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1.  Introduction 

1.1 Research Objectives 
The performance of earth structures, such as earth retaining walls and embankments, is 

predominantly controlled by the engineering properties of the backfill. To ensure that the backfill 
has adequate strength and low compressibility, the soil is compacted with heavy compaction 
equipment. The criteria used to assess the field compaction of backfill materials are (1) achieving 
a specified minimum acceptable dry unit weight and (2) achieving a water content within a 
specified range. It is generally assumed that if the as-compacted backfill meets these criteria, the 
backfill and earth structure will perform satisfactorily. To assess compaction and the degree to 
which it meets the as-compacted backfill criteria, compaction control is performed in the field by 
measuring the dry unit weight and moisture content of the compacted fill. The nuclear gauge is 
the most common device used to make these measurements because it is very rapid and, thus, 
does not delay the construction schedule. However, due to increased regulatory restrictions and 
growing concerns over the safety of using a device with a nuclear source, there is an increased 
effort to find a possible alternative to the nuclear gauge for compaction control. The replacement 
device must accurately assess the properties of the compacted fill and do so in a timely manner 
that does not impact construction. 

The goal of this study is to evaluate non-nuclear devices that are currently available and 
that could replace the nuclear gauge for soil compaction control. The specific application of this 
device is for the quality control of compaction of earth embankments and mechanically 
stabilized earth (MSE) wall backfill.  

1.2 Research Methodology 
This research included several tasks aimed at achieving the objectives. First, a 

comprehensive literature review was conducted to identify available compaction control devices, 
understand the theoretical basis behind each device, and collect information on previous studies 
of each device. Generally, these devices fell into three broad categories: impact methods, 
electrical methods, and stiffness methods. Based on this literature review, which is discussed in 
Chapter 2, seven devices (three impact methods, three electrical methods, and one stiffness 
method) were selected for study in an experimental program. 

The seven devices were evaluated through an experimental testing program that included 
two field studies (Chapter 3 and 4) and a laboratory study (Chapter 5). The first field study tested 
five of the seven devices on different soils representing typical soils used in Texas for the 
construction of embankments and retaining walls. Compacted stockpiles were constructed for 
use in this first field study. Testing included comparison of the results from the new compaction 
control devices with results from traditional nuclear gauge testing, rubber balloon testing, and 
oven-drying. The second field study tested the two additional devices, both of which were based 
on electrical methods. These devices were tested at three construction sites in central Texas. The 
laboratory study focused on testing the devices under controlled laboratory conditions. 
Specimens of sand were constructed in large laboratory test boxes at different compaction levels 
and each device was used to assess the compaction of soil in each box. After completion of the 
field and laboratory evaluations of the compaction control devices, each device was also assessed 
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based on various practical issues such as ease of use, calibration, and standardization (Chapter 
6). 

An additional laboratory study (Chapter 7) was performed on small-scale compacted clay 
specimens to assess the relationship between soil stiffness and compaction conditions (dry unit 
weight, water content). This experimental study included shear wave and compression wave 
velocity testing using piezoelectric bender elements and piezoelectric disks, respectively, in a 
triaxial cell. The shear and compression wave velocities were converted to shear moduli and 
constrained compression moduli, and related to the known dry unit weight and water content of 
the specimens. Additionally, pressure plate tests were performed on compacted clay specimens 
to measure the matric suction for different values of water content and dry unit weight. 
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2.  Potential Methods for Compaction Control  

2.1 Introduction 
A literature review was performed to identify non-nuclear compaction control devices 

that are currently available for use. Nine devices were identified: three based on impact methods, 
three based on electrical methods, and three based on stiffness methods. This chapter describes 
the technical basis and procedures for using each compaction control device and discusses 
previous studies that evaluated each device. Additionally, the traditional methods used for 
compaction control are described. The selection of the devices for further investigation in this 
study is provided. 

2.2 Traditional Methods 
Traditional methods of measuring soil unit weight and water content were employed as 

the standard for comparison for the methods being evaluated in this study. These traditional 
methods include rubber balloon unit weight measurement, oven-dry water content measurement, 
microwave-oven water content measurement, and nuclear gauge unit weight and water content 
measurement. 

2.2.1 Rubber Balloon Density  
The rubber balloon method (ASTM D2167) for measuring the in situ density of soil 

involves excavating a test hole in the compacted soil, weighing the excavated soil, and 
measuring the volume of the hole by inflating a balloon in the hole. The volume of the hole is 
assessed by measuring the volume of water required to inflate the balloon in the hole. The total 
unit weight is calculated by dividing the total weight of soil excavated from the hole by the 
volume of the hole. To obtain the dry unit weight of the soil, the water content of the soil must be 
determined by either the oven-dry water content method (ASTM D2216) or the microwave-oven 
dry water content method (ASTM D 4643). 

The rubber balloon apparatus (Figure 2.1) consists of a metal base plate with a 4-in. 
diameter hole in the center and a water-filled calibrated vessel with a flexible, elastic, rubber 
balloon at the base. There is a valve on the side of the vessel that is attached to a pressure gauge 
so that an externally controlled pressure can be applied to the water to inflate the rubber balloon 
to measure the volume of the excavated hole. 

To perform a unit weight measurement, the metal base plate is placed on a level testing 
location. The rubber balloon apparatus is placed on the base plate and pressurized so the rubber 
balloon inflates to fill the void between the ground surface and base plate. The volume indicated 
on the graduated vessel is recorded as the initial volume. The rubber balloon apparatus is 
removed from the base plate and a test hole is excavated beneath the 4- in. diameter hole in the 
plate. Typically, the hole is approximately 4 in. deep. The soil removed from the hole is placed 
in an air-tight bag and weighed. The rubber balloon apparatus is placed back on the base plate 
and pressurized until the rubber balloon is inflated to the same size as the test hole. The volume 
indicated on the graduated vessel is recorded as the final volume. The difference between the 
initial and final volumes is equal to the volume of the test hole. The in situ total unit weight is 
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calculated by dividing the weight of soil excavated from the test hole by the volume of the test 
hole. The rubber balloon method is described by the American Society for Testing and Materials 
(ASTM) as having an accuracy of +/- 1 lb/ft3 (ASTM D2167). 

 

 
Figure 2.1. Rubber balloon apparatus 

Each time the flexible rubber balloon is replaced, or at least once per year, the accuracy 
of the volume indicator must be checked through a calibration procedure (ASTM D 2167). This 
calibration involves inflating the rubber balloon inside a container of known volume, such as a 
standard Proctor compaction mold. The calibration determines the water pressure required to 
inflate the balloon to a known volume and ensures that the device is working properly. The 
rubber balloon should measure the volume of the calibration container to within 1 percent of the 
actual volume. 

The rubber balloon method is most suitable for soils without significant amounts of rock 
or coarse materials because these materials may puncture the balloon. The method is not suitable 
for soils with appreciable organic content or for very soft soils, as these soils may deform when 
pressure is applied to the membrane during volume measurement. Also, unbound granular soils 
that cannot maintain an open hole are not suitable for this method. 

2.2.2 Oven-Dry Water Content 
The water content of soil can be easily measured by oven drying (ASTM D2216). The 

test is performed by first weighing a soil sample, placing it overnight in an 110oC (230oF) oven 
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to dry, and weighing the dried soil. The weight loss is assumed to be entirely water, and thus the 
soil water content can be calculated. The water content is determined by dividing the difference 
in weight of the soil before and after drying by the weight of the dry soil:  

%100
WW

WWw
ccds

cdscms ⋅
−

−=  (2.1) 

where: 
w  = water content (%) 
Wcms  =  weight of the container and moist soil 
Wcds  =  weight of the container and dry soil 
Wc =  weight of the container 

2.2.3 Microwave Oven Water Content 
The water content of a soil sample can also be determined by microwave oven heating 

(ASTM 4643). This method is best suited for soils with particles that pass through the #4 sieve. 
To perform the test, the weight of the empty container is recorded, and a minimum of 100 g (3.5 
oz) of soil is placed in the container. The sample is placed in the microwave for a minimum of 3 
minutes, after which it is mixed, weighed, and returned to the microwave for 1 minute. The soil 
is mixed and weighed again, and this procedure is repeated until there is less than a 1 percent 
difference between successive weight measurements. For routine testing of similar soils, a 
standardized amount of drying time can be established. The water content for this method is 
calculated using Equation 2.1.  

2.2.4 Nuclear Gauge 
The nuclear gauge (ASTM D2922) is currently the most widely used method to 

determine in situ unit weight and water content because of its simple operation, speed of 
measurement, and perceived accuracy. Concerns regarding certification and increased 
documentation for the nuclear gauge have created the desire to develop alternative methods to 
rapidly determine the unit weight and water content of compacted fill.  

The nuclear gauge consists of a nuclear source, usually cesium or radium (ASTM 
D2922), a probe where the source is located, and a detector to measure the gamma ray 
attenuation through the soil. The nuclear gauge can be operated in two ways, the backscatter 
mode and the direct transmission mode (Figure 2.2). In the backscatter mode, the nuclear source 
and probe are both on the ground surface. For the direct transmission mode, a probe with the 
nuclear source is placed in the ground, while the detector remains on the ground surface.  

To measure the unit weight of the soil, the nuclear source emits gamma ray photons 
through the soil. As the gamma rays travel through the soil, they are deflected and lose energy as 
they collide with electrons in the soil. The gamma detector measures the amount of photons 
received from the nuclear source. As the soil unit weight increases, the amount of photons 
reaching the detector decreases because of the increased number of collisions that occur during 
travel from the source to the detector. In both the direct transmission and backscatter methods, 
the gamma detector records the number of photons received from the source. The photon count is 
inversely proportional to the soil unit weight (Ayers and Bowen 1988). 

The water content of the soil is measured by the nuclear gauge by emitting neutrons from 
the source. As the neutrons travel through the soil they collide with hydrogen atoms, which slow 
the neutrons down. Eventually, neutron thermalization occurs. Thermalization is defined as the 
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point at which the slowing of a neutron reaches a limit and additional collisions do not decrease 
the speed of the traveling neutron. The number of thermalized neutrons detected is related to the 
number of hydrogen atoms in the soil, which is related to the water content of the soil (Evett 
2000).  

The initial calibration of a nuclear gauge is performed using a reference block, consisting 
of magnesium, aluminum, granite, or limestone (ASTM D2922). Soil-specific calibration is not 
required, but a standardization check be performed before each day of operation (ASTM D2922). 
Standardization involves recording four repetitive readings on a reference block, computing their 
mean value, and comparing them to the current standardization count. This standardization 
ensures that the gauge is performing similarly on a day-to-day basis, as long as the daily standard 
counts fall within acceptable ASTM limits.  

 

Detector

Source

Soil

Gamma Ray Path

Detector

Source

Soil

Gamma Ray Path
 

(a)      (b) 

Figure 2.2. Schematic of nuclear gauge in (a) direct transmission and (b) backscatter 
modes. 

2.3 Impact Methods 
The impact methods considered in this study are similar in that the attempt to relate the 

resistance of the soil to impact to the in situ unit weight of the soil. The impact methods include 
the PANDA dynamic cone penetrometer, the Clegg Impact Hammer, and the standard dynamic 
cone penetrometer (DCP). 

2.3.1 PANDA Dynamic Cone Penetrometer 

The PANDA Dynamic Cone Penetrometer is used throughout Europe to monitor field 
compaction. This device measures the dynamic cone resistance (qd) of compacted soil versus 
depth. The test is performed by driving a cone rod into the soil with a fixed-weight hammer 
(Figure 2.3). The speed of hammer impact and the penetration depth for each blow are recorded. 
From the speed of hammer impact, the device calculates the amount of energy in each blow. The 
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penetration depth, energy per hammer blow, and device geometry measurements are used to 
calculate the dynamic cone resistance (qd) using (Langton 1999): 
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where: 
qd  =  dynamic cone resistance  
A =  area of the cone 
M  =  weight of hammer 
V  =  speed of hammer impact  
P  =  weight of struck weight or anvil  
x90º  =  penetration of one hammer blow (90º cone) 

 
As the PANDA is being driven into the soil, the microprocessor records and displays a plot of qd 
versus depth.  

 

 
Figure 2.3. The PANDA dynamic cone penetrometer 

For compaction control, measured values of qd versus depth are plotted against pass/fail 
qd curves from the PANDA soil library. These pass/fail curves were generated by the PANDA 
manufacturer through tests measuring density and dynamic cone resistance of natural soils at 
various compaction levels (Langton, 1999). Soils in the PANDA library are catalogued in terms 
of plasticity, grain size distribution, water content, and level of compaction. The PANDA soil 
library contains pass/fail qd curves for eighteen natural soil types and three artificial soil types. 
Also provided are target qd curves for two levels of compaction: Standard Proctor and Modified 
Proctor. For a given soil type and compaction energy, the PANDA library provides a failure qd 
curve and a reference qd curve. The region between the two curves is called the zone of tolerance 
(Langton, 1999). These curves can be plotted along with the measured qd versus depth curve 
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obtained at a site (Figure 2.4). In Figure 2.4, the dashed line on the left is the failure line (92 
percent Standard Proctor) and the dashed line on the right is the tolerance line (95 percent 
Standard Proctor). Portions of the field-measured qd curve falling to the left of the failure line do 
not meet the selected compaction standards, while portions of the field-measured curve falling 
within the zone of tolerance or to the right of the tolerance line meet the selected compaction 
standards. However, the PANDA does not provide an exact measure of the relative compaction.  

The PANDA can be used either during construction for lift-by-lift quality control or 
during post-construction for a full-depth profile. A complete site profile is useful for highlighting 
problem lifts or verifying post-construction compaction in utility trenches (Juran and Rousset, 
1999). However, post-construction testing is not useful for large compaction projects, where 
identification of a poorly compacted layer at depth will require a significant volume of material 
to be removed and re-compacted. 

Juran and Rousset (1999) conducted a field compaction study to determine the reliability, 
efficiency, advantages, and limitations of several compaction control devices, including the 
conventional nuclear gauge and the PANDA. Each device was used to assess the compaction 
quality/acceptance of five test trenches compacted with sandy backfill 5 ft thick. The five 
trenches were compacted differently, using different lift thicknesses (1 ft, 2.5 ft, and 5 ft) and 
numbers of passes (one and five passes per lift). For each trench, results from the PANDA were 
compared with nuclear gauge dry unit weight measurements and a specification of 95 percent 
relative compaction (RC) based on Standard Proctor. It should be noted that nuclear gauge 
measurements were performed on each lift, while the PANDA was used to profile the full depth 
of each trench after construction of the entire fill. Compared with the nuclear gauge, the PANDA 
either accurately identified layers not meeting the compaction specification or indicated that a 
layer did meet the specification when the nuclear gauge indicated it did not. This discrepancy 
between the PANDA and the nuclear gauge may have been caused by the fact that the PANDA 
was performed after all layers were compacted. Therefore, deeper layers that did not meet the 95 
percent RC specification immediately after being placed may have been further densified by 
compaction of the layers above. Thus, if the PANDA is to be used to evaluate the compaction of 
fill as it is placed, a PANDA measurement should be performed on each lift and compared with 
direct unit weight measurements. 
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Figure 2.4. Example of PANDA result displaying measured values, 

failure line, and tolerance line. 

2.3.2 Clegg Impact Hammer 
The Clegg Impact Hammer was developed in Australia by Dr. Baden Clegg in the late 

1960s to measure the strength/stiffness of soils by instrumenting a laboratory compaction 
hammer. The standard Clegg Impact Hammer consists of a 2-in. diameter, 10-lb hammer inside a 
guide tube. An accelerometer on the end of the hammer is attached to a digital display unit on the 
outside of the guide tube and measures the peak acceleration of the hammer during impact. A 
schematic of the Clegg is shown in Figure 2.5.  

The operation of the Clegg Impact Hammer (ASTM D 5874) involves placing the device 
on a compacted lift of soil, raising the hammer 18 in., and allowing the hammer to free fall 
within the guide tube. The accelerometer measures the peak deceleration of the hammer during 
impact, and the display unit gives the peak acceleration value in tens of gravities (gravity = g = 
32.2 ft/s2 = 9.81 m/s2). Three additional blows, for a total of four blows, are applied with the 
hammer at the same testing location. The Clegg Impact Value (CIV) is the largest acceleration 
measured during the four blows. Testing has shown that the first two blows act as a seating 
mechanism, with CIV values increasing after the first few blows and remaining generally 
unchanged after four blows (ASTM D 5874). The CIV is roughly correlated to soil stiffness and 
strength, and thus larger values of CIV should indicate larger values of dry unit weight. ASTM D 
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5874 indicates that for field use, the coefficient of variation for the Clegg Impact Hammer is 4 
percent for working conditions of high uniformity and 20 percent for highly variable conditions. 

Using the Clegg Impact Hammer for compaction control involves setting a target CIV for 
the required compaction conditions (i.e., relative compaction for the specified compaction 
energy). ASTM D 5874 describes three laboratory methods that can be used to determine the 
target CIV. The laboratory methods involve (1) measuring the CIV at the optimum water 
content, (2) measuring the CIV at a range of water contents, or (3) measuring the CIV at a range 
of unit weights at the optimum water content. Each of these three methods utilizes compaction 
data from either a Standard Proctor or Modified Proctor compaction test. To set a target CIV for 
the optimum water content, a soil specimen is compacted in a Proctor mold at the optimum water 
content, the CIV is measured in the mold with the Clegg Impact Hammer, and this CIV is used 
as a minimum requirement for field compaction. To set a target CIV from a range of water 
contents, four specimens are compacted in Proctor molds at 100 percent relative compaction and 
at water contents that bracket the optimum water content. CIV values are measured for each 
specimen to produce a curve of CIV versus water content, and the target CIV is taken as the 
maximum (Figure 2.6). To set a target CIV from a range of unit weights, four specimens are 
compacted in Proctor molds at the optimum water content. Each specimen is compacted with a 
different number of blows to produce a range of unit weights representing approximately 90 
percent to 100 percent relative compaction. The measured values of CIV are used to produce a 
curve of CIV versus relative compaction at optimum water content, where the target CIV is 
defined as the CIV at the required percent relative compaction for the site. 

 

 
Figure 2.5. Schematic of Clegg Impact Hammer (ASTM D5874) 
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Figure 2.6. Determination of target CIV from testing at a range of water contents 

(ASTM D 5874) 

Peterson and Wiser (2003) reported on a study by the New York State Electric & Gas 
Corporation that involved field comparisons between the Clegg Impact Hammer and traditional 
measurements of dry unit weight using the nuclear gauge. Fifteen measurements were performed 
at each of twelve trench backfill sites in Broome County, New York. The backfill material was 
crushed rock and gravel. Readings were taken after each lift was compacted to 90 percent 
Standard Proctor with a tamper. Target CIVs were based on 90 percent Standard Proctor dry unit 
weight. The study determined that the Clegg Hammer accurately identified 90 percent relative 
compaction for 84 percent of the measurements obtained (Peterson and Wiser 2003).  

2.3.3 Standard Dynamic Cone Penetrometer 
The Standard Dynamic Cone Penetrometer (DCP) is widely used to evaluate the in situ 

strength of pavement materials and subgrade soils (ASTM D 6951). The DCP measures the 
penetration rate (penetration distance per blow) of a cone as it travels through pavement or 
subgrade layers. The device is comprised of a steel drive rod, a disposable or permanent cone tip, 
and a 17.6-lb hammer and anvil assembly (Figure 2.7). A 10-lb hammer can be used for softer 
soils. One blow of the DCP occurs when the hammer is raised to the upper stop (22.6 in.) and 
released to fall on the anvil. A vertical scale is used to measure the relative displacement of the 
drive rod for each blow and measure the penetration rate in in./blow or mm/blow (Figure 2.8). 
ASTM D6951 provides a relationship between penetration rate and California Bearing Ratio 
(CBR) for pavement design. Typically, the variability in DCP penetration rate measurements is 
less than 2 mm/blow (ASTM D6951). 
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Figure 2.7. Schematic of standard DCP (ASTM D6951) 
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Figure 2.8. Example of DCP field data 
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It is important to maintain the verticality of the drive rod throughout DCP testing. 
However, materials with large rock particles may cause the rod to lose verticality. Additionally, 
large particles may result in large increases in penetration rate that are not representative of 
increases in density or stiffness. Thus, DCP testing should be limited to materials with a 
maximum particle size smaller than 2 in. (ASTM D6951). 

DCP testing generally requires two people. One operator raises and drops the hammer, 
while the other operator measures relative displacement of the cone tip using the vertical scale. 
An electronic data recorder may be purchased to eliminate the second operator. 

The Minnesota Department of Transportation (MnDOT) has conducted extensive 
research on the DCP and its applications in the construction industry. One of these studies, the 
Minnesota Road Research Project (Mn/ROAD) included more than 700 DCP tests on subgrade, 
sub base, and base materials (Burnham 1997). These tests were performed at active MnDOT 
construction sites, and the results were analyzed to determine limiting DCP penetration rates, in 
in./blow, that correspond to conditions of “adequate compaction”. These limiting values were 
determined to be 3 in./blow for silty/clayey material and 0.28 in./blow for granular materials 
(Burnham 1997). The researchers note that these limiting values do not take into account water 
content, and that changes in water content may affect DCP penetration rates. However, MnDOT 
specifications for compaction control with the DCP only reference limiting penetration indices, 
with no consideration of water content. The Mn/ROAD study was unable to find a direct 
correlation between DCP penetration rate and dry unit weight. The study also determined that 
DCP penetration rates were not valid over the top few in. of a compacted lift due to lack of 
confinement (Burnham 1997).   

The Gas Technology Institute (GTI) conducted a research project investigating the 
effectiveness of several compaction devices, including the DCP (GTI 2004). Each device was 
evaluated for typical construction materials: sand, silty clay, and aggregate base. Field test 
trenches were constructed for testing. The GTI (2004) study concluded that, although the DCP 
was affordable and simple to use, it provided only very general post-compaction information, 
namely the existence of weak layers or layer boundaries. Because no soil-specific calibrations 
exist, the study found that the DCP penetration rate did not correlate well with dry unit weight or 
other compaction parameters. Additionally, the DCP provided unreliable data within the top 6 in. 
of most materials tested as a result of lack of confinement (GTI 2004).  

2.4 Electrical Methods 
The electrical methods considered in this study attempt to relate the electrical properties 

of the soil to the in situ dry unit weight and water content of the soil. The electrical methods 
include the Moisture Density Indicator (MDI), the Electrical Density Gauge (EDG), and the Soil 
Quality Indicator (SQI). Another electrical-based method is being developed by Fratta et al. 
(2005), but it is not currently available for field testing. 

2.4.1 Moisture Density Indicator  

The Moisture Density Indicator (MDI) uses time domain reflectometry (TDR) to assess 
the dry unit weight and water content of soil by measuring the apparent dielectric constant (Ka) 
and bulk electrical conductivity (ECb) of the soil. These measurements are made using four, 10-
in. long probes that are driven into the soil in the formation shown in Figure 2.9a. This 
configuration represents a coaxial cable with the center probe acting as the center cable, the three 
outer probes as the cable shielding, and the in situ soil acting as the insulator. An electromagnetic 
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wave is transmitted along the length of the soil probes, and it is reflected back along the same 
path. The data acquisition system measures and records the reflected signal. 

To conduct an MDI reading, the ground surface must be leveled. The probe template is 
placed on the ground and the four probes are driven into the ground using a mallet (Figure 2.9b). 
The probe template is removed and the coaxial head is placed on top of the four probes (Figure 
2.9c). The coaxial head is connected to the MDI field carrying device, which is connected to a 
PDA (Figure 2.9d). Through the PDA software interface, the MDI records a TDR waveform. 
The software uses the TDR waveform and a soil-specific model, as described below, to compute 
and immediately display values of the in situ dry unit weight and water content of the soil tested. 

 

          
(a)       (b) 

 

            
(c)       (d) 

Figure 2.9. MDI field testing: 
(a) probe configuration, (b) probes being driven into the ground, (c) coaxial head placed on top 

of the soil probes, (d) field measurement being taken (Durham 2005). 
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Figure 2.10. Example TDR waveform (Durham 2005). 

The theoretical basis for the MDI is the measurement of the dielectric constant, Ka, and 
bulk electrical conductivity, ECb, of the soil from a TDR waveform of relative voltage versus 
scaled distance (Figure 2.10). Ka is calculated from the first and second reflections in the TDR 
waveform (black triangles in Figure 2.10), which represent when the electromagnetic wave 
enters the soil and when it is reflected from the end of the soil probes, respectively. Specifically, 
Ka is calculated as (Yu and Drnevich 2004): 
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where: 

La =  scaled horizontal distance between the first reflection and second 
reflection points in the TDR waveform 

Lp  =  length of the soil probes   
 
ECb represents the ability of the soil to attenuate electrical energy and it is calculated 

from the source voltage (Vs) and final voltage (Vf) in the TDR waveform using (Yu and 
Drnevich 2004): 
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where: 

Vs  =  source voltage or twice the step voltage 
Vf  =  long term voltage level 
C  =  constant related to probe configuration 
Lp  =  length of probe in soil 
Rs  =  internal resistance of the pulse generator 
do  =  outer conductor diameter 
di  =  inner conductor diameter 

 
Ka and ECb are related to dry unit weight and water content through the following 

relationships (Yu and Drnevich 2004): 
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where: 

a, b  = soil-specific calibration constants for Ka 
c, d  =  soil-specific calibration constants for ECb 
ρw  =  density of water or unit weight of water 
ρd  =  dry density of soil or dry unit weight of soil 
w =  water content of soil  
 

To determine the calibration constants for a particular soil, Ka and ECb are measured for 
several samples compacted in a compaction mold at a range of known water contents and dry 
unit weights. The measured data are plotted as dwa ρρK ⋅  versus w and dw ρρE ⋅bC  
versus w, and a straight line is fit to the plotted data to determine soil constants a, b, c, and d. 
ECb of the soil depends on the pore fluid conductivity and will change if the salinity in the pore 
fluid changes. Thus, the calibration constants c and d only apply to samples of the same soil with 
the same pore fluid as used during laboratory calibration. To account for differences between the 
pore fluid in the laboratory and the pore fluid in the field, a third calibration graph of ECb

0.5 
versus Ka

0.5 is constructed and soil constants g and f are determined by fitting a straight line 
through the data using: 

 

ab KEC gf +=  (2.8) 

 
where: 

f, g  = soil-specific calibration constants related to the soil type, density, 
and pore-fluid conductivity 
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Equation (2.8) allows one to adjust the field ECb based on the field-measured Ka so that the 
laboratory-evaluated calibration constants can be applied to the pore fluid present in the field. 
Because Ka and ECb both depend on dry unit weight and water content, Equations 2.6 and 2.7 
can be combined to evaluate f and g in terms of a, b, c, and d.  

 

b
dacbf ⋅−⋅=  (2.9) 

b
d=g  (2.10) 

 
To account for differences between the electrical conductivity of the pore fluid in the 

field and the pore fluid in the laboratory used during calibration, the following procedure is used 
to develop adjusted values of Ka and ECb (Ka,adj, ECb,adj) from the field measured values of Ka 
and ECb (Ka,field, ECb,field). Ka is insensitive to changes in pore fluid such that Ka,adj is set equal to 
Ka,field (Equation 2.11). Ka,field is used with Equation 2.8 to calculate ECb,adj for the soil (Equation 
2.12).  

 
fielda,adja, KK =  (2.11) 

2
fielda,adjb, )K(EC gf +=  (2.12) 

 
where: 

Ka,field  = field measured dielectric constant 
Ka,adj  = adjusted dielectric constant 
ECb,adj = adjusted bulk electrical conductivity 
 

Based on Equation (2.11) and (2.12), it is clear that during field MDI testing, only the 
dielectric constant (Ka) is measured and the electrical conductivity (ECb) is derived from 
the Ka measurement. Thus, the field ECb is never measured. After this adjustment, the 
values Ka,adj and ECb,adj are used in Equations (2.6) and (2.7) to solve simultaneously for 
the field dry unit weight and water content. 

One last consideration regarding the MDI is the impact of soil type on the TDR 
waveform. In highly plastic clays, the attenuation of the electromagnetic wave can be so large 
that the MDI is unable to detect the second reflection of the electromagnetic wave (Yu and 
Drnevich 2004). Figure 2.11 shows representative waveforms for different soil types: sand, low 
plasticity silt, and low plasticity clay. These waveforms reveal that the second reflection point in 
the TDR waveform diminishes with increasing soil plasticity. 

Yu and Drnevich (2004) report that MDI testing is limited to soils that have 30 percent or 
less, by weight, retained on the No. 4 sieve, and a maximum particle size of 0.75-in. Frozen soils 
cannot be tested. Additionally, there may also be problems obtaining accurate measurements in 
high plasticity clays because of the attenuation of the electromagnetic wave (Figure 2.11). 
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Figure 2.11. Effect of soil type on the TDR waveform (Durham 2005). 

2.4.2 Electrical Density Gauge 

The Electrical Density Gauge (EDG) measures the electrical dielectric properties of soil 
using high frequency radio waves. The measured properties are used with a soil-specific 
calibration model and algorithm to compute the dry unit weight and water content of the soil 
(GENEQ Inc. 2006). A detailed description regarding the theoretical basis for the EDG is not 
currently available.  

The soil-specific calibration for the EDG is performed by performing electrical 
measurements in soil compacted over a range of known dry unit weights and water contents. The 
dry unit weight and moisture content of each soil sample used in the calibration are measured by 
other methods, such as the rubber balloon test for unit weight and oven drying for water content. 
The EDG develops a “Soil Model” using the electrical measurements and the direct 
measurements of dry unit weight and water content. However, the form of the model and the 
model parameters are not reported. 

To operate the EDG, four 6-in. metal probes are placed in the soil in a square formation 
and attached to the EDG apparatus (Figure 2.12). Four electrical measurements are obtained at 
one location after the probes are inserted. The electrical connectors are placed on two of the 
probes that are diagonally across from each other, such as probes A and D in Figure 2.12b, and 
an electrical measurement is taken. The connector locations are reversed on the same probes and 
another measurement is taken. The connectors are attached to the other two probes (e.g., B and 
C) for another measurement. The connector locations are reversed on these probes and a fourth 
and final measurement is taken.  
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(a)          (b) 

Figure 2.12. (a) Photograph of Electrical Density Gauge (GENEQ Inc. 2006),  
(b) plan view of EDG probe layout. 

2.4.3 Soil Quality Indicator 
The Soil Quality Indicator (SQI) is currently being developed by TransTech Systems as a 

sister device to the patented Pavement Quality Indicator. The SQI measures the relative dielectric 
permittivity (εR) of a soil matrix over the frequency range of 1 kHz to 10 MHz (TransTech 
Systems 2004) using a circular measurement plate and associated electronics (Figure 2.13). The 
relative dielectric permittivity (εR) is the ratio of the dielectric permittivity of a material to the 
dielectric permittivity of air. Dielectric permittivity is a basic electrical parameter that relates the 
electric field density with the electric flux density (Drnevich et al. 2001). In soil, εR is frequency 
dependent and a plot of εR versus frequency is called the dielectric spectrum (Figure 2.14).  

Over the frequency range used in the SQI measurement, εR is affected most by the 
Maxwell-Wagner effect (TransTech Systems 2004). The Maxwell-Wagner effect is a reduction 
in εR above a measured relaxation frequency due to the fact that soil consists of different 
constituents (soil, water, air) with different dielectric properties (Drnevich et al., 2001). The 
value of εR above and below the relaxation frequency, as well as the location of the relaxation 
frequency, are a function of the physical properties of the soil (e.g., density, water content).  

Drnevich et al. (2001) attempted to develop a rigorous analytical model that uses the 
inherent physical and electrical properties of the soil to predict the dielectric spectrum. This 
model was used to evaluate the physical soil properties from a measured dielectric spectrum. 
However, this approach was not successful because of non-unique solutions (Drnevich et al. 
2001). The SQI uses an empirical approach to relate features in the measured dielectric spectrum 
(e.g., εR at the highest test frequency, εR at 100 kHz, Maxwell-Wagner relaxation frequency) to 
the physical soil properties. An artificial neural network trained with calibration data is used to 
compute the dry unit weight and water content of the soil from the features in the dielectric 
spectrum (TransTech Systems 2004). 
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Figure 2.13. Soil Quality Indicator (TransTech Systems 2004). 

 

 
Figure 2.14. Qualitative representation of dielectric spectrum (Drnevich et al. 2001). 

2.5 Stiffness Methods 
Stiffness methods attempt to relate the stiffness of the soil to its in situ dry unit weight. 

The stiffness methods considered in this study include the Portable Seismic Property Analyzer 
(PSPA), the GeoGauge, and the Soil Compaction Supervisor (SCS).  

2.5.1 Portable Seismic Property Analyzer  
The Portable Seismic Property Analyzer (PSPA) is a modified version of the Seismic 

Pavement Analyzer (SPA), which was first developed as a prototype in 1993 at the University of 
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Texas at El Paso. The SPA was developed to test both flexible and rigid pavements for early 
signs of distress and to provide general quality control during pavement construction. The SPA 
measures the elastic properties (i.e., Young’s Modulus, E, and Shear Modulus, G) and layer 
thicknesses of the pavement system, including the asphalt, concrete, and subgrade, using five 
seismic techniques (Nazarian et al. 1997):  Ultrasonic Body Wave (UBW), Ultrasonic Surface 
Wave (USW), Impact Echo (IE), Impulse Response (IR), and Spectral Analysis of Surface 
Waves (SASW). A portable version of the large, trailer-mounted SPA is the Portable Seismic 
Pavement Analyzer (PSPA), also called the Portable Seismic Property Analyzer. The PSPA is 
more suitable for compaction control, as it can be moved from location to location easily by the 
operator. For soil compaction control, only the USW function of the PSPA is used, measuring 
the Young’s Modulus of the soil.  

The PSPA consists of two receivers (geophones), one wave source, and a data acquisition 
system (Figure 2.15). The wave source is coupled with the two receivers on adjustable pneumatic 
rods. The adjustment of the rods changes the receiver spacing, and thus, the depth of the material 
tested by the PSPA. The tilt and pitch along the rod can be adjusted to assist in seating the source 
and receivers. The data acquisition system connects the hardware of the PSPA to a computer for 
the reduction and analysis of the measured data. 

 

 
Figure 2.15. PSPA components and data acquisition system. 

To conduct a PSPA measurement, the rods are adjusted for the desired measurement 
depth, and then the receivers and source are placed gently on the soil surface. Good contact at the 
receiver/soil interface is integral to achieving good measurements. The software in the data 
acquisition system initiates wave generation from the source and records wave forms from the 
two receivers. Indicator lights in the software inform the operator if adequate contact with the 
soil has been achieved. The software reduces the wave records and phase differences to compute 
an average Young’s modulus over the depth tested. 

The USW method performed by the PSPA is based on seismic wave propagation and the 
measurement of dispersion of high frequency surface waves (Gucunski and Maher 2002). 
Essentially, the USW method is simply the spectral analysis of surface waves (SASW) applied at 
high frequencies. SASW assumes that the soil is a layered half-space, through which elastic 
waves propagate. The PSPA source generates high frequency surface waves that propagate 
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horizontally and are measured by the two receivers. The recorded motions are used to compute 
the Rayleigh wave velocity (VR) at different frequencies. The variation of VR with frequency is 
called dispersion and the velocities at different frequencies represent the variation of VR with 
depth. The shear modulus (G) can be related to VR through the shear wave velocity (Vs) using:  

 

( )22
Rs VCVG ⋅=⋅= ρρ  (2.13) 

 
ν⋅−= 182.0135.1C  (2.14) 

 
where: 

ρ   = total mass density 
v  = Poisson’s ratio of soil (assumed) 

 
The Young’s modulus (E) can be related to the shear modulus (G) using Poisson’s ratio: 

 
( )[ ] GE ⋅+⋅= ν12  (2.15) 

 
The PSPA software displays E versus depth and computes an average E over the depth 
measured.  

2.5.2 GeoGauge  

The GeoGauge, originally known as the Humboldt Stiffness Gauge, was developed in the 
mid 1990s by the Humboldt Manufacturing Company as a direct soil stiffness measurement 
device. The GeoGauge consists of an external case housing an electro-mechanical shaker, upper 
and lower velocity sensors, a power supply, and a control and display unit. A rigid foot with 
annular ring is fixed at the base of the case (Figure 2.15).  

The GeoGauge measures soil stiffness by vibrating its rigid foot, producing vertical 
harmonic excitations, and measuring the applied force (P) and the resulting vertical velocity of 
the plate. The velocity is converted to vertical displacement (x). This method of operation is 
comparable to a dynamic plate load test (Nelson and Sondag, 1999). Forces and displacements 
are induced through vibration at a range of frequencies between 100 and 190 Hz. The average 
stiffness (K) over the frequency range is computed as: 

 

x
PK =  (2.16) 

 
where: 

K = foundation stiffness 
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Figure 2.16. Schematic of GeoGauge (Humboldt 1999a). 

This measured foundation stiffness can be related to the Young’s modulus (E) and shear 
modulus (G) of the soil. The relationship between foundation stiffness (K) and soil stiffness (E or 
G) can be derived assuming a rigid ring on a linear elastic, homogeneous, isotropic half space 
(Lenke et al. 1999), yielding the following relationships: 

 
( )

R
KG

54.3
1 ν−≈  (2.17) 

 

( )
R

KE
77.1

1 2ν−≈  (2.18) 

 
where: 

v  = Poisson’s ratio of soil (assumed) 
R = outside radius of the ring foot 

 
GeoGauge field measurements are obtained by placing the device on top of a compacted 

lift, making sure to create the recommended soil-foot contact over at least 60 percent of the foot 
area (Humboldt, 1999a). If the testing surface is rough or the 60 percent contact area is difficult 
to achieve, a thin layer of sand or local fines should be placed under the ring to ensure good 
contact. The footing also can be pushed slightly into the lift layer for additional contact. The 
GeoGauge measures the stiffness of the soil over a depth range of approximately 4 to 8 in., and 
most accurately measures foundation stiffness values (K) in the range of 200 to 1,500 k/ft (3 to 
22 MN/m) and soil moduli within the range of 550 to 4,000 ksf (26 to 193 MPa). Humboldt is 
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working to develop new devices with broader ranges of measurement capabilities to 
accommodate both softer and stiffer soils. 

Several research studies have been performed to assess the accuracy of the GeoGauge. A 
field study by Chen et al. (1999) evaluated the correlation between the foundation stiffness (K) 
measured by the GeoGauge and the dry unit weight measured by the nuclear gauge. This study 
also compared the foundation stiffness measured by the GeoGauge with soil stiffness 
measurements from seismic methods (e.g., PSPA). The study found that the GeoGauge stiffness 
(labeled HSG in Figure 2.17) correlated well with the seismic modulus (Figure 2.17), while the 
relationship between GeoGauge stiffness and measured dry unit weight was very poor (Figure 
2.18a). In another study by Ellis and Bloomquist (2003), almost no correlation was found 
between dry unit weight and GeoGauge stiffness (Figure 2.18b). 

 

 
Figure 2.17. Field-measured seismic modulus versus GeoGauge (HSG) foundation 

stiffness 
(Chen et al. 1999). 
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(a) 

 
(b) 

Figure 2.18. Field-measured dry unit weight versus GeoGauge (HSG) foundation 
stiffness from (a) Chen et al.( 1999) and (b) Ellis and Bloomquist (2003) 

Problems with the field use of the GeoGauge have been reported in several studies, 
including Simmons (2000), Miller and Mallick (2003), and Ellis and Bloomquist (2003). Many 
of these problems centered on the seating at the soil-foot interface. The recommended 60 percent 
contact area is difficult to achieve in practice, and the addition of leveling sand, as recommended 
by the manufacturer, was shown to significantly alter the measurements depending on the 
thickness of sand used (Simmons, 2000). Several studies reported that interference from 
vibrations from passing vehicles, compaction equipment, or trains caused the GeoGauge to 
malfunction (Simmons, 2000, Miller and Mallick, 2003). The repeatability of measurements at 
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one specific testing point or site was difficult to achieve in some instances, resulting in a reported 
high degree of variability in measured GeoGauge stiffnesses (Simmons, 2000, Ellis and 
Bloomquist, 2003). Ellis and Bloomquist (2003) also investigated potential GeoGauge 
equipment modifications and procedural alterations to improve the GeoGauge measurements. 
Most recommendations from this study centered on improving the soil-ring interface. 

2.5.3 Soil Compaction Supervisor  

The Soil Compaction Supervisor (SCS) is a compaction control device that has been used 
in the construction industry for utility excavation backfills (MBW 2003). New interest lies in 
adapting the SCS for general highway projects. The SCS system consists of a disposable sensor 
that is buried in the soil and a battery powered hand-held control unit. The sensor and control 
unit are connected by a cable (Figure 2.19). The sensor includes piezoelectric transducers that 
detect vibrations generated by compression waves in the soil (Heirtzler et al., 1995). In the field, 
compression waves are generated from compaction efforts, such as manual compaction 
(hammer) for small sites or vibratory compaction for larger projects. The amplitudes of the 
compression waves in the soil increase as the stiffness and density of the soil increases during the 
compaction process  Therefore, tracking the compression wave amplitude as compaction 
progresses allows one to track changes in soil stiffness and density. 

 

 
Figure 2.19. Soil compaction supervisor sensor and control unit (MBW 2003). 

The transducers located within the disposable sensor produce a voltage in response to the 
amplitude of the compression waves and this voltage is transmitted via cable to the SCS control 
unit. As compaction proceeds and soil density and stiffness increase, the transmitted voltage, or 
wave amplitude, increases. At some point during the compaction process, the stiffness of the soil 
will no longer increase with increasing compactive efforts or passes of the equipment (Figure 
2.20). At this point, additional passes of the compaction equipment will not increase its stiffness, 
and one may assume that compaction is complete. The basis of the SCS is to identify when this 
asymptotic value of stiffness has been reached through the continuous monitoring of voltages 
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from SCS sensors embedded at the base of the soil layer. If the voltages are increasing over time, 
additional passes are needed for the lift and the control unit displays a succession of green lights 
to the operator. As the voltages produced in the sensor beneath the compacted layer reach an 
asymptotic value, the SCS control unit displays a red light to the operator, indicating that 
compaction is complete for that particular lift.  

In practice, an SCS sensor is placed beneath the first lift of loosely-placed fill (Figure 
2.21). Each sensor can provide readings through approximately 4 ft. of soil; therefore several 
disposable sensors may be required for fills of thickness greater than 4 ft. A narrow trench is 
excavated from the sensor to the perimeter of the lift to accommodate the SCS cable. This 
prevents damage from compaction equipment and allows QA/QC personnel to remain a safe 
distance from machinery during compaction. Compaction equipment should begin operations 
within 8 to 10 ft. from the sensor because SCS measurements depend on the proximity of the 
source of vibrations. After the equipment passes over the sensor and measurements have begun, 
the SCS control unit displays a blinking green “processing” light. After the compaction process 
for the lift begins to generate increased stiffness and/or density as indicated by large wave 
amplitudes measured by the SCS sensor, a succession of two additional “compaction indicator” 
green lights appear. After the lift has been compacted fully under the field conditions, the red 
“stop” light is illuminated on the SCS control unit. 

 

 
Figure 2.20. Soil stiffness versus number of passes of compaction equipment 

(Miller and Mallick 2003). 
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Figure 2.21. Compaction monitoring using the SCS (Heirtzler 1995). 

The basis of SCS operation is the development of asymptotic wave amplitudes, and this 
hypothesis was verified by Cardenas (2000). In this study, four different soils were compacted 
using various compaction methods and at a variety of water contents and lift thicknesses. Each 
test soil was compacted in lifts, with nuclear gauge unit weight and water content measurements 
performed after each complete pass of compaction machinery. The SCS was used to monitor 
compaction during each lift until the red stop signal was displayed. After the SCS red light 
signal, additional passes of compaction machinery were completed to assess the changes in unit 
weight after the stop signal. Nuclear gauge unit weight and water content measurements were 
taken after two (RD+2) and four (RD+4) additional passes were completed after the stop signal. 
Average unit weight measurements obtained after the SCS had displayed the red stop signal 
indicated that there was less than a 2 percent increase in density with additional compactive 
effort.   

The Cardenas (2000) study also sought to verify that when the SCS displays the red stop 
signal, at least 95 percent Standard Proctor dry unit weight is achieved under adequate 
compaction conditions. Compaction curves were developed for Standard Proctor effort to 
identify the maximum dry unit weight and optimum water content for each of the soils tested. 
Nuclear gauge measurements obtained after the SCS displayed the stop signal verified at least 95 
percent Standard Proctor relative compaction for all of the soils tested except for a low plasticity 
clay (Figure 2.22). This soil was determined to have been compacted overly wet of optimum for 
all lifts and therefore did not represent adequate compaction conditions (Cardenas, 2000). 

The Juran and Rousset (1999) field compaction study discussed in Section 2.3.1 also 
included an evaluation of the SCS. In this study, each compaction control device was used to 
assess the compaction quality/acceptance of five test trenches compacted with sandy backfill, 5-
ft thick. For these tests, the SCS generally displayed the red stop signal, although direct 
measurement of the unit weight using the nuclear gauge indicated less than 95 percent Standard 
Proctor relative compaction.  
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Figure 2.22. Percent Standard Proctor compaction at SCS stop signal (Cardenas 2000). 

2.6 Selection of Methods for Study 
Nine non-nuclear compaction control devices were identified and considered for this 

study. Three devices are based on impact testing: the PANDA dynamic cone penetrometer, the 
Clegg Impact Hammer, and the standard dynamic cone penetrometer (DCP). Three devices are 
based on measuring the electrical properties of soil: the Moisture Density Indicator (MDI), the 
Electrical Density Gauge (EDG), and the Soil Quality Indicator (SQI). Finally, three devices 
measure the stiffness properties of soil: the Portable Seismic Property Analyzer (PSPA), the 
GeoGauge, and the Soil Compaction Supervisor (SCS). 

Based on an evaluation of the technical basis of each compaction control method and 
results from previous testing, seven of the nine identified devices were initially selected for use 
in the experimental program in this study (Table 2.1). The two devices that were not selected for 
further study are the GeoGauge and the SCS. The GeoGauge was not selected because of the 
previously identified technical problems related to seating and repeatability. The SCS was not 
selected because of its weak theoretical basis and the lack of evidence of prior success.  
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Table 2.1. Compaction control devices selected for experimental studies. 
Compaction Control 

Device 
Selected for 

Study 
PANDA X 

Clegg  X 
DCP X 
MDI X 
EDG X 
SQI X 

PSPA X 
GeoGauge  

SCS  
 

The compaction control devices listed in Table 2.1 were evaluated through two field 
studies and one laboratory study. Field Study 1 focused on evaluating the five devices that were 
available during the first year of this study (Table 2.2), while Field Study 2 focused on two 
electrical devices (MDI, EDG) that became available during the second year of this study. The 
Laboratory Study investigated the two electrical devices (MDI, EDG), as well as the PANDA 
and Clegg Impact Hammer, under controlled compaction conditions in large-scale laboratory 
specimens.  

Problems during field testing were encountered for two of the devices (SQI and EDG). 
The SQI was selected for study and it was used to collect data during Field Study 1. Soil samples 
were sent to the SQI manufacturer (TransTech Systems) to develop soil-specific calibrations so 
that SQI field measurements of dry unit weight and water content could be compared with direct 
measurements of these parameters by traditional methods. However, these calibrations were not 
performed by TransTech due to technical problems. Without these calibrations, the SQI field 
data could not be converted into dry unit weights and water contents. Thus, the accuracy of the 
SQI could not be evaluated in this study.  

Calibration of the EDG requires several direct measurements of dry unit weight and 
water content to develop a “Soil Model”. These measurements must be made in the field because 
a laboratory calibration procedure has not been developed for the device. During Field Study 2, 
time constraints due to the construction schedule precluded the development of “Soil Models” in 
the field, and thus the device could not be evaluated. 
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Table 2.2. Compaction control devices used in each experimental study. 
Compaction Control 

Device Field Study 1 Field Study 2 Laboratory 
Study 

PANDA X  X 
Clegg  X  X 
DCP X   
MDI  X X 
EDG  X(2) X 
SQI X(1)   

PSPA X   
GeoGauge    

SCS    
Notes:   (1)  SQI was initially selected for study but calibration could not 

be performed. 
             (2)  EDG was selected for use in field study 2, but field 

difficulties precluded its assessment. 
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3.  Field Study 1 

3.1 Introduction 
Field study 1 was conducted during the summer of 2004 and intended to include the five 

compaction control devices available at the time: the PANDA, the Clegg Impact Hammer, the 
standard DCP, the SQI, and the PSPA (Table 2.2). However, because of the calibration issues 
discussed in Chapter 2, the SQI could not be evaluated in this study. Five soils were selected to 
evaluate the remaining four devices. These soils represent typical soils used in Texas for the 
construction of embankments (two soils) or as backfill for retaining walls (three soils). This 
chapter describes the soils used, the construction of the field test pads, and the results from field 
testing.  

3.2 Material Description 
Five soils were obtained for field testing. Two of these soils were clayey soils that are 

typical of embankment construction in Texas. The other three soils were typical select backfill 
materials used in retaining wall construction. 

Two clayey soils, a high plasticity clay (Soil I, PI = 31) and a low plasticity clay (Soil II, 
PI = 17), were selected to represent typical embankment materials available in the central Texas 
region. The grain size distributions of these materials are shown in Figure 3.1. While there are no 
specific requirements for embankment materials in the TxDOT Standard Specifications (TxDOT 
2004a), the CL and CH soils are native to the region and were obtained from active TxDOT 
construction sites in June 2004.  

Table 3.1. Five soil types selected for Field Study 1 (TxDOT 2004b) 
Label Soil Type 

I High plasticity clay-CH 
II Low plasticity clay-CL 

III Well-graded sand-SW 
(TxDOT Type B) 

IV Poorly graded gravel-GP 
(TxDOT Type A) 

V Poorly graded gravel-GP 
(TxDOT Type D) 
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Figure 3.1. Grain-size distributions of materials selected for Field Study 1 

Table 3.2. TxDOT material gradations for retaining walls (TxDOT 2004b) 

Sieve Size Percent 
Passing Sieve Size Percent 

Passing Sieve Size Percent 
Passing

3 inches 100 3 inches 100 3 inches 100
1/2 inch 0-50 # 40 0-60 3/8 inches 0-15

# 40 0-15 # 200 0-15

Type A Type B Type D

 
 
For retaining wall backfill, three soils (Soils III, IV, and V, Table 3.1) were selected that 

represent the three select backfill soil types specified in the TxDOT Standard Specification for 
permanent retaining walls (Type A, Type B, and Type D; Table 3.2; TxDOT 2004b). The grain 
size distributions for Soils III, IV, and V are shown in Figure 3.1. Soil III is well-graded sand 
(SW) with about 5 percent fines and classifies as TxDOT Type B backfill. Soil IV is poorly 
graded gravel (GP) with only 2 percent finer than the No. 4 (4.75 mm) sieve and classifies as 
TxDOT Type A backfill. Soil V is also poorly graded gravel (GP), but it is coarser than Soil IV 
and thus classifies as TxDOT Type D backfill.  

Compaction curves were developed for Soils I, II, and III using Standard Proctor (ASTM 
D698) and Modified Proctor (ASTM D1557) compactive effort. Because it is freely draining, 
Soil IV was compacted only in its dry condition (0 percent water content) at Standard Proctor 
compactive effort. Because of the large maximum particle size of Soil V, laboratory compaction 
testing was not performed.  

Figure 3.2 displays the compaction curves from Soil I (CH). The compaction curves 
exhibit expected shapes with distinct peaks. The Standard Proctor maximum dry unit weight for 
Soil I is approximately 106 pcf at an optimum water content of about 19.2 percent. The Modified 
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Proctor maximum dry unit weight for Soil I is approximately 116 pcf at an optimum water 
content of about 14.9 percent.  

Figure 3.3 displays the compaction curves from Soil II (CL). Again, the compaction 
curves exhibit classic shapes with distinct peaks. The Standard Proctor maximum dry unit weight 
for Soil II is approximately 103 pcf at an optimum water content of about 19.5 percent. The 
Modified Proctor maximum dry unit weight for Soil II is approximately 113 pcf at an optimum 
water content of about 15.0 percent.  
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Figure 3.2. Compaction curves for Soil I 
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Figure 3.3. Compaction curves for Soil II 
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Figure 3.4. Compaction curves for Soil III 

Figure 3.4 displays the compaction curves for Soil III, the well-graded sand (SW). These 
compaction curves display only a minor effect of water content on dry unit weight, which is 
typical for coarse-grained materials. Based on these curves, the Standard Proctor maximum dry 
unit weight is approximately 105 pcf and the Modified Proctor maximum dry unit weight is 
approximately 123 pcf. Soil IV was compacted at 0 percent water content and Standard Proctor 
compactive effort, with the resulting dry unit weight approximately equal to 104 pcf. 

3.3 Description of Field Testing  
To evaluate the compaction control device for the five test soils, five test pads were 

constructed. Each test pad was approximately 40 ft long, 25 ft wide, and averaged 12 in. deep 
(Figure 3.5). The test pads were constructed outdoors at a TxDOT facility in Austin, Texas and 
were placed in 6-in. compacted lifts on top of existing fill material. No moisture control was used 
in placement or compaction of the granular materials (Soils III, IV, and V); however, water was 
added to the two fine-grained soils (Soils I and II) in an attempt to achieve approximately the 
optimum water content. While strict compaction requirements (e.g., specific values of relative 
compaction) were not needed for device comparisons to be meaningful, a minimum level of 
compaction was desired so that all devices would be operating within typical limits.  

For the test pads composed of granular soils (Soils III, IV, and V), each 6-in. lift was 
compacted via ten to fifteen passes of a 25,000-lb. front-end loader or large dump truck. For the 
test pads composed of fine-grained soils (Soils I and II), each lift was compacted by five to ten 
passes with a 25,000-lb. front-end loader and then rolled with a 17,000-lb. pneumatic roller for 
twenty to thirty additional passes. The test pads for Soils I and II were covered with plastic 
sheeting for moisture retention. 
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Figure 3.5. Compacted field test pads for Field Study 1 

 

 

 

Figure 3.6. Layout of test locations within field test pads  

Each device was tested at eight locations on each of the test pads. Each test location 
encompassed an area approximately 4.5 ft by 4.5 ft, separated by approximately 4.5 ft on center 
(Figure 3.6). The two traditional methods (rubber balloon, nuclear gauge) and five test devices 
(PANDA, Clegg Impact Hammer, DCP, SQI, and PSPA) were tested in a side-by-side manner. 
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Each device was tested within approximately 1 ft. of the nuclear gauge test location (Figure 3.6). 
As previously noted, although the SQI was tested in the field, soil-specific calibration could not 
be performed and thus no meaningful measurements of dry unit weight or water content can be 
reported. 

Some of the compaction control devices could not be used on Soils IV and V due to 
particle size limitations (Table 3.3). The nuclear gauge was used on all of the soils; however, the 
direct transmission mode was used for Soils I, II, and III, while the backscatter mode was used 
for Soils IV and V. The rubber balloon test was not performed on Soils IV and V because the 
large particles precluded an accurate assessment of the hole volume (ASTM D2167). The 
PANDA and DCP were not performed on Soil V because particles larger than 2 in. adversely 
influence the results (ASTM 6951). 

Table 3.3. List of devices tested on each test pad 
Compaction Control 

Test Soils I, II, III Soil IV Soil V 

Nuclear Gauge X X X 
Rubber Balloon X   

PANDA X X  
Clegg X X X 
DCP X X  
SQI X(1) X(1) X(1) 

PSPA X X X 
Notes:   (1)  SQI was selected for study but calibration could not be 

performed and thus no results can be reported. 

3.4 Equipment Calibration 

3.4.1 PANDA Dynamic Cone Penetrometer 
The PANDA Dynamic Cone Penetrometer software has a built-in soil library containing 

failure and tolerance lines (i.e., acceptance curves) for different types of soils. If the acceptance 
curves from the PANDA software are used to evaluate the compaction level in the field, no soil-
specific calibration is necessary. However, to use the acceptance curves from the PANDA soil 
library, the soil must be classified according to the French soil classification system (Rivat, 
2005).  

In the French soil classification system, soils are first divided into natural and artificial 
soils. Artificial soils are defined as gravel-sized particles that are generated by crushing; all other 
soils are considered natural soils. Natural soils are divided into sub-categories based on 
maximum particle size, as shown in Figure 3.7. The top chart is used for soils with a maximum 
particle size less than or equal to 2 in. (50 mm), while the bottom chart is used for soils with a 
maximum particle size larger than 2 in. (50 mm). For soils with a maximum particle size less 
than or equal to 2 in. (50 mm), the final soil class is defined based on the percent passing the 
#200 sieve, the percent passing the #10 sieve, and the plasticity index (labeled Ip in Figure 3.7) 
of the soil. Alternatively, the Methylene blue test can be used instead of the plasticity index. For 
soils with a maximum particle size larger than 2 in. (50 mm), the final soil class is defined based 
on the percent passing sieve #200, the plasticity index, and the particle shape.  
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The four soils evaluated by the PANDA device were classified according to the French 
soil classification system (Figure 3.7) and these classifications are listed in Table 3.4. Based on 
its significant fines content (passing the #200 sieve) and plasticity index of 31, Soil I is classified 
as A3. Based on its significant fines content and plasticity index of 17, Soil II is classified as A2. 
Soil III is classified as B2 because less than 12 percent passes the #200 sieve, more than 70 
percent passes the #10 sieve (Figure 3.1), and the soil is moderately plastic (PI > 1). Finally, Soil 
IV is classified as D2 because less than 12 percent passes the #200 sieve, less than 70 percent 
passes the #10 sieve (Figure 3.1), and the soil is non-plastic. 

 

 
Figure 3.7. French soil classification system chart (Rivat 2005). 
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Table 3.4. French soil classification of test soils 
Label French Soil Class 

I A3 
II A2 
III B2 
IV D2  

3.4.2 Clegg Impact Hammer 
The Clegg Impact Hammer provides measurements of the Clegg Impact Value (CIV) 

during field testing. Laboratory values of CIV must be measured in soil specimens compacted in 
compaction molds to determine target CIV values for a given material and required relative 
compaction (ASTM D 5784). Laboratory testing was performed to evaluate the target CIV for 
Soils I, II, and III. Soils IV and V contain particles that are too large for laboratory compaction 
testing, thus negating use of the Clegg Impact Hammer.  

In accordance with ASTM D 5784, the relationship between CIV and water content is 
used to identify a target CIV. The target CIV is chosen as the maximum value obtained over the 
range of water contents tested. To better understand the impact of dry unit weight alone on the 
CIV, CIV testing was performed at a constant water content and variable dry unit weight.  

The measured CIV for Standard Proctor compactive effort are plotted versus water 
content for Soil I in Figure 3.8. The CIV decreases as the water content increases from dry of 
optimum (optimum water content = 19.2 percent) to wet of optimum. Based on the maximum 
CIV in Figure 3.8, the target CIV for Soil I for Standard Proctor compactive effort is 7.1. Figure 
3.9 displays measured CIV versus dry unit weight for specimens compacted at a water content of 
approximately 24 percent. The CIV increases slightly from 2.5 to 3.0 over the range in dry unit 
weight from 94.5 to 100.5 pcf. This increase is much smaller than observed in Figure 3.8, 
indicating that the CIV is influenced more by water content than dry unit weight in this clayey 
soil. 
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Figure 3.8. Variation of CIV with water content for Soil I 
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Figure 3.9. Variation of CIV with dry unit weight for Soil I 

The measured CIV for Standard Proctor and Modified Proctor compactive efforts are 
plotted versus water content for Soil II in Figure 3.10. Again, the CIV decreases as the water 
content increases. The CIV is approximately 17.6 at a water content of 5 percent and becomes 
less than 2.0 at water contents greater than approximately 20 percent. At water contents greater 
than 25 percent no CIV was recorded because the soil was so soft and the hammer compressed 
the soil so much that the hammer hit the stops on the device and did not record a value. Based on 
the maximum CIV in Figure 3.10, the target CIV for Soil II for Standard Proctor compactive 
effort is 7.9 and for Modified Proctor compactive effort is 17.6. Figure 3.11 displays measured 
CIV versus dry unit weight for specimens compacted at a water content of approximately 21 
percent. Similar to the results from Soil I, the CIV only increases slightly over the dry unit 
weight range of 94 to 104 pcf. Thus, it appears that for clayey soils, CIV is most influenced by 
water content.  
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Figure 3.10. Variation of CIV with water content for Soil II 
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Figure 3.11. Variation of CIV with dry unit weight for Soil II 

The measured CIV for Standard Proctor and Modified Proctor compactive efforts are 
plotted versus water content for Soil III in Figure 3.12. Soil III is well-graded sand and its CIV is 
not significantly influenced by water content. However, it appears the dry unit weight has a more 
significant influence, as evidenced by the larger CIV recorded for specimens constructed to 
larger dry unit weights using Modified Proctor compactive effort. Based on the maximum CIV in 
Figure 3.12, the target CIV for Soil III for Standard Proctor compactive effort is about 21 and for 
Modified Proctor compactive effort it is about 35. Figure 3.13 displays measured CIV versus dry 
unit weight for specimens compacted at a water content of approximately 4 percent. These data 
indicate that the dry unit weight influences the CIV significantly over the dry unit weight range 
of 80 to 115 pcf. The most significant increases occur at dry unit weights greater than about 100 
pcf.  
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Figure 3.12. Variation of CIV with water content for Soil III 
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Figure 3.13. Variation of CIV with dry unit weight for Soil III 

3.4.3 Other Devices 

Soil-specific calibration was not performed for the DCP and PSPA. The results from field 
testing for these devices were used to evaluate whether a strong relationship exists between 
measured dry unit weight/water content and the results from the DCP (penetration resistance) 
and PSPA (soil stiffness). Additionally, the general compaction control criteria developed for the 
DCP by MnDOT (Burnham 1997) and discussed in Chapter 2 will be compared with the field 
results. 

3.5 Field Test Results 

3.5.1 Soil I 
Before considering the results from the new compaction control devices, the moist unit 

weights and water contents measured by the nuclear gauge were compared with those measured 
by the rubber balloon and oven drying methods. Moist unit weight was compared rather than dry 
unit weight because the devices make direct measurements of moist unit weight and rely on 
separate measurements of water content to compute dry unit weight.  

Figures 3.14 compares the moist unit weights measured by the nuclear gauge with the 
moist unit weights measured by rubber balloon for Soils I (CH). Here, the moist unit weights 
measured by the nuclear gauge were about 15 percent smaller than the moist unit weights 
measured by the rubber balloon. There was not a systematic difference between the nuclear 
gauge and oven-dry water contents, although differences as large as +/-10 percent were observed 
(Adams 2004). These results indicate that there are potential discrepancies between moist unit 
weights measured by the nuclear gauge and rubber balloon methods. To assess which unit 
weights were more accurate, the dry unit weights from the nuclear gauge and rubber balloon test 
methods were plotted versus water content along with the compaction curves for Soil I (Figure 
3.15). The dry unit weights from the rubber balloon plot above the zero air voids curve, which 
indicates that the rubber balloon values are not realistic. It appears there were some problems 
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performing the rubber balloon tests in the field, such that the hole volumes were not accurately 
measured. Thus, even for traditional methods, differences in unit weight measurements can exist 
as a result of operator error. Because of these problems with the unit weight measurements from 
the rubber balloon test method, the dry unit weights and water contents measured by the nuclear 
gauge were used as the basis for comparison with the new compaction control devices. 
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Figure 3.14. Comparison of moist unit weights measured by the nuclear gauge and 

rubber balloon test for Soil I 
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Figure 3.15.  Dry unit weights for Soil I measured by the nuclear gauge and rubber 

balloon test methods. 

Table 3.5 summarizes the results from the compaction control devices at the eight test 
locations for Soil I. Unfortunately, the clay was not compacted well, such that the percent 
Standard compaction, as measured by the nuclear gauge, ranged from only 85 to 90 percent. The 
measured CIV are plotted versus dry unit weight and water content (as determined by the nuclear 
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gauge) in Figure 3.16. Most of the CIV are between 2 and 6 and do not vary systematically with 
dry unit weight or water content. One measured CIV was above 12 and this value corresponded 
to the location with the smallest water content. This result confirms what was shown in Figure 
3.10; for clayey soils CIV is most affected by water content. The target CIV for Soil I is 7.1, 
based on the measurement made at 16.5 percent water content (Figure 3.8). Seven of the eight 
CIV measurements fall below the target CIV, indicating poor compaction. However, the target 
CIV was measured at a water content that is smaller than the water content in the field. Because 
water content affects CIV significantly for clayey soils, it is not reasonable to compare CIV 
obtained at different water contents. Nonetheless, the CIV accurately identified seven of the 
eight test locations as poorly compacted. 

The measured Average Young’s Moduli from the PSPA for Soil I are plotted versus dry 
unit weight and water content in Figure 3.17. Similar to the CIV, there is no clear trend between 
the PSPA Young’s Modulus either dry unit weight or water content. Most of the Young’s Moduli 
from the PSPA range between 7 and 11 ksi, with one large value of 16 ksi. This larger value was 
measured at location 8 (Table 3.5), the same location where the large CIV was measured and the 
location of the smallest water content. This result indicates that small-strain stiffness is 
significantly influenced by water content. This issue is further discussed in Chapter 7.  

Figure 3.18 displays dynamic cone resistance (qd) profiles from the PANDA device for 
Soil I at locations 2 and 8 (Table 3.5). The failure and tolerance lines provided by the PANDA 
software for 92 percent and 95 percent Standard Proctor are also shown. These locations 
represent locations with similar dry unit weights, different water contents, and different results 
from the CIV and PSPA testing. At location 2, the qd values fall well below the failure line, 
indicating poor compaction. The qd values are slightly larger at location 8, but still fall below the 
failure line in the top 8 in. The qd value increases dramatically below 8 in., but this result is due 
to the soil underlying the test pad. The results from the other locations were similar to those 
shown in Figure 3.18, and thus the PANDA accurately identified each test location as poorly 
compacted at less than 92 percent Standard Proctor (Table 3.5). 

Table 3.5. Results for Soil I from compaction control devices 

Test 
Location

γd, Nuclear 

Gauge (pcf)
wnuclear gauge 

(%)
% Standard 
Compaction Average CIV

Pass/Fail 
Target CIV
(CIV=7.1)

Average 
PSPA 

Young's 
Modulus (ksi)

PANDA 
% Standard 
Compaction

Average DCP 
Penetration 

Rate 
(in/bl)

Pass/Fail 
MnDOT DCP 

Criterion 
(3.0 in/bl)

1 93.3 23.5 88 2.5 Fail 11 <92% 2.8 Pass
2 95.2 22.0 90 3.1 Fail 9 <92% 3.5 Fail
3 94.8 21.9 89 2.5 Fail 8 <92% 3.7 Fail
4 92.7 23.1 87 2.1 Fail 8 <92% 3.1 Fail
5 90.6 24.6 85 4.1 Fail 7 <92% 2.2 Pass
6 94.7 23.0 89 3.5 Fail 7 <92% 4.9 Fail
7 94.6 22.3 89 5.6 Fail 9 <92% 4.1 Fail
8 93.7 19.6 88 12.3 Pass 16 <92% 2.0 Pass

γd, max, std. = 106 pcf
wopt, std. = 19.2%
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Figure 3.16. CIV versus dry unit weight and water content for Soil I 
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Figure 3.17. PSPA Young’s Modulus versus dry unit weight and water content for Soil I 
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Figure 3.18. PANDA dynamic cone resistance profiles for Soil I at locations 2 and 8. 

Figure 3.19 displays DCP profiles (penetration rate in in./blow versus depth) for Soil I at 
locations 2 and 8 (Table 3.5). At location 2, the DCP penetrated over 4 in. during its first blow 
and penetrated approximately 2 in./blow at deeper depths. At location 8, the DCP penetrated 
between 1.5 and 2.5 in./blow over the top 8 in. before the underlying soil was encountered. The 
MnDOT DCP compaction criterion for clayey soils is 3 in./blow or less. Averaging the DCP 
penetration rate over the top 6 in., location 2 has an average penetration rate of 3.5 in./blow, 
while location 8 has an average value of 2.0 in./blow. Based on the MnDOT criterion, location 2 
fails the compaction criterion and location 8 passes. Table 3.5 displays the average DCP 
penetration rate for the 8 test locations and shows that locations 1, 5, and 8 meet the criterion, 
although based on their dry unit weights, these locations are poorly compacted.  
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Figure 3.19. DCP profiles for Soil I at locations 2 and 8. 

3.5.2 Soil II 
Similar to Soil I, the moist unit weights and water contents measured by the nuclear 

gauge were compared with those measured by the rubber balloon and oven drying methods. For 
Soil II (CL), the moist unit weights measured by the nuclear gauge again were smaller than those 
from the rubber balloon (Figure 3.20). When plotting the dry unit weights from the nuclear 
gauge and rubber balloon/oven-drying methods versus water content (Figure 3.21), only two 
points from the rubber balloon fall above the zero air voids curve. Although all of the rubber 
balloon results cannot be discarded based on their location relative to the zero air voids curve, 
the nuclear gauge dry unit weights and water contents will be used as the basis for comparison, 
making the results for Soil II consistent with those for Soil I. 

Table 3.6 summarizes the results from the compaction control devices at the eight test 
locations for Soil II. Most of the test locations were compacted to between 91 and 96 percent 
Standard relative compaction, except for location 1, which was compacted to only 84 percent. 
The measured CIV are plotted versus dry unit weight and water content (as determined by the 
nuclear gauge) in Figure 3.22. The CIV range from 2.5 and 7.1, and do not vary systematically 
with dry unit weight. There is a slight reduction in CIV with increasing water content, but there 
is significant scatter in this trend. The target CIV for Soil II is 7.9, based on the measurement 
made at 16 percent water content (Figure 3.10). All of the field values of CIV fall below this 
value, indicating poor compaction. Although this result is in agreement with the measured values 
of dry unit weight and percent Standard compaction, it is not recommended that one compare 
CIV values obtained at different water contents for clayey soils because water content affects 
CIV more than dry unit weight for clayey soils (Figures 3.10, 3.11). 
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Figure 3.20. Comparison of moist unit weights measured by the nuclear gauge and 

rubber balloon test for Soil II. 
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Figure 3.21. Dry unit weights for Soil II measured by the nuclear gauge and rubber 

balloon test methods  
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Table 3.6. Results for Soil II from compaction control devices 

Test 
Location

γd, Nuclear 

Gauge (pcf)
wnuclear gauge 

(%)
% Standard 
Compaction Average CIV

Pass/Fail 
Target CIV
(CIV=7.9)

Average 
PSPA 

Young's 
Modulus (ksi)

PANDA 
% Standard 
Compaction

Average DCP 
Penetration 

Rate 
(in/bl)

Pass/Fail 
MnDOT DCP 

Criterion 
(3.0 in/bl)

1 86.2 19.6 84 6.7 Fail 11 <92% 6.9 Fail
2 94.2 14.5 91 7.1 Fail 20 <92% 2.4 Pass 
3 93.9 22.0 91 2.5 Fail 17 <92% 3.0 Pass
4 95.2 18.1 92 4.2 Fail 47 <92% 5.0 Fail
5 97.8 18.5 95 4.1 Fail 56 <92% 3.7 Fail
6 98.7 17.5 96 6.3 Fail 24 <92% 2.0 Pass
7 95.3 17.4 93 3.6 Fail 55 <92% 1.2 Pass
8 96.4 12.8 94 4.7 Fail 21 <92% 1.2 Pass

γd, max, std. = 103 pcf
wopt, std. = 19.5%

 
 
 

0

10

20

30

40

50

60

84 86 88 90 92 94 96 98 100

γd (Nuclear Gauge Determination, pcf)

A
ve

ra
ge

 Y
ou

ng
's

 M
od

ul
us

, k
si

 

0

10

20

30

40

50

60

10 12 14 16 18 20 22 24

Nuclear Gauge Water Content, %

A
ve

ra
ge

 Y
ou

ng
's

 M
od

ul
us

, k
si

 
Figure 3.22. CIV versus dry unit weight and water content for Soil II. 

The measured Average Young’s Moduli from the PSPA for Soil II are plotted versus dry 
unit weight and water content in Figure 3.23. Similar to the CIV results, there is no clear trend 
between the Young’s Moduli from the PSPA and dry unit weight. For the locations with dry unit 
weights between 94 and 99 pcf, the Young’s Moduli range from less than 20 ksi to more than 50 
ksi. The measured water contents do not explain the differences in measured Young’s Moduli 
and plotting Young’s Modulus versus saturation resulted in a similar trend as Figure 3.23. It is 
surprising that the Young’s Moduli for Soil II do not vary systematically with water content or 
saturation. This result may indicate some variability between the water content at the nuclear 
gauge measurement locations and the PSPA measurement locations.  
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Figure 3.24 displays PANDA dynamic cone resistance (qd) profiles for Soil II at locations 
1 and 8 (Table 3.6). These two profiles are shown for illustrative purposes. The failure and 
tolerance lines provided by the PANDA software for 92 percent and 95 percent Standard Proctor 
are also shown. Locations 1 and 8 represent locations with different dry unit weights (86 pcf 
versus 96 pcf, respectively) and different water contents (19.6 percent versus 12.8 percent, 
respectively), as listed in Table 3.6. For both locations, the qd values fall well below the failure 
line, indicating poor compaction. Table 3.6 summarizes the compaction results from the PANDA 
device for the all eight locations. None of the eight locations tested by the PANDA indicated 
compaction above 92 to 95 percent Standard compaction (Table 3.6), al though the field 
measurements indicated that locations 4 through 8 were compacted to at least 92 percent relative 
compaction.  
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Figure 3.23. PSPA Young’s Modulus versus dry unit weight and water content for Soil 

II. 
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Figure 3.24. PANDA dynamic cone resistance profiles for Soil II at locations 1 and 8. 
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Figure 3.25. DCP profiles for Soil II at locations 1 and 8. 
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Figure 3.25 displays DCP profiles (penetration rate in in./blow versus depth) for Soil II at 
locations 1 and 8 (Table 3.6). These two locations are again being used for illustrative purposes. 
At location 1, the DCP penetrated almost 7 in. during its first blow and penetrated at total of 10 
in. in two blows. Below a depth of 2 in., the penetration rate reduced to less than 1.0 in./blow 
because the underlying soil was reached. At location 8, the DCP penetrated less than about 1.0 
in./blow over most of the top 10 in. before the underlying soil was encountered. The MnDOT 
DCP compaction criterion for clayey soils is 3 in./blow. Averaging the DCP penetration rate over 
the top 6 in., location 1 has an average penetration rate of 6.9 in./blow, while location 8 has an 
average value of 1.2 in./blow. Based on the MnDOT criterion, location 1 fails the compaction 
criterion and location 8 passes. Table 3.6 displays the average DCP penetration rate for the 8 test 
locations and shows that locations 2, 3, 6, 7, and 8 pass the criterion. These assessments 
accurately identify the well-compacted locations of 6, 7, and 8 (assuming 92 percent relative 
compaction to be adequate), but miss well-compacted locations 4 and 5.  

3.5.3 Soil III 

The moist unit weights and water contents measured by the nuclear gauge were compared 
with those measured by the rubber balloon and oven drying methods for Soil III (SW). The moist 
unit weights measured by the nuclear gauge again were smaller than those from the rubber 
balloon (Figure 3.26). When plotting the measured dry unit weights versus water content from 
the nuclear gauge and rubber balloon/oven-drying methods (Figure 3.27), none of the points 
from the rubber balloon fall above the zero air voids curve because the water contents were less 
than 10 percent. Nonetheless, the dry unit weights and water contents from the nuclear gauge 
will be used as the basis for comparison to make the results for Soil III consistent with the other 
soils. 

Table 3.7 summarizes the results from the compaction control devices at the eight test 
locations for Soil III. Unfortunately, this sandy soil was not compacted well and the resulting 
values of percent relative Standard compaction ranged from only 82 to 94 percent. The measured 
CIV are plotted versus dry unit weight (as determined by the nuclear gauge) in Figure 3.28. The 
CIV are not plotted versus water content because the Clegg calibration for Soil III (Figure 3.12) 
showed that CIV is not sensitive to water content in this sandy soil and because the water content 
range in the field was small (3.3 to 5.6 percent). The CIV range from 3.4 and 23, and the values 
generally increase with increasing dry unit weight. The target CIV for Soil III is 21, which is the 
average value measured at 100 percent Standard Proctor compaction (Figure 3.12). All of the 
field values of CIV fall below this value except for location 4, indicating poor compaction (less 
than 100 percent Standard relative compaction). The measured Young’s Moduli from the PSPA 
for Soil III are plotted versus dry unit weight in Figure 3.29. Similar to the CIV results, there is a 
clear increase in Young’s Modulus with increasing dry unit weight. The Young’s Moduli range 
from about 15 ksi to more than 35 ksi.  
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Figure 3.26. Comparison of moist unit weights measured by the nuclear gauge and 

rubber balloon test for Soil III 

Table 3.7. Results for Soil III from compaction control devices 

Test 
Location

γd, Nuclear 

Gauge (pcf)
wnuclear gauge 

(%)
% Standard 
Compaction Average CIV

Pass/Fail 
Target CIV
(CIV=21)

 Average 
PSPA 

Young's 
Modulus (ksi)

PANDA 
% Standard 
Compaction

Average DCP 
Penetration 

Rate 
(in/bl)

Pass/Fail 
MnDOT DCP 

Criterion 
(0.28 in/bl)

1 86.6 3.3 82 7.3 Fail 15 92-95 0.8 Fail
2 98.7 5.6 94 14.5 Fail 35 >95 0.6 Fail
3 95.5 5.5 91 18.6 Fail 35 >95 0.4 Fail
4 96.5 4.2 92 23.0 Pass 23 >95 0.5 Fail
5 94 3.9 90 8.5 Fail 33 <92 1.1 Fail
6 93.8 4.4 89 11.4 Fail 26 >95 0.5 Fail
7 88.7 4.4 84 13.2 Fail 27 >95 0.6 Fail
8 86.2 3.4 82 3.4 Fail 15 <92 1.2 Fail

γd, max, std. = 105 pcf
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Figure 3.27. Dry unit weights for Soil III measured by the nuclear gauge and rubber 

balloon test methods  

0

5

10

15

20

25

84 86 88 90 92 94 96 98 100

γd (Nuclear Gauge Determination, pcf)

C
IV

 
Figure 3.28. CIV versus dry unit weight for Soil III. 
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Figure 3.29. PSPA Young’s Modulus versus dry unit weight for Soil III. 
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Figure 3.30 displays dynamic cone resistance (qd) profiles from the PANDA device for 
Soil III at locations 4 and 8 (Table 3.7). These two locations are shown for illustrative purposes. 
The failure and tolerance lines provided by the PANDA software for 92 percent and 95 percent 
Standard Proctor are also shown for this soil. These locations represent locations with different 
dry unit weights (96.5 pcf versus 86.2 pcf, respectively) and percent Standard compaction(92 
percent versus 82 percent, respectively). For location 4, the qd values fall well above the 
tolerance line at depths between 1 and 8 in., indicating adequate compaction over these depths. 
However, this assessment does not agree with the nuclear gauge measurement of relative 
compaction (92 percent, Table 3.7). At location 8, the qd values over the top 6 in. fall 
significantly below the tolerance line, which indicates poor compaction. This assessment agrees 
with the nuclear gauge measurement of relative compaction (86 percent, Table 3.7). Table 3.7 
lists the PANDA assessments of compaction for the other test locations. The PANDA profiles 
indicated that most of the locations had adequate compaction above 95 percent Standard Proctor, 
although the nuclear gauge indicated that most of these locations had less than 92 percent 
Standard relative compaction. Thus, the PANDA did not assess the compactness of Soil III 
accurately. 

Figure 3.31 displays DCP profiles of penetration rate in in./blow versus depth for Soil III 
at locations 4 and 8 (Table 3.7). At location 4, the DCP penetration rate was about 0.5 in./blow 
over the top 10 in., while at location 8 the DCP penetrated more than 1.5 in. during its first blow 
and averaged about 1.0 in./blow between depths of 4 and 10 in. The MnDOT DCP compaction 
criterion for sandy soils is 0.28 in./blow. Averaging the DCP penetration rate over the top 6 in., 
location 4 has an average penetration rate of 0.5 in./blow, while location 8 has an average value 
of 1.2 in./blow. Based on the MnDOT criterion, locations 4 and 8 both fail the compaction 
criterion. Table 3.7 displays the average DCP penetration rate for the 8 test locations and shows 
that none of the locations pass the criterion.  
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Figure 3.30. PANDA dynamic cone resistance profiles for Soil III at locations 4 and 8. 
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Figure 3.31. DCP profiles for Soil III at locations 4 and 8. 
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3.5.4 Soil IV 

Because Soil IV (GP) contains a significant amount of large particles, only nuclear gauge 
testing was performed and was used as the basis for comparison for the test results. Table 3.8 
summarizes the results from the compaction control devices at the eight test locations for Soil 
IV. The Standard relative compaction for the test locations ranged from 90 to 98 percent, with all 
of the water contents around 1.5 percent. 

The measured CIV are plotted versus dry unit weight (as determined by the nuclear 
gauge) in Figure 3.32. The CIV are not plotted versus water content because the CIV should not 
be sensitive to water content in this sandy soil and because there was only no variability in the 
field values of water content. The CIV range from about 7 to 10, with no clear relationship with 
respect to the dry unit weight. No target CIV was defined for Soil IV because the large particle 
sizes precluded laboratory evaluation of CIV. The measured average Young’s Moduli from the 
PSPA for Soil IV are plotted versus dry unit weight in Figure 3.33. The Young’s Moduli range 
from about 25 ksi to more than 75 ksi, which are larger than the values measured for Soils I 
(CH), II (CL), and III (SW). From Figure 3.33 it appears that the Young’s Moduli decrease with 
increasing dry unit weight, but that trend is influenced by the two large values at dry unit weights 
of about 93 pcf. If these data are excluded, there is no clear trend between Young’s Modulus and 
dry unit weight for the data in Figure 3.33. 

Table 3.8. Results for Soil IV from compaction control devices 

Test 
Location

γd, Nuclear 

Gauge (pcf)
wnuclear gauge 

(%)
% Standard 
Compaction Average CIV

Average 
PSPA 

Young's 
Modulus (ksi)

PANDA 
% Standard 
Compaction

Average DCP 
Penetration 

Rate 
(in/bl)

Pass/Fail 
MnDOT DCP 

Criterion 
(0.28 in/bl)

1 99.8 1.6 96 7.6 47 >98.5% 0.9 Fail
2 101.9 1.5 98 9.9 33 >98.5% 0.8 Fail
3 102.0 1.2 98 10.3 55 >98.5% 1.0 Fail
4 98.2 1.3 94 7.3 27 96-98.5% 1.2 Fail
5 98.6 1.6 95 8.9 48 >98.5% 1.3 Fail
6 93.9 1.6 90 9.0 71 96-98.5% 0.8 Fail
7 93.2 1.8 90 8.9 79 >98.5% 0.7 Fail
8 95.1 1.7 91 6.9 48 98.5% 0.6 Fail

γd, max, std. = 104 pcf
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Figure 3.32. CIV versus dry unit weight for Soil IV. 
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Figure 3.33. PSPA Young’s Modulus versus dry unit weight for Soil III. 

Figure 3.34 displays PANDA dynamic cone resistance (qd) profiles for Soil IV at 
locations 2 and 4 (Table 3.8). The two locations are displayed for illustrative purposes. The 
failure and tolerance lines provided by the PANDA software for 96 percent and 98.5 percent 
Standard Proctor are also shown for this soil. These locations represent locations where the cone 
resistances were high and low, respectively (Table 3.8). For location 2, the qd values fall well 
above the tolerance line at depths between 1 and 10 in., indicating adequate compaction over 
these depths. The smaller values close to the ground surface are most likely the result of poor 
confinement. The compaction assessment from the PANDA (i.e., adequate compaction) agrees 
with the nuclear gauge measurement of relative compaction (98 percent, Table 3.8). At location 
4, the qd values over the top 4 in. are close to the failure line, but exceed the tolerance line over 
depths from 4 to 8 in. The percent Standard compaction from the nuclear gauge was 94 percent. 
The nuclear gauge measurement was made via the backscatter mode, due to the soil’s large 
particle size, and thus represents the dry unit weight closer to the ground surface. The qd profiles 
shown in Figure 3.34 certainly reveal that location 2 is better compacted than location 4, but it is 
not clear that an accurate value of relative compaction would be assigned for the locations. Table 
3.8 lists the PANDA assessments of compaction for the other test locations. Based on the 
PANDA measurements, the relative compaction at each test location is greater than 96 percent. 
However, the measured dry unit weights indicate smaller values of relative compaction (Table 
3.8). 

Figure 3.35 displays DCP profiles (penetration rate in in./blow versus depth) for Soil IV 
at locations 2 and 4 (Table 3.8). At location 2, the DCP penetration rate was over 2.0 in./blow at 
the ground surface, most likely due to poor confinement, but decreased to less than 1.0 in./blow 
at depths greater than 4 in. At location 4 the DCP again penetrated more than 2.0 in. during its 
first blow and averaged less than 1.0 in./blow at larger depths. It is difficult to identify different 
compaction levels between the two locations shown in Figure 3.35. The MnDOT DCP 
compaction criterion for granular soils is 0.28 in./blow. Averaging the DCP penetration rate over 
the top 6 in., location 2 has an average penetration rate of 0.8 in./blow, while location 4 has an 
average value of 1.2 in./blow. Based on the MnDOT criterion, locations 2 and 4 both fail the 
compaction criterion. Table 3.8 displays the average DCP penetration rate for the eight test 
locations and shows that none of the locations pass the criterion. 



 

 60

0

2

4

6

8

10

12

14

0 200 400 600 800 1000

PANDA Dynamic Cone Resistance (psi)
D

ep
th

 (i
n)

Failure Line (96% Std. proctor)
Tolerance Line (98.5% Std.Proctor)

PANDA 2

 

0

2

4

6

8

10

12

14

0 200 400 600 800 1000

PANDA Dynamic Cone Resistance (psi)

De
pt

h 
(in

)

Failure Line (96% Std. proctor)
Tolerance Line (98.5% Std.Proctor)

PANDA 4

 
Figure 3.34. PANDA dynamic cone resistance profiles for Soil IV at locations 2 and 4. 
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Figure 3.35. DCP profiles for Soil III at locations 4 and 8. 
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3.5.5 Soil V 

Because Soil V (GP) contains a significant amount of large particles, only the nuclear 
gauge was used to measure unit weight and water content. Additionally, the presence of a 
significant amount of particles larger than 2 in. precluded the use of the PANDA or DCP for Soil 
V. Thus, only the CIV and PSPA were used in Soil V. Table 3.9 summarizes the results from the 
compaction control devices at the eight test locations for Soil V. The dry unit weights for the test 
locations ranged from 34 to 98 pcf, with all of the water contents around 1 percent. The dry unit 
weights of 34 and 70 pcf in Table 3.9 (locations 4 and 5) are obviously impossible and indicate a 
problem with nuclear gauge testing of materials with large particles. This result makes the other 
nuclear gauge measurements of dry unit weight somewhat suspect. In the results below, the data 
from locations 4 and 5 are not shown due to their unrealistic dry unit weights. 

The measured CIV for Soil V are plotted versus dry unit weight in Figure 3.36. The CIV 
range from 7.7 to 19.5, but do not show a significant trend with increasing dry unit weight. No 
target CIV was defined for Soil V because the large particle sizes precluded laboratory 
evaluation of CIV. The measured average Young’s Moduli from the PSPA for Soil V are plotted 
versus dry unit weight in Figure 3.37. The Young’s Moduli range from about 34 ksi to more than 
110 ksi, which are larger than the values measured for the other soils. There is significant scatter 
in the data in Figure 3.37, such that it is difficult to identify any trend with dry unit weight.  

Table 3.9. Results for Soil V from compaction control devices 

Test 
Location

γd, Nuclear 

Gauge (pcf)
wnuclear gauge 

(%)
Average CIV

Average 
PSPA 

Young's 
Modulus (ksi)

1 94.6 1.3 11.8 68
2 98.0 1.3 19.5 75
3 92.2 0.9 14.5 110
4 69.6 0.9 18.7 87
5 33.6 1.1 18.9 58
6 86.9 1.1 15.9 90
7 88.6 1.2 14.1 41
8 90.5 1.2 7.7 34  
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Figure 3.36. CIV versus dry unit weight for Soil V. 
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Figure 3.37. PSPA Young’s Modulus versus dry unit weight for Soil V. 

3.6 Summary 
Field data using four new compaction control devices (Clegg Impact Hammer, PSPA, 

DCP, and PANDA) and two traditional methods (rubber balloon and nuclear gauge) were 
collected for five test soils. These soils included two clays (Soils I, II), one sand (Soil III), and 
two gravels (Soils IV, V).  

For the clayey soils, it was observed that the CIV from the Clegg Impact Hammer and the 
average Young’s Modulus from the PSPA were more influenced by the water content than the 
dry unit weight. The dynamic cone resistance profiles from the PANDA indicated that all of the 
clay locations were poorly compacted, which generally agreed with the dry unit weight 
measurements. The DCP generally distinguished between the locations with smaller and larger 
dry unit weights, but the MnDOT criterion for adequate compaction did not agree with the direct 
measurements of dry unit weight/relative compaction.  

For the sandy soil (Soil III), the Clegg CIV and the PSPA Young’s Moduli generally 
increased with increasing dry unit weight. However, there was significant scatter in these data. 
The PANDA and DCP generally distinguished between locations with smaller and larger dry 
unit weights, but the assessment of adequate compaction from these measurements did not 
always agree with the direct measurements of dry unit weight/relative compaction. For the fine 
gravel (Soil IV), there was no clear trend between dry unit weight and either the Clegg CIV or 
PSPA Young’s Modulus. The PANDA and DCP did not provide accurate assessments of 
compaction when compared with direct measurements of dry unit weight. For the coarse gravel 
(Soil V), only the Clegg and PANDA devices could be used because of the large particle sizes. 
There was a large amount of scatter in the Clegg CIV and the PSPA Young’s Moduli, such that it 
would be difficult to use them for compaction control in this type of material. 

Table 3.10 summarizes the comparisons between the compaction assessments from the 
new devices and from direct measurement of dry unit weight/relative compaction. For these 
comparisons, relative compaction of 95 percent was considered acceptable and Table 3.10 notes 
whether there was agreement (A) or disagreement (D) between the different measurements. The 
disagreement locations were classified as DP when the soil was poorly compacted but the device 
identified it as well compacted, and DW when the soil was well compacted but the device 
identified it as poorly compacted. For the clayey soils (Soils I and II), the compaction 
assessments by the Clegg and PANDA mostly agreed with the direct measurements, while the 
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DCP mostly disagreed. None of the new devices measured water content, so water content 
measurements could not be compared. For Soil III (sand), the PANDA measurements 
consistently disagreed with the direct measurements of relative compaction, while the Clegg and 
DCP provided accurate assessments of compaction. Only the PANDA and DCP could be used in 
the fine gravel (Soil IV) and, their assessment of compaction only agreed with the direct 
measurements of relative compaction in about 50 percent of the cases.  

The data in Table 3.10 indicate the Clegg Impact Hammer provided the most accurate 
assessments of compaction over all of the soils tested in Field Study 1. However, most of the test 
locations were poorly compacted at relative compaction values well below 95 percent. It is not 
clear if the same assessment of accuracy would have been obtained if the test pads had been 
better compacted. 
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Table 3.10. Summary of results from Field Study 1 
 Soil I (Clay) Soil II (Clay) Soil III (Sand) Soil IV (Gravel) 
 Clegg PANDA DCP Clegg PANDA DCP Clegg PANDA DCP PANDA DCP 
1 A A DP A A A A DP A A DW 
2 A A A A A DP A DP A A DW 
3 A A A A A DP A DP A A DW 
4 A A A A A A DP DP A DP A 
5 A A DP DW DW DW A A A A DW 
6 A A A DW DW A A DP A DP A 
7 A A A A A DP A DP A DP A 
8 DP A DP A A DP A DP A DP A 

 Notes:  A:   agreement between nuclear gauge assessment of dry unit weight and device assessment of compaction 
DP: disagreement, soil poorly compacted but device identified it as well compacted 
DW: disagreement, soil well compacted but device identified it as poorly compacted  
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4.  Field Testing Program 2 

4.1 Introduction 
Field study 2 was conducted during the fall of 2005 and was intended to focus on the 

electrical devices (MDI, EDG) that became available during this project. However, problems 
were encountered in field testing with the EDG that prevented an evaluation of the device. To 
calibrate the EDG and develop a Soil Model (Chapter 2), independent field measurements of dry 
unit weight and water content are required at several field locations where EDG measurements 
are also obtained. Time constraints due to the field construction schedule precluded enough data 
from being collected to develop Soil Models for the field soils. Additionally, no signal was 
acquired by the EDG in the high plasticity clays tested during this field study due to significant 
attenuation. Because of these calibration issues, the EDG could not be evaluated during field 
testing. However, the EDG was used during the laboratory testing discussed in Chapter 5. 

Testing was conducted at three construction sites in the central Texas region and focused 
on evaluating the devices for clayey soils used in Texas for highway embankments or as road 
subgrade. Field testing was not performed at sites of retaining wall construction because only 
gravelly materials were being used at these types of projects in the central Texas region during 
the time of field testing and the non-nuclear devices considered in this study are not suitable for 
gravelly materials. This chapter describes the field sites tested, and provides comparisons 
between measurements of dry unit weight and water content from traditional methods (rubber 
balloon, nuclear gauge, and oven drying) and the electrical devices. 

4.2 Material Description 
Testing was conducted on three different soils at two field locations (Figure 4.1). The 

first soil was high plasticity Taylor clay (CH) being used to construct a landfill liner at a landfill 
located south of Austin, Texas. The landfill liner was being compacted in 6-in. lifts with a 
sheepsfoot roller to 95 to 100 percent Standard Proctor relative compaction at water contents 
around 23 percent. The other soils were tested at a site that is part of the construction of the 
Texas 130 toll road in an area east of Austin, Texas (Figure 4.1). One soil was low plasticity clay 
(CL) from an alluvial deposit from the Colorado River near the Texas 130 toll road. The section 
of soil tested was not compacted for use in the roadway, but served as an access road for heavy 
equipment to reach the actual construction site. The third soil consisted of high plasticity clay 
with sand (CH). The site for field testing of this soil was the compacted subgrade for the Texas 
130 toll road.  

The gradation curves for the three test soils are provided in Figure 4.2. The Taylor Clay 
contains more than 95 percent fines and has a plasticity index of 37, classifying it as high 
plasticity clay (CH). The low plasticity clay (CL) contains about 85 percent fines and has a 
plasticity index of 21. The sandy clay contains only 53 percent fines, but has a plasticity index of 
34; thus classifying it as high plasticity clay (CH). Despite the similar classification (CH) of the 
Taylor Clay and sandy clay, the electrical properties of these two soils will differ because of the 
large percentage of sand and gravel-sized particles in the sandy clay. 
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Figure 4.1. Locations of field testing (http://maps.google.com) 
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Figure 4.2. Grain size distributions of soils from Field Study 2 

Standard Proctor compaction tests (ASTM D 698) were performed on the test soils to 
obtain compaction curves, maximum dry unit weights, and optimum water contents (Figure 4.3). 
The Taylor clay (CH) displays the smallest maximum dry unit weight and largest optimum water 
content, while the sandy clay (CH) displays the largest maximum dry unit weight and the 
smallest optimum water content due to its large percentage of sand and gravel-sized particles. 
The compaction curve for the low plasticity clay lies between the other two soils. The maximum 
dry unit weights and water contents for the Taylor Clay (CH), low plasticity clay (CL) , and 

Taylor 
Clay

low plasticity clay 
& sandy clay 
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sandy clay (CH) are approximately 105 pcf and 19.5 percent, 110 pcf and 17 percent, and 114.3 
pcf and 15.2 percent, respectively. Each of these sets of values represents a degree of saturation 
of about 87 percent.  
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Figure 4.3. Standard Proctor compaction curves for the soils from Field Study 2 

4.3 Equipment Calibration 

4.3.1 Moisture-Density Indicator 
Calibrations for the MDI are performed to obtain soil-specific constants used to predict 

the dry density (ρd) and water content (w) from the measured values of dielectric constant (Ka) 
and bulk electrical conductivity (ECb). Soil constants a, b, c, d, f, and g (Chapter 2) are required 
for the calibration for each soil type. Recall that constants a and b relate ρd and w to Ka, while 
constants c and d relate ρd and w to ECb. Constants f and g are used to correct for differences in 
pore fluid conductivity between the soil pore fluid used in laboratory calibration and the pore 
fluid present in the field.  

The calibration of the MDI device is performed in conjunction with a set of compaction 
tests (ASTM D 698 or ASTM D 1557) using a 4-in. diameter stainless steel compaction mold 
and a non-conductive base (Figure 4.4). After compaction of the soil in the compaction mold, the 
center rod guide is placed on top of the mold and the 4-in. center rod is driven into the mold 
(Figure 4.4a). The center rod guide is removed, the mold collar is placed on top of the mold, and 
the multiple rod probe (MRP) head is placed on the mold collar and center rod (Figure 4.4b). The 
MRP must be in good contact with the mold collar and center probe. 
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(a) (b) 

Figure 4.4. (a) Center rod being driven into the MDI calibration specimen, (b) MDI 
calibration specimen with the mold collar and multiple rod probe in place 

(Durham 2005). 

Measurements of the dielectric constant (Ka) and bulk electrical conductivity (ECb) are 
obtained using the MDI software that is operated on a PDA and connected to the MRP. A 
representative waveform produced during calibration for a poorly graded sand is shown in Figure 
4.5. The waveform shows distinct first and second reflection points, which are indicated by 
arrows, and the scaled distance between these two points is used to calculate Ka (Equation 2.3). 
The initial (Vs) and final (Vf) voltages are also indicated in Figure 4.5 and these values are used 
to calculate ECb (Equation 2.4). The water content of each compacted specimen is measured by 
oven drying after MDI testing, and the dry unit weight is determined from the total weight of soil 
in the mold and the measured water content. The procedure is repeated for five specimens of 
varying water content.  

After measurements of Ka, ECb, dry unit weight, and water content are collected for five 
soil specimens at different water contents, the information is entered into the MDI calibration 
software. The following three graphs are generated by the MDI software:  dwa ρρK ⋅  versus 
w, dw ρρE ⋅bC  versus w, and bEC  versus aK . Linear relationships are fit to the data of 
each plot, with the first graph providing soil constants a and b, the second graph providing c and 
d, and the third graph providing f and g. For most soil types, typical values of a are 0.7 to 1.85, 
and b is approximately 9 (Yu and Drnevich 2004). Typical ranges for soil constants c, d, f, and g 
have not been reported. 

 

mold collar 

multiple rod probe 
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Figure 4.5. Representative MDI calibration waveform for poorly-graded sand. 

Taylor Clay Calibration 
MDI calibration data for the Taylor Clay were obtained using Standard Proctor 

compactive effort. The high PI Taylor Clay displayed distinctively different MDI waveforms 
than observed in sand. Three typical MDI waveforms for the Taylor Clay are shown in Figure 
4.6. The arrows in Figure 4.6 indicate the first and second reflection points of the waveform 
determined by the MDI software. For the eight calibration tests on Taylor Clay, two waveforms 
displayed a relatively flat second reflection point and a voltage that slowly increased with 
distance to Vf (Figure 4.6a), two waveforms did not have a clearly visible second reflection point 
(Figure 4.6b), and four waveforms had a clear second reflection point and reached Vf relatively 
quickly (Figure 4.6c).  

When the physical data (Ka, ECb, ρd, and w) were plotted to determine the MDI 
calibration constants (Figure 4.7), significant scatter was observed and at least three of the eight 
data points were assumed to be outliers. These apparent outliers are labeled 1 through 3 in Figure 
4.7. Two of the outliers (points 1 and 3) correspond to waveforms similar to that in Figure 4.6a, 
while the third (point 2) corresponds to a waveform similar to that in Figure 4.6b. This result 
may indicate that MDI waveforms that do not display a clear second reflection point (Figure 
4.6b) or do not reach Vf quickly (Figure 4.6a) are not reliable. Figure 4.7 includes the three 
calibration graphs for the Taylor Clay, as well as the computed calibration coefficients. The three 
outliers were not used to calculate the soil constants, yet there still was significant scatter in the 
data.  
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Figure 4.6. Representative MDI calibration waveforms for Taylor clay. 
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Figure 4.7. MDI calibration data for Taylor clay. 
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Low Plasticity Clay Calibration 

Figure 4.8 is a representative MDI calibration waveform for the low plasticity clay 
compacted at Standard Proctor compactive effort. All waveforms for this soil displayed a distinct 
second reflection point and rapidly reached Vf. 

The calibration data for the low plasticity clay are plotted in Figure 4.9. The data for the 
dielectric constant (Ka) show little scatter, while the data for the bulk electrical conductivity 
(ECb) show significantly more scatter. Because the data for Ka versus w exhibit a clear linear 
relationship, all data points were used to calculate the calibration coefficients shown in Figure 
4.9. 

 

 
Figure 4.8. Representative MDI calibration waveforms for the low plasticity clay. 
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Figure 4.9. MDI calibration data for the low plasticity clay. 

Sandy Clay Calibration 
The sandy clay was compacted using Standard Proctor compactive effort for the MDI 

calibration. The “best” and “worst” waveforms obtained during calibration are shown in Figure 
4.10, with the arrows indicating the first and second reflection points identified by the MDI 
software. The “best” waveform (Figure 4.10a) displays a distinct second reflection and rapidly 
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reaches Vf. The “worst” waveform (Figure 4.10b) displays a distinct second reflection point but 
takes longer to reach Vf. The water contents of the specimens with the “best” and “worst” 
waveforms were 9.1 percent and 12.1 percent, respectively 

The calibration data for the sandy clay are plotted in Figure 4.11. Again, the data for Ka 
display little scatter, while the data for ECb exhibit much more scatter. Because none of the data 
points could be definitively identified as outliers based on anomalous Ka and ECb values, all data 
points were used to calculate the calibration coefficients shown in Figure 4.11. 

 

 
(a) 

 

 
(b) 

Figure 4.10. Representative MDI calibration waveforms for the sandy clay. 
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Figure 4.11. MDI calibration data for the sandy clay. 
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The calibration coefficients for each soil type are summarized in Table 4.1. Yu and 
Drnevich (2004) report typical values of a ranging from 0.7 to 1.85 and b equal to 9. The values 
of a and b determined for each soil are consistent with the typical values reported by Yu and 
Drnevich (2004). However, the scatter in the calibration data displayed in Figures 4.7, 4.9, and 
4.11 will result in more uncertainty in the predicted values of dry unit weight and water content 
during field testing.  

Table 4.1. MDI calibration coefficients for soils from Field Study 2 

Calibration 
Coefficient 

Taylor 
Clay 

Low 
Plasticity 

Clay 
Sandy Clay 

a 1.3 0.93 0.81 
b 11.88 10.77 11.48 
c 3.17 0.56 0.81 
d 24.8 22.31 23.6 
f 4.62 -2.42 -1.5 
g 1.29 2.23 2.06 

 

4.4 Field Test Results 

4.4.1 Taylor Clay 
MDI measurements and traditional unit weight/water content measurements were 

performed at twelve locations at the landfill liner site in Taylor Clay. At each location an MDI, 
rubber balloon, and nuclear gauge measurement were obtained. Soil samples were obtained at 
each test location and transported back to the laboratory for water content determination by oven 
drying. Nuclear gauge measurements were performed by Kleinfelder, Inc. using a Troxler 3401 
nuclear gauge operating in the direct transmission mode. The measurements obtained by the 
nuclear gauge were used as the standard for comparison with the MDI measurements. The 
nuclear gauge was chosen as the standard for comparison because it is currently the most widely 
used device in the field and was used in Field Study 1.  

The MDI and rubber balloon dry unit weight and water content measurements for all 
twelve test locations are compared to the corresponding values measured by the nuclear gauge in 
Figure 4.12. The dry unit weights from the rubber balloon are slightly smaller than the nuclear 
gauge, which is a different result than obtained in Chapter 3. However, different personnel 
operated the rubber balloon devices in Field Tests 1 and 2. Most of the dry unit weight values 
from the MDI are larger than the corresponding values obtained by the nuclear gauge, while the 
values of water content from the MDI are generally smaller than those from the nuclear gauge. In 
general, the oven dry measurements of water content agree with those from the nuclear gauge. 
However, if one assumes that the water content of the Taylor clay was approximately 22 percent, 
based on the oven dry values in Figure 4.12b, the dry unit weights reported by the MDI are not 
realistic because they lie above the zero air voids curve (Figure 4.3). If one assumes that the 
water content of the Taylor clay was about 18 percent, based on the MDI values in Figure 4.12b, 
most of the dry unit weights reported by the MDI still lie above the zero air voids line.  
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Figure 4.12. Comparison of (a) dry unit weight and (b) water content measured by the 

MDI, rubber balloon, and nuclear gauge for Taylor Clay 

One MDI measurement of dry unit weight is 48 pcf with a water content of 10.7 percent. 
The MDI waveform for this measurement differs from the shape of a typical MDI waveform 
because there is no measured drop in voltage after the first reflection point (Figure 4.13). Thus, 
this measurement is invalid, although the MDI device did not report an error message after 
obtaining this measurement.  
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All of the other MDI waveforms for measurements performed in the Taylor Clay showed 
a distinct first reflection point without a distinct second reflection point (e.g., typical waveform 
in Figure 4.6b), which may make the MDI data less accurate. Based on this observation and the 
unattainable dry unit weights reported, it appears that the MDI cannot provide reliable data in 
high plasticity Taylor clay. 
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Figure 4.13. MDI waveform for measurement in Taylor Clay that resulted in a value of 

48 pcf for dry unit weight and a water content of 10.7%. 

4.4.2 Low Plasticity Clay 
For the low plasticity clay (CL), dry unit weight and water content measurements were 

performed by the MDI and nuclear gauge measurements at eight locations, while rubber balloon 
tests were performed at only six locations. The MDI and rubber balloon data for all test locations 
are compared to the corresponding nuclear gauge measurements in Figure 4.14.  

MDI measurements of dry unit weight ranged from 102 to 107 pcf, with an average of 
about l05 pcf. These values were smaller than the nuclear gauge measurements by 5 to 15 pcf 
(Figure 4.14a), although five out of the eight measurements were within 10 percent of the 
nuclear gauge measurement. As opposed to the results in the Taylor clay, in the low plasticity 
clay the MDI underpredicts dry unit weight relative to the nuclear gauge. The rubber balloon dry 
unit weight measurements were significantly more variable (103 pcf to 137 pcf) and are mostly 
greater than the corresponding nuclear gauge measurement (Figure 4.14a). However, problems 
were encountered when performing the rubber balloon test in the low plasticity clay. These 
problems include difficulty excavating the test hole and the presence of a non-horizontal ground 
surface. These difficulties may have affected the accuracy of the rubber balloon unit weight 
measurements. 

The water content comparisons are displayed in Figure 4.14(b). The MDI values are 
generally larger than the nuclear gauge values, with five values of MDI water content over 10 
percent larger than the corresponding values from the nuclear gauge. The water content values 
measured by oven drying are closer to the values from the nuclear gauge. In the Taylor Clay, the 
MDI water contents were smaller than the water content values from the nuclear gauge. In the 
low plasticity clay, the opposite is true. 
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Figure 4.14. Comparison of (a) dry unit weight and (b) water content measured by the 

MDI, rubber balloon, and nuclear gauge for low plasticity clay. 

4.4.3 Sandy Clay 
Three measurements were performed with the MDI, rubber balloon, and nuclear gauge 

devices at the sandy clay site. Only three measurements were performed at this site due to time 
constraints imposed by the construction schedule. The MDI and rubber balloon data for all test 
locations are compared to the corresponding nuclear gauge measurements in Figure 4.15.  
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Figure 4.15. Comparison of (a) dry unit weight and (b) water content measured by the 

MDI, rubber balloon, and nuclear gauge for the sandy clay. 

All measurements for dry unit weight from the MDI and rubber balloon tests were within 
10 percent of the nuclear gauge measurements. However, all three MDI measurements of dry 
unit weight were very similar (~108.5 pcf). All of the MDI water contents differed from the 
nuclear gauge by more than 10 percent, with two points larger and one point smaller than the 
nuclear gauge. The oven dry water content values were all larger than the values obtained by the 
nuclear gauge. It is hard to draw a definitive conclusion regarding the accuracy of the MDI in the 
sandy clay because there are only three data points. Nonetheless, the comparisons in Figure 4.15 
are not favorable. 
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4.5 Summary 
Dry unit weight and water content measurements were obtained at three different test 

sites, each consisting of a different soil. These sites were all construction sites in Central Texas. 
The first site consisted of Taylor Clay (CH), the soil at the second site was low plasticity clay 
(CL), and the third site consisted of sandy clay (CH). MDI, rubber balloon, and nuclear gauge 
measurements were made at each site. EDG measurements were attempted in the Taylor Clay 
but the device was unable to acquire an electrical signal. Time constraints at the other sites 
precluded development of a Soil Model for the EDG, and thus testing with the EDG was 
abandoned.  

The dry unit weights indicated by the MDI device did not agree favorably with the dry 
unit weights measured by either the nuclear gauge or rubber balloon. In the Taylor Clay, dry unit 
weights indicated by the MDI device were larger than those from the nuclear gauge and rubber 
balloon, while in the low plasticity clay the dry unit weights indicated by the MDI device were 
smaller. In the sandy clay, all dry unit weights indicated by the MDI were within 10 percent of 
the nuclear gauge readings. However, because only three measurements were obtained in the 
sandy clay, generalized conclusions cannot be drawn. 

The water contents indicated by the MDI did not agree favorably with values measured 
by either of the traditional methods (nuclear gauge, oven drying). The MDI values of water 
content in the Taylor Clay were all smaller than the water contents measured by the nuclear 
gauge and oven drying. In the low plasticity clay, the water content values indicated by the MDI 
were larger than the water content values from the nuclear gauge and oven drying. MDI water 
contents for the sandy clay were significantly different than the water content values obtained 
from the nuclear gauge, but they were not consistently larger or smaller. However, with only 
three data points it is difficult to make generalized conclusions regarding the MDI accuracy for 
the sandy clay. 

Table 4.2 provides a summary of the comparison between the dry unit weights and water 
contents measured by the MDI and the nuclear gauge. 

Table 4.2. Summary of results from Field Study 2 
 γd  Water content 

Taylor Clay  
(CH) 

MDI larger than 
nuclear gauge 

MDI smaller than 
nuclear gauge 

Low Plasticity Clay 
(CL) 

MDI smaller than 
nuclear gauge 

MDI larger than 
nuclear gauge 

Sandy Clay  
(CH) Not enough data Not enough data 
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5.  Laboratory Testing Program 

5.1 Introduction 
Laboratory evaluation of several of the compaction control devices was performed in an 

effort to test the devices under controlled laboratory conditions. Laboratory testing involved 
compacting large-scale soil specimens to a known dry unit weight and water content and using 
each device to assess the compaction of the soil. The compaction control devices that were 
evaluated in the laboratory are the Moisture Density Indicator (MDI), the Electrical Density 
Gauge (EDG), the PANDA dynamic cone penetrometer, and the Clegg Impact Hammer.  

5.2 Material Description 
Laboratory testing was performed using sand that represents a material that would be 

used as select backfill for a retaining wall. The grain size distribution for this sand is shown in 
Figure 5.1. Based on its gradation, the USCS classification for this soil is poorly graded sand, 
while the TxDOT backfill type for this soil is Type B (Table 3.2).  

Standard Proctor (ASTM D698) and Modified Proctor (ASTM D1557) compaction tests 
were performed to obtain compaction curves for the poorly graded sand (Figure 5.2). The 
Standard Proctor tests did not show significant variation of dry unit weight with water content, 
with all values close to 109 pcf. The Modified Proctor tests showed more variation in dry unit 
weight, with a maximum value of 117 pcf obtained at 7.5 percent water content. It was difficult 
to compact specimens of sand at water contents larger than about 8 to 10 percent because the soil 
was so freely draining. 
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Figure 5.1. Grain size distribution of poorly graded sand used in laboratory testing. 
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Figure 5.2. Grain size distribution of poorly graded sand used in laboratory testing. 

5.3 Laboratory Testing Procedures 
The laboratory tests were performed in boxes constructed of 0.75 in. plywood with 

dimensions of 18 in. by 26 in. by 18 in (Figure 5.3). The boxes were assembled using 2 in. 
drywall screws spaced 6.5 in. apart. The boxes were lined with a 0.15 mil-thick water proof tarp 
to prevent the wood from absorbing moisture from the test soil. The water proof tarp was held in 
place with packaging tape. 

Sand specimens 12 in. high were compacted in the laboratory test boxes. For each box, 
approximately 400 lb of sand was mixed in preparation for compaction. After the soil was well 
mixed, the moisture content of the soil was determined using microwave oven heating (ASTM D 
4643) and adjusted until its water content reached the target value. Based on the selected target 
dry unit weight and target water content for each box, the total weight of soil required to build 
the specimen was determined and the specimen constructed. The soil was compacted in six, 2-in. 
lifts using a vibratory hand compactor (Bosch 11316EVS). The undercompaction method (Ladd 
1978) was used to build the specimens in an effort to minimize the variation of dry unit weight 
with depth. Nonetheless, some variations were still observed (Tobin 2006). Specimen 
preparation and testing of the compaction control devices were completed within eight hours to 
limit evaporation of water from the top of the specimen and to minimize moisture migration to 
the bottom of the specimen. 

Six specimens were constructed to evaluate the compaction control devices. Table 5.1 
lists the target values of water content, total unit weight, dry unit weight, and relative compaction 
for each test specimen. All of the specimens were compacted at a water content of about 3 
percent, and the relative compaction varied from 95 to 107 percent of standard Proctor. 
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Table 5.1. Target compaction conditions for laboratory test specimens 

Specimen w (%) Target Total Unit 
Weight (pcf) 

Target Dry Unit 
Weight (pcf) 

Target Standard 
Proctor Relative 

Compaction 

1 3.1 107.2 104.0 95 % 

2 3.4 111.7 108.0 99 % 

3 3.1 115.5 112.0 103 % 

4 3.0 112.2 109.1 100 % 

5 3.0 115.9 112.5 103 % 

6 2.8 119.6 116.4 107 % 

 

 

           
Figure 5.3. Laboratory test box 

 
Within each test specimen, one MDI, one EDG, three rubber balloon, two PANDA 

dynamic cone penetrometer, and three Clegg Impact Hammer tests were performed. The 
approximate lateral location of each test within the test specimen is shown in Figure 5.4. The 
order of the tests was:  EDG, MDI, rubber balloon, PANDA (trial 1), Clegg Impact Hammer 
(trial 1), PANDA (trial 2), Clegg Impact Hammer (trial 2), and Clegg Impact Hammer (trial 3). 
After all of these tests were performed, 4 in. of soil was removed from the top of the box and 
another rubber balloon measurement was performed to determine the unit weight at mig-height 
of the specimen. Finally, an additional 4 in. of soil was excavated for a final rubber balloon unit 
weight measurement near the bottom of the specimen. The additional rubber balloon 
measurements allowed for an assessment of the variation of dry unit weight with depth within 
the specimen. 
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Figure 5.4. Location of compaction control tests within test specimens 

5.4 Equipment Calibration 

5.4.1 Moisture-Density Indicator Calibration 
The calibration procedure for the MDI discussed in Section 4.3.1 was also used to 

develop soil-specific calibration coefficients (a, b, c, d, f, and g). Calibration curves 
( dwa ρρK ⋅  versus w, dw ρρE ⋅bC  versus w, and bEC  versus aK ) for the poorly 
graded sand are shown in Figure 5.5, along with the derived calibration coefficients. Calibrations 
were performed on sand compacted with Standard and Modified Proctor compaction energies. 
There is little scatter observed in the dwa ρρK ⋅  vs. w data, with slightly more scatter 
observed in the dw ρρE ⋅bC  vs. w and bEC  vs. aK  data. The scatter in the calibration 
data that incorporates ECb (Figure 5.5b, 5.5c) is significantly less than observed for the clayey 
materials discussed in Chapter 4 (Figures 4.7, 4.9, 4.11). Because the calibration data in Figure 
5.5 display only moderate scatter, there is confidence in the soil calibration parameters for the 
test soil. 
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Figure 5.5. MDI calibration data for the poorly graded sand 
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5.4.2 Electrical Density Gauge Calibration 

The recommended EDG calibration involves selecting a number of test locations with 
known, but different, values of dry unit weight and water content. A set of EDG measurements is 
performed at each location, followed by a rubber balloon test to determine the dry unit weight 
and water content of the soil. The values of dry unit weight and water content associated with 
each EDG measurement are entered into the EDG equipment to develop a soil model. The EDG 
fits its model to the data and reports a fit parameter, with a better soil model indicated by a fit 
parameter closer to 1.0. The EDG manufacturer (Electrical Density Gauge, LLC 2004) 
recommends for calibration the following values of percent relative compaction and water 
content for sandy soil (Table 5.2). 

Table 5.2. Recommended values of relative compaction and water content for EDG calibration 
in sandy soil (Electrical Density Gauge, LLC 2004) 

% Relative 
Compaction w % 

98 5 

98 7.5 

98 10 

92 5 

92 7.5 

92 10 
 

Table 5.3. Data set used to develop EDG soil model for the  poorly graded sand 
% Relative 

Compaction 
(Standard Proctor)

w % 

98 5.2 

104 6.6 

107 6.2 

104 4.6 

73 4.8 
 
The soil model for the poorly graded sand was generated by compacting soil to different 

dry unit weights and water contents in the laboratory test boxes. Dry unit weights and water 
contents were evaluated from rubber balloon tests and microwave oven drying. The values of 
percent relative compaction (based on Standard Proctor) and water content for the compacted 
soil specimens used to create the soil model for the poorly graded sand are shown in Table 5.3. 
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The range of water contents (4.6 percent to 6.6 percent, Table 5.3) used to develop the 
soil model for the poorly graded sand is narrower then those listed for the ideal soil model in 
Table 5.1 (5 percent to 10 percent) because the sand could not hold more than about 8 percent 
water content before free water accumulated in the bottom of the specimen. The fit parameter 
given by the EDG for the soil model of the poorly graded sand was 0.802. The EDG does not 
provide the user with any additional information regarding soil parameters determined from the 
calibration.  

5.4.3 PANDA Dynamic Cone Penetrometer Calibration 
As discussed in Section 3.4.1, the PANDA provides failure and tolerance lines for the 

dynamic cone resistance (qd) based on the general classification of the soil. The gradation of the 
poorly graded sand (Figure 5.1) and the French soil classification system (Figure 3.7) was used 
to define the soil type of the test soil. The poorly graded sand is classified as soil type D1 because 
less than 12 percent passes the #200 sieve, more than 70 percent passes the #10 sieve, and the 
soil is non plastic. The resulting failure and tolerance lines for the PANDA for the poorly graded 
sand are shown in Figure 5.6. 
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Figure 5.6. Failure and tolerance lines for the poorly graded sand obtained from the 

PANDA soil library (Sol-Solution 2006) 

5.4.4 Clegg Impact Hammer Calibration 
ASTM D5784 describes the procedure to determine the target Clegg Impact Value (CIV) 

for a given soil. To obtain the target CIV, soil is compacted using Standard Proctor effort in a 6-
in. diameter mold. After the soil has been compacted, the Clegg Impact Hammer is placed on top 
of the mold and the CIV value is recorded. The procedure is repeated for specimens compacted 
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to a range of water contents. The target CIV is the maximum CIV value obtained from the 
compacted soil specimens. The CIV responds to changes in physical characteristics in the soil 
that influence its strength. Generally, the CIV remains constant dry of optimum or reaches a peak 
and rapidly decreases as water content increases beyond the optimum water content.  

The Clegg calibration curves for the poorly graded sand were obtained by varying the soil 
water content and using Modified Proctor and Standard Proctor compaction effort. The measured 
CIV as a function of water content for the two compaction energies are shown in Figure 5.7. The 
Standard Proctor target CIV value is 18.4 and the Modified Proctor target CIV value is 21.4 
based on these data. 
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Figure 5.7. Variation of CIV with water content for poorly graded sand 

5.5 Laboratory Test Results 

5.5.1 Unit Weight and Moisture Content Variations within Test Specimens 
Before testing of the compaction control devices, two specimens were prepared to 

investigate the uniformity of the unit weight and moisture content throughout the compacted 
specimens when using the under-compaction technique. Specimen A was compacted to a target 
total unit weight of 111.2 pcf at a water content of 2.95 percent. This corresponds to a relative 
compaction of 98 percent Standard Proctor. Specimen B was compacted to a target total unit 
weight of 115.4 pcf at a water content of 2.9 percent, corresponding to a relative compaction of 
102 percent Standard Proctor. Unit weight measurements were obtained at the corners and center 
of the specimen using the rubber balloon method, and the water content was measured at each of 
these locations using the microwave oven dry method. To observe how the unit weight and 
moisture content varied with depth, measurements were obtained at the top, middle, and bottom 
of the specimen for all five test locations, for a total of 15 measurements per specimen. The 
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effective depths of the unit measurements were 2 in., 6 in., and 10 in. below the specimen 
surface. 

Figure 5.8 shows the variation of total unit weight with depth and horizontal location for 
both samples. Figure 5.8 also shows the bulk total unit weight obtained by dividing the total 
weight of soil used to form the specimen by the volume of the specimen. The theoretical under-
compacted values of γt (γt,initial) for each layer, which represents the unit weight of the soil 
immediately after compaction of the lift, are shown in Figure 5.8 for comparison. 
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             (a)               (b) 

Figure 5.8. Variation of total unit weight with depth and horizontal location  
(points 1, 2, 4, and 5 are at the corners, point 3 is at the center) 

For both specimens the total unit weight measured by the rubber balloon at the top of the 
specimen corresponds well to the bulk total unit weight calculated by dividing the weight of soil 
by the volume of the specimen (w/v). By comparing the initial under-compaction total unit 
weights with those measured after compaction of the entire specimen, it can be seen that the final 
unit weights of the deeper layers are larger than γt,initial but not as large as the final target unit 
weight values. This result indicates that the deeper layers did not get compacted to the target 
final unit weight, implying that the percent under-compaction used to build the specimens may 
have been too large. The data in Figure 5.8 also show that the bottom and middle layers of 
Specimen A, and all of Specimen B, experienced significant horizontal variations in the unit 
weight. For specimen A there does not seem to be consistency for the horizontal locations of the 
minimum and maximum unit weights. For example, test location 4 in Specimen A was the 
location of the minimum unit weight in the top layer, but this location was the location of the 
maximum unit weight for the middle layer. However, for specimen B, the locations of the 

Specimen A Specimen B 
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minimum and maximum unit weight were consistent throughout the depth of the box. Based on 
these measurements, the total unit weight within a layer can vary by as much as 9 pcf and the 
total unit weight between layers can vary by as much as 16.7 pcf. 

The average measured water content for specimen A was 2.8 percent with a standard 
deviation of 0.1 percent. This is reasonably close to the target water content of 2.95 percent. The 
average measured water content for Specimen B was 2.7 percent with a standard deviation of 0.1 
percent. The bottom layer of Specimen B displayed the largest range of water contents, with 
values varying from 2.5 percent to 2.9 percent; however the measured average water content is 
only 0.2 percent less than the target water content of 2.9 percent. The maximum difference in 
water content was 0.4 percent within layers and 0.4 percent between layers. The variation in 
water content is minimal compared to the variation in total unit weight. 

Analysis of the measured total unit weights and water contents of Specimens A and B 
shows that it was difficult to produce a uniform unit weight throughout the large, compacted 
specimens. For the analysis of the compaction control equipment being tested in this study, 
measured rubber balloon values were averaged corresponding to the depth of influence for each 
device. However, rubber balloon measurements were performed only once per layer in the soil 
specimen. This accounts for some vertical variations within the sample, but does not account for 
any horizontal variations that are present. Therefore, it is possible that the unit weights from the 
rubber balloon are not representative of the dry unit weights at locations tested by the other 
devices. This procedure is described more fully in the next sections. The water content was 
easier to control both horizontally and vertically.  

5.5.2 MDI Results 
Dry unit weights and water contents derived from rubber balloon total unit weight and 

microwave oven water content measurements are used as the standard for comparison with the 
measurements obtained by the MDI. The MDI provides an average value for the soil dry unit 
weight and water content over the length of its probes, which are 8 in. long. Because the dry unit 
weight can vary considerably over this depth (Figure 5.8), the MDI measurements are compared 
with values from the rubber balloon averaged over the top and middle layers of the specimens.  

Two measurements were made with the MDI for each test specimen. These 
measurements were averaged to represent a single dry unit weight and water content per test 
specimen. For test specimens 1, 2, 3, 4, and 6, the two MDI dry unit weight measurements were 
within 1 pcf, and the two MDI water content measurements were within 1 percent of each other. 
For test specimen 5, the two MDI measurements were very different; one measurement was γd 
=114 pcf and w = 3.3%, while the other measurement was γd = 104 pcf and w = 12%. This 
discrepancy indicates less confidence in the MDI measurements for test specimen 5, as a water 
content of 12 percent is not possible for this specimen. Thus, this second value should be 
discarded.  

The dry unit weight and water content measurements from the MDI for all six test 
specimens are compared with the averaged values from rubber balloon testing / oven drying in 
Figure 5.9. In this figure, each specimen is labeled and two data points are shown for test 
specimen 5 (5a and 5b); point 5b represents the average of the two measurements and point 5a 
represents only the realistic measurement (γd =114 pcf, w = 3.3%).  

The dry unit weight values measured by the MDI were all approximately 115 pcf (Figure 
5.9a), while the measurements from the rubber balloon ranged from 100 to 115 pcf. The target 
dry unit weights ranged from 104 pcf to 116 pcf (Table 5.1), thus the rubber balloon values 
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appear to be more reasonable. Some of the difference between the MDI and rubber balloon 
values of dry unit weight may be due to variability within the soil specimen not accounted for by 
the rubber balloon measurements. However, it is suspect that the MDI reported approximately 
the same dry unit weight for all test specimens. The MDI measurements of water content show 
good agreement with the microwave oven measurements of water content (Figure 5.9b), 
although the water content did not vary considerably between test specimens. For test specimen 
5, good agreement is only obtained when considering the first reading (data point 5a). In general, 
the MDI shows relatively accurate measurements of water content, but less accurate 
measurements of dry unit weight for the laboratory test specimens of sand. 

5.5.3 EDG Results 
The EDG provides an average value for the soil dry unit weight and water content over 

the length of its probes, which are 6 in. long. Thus, the EDG measurements were compared with 
a weighted average of the measurements from the top and middle layers of the specimen (2/3 of 
top layer plus 1/3 of middle layer) using the rubber balloon and over drying methods.  

The EDG measurements of dry unit weight and water content for all six test specimens 
are compared with the appropriately averaged rubber balloon dry unit weight and microwave 
oven water content measurements in Figure 5.9. The dry unit weight measurements from the 
EDG were approximately 90 pcf for all soil specimens (Figure 5.9a), while the rubber balloon 
indicated values of 100 to 115 pcf. The EDG consistently measured water content values of 5 
percent for all specimens (Figure 5.9b), while the values obtained by the microwave oven ranged 
from 2.9 to 3.4 percent. These results indicate a less favorable agreement between EDG 
measurements of dry unit weight and water content as compared with traditional methods of 
measurement. 
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Figure 5.9. Comparison of (a) dry unit weight and (b) water content from rubber 

balloon testing, microwave oven, MDI, and EDG. 

5.5.4 PANDA Results 
The PANDA Dynamic Cone Penetrometer measures the dynamic cone resistance (qd) 

with depth. Two PANDA profiles of dynamic cone resistance versus depth were obtained in each 
test specimen. One PANDA profile from test specimen 1 and one PANDA profile from test 
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specimen 6 are shown in Figure 5.10. These profiles, shown by the solid lines, are representative 
of the measurements obtained by the PANDA and demonstrate how the dynamic cone resistance 
increases with dry unit weight (γd ~ 104 pcf for specimen 1, γd ~ 116 pcf for specimen 6). The 
dashed lines in Figure 5.10 are the failure line (92 percent Standard Proctor) and the tolerance 
line (95 percent Standard Proctor), as generated by the PANDA software and French soil class 
D1 (Section 5.4.3).  

The PANDA dynamic cone resistance profile for specimen 1, test 1 (Figure 5.10a) lies 
well below the failure line, indicating the sample has a relative compaction below 92 percent 
Standard Proctor. The PANDA qd profile for specimen 6, test 1 (Figure 5.10b) lies mostly above 
the tolerance line, indicating a relative compaction greater than 95 percent Standard Proctor. 
Based on the average dry unit weight measured by the rubber balloon, specimen 1 had a relative 
compaction of 94 percent Standard Proctor and specimen 6 had a relative compaction of 105 
percent Standard Proctor. Thus, the PANDA profiles are consistent with the relative compaction 
values for these test specimens. 
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Figure 5.10. PANDA qd profiles for (a) specimen 1, test 1 and (b) specimen 6, test 1. 

Table 5.4 lists the percent relative compaction for the six test specimens as determined 
from the PANDA qd profiles. These values of relative compaction were obtained by visual 
examination of the measured qd profiles as compared with the failure and tolerance lines. Also 
listed in Table 5.4 are the values of relative compaction measured by the rubber balloon. The 
PANDA measurements indicate that specimens 1 through 3 have a relative compaction of less 



 

 96

than 92 percent, and that specimens 4 through 6 have a relative compaction larger than 92 
percent. Although the PANDA relative compaction values do not exactly correspond with the 
measured values of relative compaction, the PANDA does track the increasing dry unit weight 
from specimens 1 through 6. 

Table 5.4. Summary of PANDA measurements from laboratory test specimens 

Specimen 
PANDA      

% Standard 
Compaction 

Rubber 
Balloon      

% Standard 
Compaction 

< 92 1 
< 92 

94 

< 92 2 < 92 96 

< 92 3 92 99 

92 - 95 4 92 100 

> 95 5 92 - 95 102 

> 95 6 > 95 105 

 

5.5.5 Clegg Impact Hammer Results 

Three measurements of the Clegg Impact Value (CIV) were obtained for each soil 
specimen. The CIV values from each test are listed in Table 5.5. For the specimens compacted a 
smaller values of relative compaction, the Clegg hammer often compressed the underlying soil 
so much that it hit the stops such that no CIV reading was obtained (Table 5.5). Only test 
specimen 6, the densest specimen, provided CIV for all trials. 

The CIV values obtained for all of the trials and test specimens are below the target CIV 
value of 18.4, which corresponds to 100 percent Standard Proctor relative compaction. Thus, the 
Clegg results indicate that all of the specimens are well below 100 percent Standard Proctor 
relative compaction. However, the data in Table 5.4 indicate that specimens 4, 5, and 6 were 
compacted at or above 100 percent relative compaction. Therefore, the Clegg did not accurately 
distinguish between poorly compacted and well-compacted specimens.  
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Table 5.5. CIV measurements from laboratory test specimens 

Specimen Trial 
Number CIV 

Rubber 
Balloon 

% Relative 
Compaction 

1 No Reading 
2 No Reading 1 
3 No Reading 

94 

1 No Reading 
2 No Reading 2 
3 No Reading 

96 

1 4.1 
2 No Reading 3 
3 No Reading 

99 

1 4.2 
2 No Reading 4 
3 No Reading 

100 

1 5.4 
2 3.1 5 
3 No Reading 

102 

1 4.6 
2 5.1 6 
3 3.2 

105 

 

5.6 Summary 
The MDI, EDG, PANDA Dynamic Cone Penetrometer, and Clegg Impact Hammer 

devices were tested on laboratory-compacted specimens of poorly graded sand. To minimize the 
variability of dry unit weight within the specimens, the under-compaction technique was used to 
build the test specimens. Analysis of the total unit weight and water content variability within 
specimens prepared using the under-compaction method showed that the total unit weight within 
a given layer varied by as much as 9 pcf and the total unit weight between layers varied by as 
much as 16.7 pcf. The water content varied less than the total unit weight, with a maximum 
difference of 0.4 percent within the specimens. 

Measurements of dry unit weight and water content by the MDI and EDG were compared 
to weighted average measurements from rubber balloon and microwave oven dry tests. The MDI 
consistently reported the same dry unit weight for each specimen, and this value did not agree 
with the rubber balloon measurements. The MDI water content measurements showed good 
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agreement with the microwave oven measurements of water content. The EDG also consistently 
reported the same dry unit weight for each specimen (although this value was different than the 
MDI value), and again this value did not agree with the rubber balloon measurements. The EDG 
consistently indicated water contents of 5 percent, which did not agree with the oven dry values. 
The PANDA Dynamic Cone Penetrometer accurately tracked the variation of dry unit weight 
across specimens, but did not always accurately identify the level of relative compaction. The 
Clegg Impact Hammer CIV values indicated a relative compaction of less than 100 percent for 
all specimens, although two specimens were compacted above 100 percent relative compaction.  

The results from the laboratory study can be compared with those from the two field 
studies. In Field Study 2, the MDI device was used at clay sites, while sandy soil was used in the 
laboratory study. The MDI more accurately assessed water content in the sand than in the clay 
soils, but the dry unit weights were not very accurately assessed by the MDI for either type of 
soil. The dry unit weights from the MDI were not consistently larger or smaller than the values 
measured by standard methods. However, it should be noted that the nuclear gauge was not 
available for laboratory testing and thus the rubber balloon method was used to measure unit 
weight in the laboratory. Previous field testing (Chapters 3 and 4) showed some differences 
between the dry unit weights from the nuclear gauge and rubber balloon methods, and thus the 
conclusions from laboratory testing may have been different if the nuclear gauge was available.  

As for the Clegg Impact Hammer and PANDA, the laboratory tests revealed that these 
devices either accurately measured or underestimated the level of compaction of sand as 
compared with the rubber balloon measurements of dry unit weight. These results are slightly 
different than those for the sand from Field Study 1 (Chapter 3, Table 3.10, Soil III). In the field 
study, the Clegg mostly agreed with the direct measurement of dry unit weight, while the 
PANDA mostly disagreed.  
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6.  Practical Issues  

6.1 Introduction  
This chapter discusses various practical issues related to each compaction control device 

used in this study, based on the experimental programs performed as part of this study and the 
experience of using the compaction control devices in a construction setting. The advantages and 
disadvantages of each device are compared and contrasted. 

6.2 Impact Methods 
The impact methods evaluated in this study were the PANDA dynamic cone 

penetrometer, the standard dynamic cone penetrometer (DCP), and the Clegg Impact Hammer. 
Each of these methods measures the resistance to impact and empirically correlates this 
resistance to the “compactness” of the soil. A measurement of dry unit weight is not obtained, 
nor is there a theory that directly relates the measured resistance to dry unit weight. None of 
these methods provides a measure of water content and, thus, if construction specifications 
require the as-compacted water content to be measured another device is needed.  

6.2.1 PANDA 

The PANDA was developed in France and it has been used there for compaction control. 
A French standard exists for its use. The PANDA equipment itself is relatively light and 
manageable in size. However, the transportation case for the PANDA is slightly cumbersome 
because it contains multiple extension rods for deeper profiling.  

Compaction level is assessed by the PANDA by comparing the dynamic cone resistance 
profile with failure and tolerance profiles provided by the manufacturer. These profiles are based 
on the soil type and moisture condition of the fill, and thus are not based on any soil-specific 
compaction information. Additionally, the soil classification used by the PANDA is a French 
system, not the Unified Soil Classification System (USCS), such that it is somewhat difficult for 
an operator in the United States to use. New versions of the PANDA are expected to include the 
USCS. 

The PANDA is best-suited for profiling compaction over a depth of several feet. Because 
of poor confinement near the ground surface, it does not provide accurate estimates of 
compaction in the top few inches. Thus, it would be difficult to use the PANDA for lift-by-lift 
compaction control when the lifts were smaller than about 6 in.  

6.2.2 Standard Dynamic Cone Penetrometer  

The DCP is relatively easy to use and requires minimal training. An ASTM standard 
exists that describes its use (ASTM D 6951). However, it is a cumbersome device to use and 
transport in the field. A minimum of two persons is required to operate and record data for the 
DCP, because of the weight of the device and because there is no data acquisition system for the 
standard device. Electronic data collectors are available but are generally very expensive. 

Compaction is assessed with the DCP by measuring the penetration rate in in./blow. No 
standardized relationship between penetration rate and compaction level exists, although one has 
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been proposed by MnDOT (Burnham 1997). The DCP penetration rate also has been correlated 
with the California Bearing Ratio (CBR) for pavement design.  

Similar to the PANDA, the DCP is best-suited for profiling compaction over a depth of 
several feet. Because of poor confinement near the ground surface, it does not provide accurate 
estimates of compaction in the top few inches. Also, in soft clay soils, the DCP may actually 
advance under its own self-weight.  

6.2.3 Clegg Impact Hammer  
The Clegg Impact Hammer is very small in size and lightweight, especially compared to 

the other impact devices tested. Minimal training is required to operate the device. The test time 
is very rapid, with the ability to determine a CIV in less than one minute. An ASTM standard 
exists to govern the use of the Clegg Impact Hammer, and it is relatively inexpensive to 
purchase.  

Compaction is assessed by the Clegg Impact Value (CIV), which is the maximum 
acceleration, in tens of gravity, of the hammer as it impacts the surface of the compacted soil. 
The depth of influence of this measurement is unknown. Soil-specific calibration is required to 
specify the target CIV for a given compaction condition. This target CIV is assessed by 
measuring the CIV of laboratory-compacted specimens in a Proctor compaction mold. For soft 
clay soils or uniform sand, the hammer body may penetrate the soil during testing to the point 
that the hammer handle strikes the guide tube. In these cases, no readings are obtained. 

6.3 Electrical Methods 
The electrical methods evaluated in this study were the Moisture Density Indicator 

(MDI), the Electrical Density Gauge (EDG), and the Soil Quality Indicator (SQI). Each of these 
methods measures the electrical properties of the compacted soils and relates these properties to 
the dry unit weight and moisture content of the soil. Thus, these methods provide essentially the 
same data (γd and w) as current compaction control devices (e.g. nuclear gauge), and could be 
easily implemented into current construction specifications.  

6.3.1 MDI 
The MDI was relatively simple to use in the field and has a sound theoretical basis. An 

ASTM standard exists that describes its use (ASTM D 6780). However, in stiffer soils it is 
difficult to hammer the four probes into the soil. In these cases it can take up to 20 minutes to 
perform a single measurement. At times, the device was unable to detect a signal immediately 
after setup. In these cases, the “Get Signal” button was selected several times or the cables 
reconnected until the device would take a reading. Additional problems were experienced when 
using the device to test high plasticity clays. 

The MDI measures a time domain reflectrometry (TDR) waveform from which the 
electrical properties of the soil are determined. The device requires soil-specific calibration to 
develop the model parameters that relate the electrical properties of the soil to its dry unit weight 
and water content. This calibration is not difficult to perform, as it can be performed using the 
same laboratory specimens used to develop a compaction moisture-density curve.  
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6.3.2 EDG 

The EDG is somewhat cumbersome to use in the field. After the probes are placed in the 
soil, four readings are taken with the electrical connectors placed on four different combinations 
of probes. The switching of connectors to and from different probes takes some time. Similar to 
the MDI, the probes can be difficult to insert into stiff soils. Also, the device will not operate on 
high plasticity clays.  

The EDG measures the dielectric properties of the soil and relates them to the dry unit 
weight and water content of the soil. The soil-specific calibration for the EDG is performed by 
performing electrical measurements in the field for the soil compacted over a range of known dry 
unit weights and water contents. The dry unit weight and moisture content of each soil sample 
used in the calibration are measured by other methods, such as the rubber balloon test for unit 
weight and oven drying for water content. This calibration is difficult to perform at a field site, 
because of time constraints and because a range of unit weights and water contents is required. 
Also, it may be difficult on site to find soil less than fully compacted at water contents far from 
optimum.  

6.3.3 SQI 
The SQI is lightweight, easy to use in the field, and ideal for lift-by-lift compaction 

control. Little training is necessary for the operator. The test block and accompanying laptop 
computer make transportation and handling of the SQI and its accessories somewhat 
cumbersome. As the SQI exists now, in prototype form, it is necessary to use a laptop computer 
in the field for data acquisition and reduction. However, the manufacturer anticipates that the 
software eventually will be coupled directly with the device for retail sale. Careful preparation of 
the testing surface is important for the SQI.  

Similar to the other electrical devices, soil-specific calibration is required for the SQI. 
However, at this time the manufacturer has not developed a standard calibration method. Thus, 
this device cannot be used at this time. 

6.4 Stiffness Methods 
The only stiffness method tested in the field in this study was the Portable Seismic 

Property Analyzer (PSPA). The PSPA uses surface wave methods to measure the average 
Young’s Modulus over the top few inches of soil. 

6.4.1 PSPA 
The PSPA device is small and easy to handle. It is currently necessary to use a laptop 

computer in the field for data acquisition and reduction; however, the manufacturer anticipates 
that soon the software will be coupled directly with the device. Extensive training is required of 
the operator to address ideal soil-to-receiver coupling, data analysis, and data selection for the 
PSPA. Also, the device is expensive, relative to the other devices considered in this study.  

Again, soil-specific calibration is necessary to identify the stiffness required to ensure a 
desired level of compaction. This calibration requires sophisticated resonant column-torsional 
shear laboratory testing which is not commonplace in geotechnical laboratories. Also, the PSPA 
does not provide a measure of water content, which is a concern because soil stiffness of 
partially saturated, fine-grained soils is affected significantly by water content (Chapter 7).  
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6.5 Summary 
This chapter discussed the various practical issues related to the field use and calibration 

of the compaction control devices investigated in this study. Table 6.1 provides a comparison of 
the various devices in terms of these practical issues. 
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Table 6.1. Comparison of Practical Issues for Compaction Control Devices 

 Nuclear 
Gauge PANDA DCP MDI EDG SQI PSPA Clegg 

Test Method Nuclear Impact  Impact  Electrical  Electrical  Electrical  Stiffness  Impact  

Reported 
Test 

Parameters 
γt, w 

Dynamic 
cone 

resistance 
(qd) 

Penetration 
rate  

(in/blow) 
γd, w γd, w γd, w Young’s 

Modulus (E) 
Clegg Impact 
Value (CIV) 

ASTM 
Standard 

D 2922,       
D 3017 None D 6951 D 6780 None None None D 5874 

Soil-Specific 
Calibration Not required Identification 

of soil type 

Provided by 
manufacturer 
based on soil 

type 

Laboratory 
testing in 

Proctor mold 

Field 
calibration 
using direct 

measurement 
of γd, w 

Required but 
no standard 
method yet 
developed 

Laboratory 
stiffness 
testing 

Laboratory 
testing in 

Proctor mold 

Operator 
Training Extensive Moderate Minimal Moderate Moderate Moderate Extensive Minimal 

Ease of Use  Moderate Moderate Difficult Difficult Difficult Potentially 
Easy Moderate Easy 

Approx. 
Cost of 
Device 

$5,000 $10,000 $1,000 $6,000 $7,500 Not yet 
available $30,000 $2,500 
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7.   Stiffness of Compacted Soil Specimens 

7.1 Introduction 
Some of the compaction control devices considered in this study, such as the PSPA, 

measure the stiffness of the soil in an effort to assess its compactness. While dry unit weight 
certainly affects the stiffness of soil, the stiffness is also affected by the negative pore water 
pressures (i.e., soil suction) present in these partially saturated materials. Accordingly, an 
experimental study was conducted to investigate whether soil stiffness is a suitable parameter to 
assess the compactness of compacted fills. The soil suction was measured, as well as the soil 
stiffness as characterized by the shear wave velocity and compression wave velocities, for clay 
specimens compacted at different water contents and dry unit weights. 

7.2 Background 
A literature review was performed to investigate the impact of compaction conditions on 

matric suction, the effect of compaction conditions on soil stiffness as measured by stress wave 
velocities, and the relationship between matric suction and wave velocity.  

Before continuing, the terms soil suction and matric suction need to be defined. Soil 
suction has two components, namely, matric and osmotic suctions. The matric suction 
component is mainly associated with the capillary phenomenon resulting from the surface 
tension of water. The difference between the air and water pressures across the air-water 
interface is the matric suction. In the field, the pore-air pressure is assumed to be equal to the 
atmospheric pressure, and thus the matric suction is equal to the negative pore water pressure in 
the soil. The osmotic suction basically results from the concentration of the dissolved salts in the 
pore-water. Generally, the initial compaction water content of compacted soils appears to have a 
direct relation with the developed matric suction, while the osmotic suction is not sensitive to the 
changes in the compaction water content (Fredlund and Rahardjo, 1993). 

Many researchers (e.g., Olson and Langfelder 1965, Fredlund and Rahardjo 1993, 
Sivakumar and Wheeler 2000, Agus and Schanz 2006) have shown that the matric suction of 
compacted soils is primarily dependent on the compaction water content and almost independent 
of the dry unit weight. An example of a matric suction—water content relationship is shown in 
Figure 7.1. Here, the matric suction was measured in specimens compacted at different values of 
water content and dry density. The matric suction measurements vary considerable with water 
content, but they do not vary between the specimens compacted at different dry densities. 
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Figure 7.1. Effect of compaction water content and dry density on matric suction for 

compacted Goose Lake clay (Olson and Langfelder, 1965). 

 

 
Figure 7.2. Matric suction values for specimens compacted at different dry unit weights 

and water contents (Gonzalez and Colmenares, 2006). 

Gonzalez and Colmenares (2006) measured the matric suction for kaolin specimens 
compacted at different dry unit weights and water contents. The Proctor compaction curve and 
measured suctions are presented in Figure 7.2. The authors plotted contours of constant suction 
and concluded that the suction contours were nearly vertical at small dry unit weights and tended 
to curve to the left at large dry unit weights. Above the Standard Proctor optimum water content, 
the contours became asymptotic to the line of 100 percent degree of saturation. The authors 
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concluded that the matric suction depends mainly on the water content, with a much lesser 
influence of the dry unit weight. 

The effect of compaction conditions (compaction water content, dry unit weight, and 
degree of saturation) on the stiffness of compacted soils at small strains has been investigated in 
several studies. The stiffness at small strains has been evaluated in terms of the shear wave 
velocity (Vs), which is related to the maximum shear modulus (Gmax = ρ Vs

2), and the 
compression wave velocity (Vp), which is related to the constrained modulus (Mmax= ρ VP

2). 
Stephenson (1978) measured shear and compression wave velocities of compacted low 

plasticity silty clay. The influence of void ratio and degree of saturation on Vs and VP was the 
primary concern of this study. The wave velocities decreased with increasing void ratio for a 
given degree of saturation. At a constant void ratio, the wave velocities increased with increasing 
degree of saturation for degrees of saturation ranging between 35 and 85 percent. 

Wu et al. (1984) and Qian et al. (1991) studied the effect of the degree of saturation on 
the shear modulus at small strains of a non-plastic silt (Figure 7.3). The shear modulus reached a 
maximum value at degrees of saturation ranging between 4 and 20 percent, and this maximum 
value was as much as twice as large as the value for dry or fully saturated conditions. Marinho et 
al. (1995) studied the effect of the degree of saturation on the shear modulus at small strains of 
compacted London clay. The authors reported peak values for the shear modulus at degrees of 
saturations ranging between 75 and 85 percent.  

Ooi and Pu (2002, 2003) investigated the effect of the compaction water content, dry unit 
weight, and degree of saturation on the stiffness at small strains of fine-grained pavement 
geomaterials (Figure 7.4). The stiffness was measured using the GeoGauge device, and thus the 
authors only reported the foundation stiffness, K (equation 2.16). The stiffness reached a 
maximum value at water contents slightly dry of optimum and decreased with further increases 
in water content (Figure 7.4c). All the stiffness values peaked within degrees of saturation 
between 66 percent and 76 percent (Figure 7.4d). The authors concluded that the stiffness is not 
directly related to dry unit weight.  

The results from these studies indicate that compaction water content, dry unit weight, 
and degree of saturation all may affect the stiffness of compacted soil. However, the degree to 
which each variable impacts the stiffness has not been assessed.  

 

 
Figure 7.3. Effect of degree of saturation on the small-strain shear modulus (Wu et al. 

1984). 



 

 108

 

 
Figure 7.4. Results of stiffness testing on compacted Waipio silt: (a) compaction curves, 

(b) dry unit weight versus stiffness, (c) stiffness versus water content, and (d) 
stiffness versus degree of saturation (Ooi and Pu 2003). 

Only a few studies have investigated the effect of matric suction on the shear modulus at 
small strains of compacted soils. Marinho et al. (1995) studied the effect of matric suction on the 
small strain shear modulus of London clay compacted at different water contents and void ratios. 
The specimens were compacted and then allowed to dry gradually, and shear wave velocity and 
matric suction were measured at various stages of the drying process. Soil stiffness increased 
with increasing suction up to a certain suction value, beyond which soil stiffness either decreased 
or stopped increasing (Figure 7.5). Similar results were found by Picornell and Nazarian (1998) 
for a coarse sand, fine sand, silt, and clay, and by Vinale et al. (1999), Vassalo and Mancuso 
(2000), and Mancuso et al. (2002) for compacted silty sand. Other studies (Marinho et al. 1995) 
have found that the soil stiffness may decrease at larger values of matric suction. Mendoza et al. 
(2005), Leong et al. (2006), Mendoza and Colmenares (2006), and Sawangsuriya et al. (2006) 
showed a continuous increase of soil stiffness with increasing matric suction. These 
inconsistencies may be related to the different soils tested and the range of matric suction values 
in the tests. Nonetheless, the studies do not provide a clear picture on the impact of matric 
suction on soil stiffness.  
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Figure 7.5. Shear stiffness versus matric suction for London clay (Marinho et al., 

1995). 

7.3 Experimental Program 
An experimental test program was conducted on a soil that represents a typical material 

used by TxDOT for construction of embankments. The soil was obtained from an active TxDOT 
construction site in June, 2004. The soil was classified as low plasticity clay according to the 
Unified Soil Classification System (USCS) with a liquid limit of 38 percent, plasticity index of 
17 percent, and clay fraction of 27 percent. Standard Proctor compaction tests revealed that the 
clay had an optimum water content of 19 percent and a maximum dry unit weight of 106 pcf. 

Test specimens were prepared by kneading compaction using an air piston that applies 
constant pressure. An aluminum rod, 0.5 inch in diameter, was pushed into the soil under the 
applied air pressure to perform the kneading action. The specimens were compacted in six lifts of 
approximately equal height (ASTM D 2850). A series of tests was performed to determine the 
combination of number of blows per lift and kneading pressure required to reach the desired dry 
unit weights. Twenty five blows per lift were used. A constant kneading pressure ranging 
between 10 and 40 psi was selected to prepare specimens at different dry unit weights. The 
compacted specimens were 2-in. diameter and 4.6-in. tall. 

Wave velocities were measured using piezoelectric transducers that transmit a wave from 
one end of the specimen and receive the wave at the other end of the specimen. By measuring the 
travel time of the wave over the known distance between transducers, the wave velocity can be 
computed. The instrumentation required for supporting piezoelectric transducers include: a 
function generator to produce the excitation signal, an amplifier to amplify the signal before 
sending it to the transducer, and an oscilloscope to display the excitation signal and the amplified 
received signal. A schematic diagram of the piezoelectric transducers and the associated 
electronics required during testing is shown in Figure 7.6. For the generation of compression (P) 
waves, the piezoelectric transducer is a disk that faces perpendicular to the end platen and 
displaces into the specimen to generate a P-wave (Figure 7.7). The piezoelectric element 
required for the generation of shear (S) waves, usually referred to as a bender element, consists 
of a plate that protrudes into the soil and displaces laterally to generate an S-wave (Figure 7.7). A 
schematic of the end platens designed for this study, which contain both piezoelectric disks and 
bender elements, are shown in Figure 7.7. 
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Figure 7.6. Schematic of piezoelectric transducer test up (Bringoli et al. 1996). 

 
Figure 7.7. Triaxial end platens designed for the test specimens. 
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A total of 28 specimens compacted at different water contents ranging from 
approximately 12 to 25 percent and dry unit weights ranging from approximately 92 and 112 pcf 
were tested (Figure 7.8). Wave velocities were measured at a confining pressure of 15 psi under 
unconsolidated-undrained (UU) conditions (i.e., no drainage). Additionally details regarding the 
procedures used for the velocity measurements (e.g., excitation frequency) can be found in 
Salem (2007). 

In addition to the wave velocity measurements, a series of tests was performed to 
determine the effect of the compaction water content, dry unit weight, and degree of saturation 
on the soil matric suction. The soil matric suction was measured using a pressure plate apparatus. 
Again, details can be found in Salem (2007). 
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Figure 7.8. Measured shear wave velocities for specimens compacted at different 

values of water content and dry unit weight. 

7.4 Experimental Results 

7.4.1 Effect of compaction conditions on wave velocity  

The as-compacted values of dry unit weight and water content are plotted in Figure 7.8 
with the measured shear wave velocities at a confining pressure of 15 psi listed next to each data 
point. The shear wave velocities shown in Figure 7.8 are plotted versus as-compacted (i.e., 
initial) water content, dry unit weight, and degree of saturation in Figure 7.9. For approximately 
the same dry unit weight (i.e., within a range of 5 pcf), the shear wave velocity increased with 
decreasing water content (Figure 7.9a). For approximately the same water content (i.e., within a 
range of 3 percentage points), the shear wave velocity increased slightly with increasing the dry 
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unit weight as shown in Figure 7.9b. For water contents less than 22 percent, the data in Figure 
7.9b reveals that the dry unit weight has little effect on the shear wave velocity, except perhaps at 
dry unit weight values greater than 105 pcf. Figure 7.9b also indicates that for a given dry unit 
weight, the shear wave velocity may vary by a factor of two depending on the water content. 
Figure 7.9c displays the measured shear wave velocities versus initial degree of saturation. 
Generally, the shear wave velocities decrease with increasing degree of saturation. The shear 
wave velocity data for specimens with γd less than 105 pcf follow a single trend, while the data 
for specimens with γd greater than 105 pcf follow another trend   

Compression wave velocities were measured on the same specimens that were used for 
the shear wave velocity measurements (Figure 7.8). The compression wave velocities are plotted 
versus as-compacted (i.e., initial) water content, dry unit weight, and degree of saturation in 
Figure 7.10. In contrast to the results for shear wave velocity, for compression wave velocity the 
effect of dry unit weight was more pronounced than the effect of water content (Figure 7.10a, b). 
At approximately the same dry unit weight, the compression wave velocity decreased slightly 
with increasing water content as shown in Figure 7.10a. However, for approximately the same 
water content (Figure 7.10b), the compression wave velocities increased significantly with 
increasing dry unit weight, particularly at dry unit weights above 100 pcf. The variation of the 
compression wave velocity with the degree of saturation is shown in Figure 7.10c. Although 
there is significant scatter, the compression wave velocity generally increases with saturation. 
For fully saturated specimens (not shown in Figure 7.10c), the compression wave velocity was 
measured to be between 5,100 and 6,000 fps, which represents the compression wave velocity of 
water. 
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Figure 7.9. Measured shear wave velocity versus (a) water content, (b) dry unit weight, 
and (c) degree of saturation. 
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Figure 7.10. Measured compression wave velocity versus (a) water content, (b) dry unit 
weight, and (c) degree of saturation. 
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7.4.2 Effect of compaction conditions on matric suction 

Over 40 tests were performed to determine the effect of the compaction water content, 
dry unit weight, and degree of saturation on the soil matric suction. The soil matric suction was 
measured using a pressure plate apparatus. The as-compacted values of dry unit weight and 
water content are plotted in Figure 7.11 with the measured matric suction listed next to each data 
point. Generally, the matric suction decreased as the water content increased. Nearly vertical 
contours of constant suction were observed (Figure 7.11). Thus, the matric suction was observed 
to be primarily dependent on the compaction water content and almost independent of the dry 
unit weight as shown in Figure 7.12. The matric suction decreased from over 80 psi at water 
contents less than 12 percent to less than 5 psi at water contents greater than 23 percent. The 
matric suction also decreased with increasing saturation (not shown), but the scatter in the matric 
suction-saturation relationship was more significant than for the matric suction–water content 
relationship shown in Figure 7.12. 
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Figure 7.11. Measured matric suction for specimens compacted at different values of 

water content and dry unit weight. 
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Figure 7.12. Measured values of matric suction versus water content. 

7.4.3 Relationship between stiffness and matric suction 

To study the relationship between stiffness and matric suction, the results from the matric 
suction tests (Figure 7.12) were used to estimate the initial matric suction for each of the 28 
specimens for which the shear and compression wave velocities were measured (Figure 7.8). For 
these comparisons, the shear and compression wave velocities were converted into shear 
modulus (Gmax) and constrained modulus (Mmax) values. 

The measured shear and constrained moduli are plotted versus matric suction in Figure 
7.13. A significant increase in shear modulus (Gmax) was observed when the initial matric suction 
increased from 4 to 20 psi (Figure 7.13a). At larger values of matric suction, the shear moduli 
values were scattered and no clear trend could be defined. For the constrained modulus, a slight 
increase was observed when the matric suction increased from 4 to 20 psi (Figure 7.13b). At 
larger values of matric suction, the constrained moduli values were also scattered and no clear 
trend could be defined. Note that because the data in Figures 7.13 are plotted in log-log space, 
the range of moduli values is larger than may visually appear. 

One issue that must be considered is the effect of the void ratio, or dry unit weight, on the 
measured stiffnesses. To remove the effect of the dry unit weight from the stiffness–matric 
suction relationships, the shear and constrained moduli were normalized by dividing the values 
by the quantity, F(e), that has been used to describe the effect of void ratio (e = void ratio) on the 
stiffness of clays (Hardin and Black 1968). The expression for F(e) is: 

)e1(
)e97.2()e(F

2

+
−=  (7.1) 
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Figure 7.13. Measured values of (a) shear modulus and (b) constrained modulus 
 vs matric suction. 

Figure 7.14 displays the normalized moduli, Gmax/F(e) and Mmax/F(e), versus matric 
suction. As the matric suction increases, the normalized shear modulus increases (Figure 7.14a), 
and with less scatter than the un-normalized values of Gmax (Figure 7.13a). The normalized 
constrained modulus slightly increases as the matric suction increases (Figure 7.14b), again with 
less scatter than the un-normalized values (Figure 7.13b).   
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Figure 7.14. Normalized values of (a) shear modulus and (b) constrained modulus 

vs matric suction. 

7.5 Summary 
The suitability of using the stiffness at small strains to assess the compactness of fill 

materials was investigated. An experimental study was performed to consider the effect of the 
compaction water content and dry unit weight on the shear wave velocity, compression wave 
velocity, and matric suction of compacted clays. In addition, the variations of the small-strain 
shear and constrained moduli with matric suction were studied.  

The results from this study indicate that the effect of the compaction water content on the 
shear wave velocity is more pronounced than that of the dry unit weight. At approximately the 
same dry unit weight, the shear wave velocity increased with decreasing water content. For 
compression wave velocity, the effect of the dry unit weight was more pronounced than that of 
the water content. At approximately the same dry unit weight, the compression wave velocity 
decreased slightly with increasing water content.  
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The matric suction measurements indicated that matric suction was primarily dependent 
on the compaction water content and almost independent of the dry unit weight. The shear 
modulus, Gmax, and constrained modulus, Mmax, increased with increasing matric suction for 
matric suction values ranging between 4 and 20 psi. At larger values of matric suction, the 
moduli values were scattered. However, the normalized moduli, Gmax/F(e) and Mmax/F(e), which 
account for variations in void ratio, displayed less scatter when plotted versus matric suction.  

This experimental study revealed that the stiffness of compacted clay is affected 
significantly by matric suction and less so by dry unit weight. Without fully characterizing the 
complex relationship between matric suction, dry unit weight, and stiffness, field measurements 
of stiffness alone are not suitable for evaluating the compactness of soil.  
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8.  Conclusions and Recommendations 

8.1 Summary and Conclusions 
This study identified nine currently available devices as potential replacements for the 

nuclear gauge for soil compaction control. Three devices are based on impact testing: the 
PANDA dynamic cone penetrometer, the Clegg Impact Hammer, and the standard dynamic cone 
penetrometer (DCP). Three devices are based on measuring the electrical properties of the soil:  
the Moisture Density Indicator (MDI), the Electrical Density Gauge (EDG), and the Soil Quality 
Indicator (SQI). Three devices measure the stiffness properties of the soil: the Portable Seismic 
Property Analyzer (PSPA), the GeoGauge, and the Soil Compaction Supervisor (SCS). 
Generally, the electrical devices report measurements of dry unit weight and water content, while 
the impact and stiffness methods provide only an assessment of general compactness that can be 
related to relative compaction. After assessing the technical basis of each compaction control 
method and reviewing results from previous investigations, seven of the nine identified devices 
were selected for use in the experimental program in this study. The two devices that were not 
selected for further study were the GeoGauge and the SCS. The GeoGauge was not selected 
because of previously identified technical problems related to seating of the device and 
repeatability of measurements. The SCS was not selected because of its weak theoretical basis 
and lack of prior success. 

The selected compaction control devices were evaluated through two field studies and 
one laboratory study. Field Study 1 focused on evaluating the five devices that were available 
during the first year of this study (PANDA, Clegg, DCP, SQI, and PSPA), while Field Study 2 
focused on two electrical devices (MDI, EDG) that became available during the second year of 
this study. The Laboratory Study investigated two electrical devices (MDI, EDG), as well as the 
PANDA and Clegg Impact Hammer, under controlled compaction conditions in laboratory 
specimens. For each of these experimental studies, the measurements from the compaction 
control devices were compared with traditional measurements of dry unit weight and water 
content performed by the nuclear gauge, the rubber balloon method, and oven drying. 

Field Study 1 produced data for three impact devices (PANDA, Clegg, and DCP) and one 
stiffness device (PSPA) on five different soils ranging from high plasticity clay to gravel. Data 
were collected with the SQI, but the required soil-specific calibration was not available from the 
manufacturer, and thus the data could not be converted into dry unit weight and water content. 
For the clayey soils, it was observed that the Clegg CIV and PSPA Young’s Moduli were more 
influenced by water content than dry unit weight. The PANDA and DCP distinguished between 
locations with relatively low and relatively high dry unit weights, but the specific level of 
compaction could not be accurately assessed. For the sandy soil, the Clegg CIV and PSPA 
Young’s Moduli generally increased with increasing dry unit weight. However, there was 
significant scatter in these data. The PANDA and DCP generally distinguished between locations 
with smaller and larger dry unit weights, but the assessment of adequate compaction from these 
measurements did not always agree with the direct measurements of dry unit weight and relative 
compaction. For the gravel soils, there was significant scatter in the Clegg CIV and the PSPA 
Young’s Moduli, such that it would be difficult to use these devices for compaction control. The 
PANDA and DCP could only be used in the fine gravel and, again the assessment of compaction 
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from these devices did not always agree with the dry unit weight/relative compaction 
measurements from the nuclear gauge. 

Field Study 2 focused on evaluating two electrical devices (MDI, EDG) at three 
construction sites in the Austin area. These sites encompassed CH, CL, and sandy clay (CH) 
soils. Because of time constraints in the field, the EDG could not be field-calibrated and was not 
used further in the field study. For dry unit weight, the MDI did not agree favorably with the dry 
unit weights measured by the nuclear gauge or rubber balloon. In the CH soil, dry unit weights 
measured with the MDI device were 10 to 20 percent larger than those from the nuclear gauge 
and rubber balloon, while in the CL soil the dry unit weights measured with the MDI device 
were about 10 percent smaller. In the sandy clay, all dry unit weight measurements by the MDI 
were within 10 percent of the nuclear gauge readings. For water content, the MDI did not agree 
favorably with either of the traditional methods (nuclear gauge, oven drying). The MDI 
measurements of water content in the CH soil were all smaller than the water contents measured 
by the nuclear gauge and oven drying. In the CL soil, the water content values measured by the 
MDI were larger than the water content values from the nuclear gauge and oven drying. MDI 
water contents for the sandy clay were significantly different than the water content values 
obtained from the nuclear gauge and oven drying. Because of issues related to electrical 
conductivity in clays (Yu and Drnevich 2004), it is not surprising that the MDI did not perform 
well in these materials. 

The laboratory study of the compaction devices focused on evaluating four of the devices 
(MDI, EDG, PANDA, and Clegg) on laboratory-compacted specimens of poorly graded sand. 
The MDI consistently reported the same dry unit weight for each specimen, and this value did 
not agree with the rubber balloon measurements. The MDI water content measurements showed 
good agreement with the microwave oven measurements of water content. The EDG also 
consistently reported the same dry unit weight for each specimen (although this value was 
different than the MDI value), and again this value did not agree with the rubber balloon 
measurements. The EDG consistently measured a water content of 5 percent, which did not agree 
with the oven dry values. The Clegg Impact Hammer CIV values indicated a relative compaction 
of less than 100 percent for all specimens, although two specimens were compacted above 100 
percent relative compaction. The PANDA Dynamic Cone Penetrometer accurately tracked the 
variation of dry unit weight across specimens, but did not always accurately identify the level of 
relative compaction. 

Because some of the compaction control devices considered in this study, such as the 
PSPA, measure the stiffness of the soil in an effort to assess its compactness, an additional 
experimental laboratory study was performed to investigate whether soil stiffness is a suitable 
parameter to assess the compactness of compacted fills. In these experiments, the soil stiffness of 
compacted clay was characterized by the shear wave velocity and compression wave velocities. 
The matric suction was measured on additional specimens. These measurements were used to 
assess the effect of the compaction water content and dry unit weight on the shear wave velocity, 
compression wave velocity, and matric suction of compacted clays.  

The results from the laboratory study of wave velocities indicate that the effect of the 
compaction water content on shear wave velocity is more pronounced than that of dry unit 
weight for clays. At approximately the same dry unit weight, the shear wave velocity increased 
with decreasing water content. For compression wave velocity, the effect of the dry unit weight 
was more pronounced than that of the water content. At approximately the same dry unit weight, 
the compression wave velocity decreased slightly with increasing water content. The matric 



 

 123

suction measurements indicated that matric suction was primarily dependent on the compaction 
water content and almost independent of the dry unit weight. The shear modulus and constrained 
modulus increased with increasing matric suction for matric suction values ranging between 4 
and 20 psi.  

8.2 Recommendations 
None of the non-nuclear devices examined in this study is currently feasible for replacing 

the nuclear gauge for field compaction control. Several of the devices (DCP, Clegg, PSPA) may 
provide a general assessment of compaction dry unit weight, but do not provide the precision 
required for compaction control. Many of the devices, including the DCP, Clegg, PANDA, and 
PSPA, do not provide a measure of water content, and thus require an additional means to 
measure water content. This issue is most important for the compaction control of clays, where 
water content is an important parameter.  

While none of the devices examined in this study is currently ready to replace the nuclear 
gauge, two stand out as potential replacements if they are improved. First, the MDI has a sound 
theoretical basis in relating the dielectric constant and electrical conductivity to dry unit weight 
and water content. While there are issues using this device in clayey soils, and the device did not 
always provide accurate results in sandy soils, it is being improved and may be acceptable in the 
future. Second, the SQI also appears to have a good theoretical basis for relating electrical soil 
properties to dry unit weight and water content. If the manufacturer can develop a robust 
calibration procedure, this device may also be useful in the future. Finally, at least one additional 
device is currently being developed by researchers at the University of Wisconsin (Fratta et al. 
2005). This device combines measurements of the electrical properties of the soil with 
compression wave velocity measurements to provide values of dry unit weight and water content 
for the soil. If this device becomes commercially available, it should also be considered for 
replacement of the nuclear gauge. 
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