensions as the spike head is attached to the standard hammer. This allows
for uniformity in the measurement of the driving energy required to drive the TDR spike to the
template. Further modification can be introduced to the standard hammer to allow changes in
drop height depending on the anticipated soil strength. A correlation between the energy
required to drive the spikes and the soil resilient modulus or LBR (CBR) values is developed in

this phase of the research.

6.2. Background

The in-place California Bearing Ratio (CBR) test and Limestone Bearing Ratio (LBR) test
involve comparing the penetration load of a soil to that of a standard material. They are

commonly used for evaluation and design of flexible pavement components.

6.2.1. Equipment

The ASTM standard Method D4429-93 (in-place CBR test), AASHTO T 193 and FM 5-515
(Florida Method of Test for Limerock Bearing Ratio) were used as guidelines in the acquisition

of the equipment required to carry out the necessary tests.
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The components of the in-place LBR test according to ASTM standard D 4429-93 are:
1. Mechanical screw jack capable of applying 5950 Ibf.
Two proving rings of 1984 1bf and 5070 1bf in capacity.
. Penetration piston 3 in” in cross section.
. Piston adaptors.

. Pipe extensions.

2

3

4

5

6. Dial gages.
7. Surcharge plate.

8. Surcharge weights.

9. Reaction truck capable of transmitting a 6970 Ibf reaction force.
10. Loading frame and wood supports.

11. Beam used for dial gage support.

The truck, proving rings, jack, and standard piston are already available at University of South
Florida. The reaction beam had to be designed and machined in the university workshop. The
materials required for the beam, surcharge plates, surcharge loads, and the extension rods were
purchased. Figure 6-1 shows typical in place CBR/LBR test equipment. Figure 6-2 displays the

actual truck and set up used for testing.

Additional equipment required for the test includes the following items:
1. TDR driving template
2. Four standard TDR spikes.

3. Modified standard Proctor hammer.

The TDR equipment was previously acquired in the purchase of the standard equipment
provided by Purdue University. The standard Proctor hammer was modified and machined at the

University of South Florida (See Fig. 6-3).
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Figure 6-1. Apparatus for Field In-Place test
Source: ASTM D4429

Figure 6-2. LBR in place equipment setup.
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6.2.2.

Figure 6-3. The standard Proctor hammer with the attached head.

Procedure

Select a test location that is relatively flat and that is readily accessible to the truck
required for the CBR test.

Prepare the testing area by removing any loose material or organics that may lie on the
surface that is to be tested. Typically it is necessary to remove the top one to two inches
of soil to expose soil that does not show inconsistency from rain or organic growth.
Attach the loading frame to the hydraulic jacks located at the front of the truck and
position the truck over the desired testing site and lift the truck so no weight rests on the
front springs.

Attach the jack to the loading frame and connect the proving ring along with the loading
piston in series. Extension can be used to come within 4.9 inches of the surface that is to

be tested.
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Figure 6-4. TDR spike driving technique.

Position the circular surcharge plate directly over the material that is to be tested. Align
the plate so that the penetration piston passes through the central hole. Place an
additional twenty pound surcharge plate over the circular plate to achieve the minimum
total surcharge of thirty pounds.

Place the dial support as to not interfere with the penetration piston and sufficiently
removed as to not disturb the material being tested. Attach the dial gage to the beam and
place it over the penetration piston were it can readily be viewed.

Zero the dial gages for the proving ring and displacement gage.

Apply the load to the penetration piston. The rate of penetration should be approximately
0.05 inch/min. This is accomplished by varying the amount of load being applied with
the jacking arm while monitoring the displacement gage. Record the deflection of the
proving ring at increments of 0.025 inches to a final depth of 0.500 inches.

Prepare a location for the TDR driving template as close to the penetration piston as
possible, but no closer than the ASTM recommended distance of 15 inches. The area

should be cleared of any organic material and leveled.
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10.

1.

12.

6.2.3.

Place the first spike into the template. The spike may need to be held in place manually.
Place the modified standard Proctor hammer over the spike fitting the grove over the
head of the spike. The Proctor hammer is then dropped in the traditional manner as the
number of drops is recorded. To ensure the hammer drops are being applied
perpendicularly to the ground and in alignment with the spike someone can view the
process at ground level while holding the spikes in position for proper stake driving
technique. Figure 6-4 displays the TDR spike driving technique.

Repeat the process outlined in the previous step until all four spikes are driven. The
number of blows required to drive each stake to the template should be recorded. The
average value of blows required to drive the stakes is then calculated.

After testing is completed take a soil sample to be used to classify the soil.

Calculation

Compute the average number of blows required to drive the TDR spikes from the four
recorded values.

Calculate the applied stress at each displacement recorded from the CBR test. Generate a
plot of the stress penetration curve by graphing the stress versus displacement.

If necessary, correct the penetration graph for surface irregularities or upward concavity
(See ASTM D 4429 for complete explanation). Figure 6-5 shows an example of a
corrected penetration curve.

Record the stress at 0.1 in. and 0.2 in. penetration from the corrected penetration curve.
Divide the recorded stress at 0.1 in. by a value of 800 psi and then multiply by 100.
Divide the stress at 0.2 in penetration by a value of 1200 psi and then multiply by 100.
Record the values obtained for both the 0.1 in. and 0.2 in. penetrations. If the 0.1 in.
value is greater this number is recorded as the LBR number. If the 0.2 in. value is
greater, the test should be repeated and if the results are consistent with the first test, the

0.2 in. number should be reported as the LBR number.
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Figure 6-5. Correction of penetration curve.

Source: ASTM D 4429

6.3. Theoretical Background

6.3.1. CBR/LBR Comparison

The testing procedure described above is largely based on ASTM standard D 4429-93, which is
the standard test method for California Bearing Ratio of soils in place. The CBR test compares
the strength of the tested material to that of crushed rock. Due to the wide spread use of
limestone in the state of Florida as a base material, the CBR value of crushed limestone is used
as the standard value to compare all other soils. Thus, the test in Florida is referred to as the

Limerock Bearing Ratio. The testing procedure is essentially the same with the only critical
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difference coming in the calculation portion of the data analysis. The CBR test calls for a
division of the 0.1 inch penetration of 1,000 psi and a division of 1,500 psi at the 0.2 inch
penetration. The LBR values are calculated using 800 psi at 0.1 in. penetration. This reduction
in the denominator is accredited to the reduction in the CBR value when limerock is used as the
standard as opposed to the standard crushed rock. It follows that the LBR value is simply the
CBR number multiplied by a factor of 1.25.

6.3.2. TDR/LBR Correlation

The TDR procedure requires that four 12 inch stakes be driven into the soil to obtain a TDR
waveform (That is used for the measurement of soil properties as previously explained in chapter
3). The driving of the stakes into the soil requires a driving energy that is variable. The amount
of blows needed to drive the stakes into the template is related to the strength of the soil. The
stronger the material is the more hammer blows are required to drive the stakes. The amount of
energy required to drive the spikes to the needed displacement varies with the strength of the

given material.

The LBR test operates on the same principle. The piston is pushed into the ground as both force
and displacement are measured. A measurement of strength is then derived from the relationship
of stress to penetration. The measurement varies according to the strength of the material. The
LBR strength parameter is then used to estimate the bearing capacity of the soil for design and

analysis purposes.

Both the LBR test and the driving of the TDR spikes can be used to measure the amount of
energy required to displace a soil a given amount. As a result, it is proposed that a correlation
exists between the energy required to drive the TDR spikes into the template and the LBR
number for the same soil. A modified proctor hammer is used to introduce consistency in the
TDR stake driving process. The number of blows required to drive the 12 inch stakes into the
TDR template can then be recorded. The average of the four stakes can then be taken and

compared to the in-situ LBR values obtained for the same soil specimen.
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6.3.3. Existing Empirical Correlations to the LBR Test

Correlative research to the LBR test has been carried out using the dynamic cone penetration test
(DCP), the standard penetration test (SPT), the vane shear test and unconfined compression tests.
The vane shear strength and the unconfined compression tests are primarily concerned with silty
and clayey subgrades and for that reason will not be dealt with here. The DCP test is used to
approximate soil strength to depths of one meter. This is accomplished by driving a rod with a
penetration cone at the end into the soil. The penetration associated with each drop is recorded
and a relationship is derived between the number of drops and the penetration of each drop. The
SPT test is widely used in site-investigation works. The SPT test is also a measure of penetration
as a result of an applied force. The measurement of penetration to blows has been used to
formulate a correlative relationship between the SPT test and the LBR test. Using the
penetration to resistance relationship the strength and relative density of the material can be

estimated.

Research done by Kleyn (1975) formulated a DCP/LBR relationship. Investigation by Harison
(1989) and data obtained both from field experiments and laboratory studies proposed the

following equation used for determining LBR values from DCP test results for granular soils:

log(%) =2.698—1.12*log(DCP) (6-1)

where,
DCP is the DCP penetration resistance of the soil in blows per 12 inches.

LBR is the material LBR in percent at the depth of the DCP penetration.

Research based again on the work of Kleyn (1975) done by Livneh and Ishai (1987) yielded the
following modified DCP/LBR correlation:

log(%j =2.20-0.71*(log DCP)"* (6-2)
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Several other correlations have been made, and all equations have similar values, with the
constant ranging from 2.555 to 2.81 and the log multiplier ranging from 1.12 to 1.32. The only
exception is Liveneh’s (1987) equation (Eq. 6-2). The Liveneh and Ishai (1987) approach
creates the additional exponential increase in the DCP value. The differences between proposed
correlations can be attributed to the differences in cone head angle and other slight variations in
data collection and procedure. A final recommendation based on previous research was

formulated by Harison (1989), he proposes the following equation:
log(%) =2.55-1.14*log(DCP) (6-3)

Equation 6-3 varies only slightly when compared to the correlation proposed by Smith and Pratt
(1983). Figure 6-6 is a graphical representation of the several proposed correlations between the
DCP and LBR tests (Harison 1989). Research done on granular materials by Harison (1989)

suggests that a slightly steeper relationship exists for granular materials.
Due to the wide spread use of the SPT test in site-investigation, Livneh and Ishai (1987)

developed an equation for transforming SPT values to LBR numbers. Further improvements

were made yielding the following equation (Livneh and Ishai, 1988):
1og(—1LE;F;] =-5.13+6.55*(log SPT ) *** (6-4)

where,

SPT is the SPT blowcount at the depth of penetration.
Figure 6-7 shows the relationship between the SPT values and LBR values derived by Livneh

(1989). Note that the data is displayed in SPT blow count per 12 inches for comparative

purposes.

&9



In-situ LBR Number

In-situ LBR Number

110 -
100 4--- e e ]
1 — — Harison (granular matl.) : . - -
904... =T PR O S (AR
. . T ;
T - - = =Livneh (1 : p : 3
0 l... vneh (1987 L 7__,(_ ___________ L
70 1 = Smith & Pratt (1987) : 7
c0 .. — - - Kleyn (1975) ; T o

70

DCP blows per 12 inches

Figure 6-6. DCP and LBR relationship

Source: Harison 1989

150
140 ]
130
120
110 ]
100 1

SPT blows per 12 inches

Figure 6-7. SPT and LBR relationship
Source: Livneh (1989)

90



The DCP and SPT tests all rely on the penetration to resistance relationship to evaluate the
strength of a material. The LBR test relies on the same principle. The correlations developed for
the DCP and SPT to the LBR test all indicate that an exponential relationship exists between
them. The same type of relationship between the energy required to drive the TDR spikes and
the LBR test is expected.

6.4. Test Results

6.4.1. Data Collection

Several LBR field tests were run along with TDR spike driving tests in attempt to establish a
correlative transformation equation. Tests were mainly carried out at various locations on the
University of South Florida campus. A smaller number of tests were performed on roadway
projects in the greater Tampa area (SR 54 tests). Test locations were selected to give a wide
range of LBR values that would cover the typical values encountered in Florida. All materials
that were tested were A-3 or A-1-b type soil. Each test was performed in accordance with the
procedure outlined previously. A summary of test locations, soil types and results is displayed in
Table 6-1. Table 6-1 also displays the variation between the TDR spikes driven in the form of a
standard deviation. Significant variability was encountered in driving the TDR stakes; however
most standard deviation values were under 3. Table 6-1 also indicates that at higher LBR values
the support system used was prone to slipping. This was evident in the wooden support blocks
sliding against each other at higher loading conditions. Slippage between the wooden blocks
was caused by higher loading conditions (above 2400 pounds) and also by frictional force
induced by a slight inclination experienced by the truck as it was raised by the hydraulic jack
system. This limited data collection to LBR values approximately 80. However, based on
previously discussed DCP correlative research, the TDR/LBR relationship developed is expected
to yield acceptable results at higher range LBR values.
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Table 6-1. Summary of field testing

Test Location| Operator Soil Type [Avg. # Blows|Stnd Dev| CBR # | LBR # |Comment
Water Chase | Newel & Rory | SP/ A-3 11.75 0.5 3 4 |OK
Shriners 1 Newel SP/A-1-b 35.75 3.95 25 31 [OK
Shriners 2 Newel SP/A-1-b 29.25 2.5 20 25 |[OK
Shriners 3 Newel SP/A-1-b 29.5 1.73 19 24 |OK
Shriners 4 Newel SP/A-1-b 36.75 2.5 35 44 |OK
Shriners 5 Newel SP/A-1-b 33 2.58 23 29 |[OK
Shriners 6 Newel SP/A-1-b 29.5 2.08 18 23 |[OK
Moffit 1 Newel SP/A-1-b 42.5 5.32 37 46 |OK
Moffit 2 Newel SP/A-1-b 63.75 2.22 54 68 |OK
Moffit 3 Newel SP/A-1-b 59 7.39 60 75 |OK
Moffit 4 Newel SP/A-1-b 59 7.39 68 85 |OK
Botanical 2 | Newel & Rory | SP / A-3 17.75 1.5 9 11 |OK
Botanical 3 | Newel & Rory | SP / A-3 25.25 2.22 24 30 |OK
Botanical 4 Newel SP/A-3 23.5 1.29 15 19 |OK
Botanical 5 Newel SP / A-3 27.25 1.71 20 25 |OK
Botanical 7 Newel SP / A-3 22.5 1.29 24 30 |OK
Botanical 8 Newel SP/A-3 17 2.31 16 20 |[OK
Botanical 9 Newel SP/A-3 19.5 2.87 18 23 |[OK
Botanical 10 Newel SP/A-3 11.5 0.5 9 11 |OK
SR 54-2 Newel & Rory | SP/A-3 67 1.15 65 81 |OK
Botanical 6 Newel SP / A-3 17.25 2.97 19 24 |OK
Botanical 1 | Newel & Rory | SP / A-3 15.25 0.957 17 21 |OK
Moffit 5 Newel SP/A-1-b 54.5 13.72 71 89 [Support slipped
SR 54-1 Newel & Rory | SP/ A-3 70.25 6.8 57 71 |Support slipped
Moffit 6 Newel SP/A-1-b 41.5 3.7 68 85 |[Support slipped

6.4.2. Discussion/Analysis

As the results indicate, the correlation obtained for the TDR spikes to the LBR number compare

favorably with the DCP transformation equations previously discussed (Figures 6-8 and 6-6).

This was expected, as the driving of the TDR spikes is similar to the DCP test. Both tests

operate on the same principle of using the penetration to resistance relationship to estimate soil

strength by driving a cone shaped rod into the ground. It follows that the correlative

transformation equations developed are similar in shape to the DCP correlations previously

developed.
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6.5. Proposed Model

The data from Table 6-1 was plotted and a relationship was derived between the TDR spike

driving and the LBR test (Figure 6-8).

1SqUINN 4T

Average Blows

Figure 6-8. Proposed TDR spike and LBR relationship
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Figure 6-8 clearly shows a range of LBR values may exist for a given average stake blow count.
These results are consistent with efforts to correlate DCP values to LBR values (Figure 6-6).
After careful examination and analysis of the data collected it is proposed that the following
transformation equation is used to estimate the in-situ LBR number from the average number of

blows required to drive the TDR stakes:

LBR = 0.0089*TDR? + 0.604 * TDR +3.62 (6-5)

where,
TDR is the average number of blows required to drive the 12 inch TDR spikes to the
TDR template.

It is also proposed that a range be developed for the final LBR value obtained from equation 6-5.
A range of +/- 10% of the obtained LBR value can be considered as an acceptable range for the

in-situ LBR number.

6.6. Conclusion

The collection of data from a variety of field tests can greatly aid in the design of earthwork
structures. Moisture content and density are two parameters that can be obtained with the Purdue
TDR method. An additional approximation of the LBR number can be obtained through the
correlation to the spikes driven when TDR measurements are taken. This additional
measurement can readily provide an estimate of the in place LBR number that otherwise would
require the mobilization of special equipment that in most cases is costly to operate and maintain.
This additional feature allows the TDR operator to obtain three important soil parameters that are
important in design and construction: in place moisture content, in place density and an in place

LBR number.
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7. Comparison of TDR with Other Methods

7.1. Introduction

Previous discussion has been centered on the evaluation of the TDR methods accuracy. This
chapter is primarily concerned with the comparison between the accuracy of the TDR method
with the nuclear, sand cone and drive sleeve methods. The nuclear method has become
increasingly popular in recent years, due to its ability to measure both density and water content.
Previous studies have indicated the method to be sufficiently accurate for geotechnical
measurement. Particularly, FDOT has adopted the method for widespread use across the state.
Due to its common usage, the nuclear method was selected for purposes of this study to assess
the TDR methods accuracy relative to current methods. The drive sleeve method and the sand

cone method results were also compared to TDR field measurements.

It is worth noting that the nuclear method is only used by FDOT for rock base materials, not for
embankment or subgrade soils. Because the nuclear moisture measurement uses the back scatter
method and has a limited depth of measurement, the speedy moisture method is typically used
for embankments and subgrades. In the context of the comparative study outlined in this

chapter, the oven dry moisture content was taken in order to get the most accurate baseline.

7.2. Testing Program

The widespread use of the nuclear method by the Florida DOT allows for ready access to a large
amount of data. The nuclear method is commonly used to take several measurements at a variety
of locations at a variety of job sites across the state of Florida. These same measurements can
easily be tested using the TDR method to evaluate the accuracy of TDR measurements relative to
the nuclear method. For purposes of this study an effort was made to collect comparative data
for both the sand cone and drive sleeve methods. Samples can then be taken to the lab to obtain
a baseline oven dry water content. Due to the lack of a baseline method for measuring in-situ
soil dry density, the nuclear moist density was used as a baseline, with the dry density back-

calculated from the oven dry moisture content. This, of course, is not entirely accurate, however
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it was the method most readily available. A brief review of the nuclear, sand cone and drive

sleeve methods are contained in Chapter 2 and will not be dealt with here.

7.3. Results

A series of side-by-side tests were carried out at several locations throughout the state using the
nuclear, sand cone and drive sleeve methods and the TDR method. Blanket values of “a” =1
and “b” = 9 were used for field TDR measurements. Samples were then brought to the lab and
oven dry moisture contents were obtained. A summary of test locations and soil types for the
nuclear to TDR comparison is displayed in Table 7-1. Table 7-2 displays the water content
measurements recorded at each test site along with percent error and absolute error, while Table
7-3 summarizes the corresponding dry densities along with error. Figure 7-1 displays graphic
results obtained from Table 7-2 and Figure 7-2 displays graphic results obtained from Table 7-3.
Table 7-4 and Table 7-5 display test information for the sand cone tests and drive sleeve tests

respectively. Figure 7-3 and Figure 7-4 display sand cone and drive sleeve results respectively.

Table 7-1. Nuclear testine locations and information

Location County/City | No. of Samples Soil Type(s)
[-295 / I-95 Duval Co. 2 A-3
SR44 Sumter Co. 5 A-3
SR54 E 41 Pasco 6 A-2-4
SR 207 St Johns 8 A-3/A-2-4
Santa Fe Union 7 A-3/A-2-4
SR 54 E 19 Pasco 6 A-3
SR 98 Walton 4 A-3
SR 291 Pensacola 6 A-2-4
-4 Volusia 6 A-3/A-2-4
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Table 7-2. Nuclear water content comparison results.

. % error | % error | Absolute | Absolute
Location Test [Oven w; | TDR w, |Nuclear w, DR Nuclear DR Nuclear
Duval Co. 1 9.0% 13.0% 10.2% 44 4% 13.3% 4.00% 1.20%
Duval Co. 2 9.7% | 12.5% 9.2% 28.9% -5.2% 2.80% -0.50%

Sumter Co. 3 7.6% 7.2% 7.9% -5.3% 3.9% -0.40% 0.30%
Sumter Co. 4 8.0% 7.6% 7.9% -5.0% -1.3% -0.40% -0.10%
Sumter Co. 5 7.9% 7.1% 7.6% -10.1% -3.8% -0.80% -0.30%
Sumter Co. [§] 12.9% | 12.2% 13.4% -5.4% 3.9% -0.70% 0.50%
Sumter Co. 7 14.0% | 13.6% 16.4% -2.9% 17 1% -0.40% 2.40%
Sumter Co. 8 13.2% | 12.3% 14.8% -6.8% 12.1% -0.90% 1.60%
Pasco 1 6.3% 5.9% 6.2% -6.3% -1.6% -0.40% -0.10%
Pasco 2 6.2% 57% 5.3% -8.1% -14.5% -0.50% -0.90%
Pasco 3 7.2% 6.0% 7.2% -16.7% 0.0% -1.20% 0.00%
Pasco 4 5.5% 4.7% 5.0% -14.5% 9.1% -0.80% -0.50%
Pasco 5 6.6% 5.7% 6.9% -13.6% 4.5% -0.90% 0.30%
Pasco 6 8.6% 8.4% 8.7% -2.3% 1.2% -0.20% 0.10%
St Johns 1 13.8% | 13.4% 14.1% -2.9% 2.2% -0.40% 0.30%
St Johns 2 9.7% 9.3% 9.0% -4.1% -1.2% -0.40% -0.70%
St Johns 3a 11.4% | 10.8% 12.2% -5.3% 7.0% -0.60% 0.80%
St Johns 3b [ 11.0% | 10.8% 12.4% -1.8% 12.7% -0.20% 1.40%
St Johns 4 12.2% | 11.4% 13.4% -6.6% 9.8% -0.80% 1.20%
St Johns 5 8.2% [ 11.9% 13.8% 45.1% 68.3% 3.70% 5.60%
St Johns 6 8.7% 6.9% 8.7% -20.7% 0.0% -1.80% 0.00%
St Johns 7 12.8% | 8.8% 8.6% -31.3% | -32.8% -4.00% -4.20%
Union 1 10.2% | 9.4% 12.3% -7.8% 20.6% -0.80% 2.10%
Union 2 10.3% | 9.2% 11.4% -10.7% 10.7% -1.10% 1.10%
Union 3 9.4% 8.4% 10.1% -10.6% 7.4% -1.00% 0.70%
Union 4 7.5% 6.6% 11.6% -12.0% 54.7% -0.90% 4.10%
Union 5 10.5% | 8.9% 9.8% -15.2% -6.7% -1.60% -0.70%
Union 7 9.1% 8.0% 13.4% -12.1% 47.3% -1.10% 4.30%
Pasco 1 4.0% 3.5% 4.5% -12.5% 12.5% -0.50% 0.50%
Pasco 2 6.9% 6.3% 9.1% -8.7% 31.9% -0.60% 2.20%
Pasco 3 6.6% 6.1% 9.6% -7.6% 45.5% -0.50% 3.00%
Pasco 4 5.8% 5.3% 7.2% -8.6% 24.1% -0.50% 1.40%
Pasco 5 6.6% 6.0% 7.7% 9.1% 16.7% -0.60% 1.10%
Pasco 6 5.2% 4.5% 6.3% -13.5% 21.2% -0.70% 1.10%
Walton 1 14.0% | 9.6% 15.1% -31.4% 7.9% -4.40% 1.10%
Walton 2 13.2% | 10.2% 13.1% -22.7% -0.8% -3.00% -0.10%
Walton 3 12.8% | 9.9% 12.9% -22.7% 0.8% -2.90% 0.10%
Walton 4 13.5% [ 10.5% 13.6% -22.2% 0.7% -3.00% 0.10%
Pensacola 1 9.2% 6.6% 7.2% -283% | -21.7% -2.60% -2.00%
Pensacola 2 8.7% 5.5% 6.5% -36.8% | -25.3% -3.20% -2.20%
Pensacola 3 8.4% 5.5% 6.7% -34.5% | -20.2% -2.90% -1.70%
Pensacola 4 9.7% 6.6% 7.7% -32.0% | -20.6% -3.10% -2.00%
Pensacola 5 9.7% 6.6% 8.4% -32.0% | -13.4% -3.10% -1.30%
Pensacola 6 9.2% 6.3% 7.4% -31.5% | -19.6% -2.90% -1.80%
Volusia 1 10.0% | 9.2% 12.3% -8.0% 23.0% -0.80% 2.30%
Volusia 2 11.3% | 9.8% 13.1% -13.3% 15.9% -1.50% 1.80%
Volusia 3 12.0% | 10.2% 12.3% -15.0% 2.5% -1.80% 0.30%
Volusia 4 8.9% 7.5% 8.7% -15.7% -2.2% -1.40% -0.20%
Volusia 5 10.3% | 8.8% 10.0% -14.6% -2.9% -1.50% -0.30%
Volusia 6 7.5% 6.6% 8.9% -12.0% 18.7% -0.90% 1.40%
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Table 7-3. Nuclear dry density comparison

. % error | % error | Absolute | Absolute
Location Test | Oven pa | TDR pg | Nuclear py TDR Nuclear DR Nuclear
Duval Co. 1 102.8 941 1071.6 -8.5% -1.2% -8.70 -1.20
Duval Co. 2 102.6 88.0 103.1 -14.2% 0.5% -14.60 0.50

Sumter Co. 3 112.0 105.5 111.7 -5.8% -0.3% -6.50 -0.30
Sumter Co. 4 112.5 108.3 112.6 3. 7% 0.1% -4.20 0.10
Sumter Co. 5 112.9 108.3 113.2 -4.1% 0.3% -4.60 0.30
Sumter Co. 6 108.8 107.1 108.3 -1.6% -0.5% -1.70 -0.50
Sumter Co. 7 107.3 102.2 105.1 -4.8% 2.1% -5.10 -2.20
Sumter Co. 8 111.2 127.7 109.7 14.8% -1.3% 16.50 -1.50
Pasco 1 108.9 103.8 109.0 -4.7% 0.1% -5.10 0.10
Pasco 2 107.8 100.1 108.7 -7.1% 0.8% -7.70 0.90
Pasco 3 107.3 106.7 107.3 -0.6% 0.0% -0.60 0.00
Pasco 4 107.2 101.4 107.7 -5.4% 0.5% -5.80 0.50
Pasco 5 112.2 110.4 111.9 -1.6% -0.3% -1.80 -0.30
Pasco 6 107.4 96.1 107.3 -10.5% -0.1% -11.30 -0.10
St Johns 1 101.3 98.0 101.1 -3.3% -0.2% -3.30 -0.20
St Johns 2 101.5 94.6 102.2 -6.8% 0.7% -6.90 0.70
St Johns 3a 103.3 99.1 102.6 -4.1% -0.7% -4.20 -0.70
St Johns 3b 107.0 100.0 105.7 -6.5% -1.2% -7.00 -1.30
St Johns 4 103.0 106.0 101.9 2.9% -1.1% 3.00 -1.10
St Johns 5 108.7 100.8 103.3 -7.3% -5.0% -7.90 -5.40
St Johns 6 100.8 100.1 100.8 -0.7% 0.0% -0.70 0.00
St Johns 7 99.0 98.1 102.9 -0.9% 3.9% -0.90 3.90
Union 1 98.1 87.8 96.2 -10.5% -2.0% -10.28 -1.92
Union 2 100.1 102.4 99.1 2.3% -1.0% 2.30 -0.99
Union 3 105.7 99.7 105.0 -5.6% -0.6% -5.92 -0.67
Union 4 107.2 108.1 103.2 0.9% -3.7% 0.93 -3.94
Union 5 102.9 107.7 103.6 4.7% 0.6% 4.81 0.66
Union 7 109.6 103.8 105.5 -5.3% -3.7% -5.80 -4.10
Pasco 1 102.6 98.0 102.1 -4.5% -0.5% -4.63 -0.49
Pasco 2 106.0 100.9 103.8 -4.8% -2.0% -5.04 -2.14
Pasco 3 107.6 98.6 104.7 -8.4% 2.7% -9.00 -2.95
Pasco 4 102.8 96.1 101.5 -6.5% -1.3% -6.69 -1.34
Pasco 5 105.1 96.8 104.0 -7.8% -1.0% -8.24 -1.07
Pasco 6 105.1 97.4 104.0 -7.4% -1.0% -7.75 -1.09
Walton 1 109.4 111.9 108.3 2.3% -1.0% 2.50 -1.10
Walton 2 110.1 108.9 110.2 -1.1% 0.1% -1.20 0.10
Walton 3 111.0 107.3 110.9 -3.3% -0.1% -3.70 -0.10
Walton 4 108.9 105.9 108.8 -2.8% -0.1% -3.00 -0.10
Pensacola 1 115.9 112.9 118.1 -2.6% 1.9% -3.05 2.16
Pensacola 2 116.4 118.1 118.8 1.5% 2.1% 1.75 2.40
Pensacola 3 114.7 116.6 116.5 1.7% 1.6% 1.91 1.83
Pensacola 4 114.7 117.9 116.8 2.8% 1.9% 3.24 2.13
Pensacola 5 116.1 117.7 117.5 1.3% 1.2% 1.55 1.39
Pensacola 6 116.1 112.7 118.1 -3.0% 1.7% -3.46 1.95
Volusia 1 115.5 109.7 113.2 -5.0% -2.0% -5.82 -2.37
Volusia 2 114.1 113.0 112.3 -1.0% -1.6% -1.13 -1.82
Volusia 3 108.2 106.3 107.9 -1.7% -0.3% -1.88 -0.29
Volusia 4 112.1 106.6 112.3 -4.9% 0.2% -5.48 0.21
Volusia 5 112.5 107.8 112.8 -4.2% 0.3% -4.76 0.31
Volusia 6 109.9 113.4 108.4 3.2% -1.3% 3.49 -1.41
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Figure 7-2. Nuclear versus TDR dry density.
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TDR and Sand Cone Dry Density (pcf
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Table 7-4. Sand cone dry density comparison results.

% E
Location Test | Ovenpy | TDR py Sand % error TDR 7o Error
Cone py Sand Cone
1-295 / 1-95 1 102.8 94.1 95 -8.46% -7.59%
[-295 / 1-95 2 102.6 88 97.4 -14.23% -5.07%
Sumter Co. 3 112 105.5 112.4 -5.80% 0.36%
Sumter Co. 4 112.5 108.3 111.9 -3.73% -0.53%
Sumter Co. 5 112.9 108.3 114.3 -4.07% 1.24%
Sumter Co. 6 108.8 107.1 106.8 -1.56% -1.84%
Sumter Co. 7 107.3 102.2 114.3 -4.75% 6.52%
Sumter Co. 8 111.2 127.7 110.5 14.84% -0.63%
A A —
— loo
/ *
A
4 e TODR
A Sand Cone | |
. —_11
96 98 100 102 104 106 108 110 112 114 116

Nuclear/Oven Dry Density (pcf)

Figure 7-3. Sand cone versus TDR dry density.
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TDR and Drive Sleeve Dry Density (pcf

Table 7-5. Drive sleeve dry density comparison results.

- S -
Location | Test | Ovenps | TORpy | 2™ | % error TOR |7 EMOr Prive
Sleeve py Sleeve
[-295 / 1-95 1 102.8 94.1 102.8 -8.46% 0.00%
I-295 / 1-95 2 102.6 88 101.3 -14.23% -1.27%
Sumter Co. 3 112 105.5 112.9 -5.80% 0.80%
Sumter Co. 4 112.5 108.3 115.5 -3.73% 2.67%
Sumter Co. 5 112.9 108.3 114.8 -4.07% 1.68%
Sumter Co. 6 108.8 107.1 109.6 -1.56% 0.74%
Sumter Co. 7 107.3 102.2 121.8 -4.75% 13.51%
Sumter Co. 8 111.2 127.7 112.9 14.84% 1.53%
120
115 An—f
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Ho S PN
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Nuclear/Oven Dry Density (pcf)

Figure 7-4. Drive sleeve versus TDR dry density.
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7.4. Discussion

The majority of soils tested were sandy materials (A-3 and A-2-4 soils). This is consistent with
testing throughout this project, one of the main objectives being to evaluate the applicability of
the TDR method to soils common to Florida construction. The water content measurement
comparison displayed in Table 7-2 shows the absolute error for TDR varied between -4.4 and 4.0
and the percent error varied accordingly. Typical TDR measured water content values under
predicted the oven dry water content. This is consistent with observed results from the
evaluation of the accuracy of the TDR method. As indicated in this report, a more appropriate
“b” value of 8.5 should be used for Florida sands. The reduction in the “b” value will predict
slightly higher water content values in the field and TDR measurements displayed in Figure 7-1
would be shifted upwards towards the 1:1 line. Measured water contents for the nuclear method
had a range of -4.2 to 5.6 for absolute error and the percent errors varied accordingly. A graphic
representation of scatter for both the nuclear and TDR methods compared to the oven dry
method is displayed in Figure 7-1, which indicates that the nuclear method consistently over
predicted the water content while the TDR method under predicted the water content. Figure 7-1
also indicates that there is more scatter inherent to the nuclear method. If the suggested
correction for constant “b” it is reasonable to suggest that the TDR water content measurement is

more accurate than the nuclear method for water content measurement.

Table 7-3 can only be used for reference purposes, since the baseline dry density was calculated
from a combination of the nuclear moist density and the oven dry moisture content. It is to be
expected that the nuclear measurements be more accurate than the TDR measurements, as
evident from the table. The bias towards the accuracy of the nuclear method is also apparent in
Figure 7-2. In order to evaluate the true accuracy of both the nuclear and TDR methods, the use
of an objective and independent point of reference for density is needed. The development of

such independent measurements was, however, beyond the scope of the current project.

Table 7-4 and Figure 7-3 should only be used for comparative purposes. Again, the dry density

baseline is taken as the nuclear moist density back calculated to the dry density using the oven
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dry water content. As displayed in Figure 7-3 the scatter between the two methods appears to be
comparable. However, more data needs to be collected to make a realistic determination of the

relative accuracy of the TDR method to the sand cone method.

Again in Table 7-5 and Figure 7-4 the TDR and drive sleeve dry density results are compared to
the measured nuclear density and oven dry water content. The drive sleeve method appears to
compare favorably with the nuclear dry density baseline. More testing would be needed to make

a reasonable statement of the relative accuracy of TDR compared to the drive sleeve method.

7.5. Conclusions

The nuclear method has been accepted as a reliable method for both water content and density
for base course materials, due to its ability to measure both water content and dry density, and its
perceived reliability and accuracy. The sand cone method and the drive sleeve method are other
methods that have been commonly used to estimate dry density in the field. Side-by side
measurements comparing the TDR to the nuclear method for water content measurement on
Florida construction soils indicate that the TDR displays less scatter than the nuclear gauge and
as a result is likely more accurate than the nuclear gauge with the proper selection of constants
“a” and “b.” It thus appears that the TDR method is more reliable than the nuclear method, at
least in terms of water content measurement. Density results were inconclusive, due to the lack
of a comparison baseline. However, a comparison of the data scatter between methods is similar.
Further research is required to fully evaluate the absolute accuracy of the methods for field

density measurement.
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8. Database Management System Design

8.1. Introduction

In order to evaluate the TDR data nationwide, a Beta testing program has been conducted by
Purdue University researchers. A number of agencies have collaborated in the evaluation of the
TDR method. Among the collaborating agencies are Florida Department of Transportation
(FDOT), and the University of South Florida (USF). Due to the large amounts of data that was
and will be collected, a need for a database managing system has arisen. The database
management system has to be simple and user-friendly, and the interface easy for users to
understand. Microsoft Access 2000 was selected to design an easy-to-use and manageable
database. The database consists of one form that includes agency information. The rest of the

data is entered in a logical sequence as sub-forms.

There are many advantages of a database approach rather than the traditional system
management method by a file processing system. Some of the benefits are program-data
independence, minimal data redundancy, improved data consistency, increased productivity of
application development, improved data quality, and improved data accessibility and

responsiveness.

8.2. Data, Database, and Metadata

In general, data types can be divided into textual, numeric, documents, images, sound, and video
segments. When the data is processed to increase the reader’s knowledge, it is then called
information. The database is defined as the organized collection of logically related data.
Metadata is defined as the data that describes the properties of other data (Kafle and Ashmawy,
2001).
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8.3. Database Development Process

The database development process passes through various development phases (Kafle and

Ashmawy, 2001):

1-

Conceptual Data Modeling: There are two phases in this stage; planning and analysis
phases. During planning, the relationships among the entities, high-level categories of

data, are established. During the analysis, the detailed data model is presented.

Logical Database Design: The conceptual data model is transferred into relations, the
nature and specifications of the data are determined, the normalization of the design is

performed, and a complete picture of the database is obtained.

Physical Database Design and Creation: The database is organized and stored in the
computer, the database management system is selected, and the data transactions

processing programs are outlined.

Database Implementation: The programs for processing the database are coded, tested,

and installed, and the data are loaded from the existing sources and tested.

Database Maintenance: The structure of the database is added, deleted, or changed in

order to be consistent with the business needs.

8.4. Data Model

The Relational Data Model has been used in the database design. It consists of the following

three components:

1-

Data Structure: Data is organized into tables, which consist of known number of named
columns and arbitrary number of unnamed rows. Table 8-1 shows an example of a table
containing compaction data. Comp ID, Lab Test ID, Sample Number, Date, Time,
Technician, Dry Density, Labcomp filename, and moisture content are the attributes. The

table contains 19 rows of data corresponding to 19 different compaction tests. Every
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table has to have a primary key that uniquely identifies each row. In Table 8-1, the
primary key is Comp ID. A foreign key is an attribute/combination of attributes in a
table, which serves as the primary key for another table. In Table 8-1, the foreign key is
Lab Test ID. Table 8-2 shows a part of the agency table, Table 8-3 shows GSD table,
Table 8-4 shows the Lab table, and Table 8-5 shows a part of the PMTDR table.

2- Data Manipulation: Structured Query Language (SQL) is used to manipulate data in the
relational database. SQL has the ability to process the data in a single table as well as in
the multiple tables using joints.

3- Data Integrity: The relational data model includes some integrity constraints to ensure
accuracy of data when they are inserted or manipulated such as: domain constraints,

entity integrity, referential integrity, and operational constraints.

8.5. Database Design

The data needed to be stored in this project can be divided into 5 parts: Agency, PMTDR, Lab,

Compaction, and GSD. The relationships between the different tables are established as follows:

1. Each agency could have zero, one, or more PMTDR record, while each PMTDR record
has to be related to exactly one Agency.

2. Each PMTDR record could have zero, one, or more Lab records, whereas each lab record
has to be related to exactly one PMTDR record.

3. Each Lab record could have zero, one, or more GSD records, but each GSD record has to
be related to exactly one Lab record.

4. Each Lab record could have zero, one, or more Compaction records, and each
Compaction record has to be related to exactly one Lab record.

5. Each Lab record could have zero, one, or more GSD records, where each GSD record has

to be related to exactly one Lab record.
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Table 8-1.

Compaction table with sample data

‘ CompID ‘ LabTestID ‘ Sample_Number Date

© o N o 0o o W

10
11
12
13
14
15
16
17
18
19

Mi_12
Mi_13
Mi_14

26-May-1998
26-May-1998
26-May-1998
26-May-1998
26-May-1998
26-May-1998
26-May-1998
26-May-1998
26-May-1998
26-May-1998
26-May-1998
26-May-1998
26-May-1998
26-May-1998
26-May-1998
26-May-1998
26-May-1998

Time
10:54:54 AM
11:06:47 AM
11:48:10 AM
11:48:10 AM
10:54:54 AM
10:54:54 AM
10:54:54 AM
10:54:54 AM
10:54:54 AM
10:54:54 AM
10:54:54 AM
10:54:54 AM
10:54:54 AM
10:54:54 AM
10:54:54 AM
10:54:54 AM
10:54:54 AM

Technician

Feng, Lin, Vogel
Feng, Lin, Vogel
Feng, Lin, Vogel
Feng, Lin, Vogel
Feng, Lin, Vogel
Feng, Lin, Vogel
Feng, Lin, Vogel
Feng, Lin, Vogel
Feng, Lin, Vogel
Feng, Lin, Vogel
Feng, Lin, Vogel
Feng, Lin, Vogel
Feng, Lin, Vogel
Feng, Lin, Vogel
Feng, Lin, Vogel
Feng, Lin, Vogel
Feng, Lin, Vogel

Dry_Density

1687
1864
1960
2121
1687
1687
1687
1687
1687
1687
1687
1687
1687
1687
1687
1687
1687

LabCMP_filename

Geotechnical\TDR Data\Lin\Rev_Lin\tdrtestREV_M1\rev_M1_1_1
Geotechnica\TDR Data\Lin\Rev_Lin\tdrtestREV_M1\rev_M1_1_2
Geotechnical\TDR Data\Lin\Rev_Lin\tdrtestREV_M1\rev_M1_1_3
Geotechnical\TDR Data\Lin\Rev_Lin\tdrtestREV_M1\rev_M1_1_3
Geotechnical\TDR Data\Lin\Rev_Lin\tdrtest\REV_M1\rev_M1_2 1
Geotechnical\TDR Data\Lin\Rev_Lin\tdrtestREV_M1\rev_M1_2 2
Geotechnical\TDR Data\Lin\Rev_Lin\tdrtestREV_M1\rev_M1_2 3
Geotechnical\TDR Data\Lin\Rev_Lin\tdrteshREV_M1\rev_M1_2 4
Geotechnical\TDR Data\Lin\Rev_Lin\tdrteshREV_M1\rev_M1_3 1
Geotechnical\TDR Data\Lin\Rev_Lin\tdrteshREV_M1\rev_M1_3 2
Geotechnical\TDR Data\Lin\Rev_Lin\tdrteshREV_M1\rev_M1_3 3
Geotechnical\TDR Data\Lin\Rev_Lin\tdrteshREV_M1\rev_M1_3 4
Geotechnical\TDR Data\Lin\Rev_Lin\tdrteshREV_M1\rev_M1_4 1
Geotechnica\TDR Data\Lin\Rev_Lin\tdrtestREV_M1\rev_M1_4_2
Geotechnica\TDR Data\Lin\Rev_Lin\tdrtestREV_M1\rev_M1_4_3
Geotechnical\TDR Data\Lin\Rev_Lin\tdrtestREV_M1\rev_M1_4 4
Geotechnical\TDR Data\Lin\Rev_Lin\tdrtestREV_M1\rev_M1_5 1

Moisture
384
3.76
3.82
3.65
3.84
3.84
3.84
3.84
3.84
3.84
3.84
3.84
3.84
384
384
3.84
384
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Table 8-2. Sample view of Agency table with sample data

Agercy ID

Agency_Name

Contract_Number

Street_Address_1

Street_Address_2

City Zp

State

Country

Phone_Number

Extension

Fax_Number

Email_Address

1

Geotech. Engr. (Dmevich)

Geotechnical Engineering, = Purdue University ~ West Lafayette =~ 47906

IN

USA

Table 8-3. GSD table with sample data

(765) 494-5029

LabTestID | Grain_Size | Sieve_Number | Percent_finer
12 0.075 200 0.413
13 0.075 200 0.413

0000

(765) 496-1364  drnevich@purdue.edu
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Table 8-4. Lab table with sample data

LabTestiD ‘ PMTDRID ‘ Lab_Name ‘ Supervisor ‘ Sample_ID ‘ Visual_Manual ‘ Visual_Manual_Date ‘ Visual_Manual_Tech ‘ LL ‘ PL ‘ Gs ‘ Atterberg Date ‘ Atterberg Tech | GSD_date

13

Geotech. Lab
Geotech. Lab
Geotech. Lab
Geotech. Lab
Geotech. Lab
Geotech. Lab
Geotech. Lab
Geotech. Lab
Geotech. Lab
Geotech. Lab
Geotech. Lab
Geotech. Lab
Geotech. Lab
Geotech. Lab
Geotech. Lab
Geotech. Lab
Geotech. Lab

VPD
VPD
VPD
VPD
VPD
VPD
VPD
VPD
VPD
VPD
VPD
VPD
VPD
VPD
VPD
VPD
VPD

MI_1_1
MI_1.2
Mi_1.3
Mi_1.4
M1_2.1
M2 2
Mi_23
Mi_2.4
M1_3 1
M3 2
M3 3
Mi_3 4
Mi_4 1
Mi_4 2
M43
Mi_4 4
M1_5 1

276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276
276

26-May-1998
26-May-1998
26-May-1998
26-May-1998
26-May-1998
26-May-1998
26-May-1998
26-May-1998
26-May-1998
26-May-1998
26-May-1998
26-May-1998
26-May-1998
26-May-1998
26-May-1998
26-May-1998
26-May-1998

26-May-1998
26-May-1998
26-May-1998
26-May-1998
26-May-1998
26-May-1998
26-May-1998
26-May-1998
26-May-1998
26-May-1998
26-May-1998
26-May-1998
26-May-1998
26-May-1998
26-May-1998
26-May-1998
26-May-1998

GSD_Tech

Feng, Lin, Vogel
Feng, Lin, Vogel
Feng, Lin, Vogel
Feng, Lin, Vogel
Feng, Lin, Vogel
Feng, Lin, Vogel
Feng, Lin, Vogel
Feng, Lin, Vogel
Feng, Lin, Vogel
Feng, Lin, Voge!
Feng, Lin, Vogel
Feng, Lin, Vogel
Feng, Lin, Vogel
Feng, Lin, Vogel
Feng, Lin, Vogel
Feng, Lin, Vogel
Feng, Lin, Vogel

SMSC
SMSC
SMSC
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Table 8-5. Sample view of PMTDR table

PMIDRID | AgencylD | Project Name Project Number | Test Number | Location Description | State | County | Longitude | Latitude | Operator

13 11 Compaction of Mxture Sal 1~5 M1-1-1 Laboratory IN  USA Feng, Lin, Vogel
15 11 Compaction of Mxture Sal 1~5 M1-1-2 Laboratory IN  USA Feng, Lin, Vogel
16 11 Compaction of Mxture Sal 1~5 M1-1-3 Laboratory IN  USA Feng, Lin, Vogel
17 11 Compaction of Mxture Sal 1~5 Mi-14 Laboratory IN  USA Feng, Lin, Vogel

11 Compaction of Mxture Sal 1~5 M1-2-1 Laboratory IN  USA Feng, Lin, Vogel
3 11 Compaction of Mxture Sail 1~5 M1-2-2 Laboratory IN  USA Feng, Lin, Vogel
24 11 Corrpaction of Mxture Soil 1~5 M1-2-3 Laboratory IN  USA Feng, Lin, Vogel
% 11 Compaction of Mxture Sal 1~5 M1-24 Laboratory IN  USA Feng, Lin, Vogel
% 11 Compaction of Mxture Sal 1~5 MI1-3-1 Laboratory IN  USA Feng, Lin, Vogel
27 11 Compaction of Mxture Sol 1~5 M1-3-2 Laboratory IN  USA Feng, Lin, Vogel
8 11 Compaction of Mxture Sail 1~5 M1-3-3 Laboratory IN  USA Feng, Lin, Vogel
2 11 Compaction of Mxture Sal 1~5 M1-34 Laboratory IN  USA Feng, Lin, Vogel
0 11 Compaction of Mxture Sal 1~5 Mi-4-1 Laboratory IN  USA Feng, Lin, Vogel
31 11 Compaction of Mxture Sal 1~5 M1-4-2 Laboratory IN  USA Feng, Lin, Vogel
R 11 Compaction of Mxture Sal 1~5 M43 Laboratory IN  USA Feng, Lin, Vogel

11 Compaction of Mxture Soil 1~5 M1-4-4 Laboratory IN  USA Feng, Lin, Vogel
)] 11 Compaction of Mxture Sail 1~5 M1-5-1 Laboratory IN  USA Feng, Lin, Vogel
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Since the data sets are highly related to each other, a relational database model was used to

design the database. Figure 8-1 shows the database design elements, while Fig. 8-2 shows the

developed database schema.

Agency

Contains
information about
the Beta Testing
partner agencies

X

PMTDR

Contains General
information about the
test location, project,
and final outputs

Lab

Figure 8-1.

R

Contains lab info
such as lab name,
lab test dates and
technicians. Also
includes the soil’s
visual and manual
description,
Atterberg limits,
and standard
classification.

Compaction

Contains general
data from each
compaction test

g)

GSD

Contains grain
size analysis
data

Database Design Elements
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Soil_Type Atterberg_Date Sample_Murnber
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b_prelim G5D_Tech Technician
Maisture_prelim usics Dry_Density
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Field_Density_prelim AASHTO Moisture
a_final
b_final
C
d
f
a
Ka
EC

Maisture_final
Mald_Density_Final
Field_Density_Final
Muclear_Density
Muclear_Maisture
Speedy_Moisture
Oven_Dry_Moisture
Sand_Cone_Density
Rubber_Ealloon_Density LI

Figure 8-2. Database Schema

8.6. Data Access and Display

Microsoft Access 2000 was used to access and display the database. Five tables were created to
display information pertinent to the Agency, PMTDR test, Lab data, Compaction data and Grain
Size Distribution (GSD). A separate form was created for each table, with the main form being
the Agency form. The PMTDR form was included as a sub-form of the Agency form, and the
Lab form as a sub-form of the PMTDR form. Both Compaction and GSD forms are accessible
through tabs from the Lab form (Fig. 8-3). Function buttons were used to facilitate routine
functions such as navigating between the records, adding and deleting records, and performing
basic functions such as undo, save, print, and find. The interface was designed to be user

friendly and in logical consequence.
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Agency Mame

I Contract Mumber

IGeotech. Engr. [Dmevich]

Street Address - Line 1 | Strest Address - Line 2

| City | Statel Zip I Country
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|W’est Lafayette |IN |4?SDE |U.S.A.

Phaone Mumber | Extension | Fax Mumber | Email Address
I[?BS] 434-5029 IDDDD I[?BE] 496-1364 Idrnevich@purdue. edu
| «|»| | L L = L = Y L N B el i
PMTDR
> Agency |1 I Froject Mame I Froject [contract] Mumber I Test Mumber I Operator I
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State I County ILongitude I Latitude: I
|IN 5.
File Mame and Path for MRF | File Mame and Path for CMP |
Sail Type | Original Urits | ¢ | Muclear Density | Sand-ConeDensity |
IthesionIess 5] d I ka/m? | ka/mé
Preliminary &' ¥ alue | Final"a" Value | d I Muclear Moisture Content I Rubber-Balloon Densit_l,ll
| 1 | 04972 I I ka/m? | ka/m?
Preliminary "'b" Y alue I Final "b" Walue I f I Dirive-Cylinder Density
E] 8015 | kg
Preliminary Moisture Eontentl Final Moisture: Content I g I Speedy Moisture Content Sleeve Denzity
% E3 % ka/m?
Preliminary Mold Density | Final told Denzity | Ka | Other Diensity
ka/m# | kg ka/m?
Preliminary Field Density I Final Field Density I B I Owen-Diy Moisture Eontentl Actual Density I
I ka/me I kadmé I pSiem I 284 % I 1750 kadmé
| «| | n] b E R EAIE] da|n, | BMTCR [0 [T3

LABORATORY |

-

FH TOR D | Laboratory Mame

| Supervisor | Sample D |

| 13 IGeotech. Lab

IVF'D IM 111

| Wisual Manual Classification |

Yisualt anual Tests Date

Yisual-t anual Technician |

Liguid Limit  Plastic Lirit |

Atterberg Test Date | G50 date | Specific Gravityl
| 26-M ay-1538 | 26-tap-1938 I 278
Atterberg T est Technicianl G5D Techrician | Comments

|Feng, Lin, Vogel
Uscs | AasHTO |

| |
| || n] +'| @]

ISM-SE I

RIEIE] galn,| oo [ &

G50 COMPACTION |

» [LabTiest [0 I Sample Humber I D ate I Time I Technician I
.
File N ame anld Path for Laboratory CHMP I Dy Density I M oisture Content I
I I kaine I (%)
<[] wplslwlel sl

Record: |<| 4 || 2. |>| |>*| of 2

s 14| 4] 1o Iwn vl of 1

Figure 8-3

. Database interface
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8.7. Conclusion

With the anticipation of large amounts of data to be collected in the Beta testing phase of the
project, the need to design a functional database arose. The data obtained from calibration tests
for multiple soil types can be stored and made readily accessible from the Microsoft Access 2000
designed here. The database serves as a valuable resource for storing and retrieving information

that can readily be used when future TDR tests are carried out.
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9. Conclusions and Recommendations

9.1. Conclusions

The purpose of this report was to assess the viability of the Purdue TDR method for measuring
soil water content and density (ASTM D6780). The main focus of this research was to evaluate
the TDR method for possible widespread implementation of the TDR method statewide in
Florida. As a result, research carried out for this report helped in evaluating the utility and
practicality of the TDR method in soils often encountered in FDOT projects. Several key

questions were addressed and answered with respect to the method’s accuracy and reliability.

Results indicate that the Purdue TDR method was sufficiently accurate for use in geotechnical
applications in terms of water content measurement only. An independent evaluation of the
accuracy of the nuclear, TDR, sand cone and drive sleeve methods for density measurements,
however, could not be carried out due to the lack of a standard or baseline to which the density
results could be compared. The TDR method relies on the use of relatively new technology to

the field of geotechnical engineering, namely time domain reflectometry.

Upon review of current methods, TDR appears to have several advantages: 1) TDR measures
both water content and density virtually simultaneously on the same soil sample. 2) TDR appears
to be as accurate as other current methods for determining field water content. 3) TDR does not
required special licensing to operate. 4) TDR method does not require extensive calibration
compared to the nuclear method. 5) TDR measurements are available upon test completion. 6)
Operator dependency does not contribute to significant variability in measurement. The
limitations associated with TDR include the following: 1) The TDR method requires the
excavation of soil and is therefore destructive in nature. This results in significant delay,
especially to inexperienced operators. Moreover, the destructive aspect of the test makes it

necessary to repair the hole resulting from the excavation step. 2) TDR test duration exceed that
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of comparable methods. 3) The TDR equipment needed to perform a test is more cumbersome

to operate than other methods (i.e. laptop, mold, scale etc.)

In order to expedite and improve TDR field testing, a new method has been developed and is
currently being evaluated to enable the measurement of both the water content and the density in
a single step. Preliminary results indicate that TDR is capable of more accurate estimates of the
water content and dry density. The new method eliminates the need of excavating soil samples.
Also the one-step equipment is being streamlined with the use of a PDA based data collection
and storage system. The method and the corresponding software will be relayed to FDOT upon

becoming available.

Research indicates the Purdue TDR method (ASTM D6780) to be a viable method for use in
field measurement of soil water content. With ongoing research and improvements the use of
TDR measurement for dry density may also become a viable method for field measurement.
Results show that the TDR method may be suitable for use in a variety of earthwork
applications. It is important to note that no effort was taken to evaluate the method’s

effectiveness in fine grained material and therefore no recommendations are made to that effect.

9.2. Recommendations

1) In the absence of soil-specific calibration information, a value of 1.00 should be used for
soil constant “a” and a value of 8.50 for soil constant “b” for sandy construction soils (A-
3, A-1-b and A-2-4 soils) in the state of Florida. For A-2-4 soils, the percent fines must
be below 15%.
2) The accuracy of the Purdue TDR method has been proven to be acceptable in terms of
water content.
3) The following correlation was developed for the in place LBR test:
LBR = 0.0089 *TDR? + 0.604 * TDR +3.62
where,
TDR is the average number of blows required to drive the 12 inch TDR spikes to the TDR
template and LBR is the in place LBR number.
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4) With the imminent development of a one-step method, the time limitations and the

destructive aspect of the TDR method should be eliminated.
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APPENDIX

Meaured [Meaured W_,| Measured |Theoritical| Theoritica Absc?lute Normalized
. Error m W,
W, Y%ge [K (1+W))] W, 1 W,, %ge . “| Error, %ge
Yoge

0.00059 0.06 0.91 -0.01016 -1.02 1.07 1823.50
0.02227 2.23 1.15 0.01874 1.87 0.35 15.86
0.04855 4.86 1.41 0.04921 4.92 -0.07 -1.34
0.07519 7.52 1.66 0.07888 7.89 -0.37 -4.90
0.10545 10.55 1.93 0.11083 11.08 -0.54 -5.10
0.12621 12.62 2.02 0.12082 12.08 0.54 4.27
0.02030 2.03 1.09 0.01133 1.13 0.90 44.19
0.03313 3.31 1.24 0.02886 2.89 0.43 12.91
0.04470 4.47 1.31 0.03726 3.73 0.74 16.63
0.05752 5.75 1.48 0.05691 5.69 0.06 1.06
0.07319 7.32 1.60 0.07087 7.09 0.23 3.16
0.08065 8.06 1.66 0.07893 7.89 0.17 2.13
0.08644 8.64 1.75 0.08867 8.87 -0.22 -2.58
0.04509 4.51 1.39 0.04699 4.70 -0.19 -4.21
0.07416 7.42 1.61 0.07225 7.23 0.19 2.57
0.09249 9.25 1.78 0.09323 9.32 -0.07 -0.80
0.13095 13.10 2.02 0.12104 12.10 0.99 7.57
0.17348 17.35 2.34 0.15895 15.90 1.45 8.37
0.18757 18.76 2.65 0.19562 19.56 -0.80 -4.29
0.02564 2.56 1.23 0.02724 2.72 -0.16 -6.25
0.08196 8.20 1.72 0.08524 8.52 -0.33 -4.01
0.11836 11.84 2.03 0.12223 12.22 -0.39 -3.27
0.16640 16.64 2.45 0.17168 17.17 -0.53 -3.18
0.20208 20.21 2.73 0.20501 20.50 -0.29 -1.45
0.22034 22.03 2.83 0.21701 21.70 0.33 1.51
0.01523 1.52 1.05 0.00656 0.66 0.87 56.95
0.01507 1.51 1.04 0.00482 0.48 1.02 67.99
0.03558 3.56 1.25 0.02948 2.95 0.61 17.13
0.03109 3.11 1.24 0.02903 2.90 0.21 6.60
0.06871 6.87 1.52 0.06212 6.21 0.66 9.59
0.06750 6.75 1.51 0.06103 6.10 0.65 9.58
0.10129 10.13 1.82 0.09706 9.71 0.42 4.18
0.10125 10.12 1.82 0.09712 9.71 0.41 4.08
0.01633 1.63 1.11 0.01397 1.40 0.24 14.40
0.03360 3.36 1.25 0.02966 2.97 0.39 11.73
0.05036 5.04 1.40 0.04730 4.73 0.31 6.08
0.06459 6.46 1.52 0.06249 6.25 0.21 3.26
0.08633 8.63 1.68 0.08114 8.11 0.52 6.01
0.11544 11.54 1.85 0.10132 10.13 1.41 12.24
0.12113 12.11 1.90 0.10728 10.73 1.38 11.43
0.02102 2.10 1.17 0.02090 2.09 0.01 0.56
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Absolute

Meaured |Meaured W,,| Measured |Theoritical| Theoritica . Normalized
. Errorn W,
W, %ge [K (1+W))] W, 1 W, %ge . Error, %ge
Yoge

0.03647 3.65 1.28 0.03328 3.33 0.32 8.75

0.06443 6.44 1.42 0.05036 5.04 1.41 21.84
0.06691 6.69 1.54 0.06410 6.41 0.28 4.20

0.08304 8.30 1.72 0.08520 8.52 -0.22 -2.59
0.10302 10.30 1.82 0.09760 9.76 0.54 5.26

0.04062 4.06 1.39 0.04673 4.67 -0.61 -15.04
0.05188 5.19 1.52 0.06168 6.17 -0.98 -18.89
0.06816 6.82 1.65 0.07741 7.74 -0.93 -13.57
0.08651 8.65 1.79 0.09437 9.44 -0.79 -9.09
0.11900 11.90 1.98 0.11651 11.65 0.25 2.10

0.14088 14.09 2.26 0.14939 14.94 -0.85 -6.04
0.03280 3.28 1.25 0.02977 2.98 0.30 9.24

0.04527 4.53 1.38 0.04557 4.56 -0.03 -0.67
0.06414 6.41 1.59 0.06988 6.99 -0.57 -8.94
0.08131 8.13 1.73 0.08651 8.65 -0.52 -6.40
0.09731 9.73 1.80 0.09507 9.51 0.22 2.30

0.11808 11.81 2.01 0.11964 11.96 -0.16 -1.33
0.02525 2.52 1.24 0.02876 2.88 -0.35 -13.90
0.03528 3.53 1.37 0.04441 4.44 -0.91 -25.88
0.05763 5.76 1.52 0.06163 6.16 -0.40 -6.94
0.07244 7.24 1.65 0.07766 7.77 -0.52 -7.19
0.09990 9.99 1.84 0.09926 9.93 0.06 0.64

0.10672 10.67 1.94 0.11221 11.22 -0.55 -5.15
0.13983 13.98 2.15 0.13698 13.70 0.28 2.04

0.14859 14.86 2.31 0.15555 15.55 -0.70 -4.68
0.17075 17.07 2.46 0.17272 17.27 -0.20 -1.15
0.02178 2.18 1.17 0.02099 2.10 0.08 3.62

0.03282 3.28 1.36 0.04255 4.25 -0.97 -29.66
0.05477 5.48 1.49 0.05893 5.89 -0.42 -7.60
0.06873 6.87 1.61 0.07277 7.28 -0.40 -5.88
0.08204 8.20 1.77 0.09117 9.12 -0.91 -11.12
0.09925 9.93 1.89 0.10585 10.58 -0.66 -6.65
0.02492 2.49 1.26 0.03154 3.15 -0.66 -26.57
0.06354 6.35 1.46 0.05534 5.53 0.82 12.91
0.06625 6.63 1.69 0.08215 8.22 -1.59 -24.00
0.09042 9.04 1.83 0.09840 9.84 -0.80 -8.83
0.11382 11.38 2.06 0.12622 12.62 -1.24 -10.89
0.13247 13.25 2.16 0.13753 13.75 -0.51 -3.82
0.02421 2.42 1.25 0.02990 2.99 -0.57 -23.55
0.04902 4.90 1.39 0.04712 4.71 0.19 3.88

0.06081 6.08 1.56 0.06640 6.64 -0.56 -9.19
0.08029 8.03 1.69 0.08151 8.15 -0.12 -1.51

0.08777 8.78 1.77 0.09163 9.16 -0.39 -4.40
0.10480 10.48 1.89 0.10569 10.57 -0.09 -0.85
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Absolute

Meaured [Meaured W_,| Measured |Theoritical| Theoritica . Normalized
x Error n W,
W, %ge [K (1+W))] W, 1 W,, %ge Yoge Error, %ge
0
0.11989 11.99 2.01 0.12046 12.05 -0.06 -0.48
0.15401 15.40 2.28 0.15138 15.14 0.26 1.70
0.03197 3.20 1.34 0.04048 4.05 -0.85 -26.62
0.06771 6.77 1.59 0.06991 6.99 -0.22 -3.25
0.07938 7.94 1.70 0.08291 8.29 -0.35 -4.45
0.11838 11.84 2.01 0.11941 11.94 -0.10 -0.87
0.11965 11.97 1.95 0.11266 11.27 0.70 5.85
0.13433 13.43 2.10 0.13017 13.02 0.42 3.09
0.04864 4.86 1.39 0.04677 4.68 0.19 3.85
0.07015 7.01 1.64 0.07558 7.56 -0.54 -7.74
0.09236 9.24 1.78 0.09219 9.22 0.02 0.18
0.11279 11.28 1.96 0.11404 11.40 -0.13 -1.11
0.12905 12.91 2.19 0.14165 14.16 -1.26 -9.76
0.15378 15.38 2.30 0.15397 15.40 -0.02 -0.13
0.04000 4.00 1.34 0.04083 4.08 -0.08 -2.06
0.06061 6.06 1.50 0.06001 6.00 0.06 0.99
0.07884 7.88 1.71 0.08408 8.41 -0.52 -6.64
0.09858 9.86 1.83 0.09857 9.86 0.00 0.01
0.11526 11.53 2.00 0.11842 11.84 -0.32 -2.74
0.15610 15.61 2.36 0.16170 16.17 -0.56 -3.59
0.03300 3.30 1.29 0.03484 3.48 -0.18 -5.58
0.05941 5.94 1.51 0.06107 6.11 -0.17 -2.81
0.08185 8.18 1.68 0.08066 8.07 0.12 1.45
0.09557 9.56 1.84 0.09921 9.92 -0.36 -3.81
0.12134 12.13 2.03 0.12211 12.21 -0.08 -0.64
0.15522 15.52 2.26 0.14955 14.96 0.57 3.65
0.03772 3.77 1.29 0.03484 3.48 0.29 7.64
0.05867 5.87 1.50 0.05981 5.98 -0.11 -1.95
0.08325 8.33 1.67 0.07976 7.98 0.35 4.20
0.09623 9.62 1.82 0.09684 9.68 -0.06 -0.64
0.11950 11.95 1.97 0.11480 11.48 0.47 3.93
0.15550 15.55 2.29 0.15282 15.28 0.27 1.72
0.03325 3.33 1.29 0.03470 3.47 -0.14 -4.35
0.05823 5.82 1.47 0.05574 5.57 0.25 4.27
0.08080 8.08 1.65 0.07722 7.72 0.36 4.43
0.09766 9.77 1.81 0.09586 9.59 0.18 1.84
0.11726 11.73 1.99 0.11754 11.75 -0.03 -0.24
0.15581 15.58 2.24 0.14697 14.70 0.88 5.68
0.01584 1.58 1.15 0.01851 1.85 -0.27 -16.86
0.03486 3.49 1.32 0.03887 3.89 -0.40 -11.53
0.05541 5.54 1.47 0.05628 5.63 -0.09 -1.57
0.07006 7.01 1.57 0.06772 6.77 0.23 3.35
0.08111 8.11 1.67 0.07964 7.96 0.15 1.82
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Absolute

Meaured [Meaured W_,| Measured |Theoritical| Theoritica . Normalized
x Error in W,
W, %ge [K (1+W))] W, 1 W,, %ge Yoge Error, %ge
0
0.09770 9.77 1.85 0.10127 10.13 -0.36 -3.65
0.02660 2.66 1.20 0.02402 2.40 0.26 9.68
0.04636 4.64 1.38 0.04496 4.50 0.14 3.01
0.06582 6.58 1.52 0.06209 6.21 0.37 5.66
0.08048 8.05 1.67 0.07993 7.99 0.06 0.68
0.11135 11.13 1.85 0.10135 10.13 1.00 8.98
0.11682 11.68 1.99 0.11762 11.76 -0.08 -0.68
0.03130 3.13 1.25 0.03017 3.02 0.11 3.60
0.05267 5.27 1.44 0.05293 5.29 -0.03 -0.48
0.06213 6.21 1.51 0.06081 6.08 0.13 2.14
0.08186 8.19 1.68 0.08098 8.10 0.09 1.08
0.10076 10.08 1.81 0.09628 9.63 0.45 4.44
0.11775 11.77 1.94 0.11192 11.19 0.58 4.95
0.05283 5.28 1.33 0.03913 3.91 1.37 25.93
0.06499 6.50 1.53 0.06358 6.36 0.14 2.17
0.08353 8.35 1.73 0.08636 8.64 -0.28 -3.38
0.09848 9.85 1.82 0.09733 9.73 0.12 1.17
0.10961 10.96 1.89 0.10543 10.54 0.42 3.82
0.12744 12.74 2.06 0.12575 12.58 0.17 1.33
0.04959 4.96 1.33 0.03946 3.95 1.01 20.43
0.06274 6.27 1.51 0.06120 6.12 0.15 2.45
0.07549 7.55 1.65 0.07673 7.67 -0.12 -1.64
0.09050 9.05 1.79 0.09394 9.39 -0.34 -3.79
0.11277 11.28 1.91 0.10810 10.81 0.47 4.14
0.12366 12.37 2.13 0.13406 13.41 -1.04 -8.41
Average 0.01 0.65
Maximum 1.45 67.99
Minimum -1.59 -29.66




Spreadsheets for TDR calibration tests

Evaluation of TDR Accuracy

Soil Information

Location: Out of soil lab, Trial # 1. Date: 8/6/2002
Visual-Manual Classification: Yellow med. To coarse sand
USCS: AASHTO:

Determination of Wet Density
Weight Of Empty Box = 40.5 b
Weight Of Empty Box + Soil = 273.5 b

Volume Of Box = 2.2917 ft’
Wet density = 101.67  Ib/ft’

Determination Of Moisture Content

Cup No. WA W, W, W, %ge
1 16.68 101.81 97.33 5.55
2 16.83 103.22  98.39 5.92
3 16.89 111.85 106.66 5.78
Average Moisture Content, %ge = | 5.75

Determination Of Actual Dry Density
Pay=96.14 b/’

TDR Results:
Pary.moa = 1537.2 Kg/m'’ — 9577 I/
Pary ra = 1521.2 Kgym’ — 9477 o/’
We= 5.5 %

Calibration Results
Absoulute Error in Moisture Content, %ge = -0.25
Normalized Error in Moisture Content, %ge = -4.60

Absoulute Error in Dry Density, Ib/ft’ = -1.37
NormalizedError in Dry Density,%ge = -1.45

126



	Cover
	Table of Contents
	Ch 1: Introduction
	Ch 2: Literature Review
	Ch 3: Equipment and Procedure
	Ch 4: Evaluation of Soil Parameters "a" and "b"
	Ch 5: Normalized and Absolute Accuracy of TDR Method
	Ch 6: LBR Test Correlation to the TDR Spike Driving Energy
	Ch 7: Comparison of TDR with Other Methods
	Ch 8: Database Management System Design
	Ch 9: Conclusions and Recommendations
	References
	Appendix

