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Abstract
Janine Abyad
DETERMINATION OF NON-NUCLEAR ALTERNATIVE TO THE NUCLEAR
DENSITY GAUGE THROUGH LABORATORY AND FIELD TESTING
2015-2016
Yusuf Mehta, Ph.D.
Master of Science in Civil Engineering
Pavement performance is dependent on the compaction quality of unbound subgrade and
base/subbase layers beneath flexible pavements. Pavement distresses can be linked to
compaction defects within these layers. In current practice, the New Jersey Department of
Transportation (NJDOT) utilizes the nuclear density gauge (NDG) for evaluating
compaction quality based on minimum density requirements, typically 95% of the
Proctor maximum dry density (MDD). However, there are concerns with using the NDG.
The goal of this study was to replace the NDG with non-nuclear alternative method(s) as
acceptance tools during field compaction. To achieve this, a laboratory procedure for
compacting large samples was developed to facilitate testing using the Briaud
compaction device (BCD), light weight falling deflectometer (LWD), and dynamic cone
penetrometer (DCP) on two subgrade soils, dense graded aggregate (DGA), and recycled
concrete aggregate (RCA). Each device was evaluated for their sensitivity to moisture,
compaction effort, aggregate type, and time. A multiple linear regression model to predict
DCP field measurements was developed and calibrated using field data to determine the
minimum recommended DCP values that would ensure adequate field compaction. Using
the proposed acceptance criteria, a draft specification was developed. It was concluded

that the DCP is an adequate tool to replace the NDG and highly dependent on aggregate

moisture content and gradation characteristics (%passing sieves No. 4 and No. 200).
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Chapter 1

Introduction

1.1 Problem Statement

Naturally existing soil and quarry-produced aggregates play a crucial role in the
performance of highway infrastructure. These materials are typically used to construct the
subgrade and unbound base/subbase layers beneath rigid and flexible pavements.
Therefore, during the construction of these pavements, it is essential to properly compact
subgrade and unbound base/subbase layers to suitable density levels to ensure
satisfactory pavement performance. In other words, any compaction defects in these
pavement layers usually result in distresses in the upper hot mix asphalt (HMA) or
Portland cement concrete (PCC) layers. Distresses in these layers generally correlate to
poor field performance of these pavements when exposed to loadings caused by passing
vehicles.

In the current state of practice, most departments of transportation (DOTS)
employ performance specifications as a means for compaction quality control of unbound
base/subbase layers in pavement construction. These performance specifications require
contractors to compact soil layers to a targeted density level. The field density of the
compacted layers are measured and compared to the target density, which is typically
95% of the Proctor maximum dry density (MDD). Currently, the primary tool used for
measuring field density of compacted subgrade and unbound base/subbase layers is the

nuclear density gauge (NDG). Highway agencies, such as the New Jersey Department of

13
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Transportation (NJDOT) currently use the NDG for determining the field density and
moisture of embankments, subbase, and base courses [1].

The NDG is a relatively straightforward device that provides accurate density
measurements in a timely manner. The device’s portability and practicality aid the
widespread use of the NDG. Despite the popularity and advantages of the NDG, there are
several concerns and safety risks associated with using this device. For example, there are
many strict regulations for using the NDG such as specific transportation, maintenance,
and storage methods/procedures only appropriate for nuclear devices. These regulations
also require having trained licensed personnel present to operate the NDG during the
compaction quality control stage of pavement construction. These strict regulations and
requirements make implementing the NDG challenging and expensive. In addition to the
strict regulations associated with the device, there are many safety concerns when using
the NDG. As an example, while performing testing with the device the operator may be
subjected to harmful radiation produced by the NDG. Therefore, the NDG can pose a
safety risk to operators.

In addition, one of the main concerns with using the NDG is that the device is
limited to measuring a density value as opposed to a modulus or design-specific value
that can be used during the design stage of pavement construction. To further elaborate,
from a design perspective, when designing pavement structures the engineer uses an
assumed modulus value. However, while in the field, the quality of the pavement layers
is controlled using a density value. As a result, a gap exists between the mechanistic
empirical pavement design stage and the quality control stage during the construction of

pavement structures. It is highly desirable to evaluate other methods/devices that can

14
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eliminate the need for the NDG and provide design engineers with design-specific

measurements that can help in avoiding over/under designed pavements.

1.2 Study Objectives

The objectives of this study are listed below as follows:

Develop a procedure for compacting large samples in the laboratory;

Evaluate the effect of moisture content, and compaction effort on results obtained

from non-nuclear devices and the NDG using four aggregate types, two fine

graded and two dense graded;

- Evaluate the effect of aggregate type and testing time (immediately, 1-day, and 2-
days after compaction) on parameters measured from all devices;

- Develop a multiple linear regression model for predicting field measurements;

- Calibrate developed prediction model using measured field data;

- Develop guidelines for implementing alternative device as a quality acceptance

tool; and

- Establish suitable framework for a draft specification.

1.3 Thesis Organization

This thesis is organized into nine chapters. In chapter one, problem statement,
study objectives, and outline of the thesis are presented. Chapter two presents a
comprehensive literature review. The literature review conducted was imperative for
determining the current state of practice for compaction quality control of unbound

flexible pavements. Chapter three contains the basis for selecting the devices for

15
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additional laboratory and field evaluation. Chapter four discusses the materials utilized
for this study. This chapter also provides the material characteristics determined for each
aggregate type. A detailed discussion of the research approach and methodology is
presented in chapter five. Chapter six discusses the results obtained from laboratory
testing. This includes an analysis of the sensitivity of each device to varying moisture
contents and compaction efforts applied to the samples as well as different aggregate
types and delayed testing. In chapter seven, the development and calibration of the DCP
multiple linear regression model is discussed. In addition, a recommended minimum
DCP acceptance criteria is presented in this chapter. Chapter eight discusses the proposed
draft specification for use of the DCP for compaction quality control. Finally, chapter

nine presents the conclusions and recommendations made for this study.

16
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Chapter 2
Review of Literature

2.1 Introduction

This chapter includes a comprehensive discussion of previous studies conducted
on modulus-based devices/methods as tools for evaluating unbound subgrade and
base/subbase pavement layers. The previous studies mentioned focus on the compaction
of large aggregates samples as well as the effects of different measured parameters on
these modulus-based devices/methods. In addition, correlations that have been developed
between representative laboratory and field moduli and previously developed modulus-
based specifications for using these devices during the compaction quality control stage

of unbound pavement layers are also presented in this chapter.

2.2 Modulus-Based Method for Compaction Quality Control

Researchers have conducted studies on different modulus-based devices/methods
as tools for evaluating unbound subgrade and base/subbase pavement layers. In a study
done by Lenke et al. [2] the GeoGauge was evaluated as a potential alternative to the
NDG for compaction quality control during pavement construction. In this study,
laboratory tests were conducted using the GeoGauge on different dry sand and cohesive
soil materials. These tests were performed to determine if the GeoGauge measurements
were consistent with theoretical and empirical soil mechanics concepts. Based on the
results of this study, it was reported that the GeoGauge could successfully measure the
modulus of the compacted field layers. However, the device was reported problematic

when used to obtain targeted stiffness values in the laboratory. Ultimately, these
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problems were attributed to the dynamic nature of the measurements obtained, and the
associated constraints of the device. Lenke et al. [2] also reported that any future
specifications developed for the GeoGauge might require specific field moisture control.
In addition, these specifications may require field compaction equipment with stiffness
monitoring using the GeoGauge.

Previous testing was also performed by Alshibli et al. [3] to examine the
GeoGauge as well as the light weight falling deflectometer (LWD) as quality control-
quality assurance (Qc-Qa) devices for testing subgrades, base course, and compacted soil
layers. Both devices along with the dynamic cone penetrometer (DCP), and static plate
load test (PLT) were used to conduct testing on compacted laboratory samples. These
laboratory samples consisted of silty clay, clayey silt, cement-treated clay, sand, gravel,
recycled asphalt pavement, and limestone aggregates. Based on the testing results, it was
reported that both the GeoGauge and LWD could be used to determine the laboratory
elastic modulus of these compacted layers. It is to be noted that Lenke et al. [2] also drew
similar conclusions, further proving the success of the GeoGauge in measuring the
modulus of compacted soil layers.

Studies conducted by Weidinger et al. [4] evaluated the use of the Briaud
compaction device (BCD) as a field compaction quality control device for compacted
soil. In this study, a series of laboratory tests were conducted using the BCD on
compacted silt materials. In addition to the BCD tests, ultrasonic pulse velocity tests were
performed on the same compacted silt samples to obtain the elastic moduli (Young’s and
shear moduli) of the material. It should be noted that repeated BCD testing was

performed to determine the device’s ability to replicate results on the samples. The
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modulus values obtained from the BCD were then compared to the results of the
ultrasonic pulse velocity tests. Based on the results of this study, Weidinger et al. [4]
concluded that the BCD modulus correlated well to ultrasonic pulse velocity results with
a coefficient of determination (R-squared) of 0.8 or better. In addition, the BCD showed a
variation of 4% of the mean; proving the device could accurately measure the modulus of
compacted soil samples.

In a study done by Chen et al. [5] the DCP was assessed for its ability to evaluate
base and subgrade layers. In this study, over 60 DCP tests were conducted on two test
pavements. Results of these tests were used to validate the pre-established empirical
equations for computing moduli from data obtained using the DCP. Chen et al. [5] also
evaluated the effect of the test procedure on the DCP results. These results were
correlated to results obtained using the multidepth deflectometer (MDD), falling weight
deflectometer (FWD), and laboratory results. From this study, it was concluded that DCP
values were dependent on the test procedure, inevitably affecting the results by
approximately 10%. The subgrade moduli determined in the laboratory were only slightly
higher than results from the DCP and FWD-MDD tests. In addition, the modulus results
from the DCP and empirical equations were comparable to FWD and MDD modulus
results. Overall, the results of this study confirmed that the DCP could be utilized to

evaluate the compaction quality of subgrade and base/subbase layers.

2.2.1 Compaction of Large Aggregate Samples for Modulus-Based Laboratory Testing
As a means for evaluating different modulus-based devices/methods, researchers

have utilized laboratory compacted aggregate samples in their studies. The laboratory

19

www.manaraa.com



prepared samples allowed researchers to simulate different field unbound subgrade and
base/subbase layers in which these modulus-based devices/methods would be used to
test. In addition, the compacted samples allowed researchers to study the effects of
different measured parameters on these modulus-based devices/methods, to be discussed
in the following section.

As mentioned in the previous section, Alshibli et al. [3] conducted studies to
evaluate the GeoGauge and LWD as Q:-Qa devices for testing subgrades, base courses,
and compacted soil layers. In this study, testing was conducted at the Louisiana
Transportation Research Center (LTRC) laboratory. The compacted aggregate samples
utilized were prepared in two identical boxes measuring 60-inches (152.4-cm) in length,
36-inches (91.4-cm) wide, and 36-inches (91.4-cm) deep. At the bottom of each prepared
sample was an 8-inch (20.3-cm) thick clay layer, compacted at optimum moisture content
(OMCQC), that served as the subgrade layer for the samples. Two additional 8-inch (20.3-
cm) thick lifts were then compacted above the clay layer using the desired soil/base
material. Each aggregate sample and corresponding base layer was compacted inside the
box using a Wacker Packer plate compactor. Both the GeoGauge and LWD were then
used to conduct testing on the compacted samples. In addition, testing was also
conducted on the samples using the DCP and PLT. Using the laboratory prepared
samples, Alshibli et al. [3] concluded that both the GeoGauge and LWD could be used to
determine the elastic modulus of the compacted aggregates.

In a study done by Abu-Farsakh et al. [6] a series of laboratory and field tests
were conducted to evaluate the use of DCP in the Q¢-Qa process during the construction

of pavement layers. In this study, laboratory testing was conducted on twenty-three
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aggregate samples prepared at different moisture contents and compaction levels. Silty
clay and clayey silt materials, typically used in the construction of highway
embankments, were used to prepare the compacted samples. Additional materials, such as
sand, crushed limestone, and reclaimed asphalt pavement (RAP), were also utilized for
laboratory testing. Similar to Alshibli et al. [3], the samples were prepared at the LTRC in
two boxes measuring 60-inches (152.4-cm) in length, 36-inches (91.4-cm) wide, and 36-
inches (91.4-cm) deep. The samples were compacted in two 8-inch (20.3-cm) thick lifts
using a small Bosch compactor and a Wacker Packer plate compactor. After each layer
was compacted, DCP tests as well as one PLT test was conducted on the sample to
determine the elastic modulus of the aggregate layer. Based on the results of this study,
Abu-Farsakh et al. [6] concluded that DCP could be used to determine the stiffness and
strength of pavement layers if used for Qc-Qa during pavement construction.

Murad et al. [7] also conducted laboratory and field testing to evaluate the DCP,
LFWD, and GeoGauge for use in determining the strength/stiffness of pavement layers
and embankments. Similar to both Alshibli et al. [3] and Abu-Farsakh et al. [6], the
aggregate samples were prepared at the Geosynthetic Engineering Research Lab (GERL)
at the LTRC using two identical boxes measuring 60-inches (152.4-cm) in length, 36-
inches (91.4-cm) wide, and 36-inches (91.4-cm) deep. However, unlike Alshibli et al. [3],
who compacted samples above a 7.9-inch (20-cm) thick clay layer, the samples in this
study were compacted above a 12-inch (30.5-cm) thick clay layer. In addition, all
aggregates samples were compacted in two 8-inch (20.3-cm) thick lifts for a total depth
of 16-inches (40.6-cm). A small Bosch compactor as well as a Wacker Packer plate

compactor was utilized for compaction. Upon completion of compaction a series of DCP,
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LFWD, and GeoGauge tests were conducted on the samples. Standard testing using the
PLT and California bearing ratio (CBR) were also conducted on the prepared samples.
Based on the results of this study, Murad et al. [7] concluded that the measurements
obtained from the DCP, LFWD, and GeoGauge correlated well to those obtained from
the standard PLT and CBR tests.

Herath et al. [8] also evaluated the use of the DCP for determining the resilient
modulus of subgrades soils. In this study, twelve large aggregate samples were prepared
using two aggregate types, subjected to different moisture and compaction levels. The
samples were compacted in large boxes measuring 59.1-inches (150-cm) in length, 35.4-
inches (89.9-cm) wide, and 23.4-inches (59.9-cm) deep. An electric jackhammer was
then used to compact the samples in 7.9-inch (20.1-cm) thick lifts and a series of DCP
and resilient modulus tests were then conducted on the samples. The results from testing
were used to develop two prediction models to determine the resilient moduli of subgrade
soils. The laboratory testing results showed that the resilient modulus values measured
through both prediction models corresponded well with the resilient modulus values
obtained through the resilient modulus tests. Based on the results of this study, Herath et
al. [8] concluded that the DCP could successfully determine the resilient moduli of

subgrade soils.

2.2.2 Effect of Different Measured Parameters on Modulus-Based Devices/Methods
Researchers have also conducted studies to determine the effect of different
measured parameters on modulus-based devices/methods. As mentioned in the previous

section, laboratory samples were prepared at varying moisture contents, compaction
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levels, and aggregate types in which the modulus-based devices were then tested on. The
laboratory compacted samples prepared in these studies allowed researchers to assess the
performance of each device/method when exposed to different types of subbase/base
layer conditions.

In the study done by Lenke et al. [2], the GeoGauge was evaluated for compaction
quality control during the construction of pavements. Testing using the GeoGauge was
conducted on different dry sand and cohesive soil materials to determine the stiffness of
each material. The materials utilized in this study composed of dry granular cohesionless
silica sands as well as cohesive silty-sand materials. Based on the laboratory testing
results, Lenke et al. [2] confirmed that the GeoGauge measured the stiffness of the
different aggregate types. In addition, the results obtained from the cohesive soil samples
indicated that as moisture content in the sample increased, the stiffness of the soil
decreased, thus proving that the GeoGauge is sensitive to changes in moisture content. In
addition, Lenke et al. [2] suggested that any specifications developed for the GeoGauge
may require specific field moisture control.

In the study conducted by Alshibli et al. [3], laboratory testing was
conducted to evaluate the GeoGauge and LWD for use in the Qc-QaStage during highway
construction. As mentioned in the previous sections, testing was performed on laboratory
compacted samples prepared in two identical boxes, above an 8-inch (20.3-cm) thick clay
layer. The aggregate types utilized in this study included silty clay, clayey silt, cement-
treated clay, sand, gravel, RAP, and limestone aggregates. Each aggregate sample and its
corresponding base layer was compacted within the boxes and subjected to a series of

GeoGauge, LWD, DCP, and PLT tests. Throughout laboratory testing the cement-treated
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clay samples were studied to determine the strength improvement of the compacted
layers with time and the effect of moisture on the GeoGauge and LWD. The results
indicated that the GeoGauge and LWD were able to determine an increase in modulus
over the course of 11 days for both the 2% and 4% cement-treated clays. However, for
the 6% and 8% cemented-treated clays, the GeoGauge indicated a decrease in modulus
over time. In addition, the DCP penetration rate for the cement-treated clays decreased
with time. Based on the results of this study, Alshibli et al. [3] concluded that the
GeoGauge and LWD were sensitive to changes in moisture and testing time, specifically
in cement-treated clay materials. The lack of moisture within the materials caused
shrinkage cracks at the surface of the samples inevitably affecting the GeoGauge and
LWD measurements. In addition, the testing results varied between the different
Mmaterials, thus proving the devices’ sensitivity to changes in aggregate type.

Hossain et al. [9] conducted laboratory and field testing to evaluate the LWD for
determining the moduli of existing pavement layers. In this study, LWD as well as
GeoGauge and DCP testing was conducted on seven pavement sections in Virginia.
These sections included three compacted subgrades layers, one compacted base layer,
and three existing gravel roads. In addition, small scale laboratory testing was conducted
on two soil types to determine the effect of moisture content and density on the measured
soil moduli. Ultimately the testing results obtained from the LWD were compared to
those obtained from the GeoGauge and DCP. The testing results in this study indicated
that the stiffness modulus increased as the density of the materials increased for both the
LWD and GeoGauge measurements. In addition, the highest correlation between density

and soil modulus was observed between the LWD and GeoGauge (R? = 0.44). However,
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no clear relationship could be determined between moisture content and soil stiffness for
the subgrade, base aggregates, and gravel road materials. Furthermore, no trend could be
determined between moisture content and soil stiffness for the LWD or GeoGauge.
However, there was a strong influence of moisture (R?= 0.97) on the DCP measurements
for all materials tested, such that as the moisture content in the material increased the
stiffness measurements decreased.

Murad et al. [7] also evaluated the GeoGauge, LFWD, and DCP for use in
determining the strength/stiffness during pavement construction. In this study, aggregate
samples were prepared and compacted using a Bosch and Wacker Packer plate compactor
into boxes above a 12-inch (30.5-cm) thick clay layer. The compacted laboratory samples
were then exposed to GeoGauge, LFWD, and DCP tests as well as PLT and CBR tests. A
statistical analysis was performed on the collected data to correlate the measurements
obtained from the GeoGauge, LFWD, and DCP to those obtained from PLT and CBR
testing. The results of this study showed good correlations between the testing results
obtained from the GeoGauge, LFWD, and DCP to those obtained from the PLT and CBR
testing. In addition, better correlations were obtained from the field testing measurements
than those obtained through laboratory testing as a result of inconsistent compaction of
the laboratory samples. The laboratory testing results indicated that GeoGauge was
sensitive to the presence of moisture within the samples as well as testing time,
specifically for cement-treated and lime-treated soils. Nonetheless, the GeoGauge testing
results were successfully correlated to the PLT and CBR measurements. Murad et al. [7]
also concluded that LFWD and DCP showed better correlations than the GeoGauge for

both field and laboratory testing. Based on the results of this study, it was concluded that
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the GeoGauge, LFWD, and DCP could accurately predict the moduli obtained from the
FWD and CBR tests. However, all devices were influenced by the presence of moisture
during compaction and time of testing.

In a study done by Nazzal et al. [10] several different highway sections in
Louisiana were used to evaluate the LWD for measuring the modulus of pavement layers
and subgrades. In this study, nine test sections were constructed and tested on using the
LWD in conjunction with the FWD, PLT, and DCP tests. The testing results were then
collected and a linear regression analysis was performed to develop models that related
FWD moduli to moduli obtained from the FWD, PLT, and DCP penetration rate. The
LWD testing results were also used to develop models to predict FWD and PLT
measurements. Similar to studies conducted by Alshibli et al. [3] and Murad et al. [7], the
testing results in this study indicated the modulus value measured by the LWD increase
with time, for cement-treated materials. In addition, Nazzal et al. [10] concluded that the
LWD was influenced by the presence of moisture in the materials. The testing results also
showed that the LWD modulus increased with the increase in compaction effort. It is
worth noting that, Nazzal et al. [10] also suggested that the correlation between LWD
elastic moduli and dry unit weight of the material depended on the aggregate material
tested.

Petersen et al. [11] evaluate the use of the LWD for measuring the stiffness of
subgrade soils. In order to evaluate the LWD in this study, stiffness measurements were
recorded at different locations along nine embankment projects. In addition to measuring
the stiffness of the soils, density, and moisture measurements were taken at select

locations throughout the projects. The data collected during testing was used to develop
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correlations between resilient moduli and field moisture content and density. Laboratory
soil samples were also collected to determine the resilient moduli of the material at
varying density and moisture contents. Based on the testing results, Petersen et al. [11]
concluded that the effect of compaction effort on the resilient moduli was dependent on
the aggregate type and moisture level. Overall results suggested that the modulus of the
material increased with an increase in compaction effort. Petersen et al. [11] also
concluded that the modulus of soils decreased as the moisture content in the material
increased. It is worth noting that similar trends were observed between the different soil
types tested.

In the study done by Herath et al. [8] laboratory and field testing was conducted
using the DCP to predict the resilient modulus of subgrade soils. In order to assess the
DCP, twelve large cohesive soil samples and six field sections from two existing
pavements were utilized for testing. A total of twenty-four laboratory DCP tests and six
field DCP tests were conducted and used to develop a model to predict the resilient
modulus of cohesive soil. In addition, for each DCP test a resilient modulus test and soil
property test was conducted on the compacted soil samples. Based on the results of this
study, Herath et al. [8] concluded that the proposed prediction model accurately predicted
the resilient modulus of the soil. Laboratory testing also showed that as the moisture in
the samples increased the DCP penetration index (DPI) increased. In addition, as the
moisture in the material increased the modulus of the material decreased, thus concluding

the influence of moisture content and aggregate type of the samples on the DCP.
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2.2.3 Correlation between Representative Laboratory and Field Moduli

In addition to the studies conducted to evaluate the effect of different measured
parameters on the devices’ testing results, studies have also been performed to develop
correlations between representative laboratory and field moduli. As an example, Briaud
et al. [12] developed correlations between representative laboratory and field moduli
using the BCD. In this study, both laboratory and field tests were conducted using the
BCD on the same soil samples. Results from field tests were then compared to PLTs and
laboratory testing results. In order to determine if the device could accurately capture
field modulus values the results were compared to one another. Based on the results of
this study, Briaud et al. [12] concluded that the BCD laboratory results could successfully
be correlated to field moduli results.

Nazzal et al. [10] conducted field testing on several highway sections to evaluate
the use of the LWD in measuring in-situ modulus of pavement layers and subgrades. In
this study, nine field sections were constructed and tested using the Prima 100 model-
LWD. FWD, PLT, and DCP tests were also utilized in this study to provide reference
measurements for comparing the LWD results. The results from field testing helped
facilitate the development of a linear regression model to relate LWD stiffness moduli
with the moduli obtained from the FWD, PLT, and DCP penetration rate. In addition to
this, multiple linear regression analyses were conducted to develop prediction models for
the FWD and PLT, based on the LWD elastic moduli and soil properties (i.e., moisture
content and void ratio). Nazzal et al. [10] concluded that the LWD could predict FWD,

PLT, and DCP values within a certain level of confidence. The developed prediction
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models were improved when the soil properties were introduced as variables in the
equation.

Mohammad et al. [13] also conducted laboratory and field testing to develop
models that predict resilient moduli of soils from test results obtained from the DCP,
continuous intrusion miniature cone penetrometer (CIMCPT), dynamic deflection
determination (Dynaflect), and FWD. The laboratory testing consisted of repeated triaxial
resilient modulus tests along with compaction and physical property tests. Field testing
was conducted using the DCP while statistical analysis was performed on the collected
laboratory and field data. From the laboratory and field results, Mohammad et al. [13]
found a correlation between predicted and measured resilient moduli. Similar to Nazzal et
al. [10], the prediction model developed was improved when the soil properties (i.e.,
moisture content and dry unit weight) were introduced into the equation.

In the study done by Herath et al. [8], correlations were developed to predict field
moduli values of subgrade soils from test parameters of the DCP. The DCP test
parameters utilized included: (1) aggregate type, (2) moisture content, and (3) dry unit
weight. In this study, laboratory testing was conducted on twelve large soil samples using
two cohesive soil types. Field testing was also performed using the DCP at six different
locations within two existing pavements. Using the results from both laboratory and field
testing, Herath et al. [8] developed a model to estimate the resilient moduli of subgrade
soils. Based on the developed prediction model, Herath et al. [8] concluded that the
model could accurately predict data sets. It was also concluded that the DCP was

successful in determining the resilient moduli of pavements and subgrade soils.
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Salgado et al. [14] developed correlations between DCP test results to different
soil properties (i.e., dry density and moisture). Unlike the previously mentioned studies,
Salgado et al. [14] did not correlate DCP results to moduli results obtained using an
alternative device. Rather, in this study a series of field and laboratory tests were
performed using the DCP and nuclear gauge tests. Seven construction sites were selected
for field testing. These seven sections included: four clayey sands, two poor graded
sands, and well-graded sand composed of clay. Testing was conducted on the same
location for both devices to allow Salgado et al. [14] to compare the DCP results to the
nuclear tests results. Ultimately, Salgado et al. [14] concluded that the penetration rate of
the soil decreased with an increase in dry density. In addition, the penetration rate
increased as the moisture content increased. In the case of clayey sands, it was concluded
that the aggregate dry density could be used to predict field DCP results. Due to the
uncertainty of the DCP tests, Salgado et al. [14] suggested that the DCP be performed for

compaction quality control in conjunction with test methods such as the nuclear gauge.

2.3 Development of Modulus-Based Construction Specifications

In addition to correlating representative laboratory and field moduli obtained from
alternative non-nuclear devices, studies have also been performed to develop modulus-
based construction specifications for use of these devices. For example, Petersen et al.
[11] evaluated the feasibility of using the LWD for measuring the stiffness of subgrade
soils. In this study, testing using the LWD was conducted on nine embankment projects.
Stiffness, density, and moisture values were measured from each location to determine

the resilient moduli of the soils at different moisture and density levels within the
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laboratory. Based on the laboratory and field results, a model to predict resilient modulus
was developed. Predicted values were then compared to actual LWD results. Petersen et
al. [11] concluded that the predicted moduli, as determined from the established model
(based on laboratory resilient modulus tests), did not correlate well with the in-situ
stiffness measured using the LWD. As a result, a stiffness-based specification for in-situ
embankment compaction quality control could not be developed.

In a study conducted by Davich et al. [15] moisture specifications for granular
materials were validated for the DCP and LWD. The moisture specifications evaluated
were provided by the Minnesota Department of Transportation (MnDOT). In this study,
both the DCP and LWD were tested on multiple laboratory samples. The results of
laboratory testing concluded that both the DCP and LWD were effective in assessing the
compaction quality of the prepared samples. However, suggestions were provided to
improve both device specifications. The recommendations provided by Davich et al. [15]
included penetrating the sample past the subgrade layer when using the DCP. In addition,
it was suggested that a DCP seating requirement was not necessary, and the acceptable
amount of moisture during testing on granular subbase should be at a maximum of 10%.
For the developed LWD specifications, Davich et al. [15] recommended using a falling
mass of 2.2-1bs. (10-kg), a drop height of 19.7-in. (50-cm), and plate diameter of 7.9-in.
(20-cm).

Nazarian et al. [16] also developed a modulus-based construction specification for
compaction of earthwork and unbound aggregates using the DCP and alternatives
devices. In this study, laboratory and field testing was conducted on three fine-grained

soils, two sandy materials, and two unbound granular base materials at different target
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moisture contents and densities. This method was chosen in order to determine the
construction parameters of each geomaterial as well as establish relationships between
laboratory and field moduli. Both laboratory and field test results were used to calibrate
the modulus prediction models developed for the study. Based on the testing results and
prediction models developed, a draft specification was proposed. The proposed
specification, provided by Nazarian et al. [16], was tested and improved through
additional testing on different construction projects.

Wu et al. [17] also developed and implemented a stiffness-based procedure for
using the DCP as an acceptance tool for unbound materials. In this study Wu et al. [17]
proposed a set of DCP unbound material acceptance criteria and standards for the Ohio
Department of Transportation (ODOT). The procedure and acceptance criteria standards
were based off of the findings of the Ohio Research Institute for Transportation and the
Environment (ORITE) study in which data was collected and analyzed from 10 different
road projects. From both studies, it was concluded that the DCP could be a viable
alternative to evaluating different subgrade materials. In addition, the ORITE study
suggested that adopting the DCP for unbound material acceptance specifications could
greatly improve pavement performance. Based on the DCP results, a threshold for
unsuitable materials and stiffness parameters for pavement design rehabilitation was also
developed.

In addition to developing specifications for using the DCP, a geotechnical guide
performance specifications for embankment and pavement construction was provided by
White et al. [18]. These performance specifications were developed using various in-situ

testing methods including intelligent compaction (IC) technologies. In this study, testing
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was performed on different test areas composed of silty clay embankment fill, and
crushed limestone aggregate, typically used for stabilizing backfill or pavement subbase.
Testing was conducted on these areas using nuclear density moisture content tests, PLT,
and DCP tests. Following testing, the DCP and PLT results were analyzed and compared
to the traditional quality control methods based on nuclear density/moisture testing. The
results of testing concluded that the IC technologies results could be successfully
correlated to modulus results obtained using the PLT, and DCP. However, it was
observed that these devices did not produce accurate results in areas with high moisture
content. Based on the findings of this study, White et al. [18] provided several advantages

and specifications for using IC technologies in earthwork construction quality control.

2.4 Summary

In summary, the majority of studies found throughout literature indicated that
alternative non-nuclear devices could effectively evaluate the quality of compacted
subgrade and base/subbase layers beneath rigid or flexible pavements. In addition,
prediction models and specifications for using these devices have been established in
these reports. However, most of the reports mentioned focused exclusively on validating
the use of these devices for measuring the modulus of these compacted pavement layers.
Validation of these devices included correlating the devices’ laboratory and field moduli
results to moduli results obtained through standard tests. However, in order to determine
a non-nuclear alternative to the NDG, it is necessary to correlate laboratory and field
moduli results of these devices to laboratory and field density values that are currently

obtained using the NDG. Furthermore, a majority of literature did not comprehensively
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evaluate the effect of aggregate type, moisture content, compaction effort, and delayed
testing on the results obtained from these devices.

Existing specifications established in these reports concentrated on developing
modulus-based specifications with values predicted using the modulus devices. In
addition, the studies mentioned were limited to subgrade aggregates and did not consider

materials that are typically used for constructing pavement layers.
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Chapter 3

Basis for Selecting Devices for Evaluation

3.1 Introduction

The basis for selecting the devices for additional laboratory and field evaluation is
presented in this chapter. This includes a detailed discussion of the procedure
implemented to rank the devices based on a specific set of criteria. In addition, this
chapter discusses the survey prepared and distributed to state DOTS, contractors, and
manufacturers. The survey was utilized to obtain the latest feedback on the selected
devices and opinions on transiting from density-based testing and towards
modulus/stiffness-based methods. Finally, based on the comprehensive literature review
and the survey conducted, a description of the devices selected for further laboratory and

field investigation is discussed in this chapter.

3.2 Ranking of Selected Devices

In order to select the devices most appropriate for this study a ranking system was
developed. The ranking system was created to better understand the performance and
feasibility of using the GeoGauge, PaveTracker, BCD, various LWDs, and the DCP as
quality acceptance tools for subgrade and unbound base/subbase layers. The likelihood of
utilizing these devices for further laboratory and field investigation in this study was
solely based on the potential each device showcased through the literature review. The
ranking system implemented was based on the following nine criteria:

1. Past experiences with alternative devices;

2. Alternative devices repeatability and time needed for measurements;
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3. Data processing and interpretation requirement for alternative devices;

4. Sensitivity of alternative devices to environmental factors, accuracy, and ease
of use;

5. Cost of utilizing alternative devices;

6. Alternative devices ability to account for lower layer properties;

7. Alternative devices ability to correlate representative laboratory and field
moduli;

8. Alternative devices ability to account for field moisture and density
variability; and

9. Sensitivity of alternative devices to various levels of compaction.

Based on these 9 criteria, a ranking was established for each device and the results
for each criterion are discussed in detail in the respective subsections below. Based on the
results of this ranking system, the top three alternative devices that successfully met the
criteria were selected for additional testing in this study. It is to be noted that the
PaveTracker and PQI devices, typically used for HMA, were also included in the
literature evaluation to determine their potential use for unbound materials. In addition,
the ranking system may be biased towards certain devices due to the availability or

unavailability of device information in regards to a specific criterion mentioned above.

3.2.1 Past Experiences with Alternative Devices
A literature review was performed on the GeoGauge, PaveTracker, BCD, LWD,

and DCP to study past experiences, both good and bad, with using the alternative devices.
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This literature review was necessary to identify how each device performed in previous
studies. Understanding how well the devices performed (in the laboratory or field)
provided insight on how the devices would have performed if selected for additional
testing in this study.

Past experience with the GeoGauge indicated that the device requires similar
training and operator capabilities as the NDG [19]. Therefore, if the GeoGauge were
selected for this study strict regulations would still exist for using the device. Previous
experiences also showed that the GeoGauge calls for prior calibrations, consisting of
multiple load resilient modulus tests for specific materials, which are not performed by
most agencies. These reports further suggest that the GeoGauge may be difficult to use
for this study. In addition, it was reported that the results using the GeoGauge may be
inaccurate if used to test thin (less than 4-inches (10.2-cm)) or thick (more than 12-inches
(30.5-cm)) layers or on materials with stiffness greater than 23 MN/m. A study also
recommended that the device not be used for measuring dry density, even after finding
calibration factors [20]. Also, when previously tested on non-cohesive, well-graded
sands, there was high variability in the GeoGauge results [20]. These observations
suggested that the GeoGauge might pose problematic for this study as different types of
fine and coarse materials were used for testing.

Observations have also been made in regards to challenges with using the
GeoGauge. Specifically, reports have mentioned that there was difficulty in achieving
adequate contact between the GeoGauge ring and the tested soils [21] [22] [23]. In order
to ensure a minimum of 80% contact between the foot and the soil the device

manufacturers have suggested slightly twisting the device during testing. If 80% contact
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could not be achieved then the manufacturer recommended placing down a thin layer of
sand. However, this thin layer of sand can inevitably impact the testing results of the
device. The GeoGauge has also been problematic when calibrated in a laboratory setting
as a result of specific boundary conditions, and certain soils influencing the device [2].
Based on the literature, it is evident that the GeoGauge requires similar training and use
requirements as the NDG. The device also requires time in order to properly calibrate the
device. Therefore, past experiences with the GeoGauge suggested that the device might
be difficult to use for testing.

The pavement quality indicator (PQI) was introduced as the first non-nuclear
density gauge in 1998. In past studies the device experienced several problems when
exposed to moisture and could not accurately determine the density of the tested
pavement. However, the device became more adept to efficiently measuring the density
when exposed to moisture as a result of the development of an improved model.
Although the recent pavement quality model has been deemed promising, moisture
concerns still exist for the device [24]. Unfortunately, additional information regarding
the past experiences could not be found for the PaveTracker. However, since both the
PQI and PaveTracker perform with similar methods it can be inferred that the
PaveTracker would also experience problems when exposed to different moisture
contents. The concerns presented suggest that both devices might perform poorly in this
study as the devices evaluated were exposed to varying levels of moisture content.

The BCD is considered one of the newer non-nuclear devices studied, for this
reason there is limited information regarding the history of evaluations conducted for the

device. However, from the existing tests performed using the BCD it has been identified
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that there is only 0.08-inches (2-mm) of clearance when using the device. In other words,
the placement and execution of the BCD must be near perfect, with small room for error,
to ensure accurate results [4]. In addition, when utilized on very soft soils, the weight of
the BCD may cause the strain plate to sink prior to using the device, inevitably affecting
the results of testing [19]. These past studies using the BCD suggest that the device is
challenging to use during testing. Therefore, if used in this study, it may be difficult to
obtain accurate results if the BCD is not placed precisely. However, the 4.35-1b. (1.76-kQg)
weight of the device makes the BCD easy to carry and used by one operator. Overall, past
studies suggest that the BCD may not provide accurate results due to the general nature
of the device.

Past experiences with the LWD suggest that the device is non-destructive when
used during testing, however operation of the device requires dropping a 22-1b. (10-kg)
mass onto a loading plate. Although the device is defined as non-destructive, the impact
caused by the falling mass can result in additional compaction or disturbances within the
soil layer. For the purpose of this study, it was important that the device selected for
testing did not affect the prepared samples. Therefore, this observation suggests that the
LWD might inflict excess force on the samples prepared for laboratory testing.

In regards to operating the LWD, there were no reports of safety concerns
associated with using the device [19]. Unlike the NDG, this allows both field inspectors
and operators to remain on site during testing without any safety concerns. However,
previous studies have observed high spatial variability and moisture effects on the LWD
measurements. Therefore, it was recommended that the LWD not be used as a quality

assurance device for compacted soils until further research is conducted to determine the
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causes of these effects [9]. The high spatial variability in the LWD results indicated that
the device might not generate accurate results if used for testing in this study.

Previous literature on the DCP indicated that the DCP test is a simple, rapid, and
economical in-situ test for many geotechnical applications [8]. Studies using the device
have concluded that the device is easy to use and provides results in a timely manner.
Based on the previous success of the device, it was concluded that the DCP might be a
suitable device to further investigate in this study. Little has been done in regards to
measuring the resilient modulus pavement subgrade soils using the device. However,
models have been successful developed for predicting the resilient modulus of subgrade
soils using DCP test parameters [8]. The overall past experiences with the DCP and
results of these prediction models indicate that the DCP could successfully be used for
modulus based testing in this study.

Based on the comprehensive literature review conducted on the past experience of
the selected devices, an overall ranking of the devices was developed and summarized in
Table 1 below. The ranking in Table 1 is based on the past experiences of each device on
a scale from 1 to 5; 1 being the most promising of the devices and 5 being the worst

based on the criteria.
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Table 1

Past Experiences with Alternative Devices

Device

GeoGauge

Overall Past Experience

Difficult compared to NDG
Tedious calibration
Non-destructive

Rank

PaveTracker

Not very difficult or complicated to use
Sensitive to moisture, lack of available information
Non-destructive

5 (worst)

BCD

Extremely user-friendly: No calibration needed
Placement and execution must be exact
Non-destructive

LWD

Simple and quick procedure (comparable to DCP)

Currently not recommended for quality control/quality
assurance due to high variability

Non-destructive, but may introduce additional soil compaction
and disturbance

DCP

Successful; Simpler than NDG
Evaluation of resilient modulus not well known
Destructive

1 (best)

3.2.2 Alternative Devices Repeatability and Time Needed for Measurements

For the purpose of this study, it was essential that the devices selected for

laboratory and field evaluation produced timely results that could also be easily

replicated. In order to determine the devices that adequately met these criteria, a literature

review was conducted on the devices repeatability and time needed for measurements.

Following the literature review, the devices were ranked accordingly.

As previously mentioned, when tested on non-cohesive, well-graded sands high

variability was observed for the GeoGauge results [20]. Specifically, reports
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determined a coefficient of variation (COV) ranging from 6.1 to 9.5% for the device [6].
It should be noted that this study was completed after 54 measurements were taken at 3
different locations. However, other reports have observed excellent repeatability with the
GeoGauge when measurements were taken consecutively on different soil types [25].
These observations suggest that even after repeated measurements using the GeoGauge,
high variability might still be experienced within the results if not measured immediately
after the initial measurement. In addition, it has been reported that the GeoGauge results
were “extremely inconsistent and highly dependent on the seating procedures and the
operator” [22] [26]. Despite this observation, the GeoGauge had similar or better
repeatability than other in-situ test devices, with lower spatial variability than the LWD
and DCP [19].

Based on previous studies using the GeoGauge reports have noted that each
measurement required 75 seconds to complete, as opposed to the NDG, in which only 60
seconds is required. In addition, the time for using the GeoGauge doubles when the
preparation and clean up time is considered. The observations made in these studies
suggested that high variability might be experienced if the GeoGauge were to be used for
additional testing. Moreover, a longer period of time will be required to obtain the results
from laboratory and field testing.

The manufacturers of the PQI recommended that five readings be obtained for
each area tested. Specific instructions insisted that the initial reading be measured
normally and the following four readings be obtained by rotating the device to
approximately 2, 5, 8, and 11 o’clock positions respectively. The five readings can then

be averaged together to obtain the appropriate density value. The manufacturer of the
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PaveTracker suggested a similar protocol, however, only four readings were
recommended at 12, 3, 6, and 9 o’clock positions [24]. Based on these recommendations
it can be inferred that individual readings for the both devices may be slightly skewed
therefore more than one measurement is necessary to ensure accurate results. Two
concerns arise from these recommendations, which include the amount of variability in
the test results, and the additional time needed to operate both devices. In addition, the
recommendations provided by the manufactures suggested that the high variability in the
PQI and PaveTracker test results must be accounted for if used for this study.

According to the device manufacturers, the BCD test involves taking four
measurements, 90° apart, in order to obtain an average modulus value [12]. The
procedure mentioned requires 5 seconds to complete testing in both the laboratory and
field. In a previous report, the BCD was tested to determine the level of accuracy of the
device. In this study, the device was tested on the same rubber block eight times. Results
of this test concluded that the COV of the strain output for the BCD was 0.5% [19]. In
addition, further tests on the actual variability of the individual test results concluded that
modulus results varied within 4% or 0.85 MPa of each other [4]. The results of these
studies suggested that although the BCD provides timely results, there might be high
variability with using the device, which may pose as a concern if used repeatedly in both
laboratory and field tests.

Several reports regarding the use of the LWD have revealed that the device
produces a wide distribution of results as a result of its poor repeatability. In a previous
study, the LWD was utilized for cement-treated clay to monitor the strength gain with

time of materials [3]. The results of this study concluded that the LWD vyielded unreliable
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measurements. Similar observations were made in a study preformed using two different
LWD models on the same aggregate type [9]. These studies suggested that the LWD
might not be capable of reproducing results. In order to determine accurate modulus
values of the compacted samples in this study, it is crucial that the device selected could
successfully replicate laboratory and field results.

As previously established, the DCP has been used for various geotechnical
applications. Operation of the device requires applying an initial seating load onto the
area being tested. Many studies have been done in regards to the performance of the
DCP. These studies have suggested that the load applied onto the material enhances the
consistency of the DCP device [8]. Testing was also performed using the DCP on ten
different soil types and locations. Based on the findings of this study, it was reported that
the device was capable of replicating accurate testing results. Although specific
information on the time required to operate the DCP was not determined, based on the
existing literature it can be inferred that the DCP also provides timely results. The
previous success of the device in reproducing results in a short amount of time suggested
that DCP would be a suitable candidate for this study.

Table 2 below quantifies the repeatability and time for measurement of each
device. Included in Table 2 is a ranking of each device based on a scale from 1 to 5; 1
being the most promising of the devices based and 5 being the worst of the devices based

on the criteria.
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Table 2

Alternative Devices Repeatability and Time Needed for Measurements

Device Repeatability Time Needed for Measurements | Rank

Variable with non-cohesive, | - Twice as long as NDG

GeoGauge well-graded sands 3
Testing easily repeatable, | - Multiple readings needed 5

PaveTracker but readings are variable - Exact time not known (worst)
Sensitive with moisture
Minimal device variability - 5seconds to obtain readings 1

BCD Repeatability associated | - Rapid testing, but multiple (best)
with user placement readings recommended
Wide scatter and poor | - More rapid than NDG

LWD repeatgblllty N . - Comparable to DCP 4
Especially sensitive with
cement-treated clays
Applied load  remains | - More rapid than NDG

DCP constant - Comparable to LWD 9

Variable rest period which is
operator dependent

3.2.3 Data Processing and Interpretation Requirements for Alternative Devices

In order to facilitate selecting the appropriate device for additional laboratory and

field testing it was necessary to understand how easy/difficult it is to obtain the necessary

data following testing using each device. In order to do this, a literature review was

conducted on the GeoGauge, PaveTracker, BCD, LWD, and DCP to determine the data

processing and interpretation requirements for each device.

According to the device manufacturers, the stiffness and modulus values

measured using the GeoGauge can be automatically displayed or stored in the device and

downloaded to a computer at a later time [27]. The modulus values obtained are a
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function of the materials moisture content and density, while the stiffness measurements
are a function of the materials structure. The GeoGauge measures the stiffness of the soil
at each frequency and automatically displays an average value. These results can be used
to develop relationships between modulus growth and compaction effort in unbound
layers [20]. The only drawback to the device is that the load applied to the soil does not
represent the actual stress levels encountered in the field, therefore the GeoGauge
modulus must be corrected to account for design loads [19]. Despite this minor
drawback, the data obtained using the GeoGauge can be easily processed and interpreted.

The PQI and the PaveTracker operate with similar methodologies in that both

devices are capable of detecting changes in density throughout a pavement layer. These
changes in the density within the layer are attributed to the changes in the electric field
caused by the introduction of dielectrics within the layer. Both devices output a direct
density reading of the area being tested [24]. Based on previous literature, it can be
concluded that both the PQI and the PaveTracker provide direct density measurements
without difficultly. In addition, no prior calibrations are needed in order to obtain the
results from testing.

The data processing and interpretation of the BCD is simple in that the four
electrical strain gauges, attached to the top of the plate, are used to measure the strain
values of the soil. The remaining four electrical strain gauges are used for hoop
measurements. The load cell above the plate detects the load applied by the operator and
a modulus reading is automatically outputted. The soil modulus is then calculated using
the bending strains detected by the gauges. A computer processes the bending strains and

the modulus of the soil is displayed. It should be noted that the computer automatically
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applies pre-calculated field and laboratory calibrations for the device [12] [19]. The
literature review conducted on the BCD indicates that both laboratory and field modulus
values can be easily outputted from the device.

In order to obtain modulus and stiffness values from the LWD a falling weight is
dropped onto the device’s loading plate. The impact from the falling weight onto the
loading plate causes an impulse load on the compacted material. The resulting deflection
values from the loading plate are calculated and are immediately displayed on the device.
Assuming an elastic half space medium, the applied surface load and deflection
measurements are used to estimate elastic modulus of the tested layer. It is to be noted
that studies suggest that no three consecutive modulus values, measured at the same
location, should vary by 10%, nor should the number of drops conducted exceed 10 for a
single location [9].

Testing using the DCP consists of applying a force onto a pushing rod that drives
a cone tip into the soil layer. The device automatically records the number of hammer
blows and depth of penetration of the cone. The values obtained from the device can be
used to calculate the penetration rate of the cone. It is to be noted that in order to
determine the strength of the tested soil using the device necessary correlations must be
made between the penetration rate and modulus/strength of the soil [6]. Due to the
limitations of the device, if used to determine the compaction quality of pavement layers,
several correlations will be required in order to obtain the appropriate values.

Table 3 below ranks the alternative devices data processing and interpretation

requirements based on effort, time, and difficulty. It should be noted that a ranking of 1
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corresponds to the best device while 5 corresponds to the device associated with the most

tedious and difficult data processing and interpretation.

Table 3

Data Processing and Interpretation Requirements for Alternative Devices

Device Overall Ranking
GeoGauge 2
Non-Nuclear (PaveTracker) 3
BCD 1 (best)
LWD 5 (worst)
DCP 4

3.2.4 Sensitivity of Alternative Devices to Environmental Factors, Accuracy and Ease of
Use

Two major attributes were sought out in the devices selected for this study; those
included the devices ease of use and accuracy of results. In addition, it was essential that
the selected devices could be successfully operated in different environmental conditions.
Therefore it was necessary to conduct a literature review on previous studies pertaining to
the devices’ performance history to determine if the devices met these criteria.

Previous literature has reported many necessary specifications for using the
GeoGauge. As mentioned in a previous section, a thin layer of sand must be laid down on
the testing location prior to testing. In addition, calibrations must be made to the device

for specific materials. In the circumstance that the surface being testing is rough, the sand
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applied must be moist to ensure at least 75% contact with the surface. These studies
suggested that the positioning and use of the GeoGauge might be difficult depending on
the material being tested. Furthermore, the GeoGauge manual stated limitations for the
readings obtained using the device. These limitations included: (1) stiffness values in the
range of 3 to 70 MN/m, and (2) modulus values in the range of 26.2 to 610 MPa [27].
There are also concerns in regards to the device malfunctioning due to vibrations caused
by passing vehicles, such as compaction equipment or trains [23]. These restrictions
mentioned may limit the GeoGauge to only certain aggregates and locations, which can
make the device very challenging to use in this study.

Previous testing performed using the PQI concluded that the device was
problematic when the moisture content within the test area was high. Studies have
suggested that moisture levels must remain constant to obtain any type of meaningful
data [24]. It can be assumed that since both the PQI and the PaveTracker operate on
similar principles, the PaveTracker would most likely experience similar difficulties at
high moisture contents. These studies also concluded that the moisture content within the
test locations might negatively affect the PQI and PaveTracker results. In addition, as
previously mentioned, the procedure for using both devices require multiple readings and
prior device calibration, making the devices tedious to operate. The challenges presented
indicate that the PQI and PaveTracker might not be suitable devices for additional testing
in this study.

The process for operating the BCD is fairly simple in that an appropriate test spot
is located, a 50.1-Ib. (223-N) load is applied onto the device, and an average modulus

value is outputted. The device automatically provides a modulus reading at 50.1-lbs.
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(223-N), so if one were to exceed this amount there would be no repercussions. Although
the device is easy to operate the device’s range for modulus is from 5 to 150 MPa [19].
Previous laboratory studies showed that the BCD could not be used on soils with
modulus values below 3 MPa due to bearing capacity failure [12]. In other words, the
device sinks into very soft soils under its own weight [19]. In addition, it has been
reported that in very stiff soils the bending of the device plate does not adequately
measure strains of the soil [19]. Overall, the BCD has been reported easy to use however,
the observations mentioned above suggested that the BCD may be limited to specific
soils, which may pose as a concern for this study in that four different types of materials
are utilized for testing.

Previous studies have suggested that many factors can influence the modulus
readings obtained using the LWD. These factors include: (1) falling mass, (2) drop
height, (3) plate size and contact stress, (4) type and location of the deflection transducer,
(5) usage of load transducer, (6) loading rate, and (7) bugger stiffness. These factors
suggest that the LWD might not provide accurate results due to the different types of
influences on the device. In addition, previous studies have also reported that the LWD
was sensitive to seasonal variations in pavement stiffness on both asphalt and gravel
surfaces. In order to ensure a uniform surface, it was recommended that sand be used for
the seating of the LWD and that up to 4-inches (10.2-cm) of compacted material be
removed prior to testing. It was also recommended that the testing be limited to
pavements with a gradient less than 5% [9]. The observations made in past studies

suggested that the environmental influences on the LWD might contribute the device’s
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poor performance. Therefore the LWD may not be suitable for additional testing in this
study as the device will be subjected to different types of testing conditions.

The DCP has been reported to be simple and economic, requiring minimum
maintenance, providing easy-to-access sites, and continuous measurements of the
penetration rate of the sample [6]. Based on the literature provided for the device, it has
been suggested that device is relatively easy to use, however, some studies conducted
using the DCP have indicated that the values obtained from the DCP are dependent on
the conditions in which testing is performed. In a previous study, testing was conducted
using the DCP on an asphalt surface, through a hole drilled into the asphalt surface, and
on a base layer stripped of its asphalt surface. Based on this study, it was concluded that
the results of the device varied between each method. Therefore in order to account for
the environmental effects on the device, it was recommended that the DCP test be
conducted through a drilled hole [5]. Although minor recommendations for testing have
been provided for the DCP, previous studies confirm the devices ease of use if used for
this study.

The ranking of the devices are tabulated in Table 4 below. This table illustrates
the individual rankings according to the environmental factors, accuracy, and ease of use
for each device. The overall rankings were determined by adding up the individual
rankings. The devices were ranked from the lowest total (the best device) to the highest
total (the worst device). Although the DCP and the GeoGauge were equivalent in overall
ranking, the DCP proved to have more established research and ranked the highest in two

categories opposed to the GeoGauge which ranked highest in only one category.
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Table 4

Sensitivity of Alternative Devices to Environmental Factors, Accuracy, and Ease of Use

: Environmental |  Accuracy Ease of Use Overall
Device Factors Ranking
GenGalne 3 2 1 2
Non-Nuclear (PaveTracker) 4 4 2 4
BCD 2 3 3 3
LWD 5 5 5 5 (worst)
DCP 1 1 4 1 (best)

3.2.5 Cost of Utilizing Alternative Devices

For the purpose of determining the appropriate devices for additional laboratory
and field testing it was necessary to rank the devices according to price. This ranking
procedure was developed to facilitate selecting the devices for this study, if the decision
was based on the cost of utilizing the devices. The price of each device is tabulated in
Table 5 below. It should be noted that the devices for which pricing could not be found
are indicated with “N/A” in the table. For the commonly used NDG the price of the
device ranges from $8,000 to $9,000. The GeoGauge was a fairly expensive device at
$5000-$5500 according to Mooney et al. [26], or $6720 according to the device
manufacturer Humboldt [27]. Although the GeoGauge is expensive, it is less expensive
than the NDG. The cost of the BCD is listed as $14,065, making the BCD nearly twice as
expensive as the NDG. The LWD falls approximately in the same price range as the
NDG between $7,850 and $8,850. The cheapest device was one of the lower-end DCP
models sold by Humboldt at $545. The most expensive DCP models were listed at $1620.
It is worth noting that during testing it is required to replace the drive cone on the DCP,

as the cone may become lost within the sample. According to the device manufacturer
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Humboldt [27], each drive cone costs $32. However, even if the cost of the cones were
considered in the price for the most expensive models the DCP still ranks in as the
cheapest device. The low cost of the DCP can be attributed to the lack of electronics
required to operate the device. Based on the cost of the DCP in conjunction with the
previously discussed criteria on the DCP, it can be concluded that the DCP might a

suitable device for additional laboratory and field evaluation.

Table 5

Cost of Utilizing Alternative Devices

Device Cost
GeoGauge $6,720
Non-Nuclear (PaveTracker) N/A
BCD $14,065
LWD $7,850 - $8,850
DCP $545 - $1,620

3.2.6 Alternative Devices Ability to Account for Lower Layer Properties

An important factor to consider for the devices selected for this study is the
impact of lower layer properties on the devices measurements. In other words, it is
necessary to monitor the performance of each device on the test areas to determine if the
layers beneath the test location effected the measurements obtained from each device.
Based on the evaluation conducted for this criterion, the devices were ranked

appropriately.
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According to a previous study done, the GeoGauge was reported to measure
average modulus values up to 12-inches (30.5-cm) below the surface. In addition, the
GeoGauge was particularly sensitive to the top 2-inches (5.1-cm), and the seating
procedure required for the device [19] [20]. These results indicated that the GeoGauge
was able to account for impacts caused by lower layer properties at the layers closest to
the surface. It is to be noted that sufficient information regarding the impacts of lower
layer properties on the measurements for the PQI and the PaveTracker could not be
determined. According to a study conducted on the BCD, results suggested that device
had an influence depth ranging from 4.8 to 12.2-inches (12.2 to 30.9-cm) as the modulus
of the material increased from 3 to 300 MPa under large loads [4]. However, the actual
influence depth was much smaller under the normal testing load. The results of this study
suggest that the BCD is significantly influenced by the surface in which it is testing on;
therefore if used for this study the results obtained from the device may contain high
variability.

In a previous test conducted, the FWD was tested on an asphalt concrete layer to
determine the impact the layer had on the measured results. Based on the results of this
study, it was reported that the resilient moduli measured at a layer thickness less than
2.95-inches (7.5-cm) or at shallow bedrock were not accurate. Testing was also
performed using the LWD and the results of testing indicated that the device might not be
suitable for testing on thicker, stiffer foundations [6]. The conclusions made for the FWD
and LWD suggests that if tested on different samples, the thickness of the sample may

have an influence on the device’s measurements. This would pose a concern for this
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study, as the samples prepared for laboratory testing had a thickness of 12-inches (30.5-
cm).

Studies have also been conducted to evaluate the ability of the DCP to detect the
changes in the layers in which testing was performed on. In a previous study, the DCP
was tested on low volume road pavements in order to identify the strength and thickness
of different pavement layers of newly constructed roads [28]. The measurements obtained
from the DCP were compared with actual on site measurements. It is to be noted that an
evaluation of the tests were made for a period of two years and the changes in the
penetration resistance for different layers were also measured. Based on the results of this
study, it was concluded that the DCP was able to depict the number of pavement layers
and thicknesses of each layer. The results measured for the DCP varied within 10% of the
actual measurements. The observations made in this study suggest that, if used in this
study, the DCP would be able to detect the changes of the samples when compacted at
different density levels.

Table 6 below ranks each of the devices based on their ability to account for the
impacts of the lower layer properties on their measurements. The effect of the lower
layers influenced each device differently. Based on the literature, the DCP was the only
device that was capable of accounting for these lower layer properties. Furthermore, the
DCP was able to identify these layers as well, thus it was concluded that the DCP was the
best device to account for lower layer properties without loss of accuracy. As previously
mentioned, the lowest number correlates to the device best able to account for these
properties and the highest number corresponds to device least able to account for these

properties.
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Table 6

Alternative Devices Ability to Account for Lower Layer Properties

Device Overall Ranking
GeoGauge 2
Non-Nuclear (PaveTracker) 5 (worst)
BCD 3
LWD 4
DCP 1 (best)

3.2.7 Alternative Devices Ability to Correlate Representative Laboratory and Field
Moduli

For the purpose of this study, it was necessary that the selected devices could
adequately correlate representative laboratory moduli results to field moduli results. In
order to determine those that met this requirement a comprehensive literature review was
performed on the selected devices. Based on the findings of the literature review, the
devices were then ranked according to the success each had with correlating both results.

Based on a previous study field evaluations were conducted to determine the
practicality of utilizing the GeoGauge for compaction quality control in pavement
construction. Testing was performed on different flexible pavement layers including
HMA, base, and subgrade materials during construction. Additional testing was
performed upon completion of construction. The results of this study concluded that the
GeoGauge was capable of correlating laboratory and field moduli values. In addition,

both laboratory and field values were comparable to values obtained through a resilient
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modulus regression equation [20]. The observations made in this study suggested that the
GeoGauge could successfully correlate laboratory and field moduli results.

Studies have also been performed on the PQI and PaveTracker to determine if
these devices could be used to determine the density of HMA pavements. In this study,
both devices were utilized for laboratory and field testing. Comparisons were made
between the laboratory and field results for both devices to acceptable density values for
HMA. Results of this study indicated that the PaveTracker did not correlate well with the
measured core densities. The density readings obtained by the PaveTracker were
statistically different from the core densities in 68% of the projects cited [24]. It was also
reported that the PQI did not correlate well with measured core densities in that the
density values obtained using the device were statistically different in 54% of those
projects. Based on the observations made in this study it can be suggested that both the
PaveTracker along with the PQI could not effectively correlate between representative
laboratory and field moduli.

In order to validate the use of the BCD for compaction quality control in
pavement construction several studies have been performed using the device. As
previously discussed, a series of field tests were conducted using the BCD on six
different soil types and pavement bases [12]. Testing was also done on the same locations
using the PLT. In order to determine if the BCD accurately captured the modulus values
of these pavement layers, laboratory testing was conducted on prepared soil aggregate
samples. The field results obtained using the BCD were then compared to the PLT and
laboratory results. The results of this study indicated that both laboratory and field moduli

could successful be correlated to one another using the BCD.
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Throughout literature, multiple tests have been performed using the DCP to
validate the use of the device for measuring the modulus of pavement layers. The results
of these tests have been correlated to field moduli values measured using different non-
nuclear devices. Specifically, in a past study, DCP field and laboratory tests were
conducted in conjunction with the PLT. Results of these tests were then compared to field
results obtained using the FWD and to laboratory CBR test results [6]. The results of the
regression analysis discovered that the models developed for the DCP could successfully
predict the measured FWD results with a R-squared equal to 0.91 for both devices. In
addition, it was also observed that the results from the DCP tests correlated well with the
CBR values. The conclusions made through this study suggested that the DCP could
adequately evaluate the stiffness and strength of pavement layers if used for further
evaluation.

Table 7 below displays the ranking of how well each device performed with
correlating representative laboratory and field moduli results. The highest ranking
corresponded to the device that best correlated between laboratory and field moduli. The

devices with the lowest ranking represented those that poorly correlated these values.
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Table 7

Alternative Devices Ability to Correlate Representative Laboratory and Field Moduli

Device Overall Ranking
GeoGauge 3
Non-Nuclear (PaveTracker) 5 (worst)
BCD 1 (best)
LWD 4
DCP 2

3.2.8 Alternative Devices Ability to Account for Field Moisture and Density Variability

One of the main objectives developed for this study was to evaluate the NDG and
selected devices on their ability to account for different moisture contents and density
levels. In order to determine the sensitivity of the devices to these two factors a literature
review was conducted on the devices past performances. Based on the results of the
literature review the devices were then ranked according to their ability to account for
field moisture and density variability.

As previously mentioned, a study was conducted using the GeoGauge on different
dry sand and cohesion soil materials. Testing was performed on these materials to
determine if the GeoGauge measurements were consistent with soil mechanics concepts.
Based on the results of this study it was concluded that the stiffness measured from the
device decreased as the moisture content increased [2]. In addition, it was suggested that
the GeoGauge be calibrated prior to testing in order to account for moisture content. The

results of this study suggest that the GeoGauge is moisture sensitive and can detect the
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changes in the moisture within the tested area. Therefore, if used for additional laboratory
evaluation, the device could effectively account for the moisture variability between the
samples.

A study was conducted to evaluate if the PQI could be used to determine the
density of HMA pavements. In this study comparisons were made between laboratory
and acceptable density values of HMA and density values obtained from the PQI. The
laboratory tests conducted indicated that the PQI could detect changes in density of the
HMA for a single asphalt mixture. However, the device could not accurately detect
density when tested in the field. In addition, the PQI proved to be problematic when
operated at high moisture contents. In order to obtain meaningful data, the moisture level
of the tested area must remain constant [24]. Based on these observations, it was
suggested that if used for field testing the device would require certain correction factors
to correct for moisture and density variability.

It is to be noted that information regarding the impact of field moisture and
density variability could not be obtained for the PaveTracker. Based on the similar
operating principles, it can be assumed that a correlation can be made between the PQI
and the PaveTracker. Based on this assumption, it can be concluded that both the PQI and
PaveTracker both perform poorly when exposed to high levels of moisture within a
sample, therefore both may not be suitable for testing in this study.

Previous laboratory testing was conducted to evaluate the impact of moisture and
dry density on the results obtained using the BCD. In this study a series of compaction
tests were performed on laboratory prepared samples. The samples were prepared at

varying moisture contents in order to compare the variability of BCD modulus with
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moisture content and dry density. The results of this study indicated that the measured
modulus was 75% of the maximum. In addition, the BCD was more sensitive to moisture
content than to dry density [12]. Overall, this study suggests that the BCD is sensitive to
changes in moisture content and dry density; therefore it would be suitable for additional
testing in this study.

As previously established, the LWD is sensitive to cement-treated clay materials
[3]. This sensitivity was directly linked to the lack of moisture within the material. In
other words, the lack of moisture affected the strength gain with time for cement-treated
clays and caused shrinkage cracks near the surface of the material. These surface cracks
significantly affect the results of the LWD measurements. In addition, the LWD was also
sensitive to field moisture and density variability (i.e. void ratio changes) in which
calibration curves were necessary for accurate readings. Similar to the BCD results
previously discussed, it is concluded that the LWD was also sensitive to changes in
aggregate moisture content and density.

Based on previous literature, the DCP test results were influenced by the moisture
content, dry unit weight, and soil type. The DPI increases with the increase in moisture
content and it decreases with the increase in dry unit weight. The resilient modulus was
also influenced by the moisture content, dry unit weight, and soil type in that the resilient
modulus decreases with the increase in moisture content and it increases with the increase
in dry unit weight [8]. Based on the previous studies conducted using this device, it is
evident that the DCP is capable of detecting changes in the moisture and density within
the tested area. These capabilities of the DCP are crucial for the devices selected for

evaluation in this study.
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Table 8 below ranks each of the devices based on ability to account for the
impacts of field moisture and density variability on measured moduli. As previously
mentioned, the lowest number correlates to the device best able to account for these
properties and the highest number corresponds to the least able device. It should be noted
that all devices are sensitive to moisture content, thus the ultimate ranking was dependent
on the devices’ means to account for varying moisture contents. Likewise, devices also

sensitive to variable density received a lower ranking.

Table 8

Alternative Devices Ability to Account for Field Moisture and Density Variability

Device Overall Ranking
GeoGauge 1 (best)
Non-Nuclear (PaveTracker) 5 (worst)
BCD 2
LWD 4
DCP 3

3.2.9 Sensitivity of Alternative Devices to Various Levels of Compaction

As part of this study, one of the objectives developed was to evaluate the effect of
different compaction efforts on the testing results obtained from the NDG and selected
non-nuclear devices. Therefore, a literature review was conducted on the sensitivity of
the devices to various levels of compaction. Based on previous studies the devices were

than ranked accordingly.
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To account for the variability of compaction over short distances, it is suggested
that multiple measurements be taken using the GeoGauge. The data collected can then be
averaged together to obtain one measurement. In addition, it is suggested that
measurements using the GeoGauge be obtained in increments of 2-feet (0.6-m) or less, at
locations in a straight line of one another. In addition, oversampling was suggested as a
result of the variability in the compaction of the sample over short distances [27]. Based
on the previous studies done using the GeoGauge, it can be seen that there are many
recommendations for using the device in order to account for the variability in
compaction. Therefore it can be concluded that the device is sensitive to different levels
of compaction and if used in this study, the device will be capable of detecting changes in
the density of the compacted samples. It is to be noted that sufficient information
regarding the sensitivity of the PaveTracker, BCD, and LWD to various levels of
compaction could not be determined.

Through a comprehensive literature review it is evident that the DCP is also
sensitive to various levels of compaction. Previous studies reported the wear and tear of
the DCP cones used to penetrate the test area when repeatedly exposed to stiff materials.
This suggests that the DCP is capable of detected different levels of compaction. In
addition, previous literature discusses properly compacted granular base materials having
uniform penetration rate values. Furthermore, for lightly compacted materials the DCP
penetrate rates were higher. These results suggest that DCP was able to detect the
increase in strength and stiffness of the material as a result of compaction [27]. Based on

these studies, it is evident that the DCP has the ability to verify both the level and
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uniformity of compaction, making it a suitable device for additional laboratory and field
evaluation.

Table 9 below ranks each of the devices based on sensitivity of the device to
various levels of compaction. Devices that did contain sufficient information received a
ranking of 5 because, as previously stated, the lowest number correlates to the device
most sensitive to account for these properties and the highest number corresponds to the

least sensitive device.

Table 9

Sensitivity of Alternative Devices to Various Levels of Compaction

Device Overall Ranking
GeoGauge 2
Non-Nuclear (PaveTracker) 5 (worst)
BCD 4
LWD 3
DCP 1 (best)

3.2.10 Overall Ranking of Alternative Devices

The overall ranking of each device per criteria is presented in Tables 10
and 11 below. Table 10 presents the evaluation of each alternative device based on all
criteria, including the cost to utilize each device. Table 11 presents the same results,
however this evaluation eliminates the cost criteria. This was done in order to rank the

devices based on performance alone, if money was not a concern.
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Table 10

Evaluation of Alternative Devices Based on all Criteria

GeoGauge 3 3 2 2 2 2 3 1 2 2
Non-Nuclear 5

5 5 3 4 5 5 5 5 5
(PaveTracker) (worst)
BCD 2 1 1 3 4 3 1 2 5 3
LWD 4 4 5 5 3 4 4 4 3 4
DCP 1 2 4 1 1 1 2 3 1 1 (best)
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Table 11

Evaluation of Alternative Devices Based on Non-Cost Criteria

GeoGauge 3 3 2 2 -- 2 3 1 2 2 (tie)
Non-Nuclear 5

5 5 3 4 -- 5 5 5 5
(PaveTracker) (worst)
BCD 2 1 1 3 -- 3 1 2 5 2 (tie)
LWD 4 4 5 5 -- 4 4 4 3 4
DCP 1 2 4 1 -- 1 2 3 1 1 (best)

3.3 Survey of State DOTSs, Contractors and Manufacturers

In order to obtain the most recent feedback on the alternative devices and
opinions on transiting from density-based testing and towards modulus/stiffness-based
methods a survey was developed for this study. Prior to this thesis, the National
Cooperative Highway Research Program (NCHRP) released a substantial report on
alternatives to the NDG. Based on the results, it was reported that most state DOT
agencies still employ the NDG as their primary tool for the acceptance of unbound
subgrade and base/subbase layers. However, the study also reported that 44% of agencies

said they would move to a non-nuclear device and modulus-based quality control method
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because a nuclear certification was too inconvenient. Of the same group, 41% said
certification was also too expensive. 37% of this group mentioned safety concerns as
reasons for transitioning to modulus-based