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Abstract 

The benefits of implementing a rigorous quality control/quality assurance (QC/QA) program 
have become more obvious to many highway agencies and contractors. Highway agencies spend 
significant amounts of money and time coring to implement this concept. The quality of the 
asphalt concrete (AC) pavement is assessed through field inspection, laboratory testing of 
pavement cores, thickness determination, and compacted density measurements. 

One of the primary parameters considered in the design of flexible pavements is the modulus of 
the AC layer. Unfortunately, current quality-management programs are typically not based on 
this parameter. To successfully implement a mechanistic pavement design procedure or to 
develop realistic performance-based specifications, a method of monitoring the modulus of a 
laid-down AC layer is needed. As a result, more quantitative feedback about the pavement 
structure may be provided to the pavement engineer. 

The modulus of an AC layer can be either indirectly predicted by using physical and volumetric 
properties of the mixture, which are measured in the laboratory, or obtained directly from field 
testing. Seismic nondestructive testing (NDT) methods can potentially offer an efficient, 
economical, reliable, and repeatable way of measuring the modulus of AC layers. In addition, 
seismic methods are the only means of measuring the same moduli in the field and in the 
laboratory. 

In this study, a laboratory method and a field seismic method for determining the modulus of AC 
layers are introduced, and their instrumentation and theoretical aspects are presented. The 
impacts of the gradation, asphalt viscosity (asphalt grade), void in total mix (VTM), temperature, 
and thickness of the AC layer on the modulus are introduced. The preliminary protocol proposed 
for quality management of AC based on seismic methods is included, and issues yet to be 
resolved are discussed. Two case studies are also included to demonstrate the potential uses of 
the methods in "real-life" projects. 

In general, it was found that the relationship between the modulus and mix properties established 
in the laboratory and the seismic moduli measured directly on cores and nondestructively on the 
pavement models compared closely. In conclusion, this study showed that an economical quality 
management program for AC pavements, based on the seismic methods presented, might be 
established. 

ix 





Implementation Statement 

The main goal of this project is to develop the tools and protocols that are needed to conduct 
quality control and quality assurance associated with different pavement layers. For the asphalt 
concrete layer, this goal is achieved. However, the equipment and protocols should be evaluated 
by TxDOT personnel within their districts and divisions. 

The necessary tools have been acquired for up to four districts or divisions to implement the 
developed procedures on a limited basis. The equipment and protocols will be shortly 
distributed to Odessa District, El Paso District, Abilene District and Bituminous Section of 
Construction Division. The feedback received from that group will be used to improve the 
equipment and to mainstream the testing protocols. 

A pilot two-day training workshop has been developed to ensure that all the technical and 
nontechnical concerns of the users are understood and addressed. In addition, one-on-one 
training sessions should be arranged for review of the procedures and for teaching more 
advanced uses of the devices and new procedures and information that we learn about the 
devices. 
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Chapter 1 

Introduction 

1.1 Problem Statement 

State highway agencies and contractors have started implementing quality control/quality 
assurance programs to improve the quality of laid-down asphalt concrete (AC) pavements. 
Highway agencies spend significant amounts of money and time coring to properly implement 
this concept. The quality of the AC pavement is assessed through field inspection, laboratory 
testing of pavement cores, thickness determination, and density measurements (via-nuclear 
density gauge). 

One of the primary parameters considered in the design of flexible pavements is the modulus of 
the AC layer. Unfortunately, current quality management programs are not based on this 
engineering property. Instead, field compliance measures are mainly based on evaluating the 
density (Russell et al., 1998). To successfully implement a mechanistic pavement design 
procedure or to develop realistic performance based specifications, a method of monitoring the 
modulus of laid-down AC layers is needed. In that manner, more quantitative information about 
the pavement stmcture may be provided to the design engineer. 

1.2 Objective and Approach 

The main objective of this study is to present an economical quality management program based 
on seismic methods to determine the modulus of AC layers. More importantly, the goals are to 
understand the parameters that affect the seismic modulus. 

In this thesis, a seismic laboratory method and a field method were employed. In the laboratory, 
tests were performed using a seismic device to generate compression waves through AC 
briquettes. The modulus of the AC briquette was then calculated using the travel time, length, 
and mass density of the briquette. 



Using this approach, the impact of different mix properties on the modulus was studied. The 
parameters investigated were the gradation, viscosity of the asphalt (asphalt grade), voids in total 
mix (VTM), and temperature. 

In the field study, the Portable Seismic Pavement Analyzer (PSPA) developed by Baker et al. 
( 1995) was utilized. The PSP A uses seismic testing methods to determine the quality of 
pavements. 

The PSP A was used on six pavement models constructed in the laboratory. The pavement 
models varied in gradation, VTM content, and layer thickness. The limitations and sensitivity of 
PSP A measurements in a controlled environment were evaluated. The pavement models were 
then cored to compare the laboratory seismic moduli measured directly on cores with those 
determined with the PSPA. Finally, two case studies using the proposed seismic methods were 
performed on AC pavements in Texas. 

1.3 Organization 

The problem statement, objective and approaches of this investigation are presented in this 
chapter. 

Chapter Two contains a review of the principles related to implementing a quality management 
program. A brief discussion on mechanistic pavement design, current definitions and influencing 
factors on modulus, methods of measuring AC modulus, and current QC/QA specifications for 
AC construction are also presented. 

A brief review of the historical background of quality management with seismic methods is 
presented in Chapter Three. Also, this chapter includes sections on the descriptions of the 
seismic devices, data collection, and analysis used in the study. 

The laboratory and pavement model materials, experimental setups, and testing procedures are 
presented in Chapter Four. Chapter Five contains the results and discussions from the laboratory 
tests and the results from the pavement model study. Chapter Six contains conclusions and 
recommendations for future research. 
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Chapter 2 

Principles Related to Implementing a Quality Management 
Progrant 

In order to establish a practical quality management program based on seismic methods for 
asphalt concrete layers, current methods of pavement design, measuring AC moduli (stiffness), 
and quality control/quality assurance (QC/QA) must be reviewed. Current mechanistic 
approaches for predicting the remaining life of AC pavements are presented in the first section. 
In section two, an attempt is made to define the current terminology used to distinguish measured 
moduli with different methods and an explanation of the parameters that impact AC modulus. In 
the third section, current practical methods for measuring AC modulus are presented. Current 
QC/QA specifications for AC construction are discussed in the fourth and final section. 

2.1 Mechanistic Pavement Design 

Current mechanistic flexible pavement design procedures are based on modeling a pavement 
system as an elastic multi-layered and/or viscoelastic system. The remaining life of flexible 
pavements is mainly based on predicting the strains or stresses at the interfaces of different 
layers. For instance, if one models a pavement as a three-layer system composed of an asphalt 
concrete layer, a base course, and a sub grade layer (Figure 2.1 ), the two main strains considered 
are the tensile strain at the bottom of the AC layer and the compressive strain on top of the 
sub grade. 

The fatigue cracking damage to the pavement is mainly due to the tensile strain at the bottom of 
the AC layer and to the modulus of the AC layer (Finn et al., 1977). The rutting is a function of 
the compressive strain on top of the subgrade (Shook et al., 1982). The general form for most 
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Figure 2.1 -Three Layer Pavement Model 

distress models, which are used to estimate the fatigue damage and the rutting failure, may be 
expressed as Equations 2.1 and 2.2 (Ayres and Witczak, 1998) 

(2.1) 

(2.2) 

where NF is the number of equivalent single axle loads (ESAL), £1 is the tensile strain at the 
bottom of the AC layer, and E AC is the modulus of the AC layer. Therefore, one of the most 
important parameters in a mechanistic design procedure is the strains and the modulus of the AC. 
The strains developed within a pavement system are strongly related to the moduli of different 
layers. As a result, moduli of all layers should be determined accurately. 

2.2 Factors Influencing Modulus 

The modulus (stiffness) is the relationship between stress and strain. The behavior of most 
pavement materials may be represented by the stress-strain curve given in Figure 2.2 (Nazarian et 
al., 1998). The initial tangent modulus, Emax• is the slope of the linear portion of the curve passing 
through the origin. In that state of stress, the material is said to be elastic and to obey Hooke's 
law (i.e., stress, cr, is proportional to strain, E) 

cr =E E. (2.3) 

Parameter E is the modulus. The initial tangent modulus is associated with tests performed at 
small strains such as seismic methods. The strength of a material, crmax> is the horizontal line 
asymptotic to the curve. The secant modulus, E1, E2, or E3, is the slope of the line connecting the 
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origin to any point. The secant modulus is strongly affected by the magnitude of the strain 
experienced by the material. This modulus normally corresponds to the laboratory resilient 
modulus. 

()max 

Strain 

Figure 2.2 -Stress-Strain Curve for Pavement Materials 

Different terms, related to modulus, that are also used in pavement design are the Dynamic 
Modulus, E*, and Creep Compliance Stiffness, S(t) (Daniel and Kim, 1998). These moduli 
represent the stress/strain relationship as a function of time of loading, which is associated with 
the rheological behavior of asphalt mixtures. The dynamic modulus is measured with repeated­
load laboratory tests. This method yields a complex modulus containing a real part (representing 
the elastic stiffness) and an imaginary part (that characterizes the internal damping of the 
material). 

The creep compliance, D(t), is typically calculated by dividing the strain by the applied stress 
from creep tests (at any temperature and time). A common approximation used to convert the 
creep compliance to stiffness, S(t), is to simply invert the creep compliance (Daniel and Kim, 
1998). 

Baladi and Harichandran (1989) conducted a comparative study on test methods for determining 
the fundamental engineering properties required for design of AC pavements. The test methods 
evaluated in that study included triaxial tests (constant and repeated cyclic loads), cyclic flexural 
tests, Marshall tests, indirect tension tests (constant and variable cyclic loads), and creep tests. 
Baladi and Harichandran concluded that: (1) the repeatability of the test results was poor, (2) the 
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material properties obtained from different tests were substantially different, and (3) the results 
from indirect tensile tests were the most promising, although not consistent. This is not to say 
that tests which model the viscoelastic behavior of AC mixtures are not needed, but the degree of 
sophistication of laboratory and field tests should be balanced based on the importance and 
significance of the project. 

Several parameters affect the modulus of AC mixtures. AC mixtures are dependent on the time 
of loading and temperature (Roberts et al., 1996). The time of loading is the rate or frequency of 
loading. Actual traffic has a dominant frequency of about 10 to 30 Hz. Based on a study of 
measuring the stiffness of AC with seismic methods, Aouad et al. (1993) demonstrated the 
importance of frequency and temperature. Figure 2.3 shows that estimated seismic moduli at a 
particular temperature should be reduced by a frequency adjustment factor. Several other 
researchers have studied the effects of temperature and rate of loading on modulus, but a unique 
temperature adjustment relationship has not been established. 

,.: 
c -<:..# 
~ ,._ --= ~ 

E 

15.-----------~--------~----------~~--------~ 
Cl .A.ou:J.d (1993) 
e Extr:1pol:1ted from Sous:1 

and :'rtoni!mith (1988) 
-Potential Adjustment Curve 

0~--------._--------~------~~------~ 30 60 90 120 

Temperature, T, °F 
Figure 2.3 -Variation in Modulus with Frequency and 

Temperature (after Aouad et al., 1993) 

150 

2.3 Methods for Measuring AC Modulus 

Several laboratory and field test methods for measuring the modulus (stiffness) of asphalt­
concrete mixes are available to pavement engineers. The tests range from modeling the 
viscoelastic behavior of AC mixtures to indirect (nomograph based) methods. In this section, 
only the most common and practical test methods will be reviewed. This approach is taking into 
consideration the fact that the proposed quality management program could be practical for daily 
monitoring of laid-down AC pavements and may be combined with more comprehensive tests 
depending on the project at hand. The following tests are the most commonly used: 
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1) Resilient Modulus (Indirect Tension Test-ASTM- D 4123) 
2) Flexural Stiffness Test 
3) Deflection Based Tests -Falling Weight Deflectometer (FWD) 

2.3.1 Resilient Modulus (ASTM-D 4123-82) 

The resilient modulus is the current state of practice for measuring the modulus of AC mixtures. 
This test may be performed either axially or diametrically. A schematic of a resilient modulus 
test setup is shown in Figure 2.4. 

A typical load and deformation versus time relationship, for a repeated-load indirect tension test, 
is shown in Figure 2.5. This test setup is recommended by the American Society for Testing and 
Materials (ASTM D 4123 ). The testing procedure consists of subjecting an AC briquette or core 
to a cyclic haversine deviatoric stress applied for 0.1 seconds followed by a 0.4 or 0.9 second rest 
period. Furthermore, the tests are performed at three temperatures 5, 25, and 40 °C. The 
deformations are measured using linear variable differential transducers (LVDT's) or other 
devices. The average recoverable horizontal and vertical deformations, over at least 3 cycles, are 
measured. The resilient modulus of elasticity, Enr, may be calculated as follows: 

ERT P(vRT + 0.27)/ t L\H (2.4) 

where 
ERT =resilient modulus of elasticity, 

P applied load, 
t sample thickness, 

vRT =Poisson's ratio, and 
tJH = total horizontal deformation. 

This test is popular with most pavement engineers because it models the actual pulse generated 
by a vehicle loading, which is about 0.1 to 0.4 seconds (Shah, 1993). These tests require a 
preconditioning period before the actual resilient modulus may be determined. The 
preconditioning period requires a minimum of 50 to 200 cycles of loading, or until the 
deformations are stable. The tests are then performed at the recommended loading frequencies at 
each temperature. The specimens have to be maintained at a controlled test temperature for 24 
hours prior to testing. The test is also repeated for each loading frequency by rotating the 
specimen 90 degrees. At a workshop on resilient modulus testing held at Oregon State 
University in 1989, there was a strong consensus amongst pavement engineers that the testing 
procedure is rather time-consuming and that the results were not very repeatable (Shah, 1993 ). 
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AC Specimen 

P ~applied load 
t = thickness of specimen 
D =diameter of specimen 
a= width ofloading strip 

~ 

p 
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19 mm for 152 mm diameter specimen 
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Rubber Membrane 
(Optional) 

Rubber Membrane 
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Figure 2.4 -Resilient Modulus Tests Setup 
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Figure 2.5 -Time Relationships for Repeated-Load Indirect Tension Test 
(after Roberts et al., 1996) 



2.3.2 Flexural Test 

Different types of flexural tests to evaluate the fatigue properties and modulus of AC mixtures 
have been developed. A typical testing apparatus is shown in Figure 2.6 (Kennedy et al., 1975). 
These tests are typically performed on AC beam specimens that are loaded repeatedly with a 
haversine pulse under a third-point loading configuration. The load is applied for 0.1 seconds 
followed by a 0.4-second rest period. The deflection of the beam caused by the loading is 
measured with L VDT' s. The stresses, strains, and moduli are calculated after about 200 load 
applications. 

The equation to calculate the modulus, which may be derived using beam theory, is as follows: 

where 
Es =Flexural Stiffness Modulus (psi), 
P = repeated load (lbf), 
L =reaction span length (in.), 
a =distance between support and the first applied load (in.), 
I =moment of inertia of the beam (in.4

), and 
L1 =deflection at the center (in.). 

(2.5) 

The test may be performed either in a load-controlled or a strain-controlled mode. In the load­
controlled mode, a constant repeated stress is applied to the specimen until failure occurs. For 
small stresses, the time to conduct this test on one specimen may be long (Roberts et al., 1996). 
The strain-controlled mode is performed by maintaining a constant deflection with increasing 
cycles. In that mode, it may be difficult to define failure during the test. Tangella et al. (1990) 
suggest that the test method is costly, time consuming, and requires specialized equipment. 
Furthermore, unlike within the pavement structure, the state of stress is uniaxial. 

2.3.3 Deflection Based Tests (FWD) 

The FWD measures the response (surface deflections) of a pavement from an applied impulse 
load. A schematic of a falling weight deflectometer is shown in Figure 2.7. The impulse load is 
created by dropping a weight of 50 kg to 300 kg from a height of 20 mm to 400 mm. By varying 
the drop height and weight, a peak load from 6 kN to 100 kN may be developed. The load is 
applied on the pavement through a 300-mm diameter plate. The duration of the pulse is about 20 
to 80 msec. The deflections at the surface of the pavement are measured through seven 
geophones, which automatically lower onto the pavement. 
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Figure 2.6 -Repeated Flexure Apparatus for Determining Stiffness and 
Fatigue Characteristics (after Kennedy et al., 1975) 

Figure 2.7 -Schematic of Falling Weight Deflectometer 



To analyze the measured load and deflections, the pavement is modeled as a multi-layered linear 
elastic system. The measured deflections are compared to predicted deflections generated with a 
computer program that performs a linear elastic analysis. The modulus of each layer is obtained 
when the measured and predicted deflections compare well. The analysis is mainly conducted by 
comparing the measured and predicted deflections until they compare well, which is known as 
deflection basin-fitting. 

The main advantages to the FWD are that tests are conducted in the field and that the method is 
practical for daily use. However, several combinations of moduli and layer thickness may 
generate predicted deflections that match measured deflections. Furthermore, many studies have 
shown that with the current configuration of the receivers in the FWD it may be difficult to 
accurately determine the modulus of the top layer in the pavement. 

2.4 Asphalt Concrete QC/QA Specifications 

State highway agencies and contractors have been implementing quality control/quality 
assurance {QC/QA) programs to improve the quality of laid-down AC pavements. Under most 
state specifications, the contractor has the responsibility of quality control, and the state agencies 
have the responsibility of quality assurance. Quality Assurance is defined, by the AASHTO 
QCIQA guide, as the activities having to do with making sure that the quality of a product is 
what it should be (AASHTO, R-1 0-921). These specifications provide rewards or penalties based 
on statistical quality analysis of end result quality characteristics such as mix properties, 
pavement density, and smoothness of the pavement. In the following subsections, summaries of 
the AASHTO quality assurance specifications and state QC/QA programs are presented, as well 
as a discussion on a key consideration relevant to quality assurance testing and to the design of 
AC pavements. 

2.4.1 AASHTO QC/QA Specifications 

AASHTO published its quality assurance specifications in 1996 to provide state agencies with 
the framework, definitions, and guidelines for implementing QA programs. The guide provides 
detailed specifications for QC/QA testing and inspection methods (see Table 2.1 ). The table 
defines the AASHTO recommendations about the frequency of QC testing at each construction 
phase, while the agency is left to decide its QA testing frequency. The QA section on asphalt 
concrete pavements (QA-401) contains subsections on materials, quality control, basis of 
acceptance and payment. In general, these sections define the material composition 
specifications, job mix formula {JMF), contractor requirements, type of tests, testing frequency, 
specification limits, and payment adjustments. 
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Table 2.1-Testing and Inspection of AC (after Russell et al., 1998) 

Materials 

Plant Mixing 

Constructed Pavement 

Testing and Inspection 
Property 

Aggregate Gradation 

Aggregate Properties 

Asphalt Binder Properties 
Aggregate Gradation 

Asphalt Content 

Volumetric Properties 

Temperature of Mix 

Temperature of Base or Air 

Tack/ Prime 

Pavement Application Rate 
Density 

Temperature of Mat 

Thickness 

Smoothness (Ride) 
Agency Acceptance 

AASHT01 

QC 

I per 500 tons for 
Plant Setup, then I 
per I ,000 tons 

I per I ,000 tons or 
c 

--
I per I ,000 tons 

I per 500 tons 

I per I ,000 tons 

I per hour 

As Needed 

Load or Half Day 

As Needed 
I per 500 tons 

I per hour 

c 

c 
--

C = As needed to control operations 
A= To be determined by agency 
--=No frequency given in specifications 

Acceptance 

--

--

--
A 

A 

A 

--

--

--

--
A 

--

--

0.1 Lane-Mile 
--

The payment adjustment is related to the mixture properties, pavement density, and ride quality. 
Furthermore, the guide provides an appendix on Quality Level Analysis (QLA), which is the 
recommended statistical procedure. QLA provides a method for estimating the "percent within 
limits" (PWL) of each lot or sub-lot of material, product, item of construction, or completed 
construction that may be expected to be within specified tolerances. The PWL is that amount of 
material or workmanship that has been determined by statistical methods to be within the pre­
established characteristic boundary(ies) of the material and may be used to determine acceptance 
(AASHTO, 1996). 

2.4.2 Summary of State QC/QA Specifications 

A survey by Benson ( 1996) detailed QC/QA specifications for asphalt concrete practiced by 
sixteen states (Table 2.2). Many attributes are similar from state to state. In general all states 
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include some method of pay adjustment in their specifications, though they vary in the material 
properties specified, statistical parameters used, and methods for multiple pay adjustments 
(Benson, 1996). 

In order to determine pay adjustments, compliance measures are performed based on statistical 
quality analysis of end result quality characteristics (e.g., mix properties, pavement density, and 
smoothness of the pavement). There are five different compliance measures being used by most 
state agencies including: (1) average, (2) quality level analysis (QLA), (3) average absolute 
deviation (AAD), (4) moving average (MA), and (5) range. 

The average method simply takes the arithmetic average of test results within a lot or sub-lot. In 
the QLA method, the average and standard deviation oftests results for a lot are evaluated. The 
AAD determines the average of absolute deviations from a reference density. The MA measures 
the arithmetic moving average of several consecutive tests against the target value. In the range 
method, the arithmetic range is used to determine the quality pavement. 

Currently, QLA is the most rigorous approach to measuring compliance because it may be used 
to estimate the percentage of the lots falling within lower and/or upper specification limits. This 
is thought to be more beneficial for the agencies and contractors, since they have the ability to 
quantify risk levels during acceptance (Russell et al., 1998). 

The review of current QC/QA programs for AC contains one key issue that is relevant to the 
initial pavement design and analysis. QC/QA should be viewed as an integral part of the 
pavement design and analysis process. Most AC pavement analyses are based on the assumption 
that pavement layers are linear elastic or linear viscoelastic.In such analyses, materials should be 
characterized based on parameters, such as modulus and Poisson's ratio. However, a review of 
current QC/QA testing methods for acceptance shows that these parameters are not considered. 
At a minimum, the modulus of laid-down AC pavement should be considered and measured to 
provide feedback to the pavement engineer as per his pavement design assumptions. Instead, the 
acceptance criteria for laid-down AC pavements are based on measuring adequate density. 
Furthermore, highway agencies and contractors are primarily using nuclear density gages to 
measure in-place pavement density, but they have experienced differing results between core 
samples and nuclear readings (Schmitt et al., 1997). This has raised many concerns for agencies 
and contractors. 

In response to this key issue, implementation of methods to measure more engineering based 
parameters during QC/QA programs should be considered. Although, most states are just 
beginning their QC/QA programs, this type of change would need qualified personnel, 
experience, and the tools to measure these properties. Instead, a gradual change should be 
considered, with feasibility studies at the quality assurance level, which is mainly performed by 
state agencies. 
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Table 2.2 -Summary of 16 State QC/QA Asphalt Concrete Specifications (after Benson, 1996) 

Contractor Tests Used Contractor's Samples Independent Dispute 
QC Plan Provides Pay for Technician Used for Samples Used Resolution 

State Required Mix Design Adjustment Compliance Measures Acceptance Certified by Verification for Verification System 
Alabama yes yes yes Avg.IDev.l' yes DOT yes no yes 

Arizona yes yes yes QLAb no NCET< no no yes 

Colorado yes yes yes QLA no NCET yes no yes 

Georgia yes no yes Avg. !Dev.! and Range no DOT no no no 

Indiana yes yes yes Avg. and Range no DOT no no yes 

Louisiana no yes yes Avg. no DOT no no no 

Michigan no yes yes Avg. and Avg.IDev.l yes Pending yes no yes 

New York yes yes yes Avg. and Range yes Pending yes yes yes 

Oregon yes yes yes QLA no DOT yes no no 

Pennsylvania yes yes yes Avg. orQLA yes DOT no yes yes 

Texas no yes yes Avg and Avg.IDev.l yes DOT yes no yes 

Utah yes no yes QLA no NCET no no yes 

Virginia yes yes yes QLA yes DOT yes no yes 

Washington no no yes QLA no Pending no no yes 

West yes yes yes Moving Avg. or QLA yes DOT no yes yes 
Virginia 
Wisconsin no yes yes Moving Avg. yes DOT yes yes yes 

• Average of the absolute value of deviations from the target value. 
b Quality Level Analysis used to estimate the percent within or outside of specification limits. 
<National Institute for Certification in Engineering Technologies. Some states allow equivalent certifications. 
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Chapter 3 

Quality Management with Seismic Methods 

Seismic nondestructive testing (NDT) methods can potentially offer an efficient, economical, 
reliable, and repeatable way of measuring the modulus of AC layers. This chapter presents a 
brief historical background on the use of seismic methods in quality control and in determining 
the in-situ modulus of pavement layers. In addition, sections describing the seismic testing 
devices used in the study are contained in this chapter. A review of wave propagation theory 
relevant to the proposed methods is presented in Appendix A. 

3.1 Historical Background 

The ultrasonic pulse velocity methods were first used to evaluate the quality of concrete over 50 
years ago (Naik and Malhorta, 1991 ). These methods have been implemented in the laboratory as 
well as in the field . Also, these methods offer the ability to detect internal structural changes, 
cracking, changes due to freezing and thawing, and measurement of the elastic modulus (Naik 
and Malhorta, 1991). Nazarian et al. (1996, 1997) developed seismic methods for quality control 
of Portland Cement Concrete (PCC) that measure the in-situ modulus, Poisson's ratio, and the 
thickness of slabs. One impact of that study was that the measured moduli in the field and 
laboratory were repeatable. 

The Spectral Analysis of Surface Waves (SASW) tests have been used to determine the modulus 
and thickness of AC pavement layers (Aouad et al., 1993). The SASW method is based upon the 
theory of stress wave propagation in layered media. The dispersive characteristics of measured 
surface waves are used for determining the modulus and thickness of the pavements. 

The major groundwork for the SASW method has been developed in the last 15 years. Nazarian 
and Stokoe (1986, 1987) developed the experimental and theoretical aspects of the SASW 
method as applied to geotechnical and pavement engineering. Nazarian et al. ( 1995) developed 
an experimental and theoretical approach using the SASW method to determine the moduli of 
pavements. 
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The Portable Seismic Pavement Analyzer (PSPA) was developed by Baker et al. ( 1995) for 
monitoring PCC pavements. The device has been used in the QC of PCC pavements. The 
quality is detennined by measuring Young's and shear moduli in the PCC pavement, using the 
ultrasonic surface wave method and the ultrasonic body wave method. The device is practical 
for day to day use, and tests are rapid and repeatable. Understanding this potential, the 
implementation of these seismic methods in the QC/QA of AC pavements is desirable. 

3.2 V-Meter 

A schematic of the V -Meter is shown in Figure 3 .1. The V -Meter is a seismic device that is 
designed for both laboratory and field-testing. The device is fully portable and is simple to 
operate. 

.,-----1--- Receiver Transducer 

.--+- - - Transmitting Transducer 

..---1--- Holding Base 

12.0 oO o 
REC V-Meter TRAN 

0 

Figure 3.1 - Schematic of the V -Meter 

This method is based on measuring the propagation of pulses or seismic waves through 
materials. The V -Meter generates seismic waves by a built-in pulse generator, which transfonns 
an electrical pulse to a mechanical vibration through a transducer. The seismic wave arrival time 
is recorded by a receiver, which is connected to an internal clock. The internal clock has the 
capability of automatically measuring and displaying the travel time of the waves. The 
transducers have a central frequency of 54 kHz, and the transmitting time is displayed in J.tsec 
with an accuracy of± O.lJ.tsec. 

Using the wave arrival time, tv, the constrained modulus, Mv, may be fundamentally calculated 
as: 

(3 .1) 
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This equation may be simplified to: 

Mv = 4 m L I 1t d2 t/ (3.2) 

where 
m =mass of the AC briquette, 
L =average length of the briquette, and 
d average diameter of the briquette. 

Young's Modulus may be determined from: 

Ev = Mv [ (1-2v) (1 +v)/(1-v)] (3.3) 

The data reduction for the seismic test is rather simple. Knowing the average length, average 
diameter, mass of the AC briquette, and the travel time measured by the V -Meter, the modulus 
can be determined. An example calculation is presented in Table 3.1. 

3.3 Portable Seismic Pavement Analyzer (PSP A) 

As mentioned before, the Portable Seismic Pavement Analyzer (PSPA) was developed by Baker 
et al. (1995) for monitoring PCC pavements. Three different seismic testing techniques are 
utilized. These tests are: 

1. Ultrasonic Body Wave (UBW) method, 
2. Ultrasonic Surface Wave (USW) method, 
3. Impact Echo (IE) method. 

These tests are utilized to determine the thickness and quality of pavements. The parameters 
calculated from the raw data are summarized in Table 3.2. In the following discussion, only the 
ultrasonic surface wave and the ultrasonic body wave methods will be covered because they are 
the two main methods used in the study. 
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Given: 

Table 3.1- Example Calculation for Laboratory Seismic Test 

Average AC briquette length 

Average briquette diameter 

Briquette mass 

V -Meter travel time 

Poisson's Ratio 

100mm 

101 mm 

1.68 kg 

30.5J.lsec 

0.33 

Solution: 

Calculating the constrained modulus from Equation 3.2 

Mv = [(4 x 1.68 x 100)/ [(n x (101)2 x (30.5xl0-6l)]x (lxl0-6
) 

= 22.5 GPa. 

Calculating Young's modulus from Equation 3.3 

Ev = 22.5[(1-2(0.33)) (1 +0.33)/ (1-0.33)] 

15.2 GPa. 



Table 3.2 -Testing Techniques Utilized in the PSPA 

TESTING TECHNIQUES PARAMETERS MEASURED 

Ultrasonic Surface Wave Young's Modulus oftop paving layer 

Ultrasonic Body Wave Shear Modulus of top paving layer 

Impact Echo Thickness of paving layer or 
Depth to delaminated layer 

A picture and a schematic of the PSPA are shown in Figure 3.2. The PSPA is controlled by a 
computer, which is connected to the hand-carried transducer unit through a cable that carries 
power to the accelerometers and the hammer. The cable also returns the measured signals to the 
data acquisition board in the computer. The main components of the PSP A are the two 
accelerometers (A and B) and an electrical solenoid, used as a high-frequency source (C). The 
internal components consist of an amplifier board and a solenoid firing board. The main 
structural member, holding the transducers and source, is a thick steel plate mounted on the base 
of the box holding the electronics. Rubber vibration isolators decouple the accelerometers (A and 
B) from the steel plate, and the source is directly mounted on the plate. 

Upon placing the PSPA at a given test location and initiating the testing sequence through the 
computer, the high-frequency source is activated. The source is fired four to seven times. For the 
last three impacts of the source, the output voltages of the load cell and receivers are saved and 
averaged (stacked) in the frequency domain. The other prerecorded impacts are used to adjust 
the gains of the pre-amplifiers. The gains are set in such a manner that the output of the sensors 
is optimized. 
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Figure 3.2- Picture and Schematic of the PSPA 



Typical outputs of the two accelerometers for tested AC pavement are shown in Figure 3.3. 
Naturally, as the distance from the source increases, the amplitude of the signal decreases. To 
ensure that an adequate signal-to-noise ratio is achieved in all channels, the signals are all 
normalized to a maximum amplitude of one, as shown in Figure 3.3. In this manner, the main 
features of the signals can be easily inspected. 

The ultrasonic surface wave (USW) method is an offshoot of the SASW method. The major 
distinction between these two methods is that, with the USW method, the properties of the top 
paving layer can be easily and directly determined without the need for a complex inversion 
algorithm. 

To perform the test, a disturbance (through high frequency source C) is applied to the ground 
surface to generate stress waves, which propagate mostly as surface waves of various 
wavelengths. The waves are monitored and captured with a data acquisition system (through the 
receivers A and B). The signals, as depicted in Figure 3.3, may be denoted as a(t) and b(t). The 
signals are transformed to the frequency domain [A(:f) and B(:f)] through the use of a Fast Fourier 
Transform algorithm. The transformed signals, A(:f) and B(:f), are used to calculate the cross 
power spectrum between the two receivers, denoted as GAB· 

0 0.2 0.4 0.6 0.8 1 

Time, msec 

Figure 3.3 -Typical Time-Domain Records Collected by the PSPA 
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The cross-power spectrum, shown in Figure 3.4a, depicts the phase information for the time 
records as a function of frequency. The phase may be calculated using the following equation: 

(3.4) 

where Im(GA8 ) represents the imaginary part of the cross power spectrum at each frequency and 
Re(GAa) represents the real part. 

In the next step, the phase is "unwrapped~" that is, an appropriate number of cycles are added to 
each phase. The unwrapped phase spectrum for the "wrapped" phase spectrum is shown in 
Figure 3.4b. The slope of the line is more or less constant with frequency. 

The dispersion curve, which is the relationship between the velocity of propagation of surface 
waves, V R• and the wavelength, A., is determined from the unwrapped phase spectrum. For a 
phase,~. at any frequency, f, this relationship can be written as 

v R D/[ ~/360f] (3.5) 

1 .. = D/[ ~/360], (3.6) 

where D is the distance between the receivers. A dispersion curve for a two-layer system, 
consisting of an 80-mm AC layer over a 200-mm base course (soil) is shown in Figure 3.4c. The 
figure shows that the phase velocity is about 1300 rnls for the AC. The dispersive characteristic 
of phase velocity may be used to approximate the thickness of different layers and changes in 
material properties. 

In the analysis of AC layer, the velocity of propagation, V R• is determined by performing a least­
squares linear regression over the raw data of the high-frequency region of the wrapped phase 
spectrum and obtaining the slope of the best-fit line. The average velocity of propagation of the 
top layer is estimated by constraining the wavelengths to the thickness of the top layer. As a 
result Young's modulus of the top layer, EPsPA, can be very easily determined from: 

where 
p mass density of the AC layer, 
C =a constant based on Poisson's ratio to convert Rayleigh wave velocity 

to shear wave velocity (see Appendix A), 
V R the average surface wave velocity of the AC layer, 
v Poisson's Ratio. 
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Equation 3.7 may be used to compare the estimated Young's modulus with those determined 
using the seismic laboratory method on cores. 

The data reduction and analysis time is significantly reduced because the PSP A software has the 
capability of automatically generating the wrapped phase transfer function and the dispersion 
curve. Furthermore, the data analysis may be performed in the field. 

In the ultrasonic body wave method, the time histories are used to find the travel times of body 
waves. A typical time domain record for a tested AC pavement from the PSP A is shown in 
Figure 3.5. The velocity of propagation, V, is found by dividing the distance between the two 
receivers, D, by the difference in arrival time of a specific wave, ilt. In general the velocity of 
propagation for any three waves [compression, Vp; shear wave, Vs; or surface wave (Rayleigh) 
wave, V R ] may be found through the following expression 

V = D/ilt. (3.8) 

The velocities can then be converted to moduli as discussed in Appendix A. 

Miller and Pursey (1995) found that when the surface of a medium is disturbed the generated 
stress waves propagate mostly with Rayleigh wave energy and, to a lesser extent, shear and 
compression wave energies. As such, body wave energy present in a seismic record, generated 
using the setup shown in Figure 3.2, is small. However, compression waves travel faster than 
any other type of seismic waves and are detected first on seismic records. Several automated 
techniques for determining the arrival of compression waves are available. A method suggested 
by Willis and Toksoz (1990) has been implemented in the PSPA. 

In this study, the ultrasonic surface wave method was mainly used to determine the modulus of 
AC layers, while the ultrasonic body wave method was used for estimating the Poisson's ratio of 
the AC layer. This was accomplished by using the PSPA time histories. In the time domain 
records, the P-wave or S-wave travel times were determined. Poisson's ratio was then estimated 
with the use ofFigures AS and A.6. 

The data reduction process for the field tests is easy, since the PSPA is automated. The main 
step in the data analysis is to fit the raw data of the wrapped transfer function with the curve­
fitting program and to generate the dispersion curve for the AC layer. An example calculation 
pavement model is shown in Table 3.3. 
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Figure 3.5 - Typical PSP A Time Domain Record 
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Table 3.3- Example Calculation for Field Tests 

Given: 

Receiver spacing 

Depth of Pavement 

Mass density of AC layer 
(determined from AC cores) 

Average Compression Wave travel time 
(determined from time-domain data) 

Solution: 

Average AC layer Surface Wave Velocity: 

Compression Wave Velocity: 

Ratio Between Surface Wave Velocity 
toP-Wave Velocity 

Using Figure A.6 and V R/ V P =0.42 
Poisson's Ratio 

Using Figure A.S and v = .38 

Constant C 
(Constant for Converting Surface Wave 
Velocity to S-Wave Velocity) 

Young's Modulus using Equation 3.6: 

D 52mm 

h=76mm 

p 2200 kg/m3 

tp = 48.3!-lsec 

VR 1313 m/s 

Vp = Dl tp .152 I 48.3 = 3147 rnls (Eq. 3.8) 

v .38 

VR/ Vs = 0.94 

= 12.7 GPa 
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Chapter 4 

Materials, Experimental Setup, and Testing Procedures 

4.1 Introduction 

This chapter contains an overview of the laboratory and field seismic tests and the procedures 
carried out to study the parameters that affect seismic modulus of asphalt concrete pavements. 
The laboratory tests are separated into two phases. In the first phase, the sensitivity of seismic 
modulus to mix properties at room temperature was studied. The influence of temperature was 
studied during the second phase. After the laboratory evaluation, field tests were carried out 
using the PSP A. Six pavement models with varied gradation, VTM, and layer thickness were 
prepared and tested for verification purposes. A description of the materials, preparation of 
laboratory briquettes, laboratory experimental setups, and testing procedures are also presented. 
The final section contains a description of field test setup and testing procedures. 

4.2 Laboratory Testing 

The laboratory tests were performed using a V -Meter to generate compression waves through AC 
briquettes. The seismic modulus of the AC briquette was calculated using the travel times, 
length, and mass density of the briquette. 

Using this approach, the sensitivity of seismic modulus to AC mix properties was studied. The 
parameters investigated were the gradation, viscosity of the asphalt, voids in total mix (VTM), 
and temperature. 

4.2.1 Materials 

Three local asphalt concrete mixtures were used in the study. The mixtures are called Types B, 
C, and D under Texas Department of Transportation (TXDOT) specifications. A typical job mix 
formulae that complied with the master grading specified by TXDOT standards was used for 
each mix design. The Jobe Concrete Company in El Paso provided the job mix 
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formulae and aggregates for the mixes. Three types of asphalt grades obtained from the Chevron 
refinery in El Paso were used in the study. 

A summary of the mixture properties is shown in Table 4.1, and the gradations of three mixes are 
shown in Figure 4.1. More comprehensive information about each mix type may be found in 
Appendix B. 

Table 4.1- Mixture Properties 

Mix Type Type-B Type-C Type-D 
(Coarse) (Medium) (Fine) 

Asphalt 
Grade AC-20 AC-20 AC-20 

Asphalt 
Content 4.0% 4.5% 5.0% 

Aggregate 
Type Limestone Dolomite Limestone 

Percent 
Coarse 63% 60% 60% 

Aggregate 
Percent 

Screenings 25% 28% 30% 

Percent 
Sand 12% 12% 10% 
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4.2.2 Briquette Preparation 

A Strategic Highway Research Program (SHRP) gyratory compactor was used to prepare 
the briquettes. The briquette preparation process was the same in Phase I and in Phase II. An 
outline of the briquette preparation procedure is presented in Table 4.2. A comprehensive 
protocol for laboratory preparation and testing of AC briquettes is provided in Appendix B. 

4.2.3 Seismic Experimental Setup 

A picture of the test setup is shown in Figure 4.2. As indicated in Section 3 .2, a V-Meter 
was used to generate compression waves through an AC briquette. As shown in Figures 4.2, 
apart from the V -meter, the test setup contains a spring supporting system, holding plate, loading 
bar, and a calibration bar. The spring supporting system is located in the holding base to support 
the receiving transducer and to ensure that there is appropriate pressure and contact between the 
AC briquette and the transducer. The holding plate and the loading bar are located in the top 
portion on the testing setup. The sole purpose of the holding plate is to align the transmitting 
transducer with the receiving transducer and to apply pressure. The loading bar is 50 mm in 
diameter and 75 mm in length; it accommodates the transducer cable through a 15-mm diameter 
hole and is placed on top of the transmitting transducer. The loading bar allows the operator to 
apply pressure to the transmitting transducer to ensure full coupling between the AC briquette 
and the transducer. The calibration bar, which is supplied with the V-Meter, is used to calibrate 
the V-Meter before each set of AC briquettes is tested. The holding device is designed to 
conveniently test AC briquettes at high temperatures. This test setup allows the operator to 
perform a test in under a minute. 
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Table 4.2- Briquette Preparation Procedure 

Step Procedure 

Sample asphalt binder in accordance with AASHTO-T40 
- Determine the ranges of mixing and compaction temperatures for AC mix from the 

1 temperature-viscosity plot: (Measure Viscosity at Temp. 135,160,180 ·C) 
1.) Mixing temperatures should be selected to provide a viscosity of 170 ± 20 centistokes 
2.) Compaction temperatures should be selected to provide a viscosity of280 ± 30 

centistokes. 

2 
Sample aggregates in accordance to AASHTO-T2 

3 Prepare the asphalt concrete mixtures in accordance to AASHTO-TP4. 
- Mixture should be sufficient for two-specimens of final compacted dimensions 

equal to I 00 ± 2 mm in diameter by I 00 ± 4 mm in length (length depends on 
gyrations) 

4 Subject AC mixtures to short-term aging in accordance with PP2 (SHRP 1025) 

5 Compact AC mixture in accordance to AASHTO-TP4. 
- Prepare several AC briquettes with VTM between 2 to 12 percent. 

6 Cool AC briquettes for 24 to 48 hours at room temperature (25 ± 3·C). 

7 Measure the diameter and length of AC briquettes at three locations. 
- Make measurements at top, middle, and bottom of briquette. 
- Or use ASTM D3549 
- Record average diameter and length(± 0.1 mm). 

8 Perform Seismic Tests with V-Meter. 
- Perform tests as described in Appendix C. 

9 Determine VTM and Rice Specific Gravity of AC briquettes and mixture. 
- Perform tests in accordance to ASTM D 3203 and ASTM D 204 1. 
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Figure 4.2 -Picture of Laboratory Setup 

4.2.4 Temperature Study Experimental Setup 

The seismic test setup for the temperature study was the same as the test setup described in 
Section 4.2.3, with the exception that the AC briquette was placed in a temperature controlled 
chamber before testing (Figure 4.3). The temperature chamber has an operating range of -50°C 
to 150°C. 

An AC briquette was subjected to a sequence of temperatures ( -S°C, S°C, 1S°C, 25°C, 35°C, and 
45°C) for a four hour period at each temperature. However, for six AC briquettes, the 
temperature was first increased from -5°C to 45°C and then decreased from 45°C to -S°C. At the 
end of each temperature period, the internal briquette temperature was measured, and a seismic 
test was performed on the briquette. 

The internal briquette temperature was monitored through a second AC briquette, as shown in 
Figure 4.4. A thermocouple, insulated with silicone at the exposed surface, was placed at the 
center of the briquette to monitor the temperature. 

This approach was taken to determine the modulus-temperature relationships, which are 
extremely important for the implementation of a practical modulus-based QA/QC program. 
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Figure 4.3 -Picture of Temperature Study Experimental Setup 

Figure 4.4 - Temperature Monitoring Setup 
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4.2.5 Testing Procedures 

The test matrix for Phase I and Phase II is shown in Table 4.3. In Phase I, 14 briquettes with 
VTM ranging from 2 to 12 percent were prepared for each of the six mix types described in 
Table 4.3. 

In the first three mixes, the asphalt grade was kept constant, but the gradation was changed. For 
the last three mixes, the gradation was kept constant and the asphalt grade was varied. This 
procedure was used to investigate the sensitivity of seismic modulus to aggregate gradation and 
asphalt grade. After 24 hours, the seismic modulus for each briquette was measured using the V­
meter. 

Table 4.3- Phase I and II Test Matrix 

Max. 
Mix Type Asphalt Content Sieve Size Asphalt Grade 

o;o mm (in.) 

B (Coarse) 4.0 25.0 (1 .0") AC-20 

C (Medium) 4.5 22.0 (0.9") AC-20 

D (Fine) 5.0 12.5 (0.5'') AC-20 

D (Fine) 5.0 12.5 (0.5'') AC-30 

D (Fine) 5.0 12.5 (0.5'') AC-20 

D (Fine) 5.0 12.5 (0.5'') AC-10 

Similarly, in Phase II, seismic tests were performed on mixtures with different gradation and 
viscosity of asphalt. However, a total of seventeen briquettes, about ten at a 4 % VTM and seven 
at an 8% VTM (nominal), were prepared and tested at different temperatures. 

4.3 Seismic Field Testing 

The experimental setup for field study was a controlled process from pavement model 
construction to PSP A testing. The pavement models were constructed in wooden boxes with a 
wall thickness of 20 mm and inner dimensions of 600 mm (width) x 850 mm (length) x 350 mm 
(depth). The boxes were lined with 6-mil plastic sheeting to prevent moisture loss and 
deterioration of the wood. 
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To simulate an actual pavement section, a three-layer pavement system was constructed in each 
model. A cross-sectional schematic of one of the pavement models is shown in Figure 4.5. In 
each model, a 75-mrn layer of sand was placed at the bottom, followed by a 200-mrn layer of 
base course with average dry density of 20 kN/m3

. In addition, a thin layer of emulsion was 
placed on top of the base course layer 24 hours prior to placing the AC layer, to provide bonding 
between the two layers. 

~~~~~~~~7~5~m~m~A~s~p~h~a~lt~~~~~~:::~ Thermocouple 

360 
200 mm Base 

75mm 

I~ 600 ~I 

Figure 4.5 -Schematic of Pavement Models 

The AC layer was constructed under a controlled process. First, a pre-weighted amount of 
· asphalt concrete was heated to 150 °C for a four hour period and mixed every hour during this 
period . Then, the asphalt concrete was placed on top of the base course layer in 25-mm lifts. 
Once the mix was spread evenly on the surface of the base, it was initially tampered with a hot 
manual foot compactor and, finally, with a mechanical vibratory compactor. Each time, the same 
process was followed until the AC material was compacted to a marked reference line on the box 
to control the thickness of the pavement mat. During the compaction process, care was taken to 
monitor the pavement temperature through two thermocouples, which were placed at the bottom 
of the AC layer and at mid-depth. Furthermore, the surface temperature of the AC layer was also 
monitored with a temperature probe. 

The AC layer properties for the six pavement models are shown in Table 4.4. The table is 
separated into three sections. For the first three models, the depth of the AC pavement was kept 
constant, but the gradation was changed. For the next three models, their gradation was kept 
constant, and the pavement depth was varied. In the last section of the table, two pavement 
models with different mix types and pavement depths greater than 150 mm were constructed. 
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This approach was taken to evaluate the limitations and sensitivity of PSPA measurements in a 
controlled environment. 

4.3.1 Testing Procedures 

A picture of the field tests experimental setup is shown in Figure 4.6. The pavement models were 
tested at room temperature using the PSP A at 5 to 13 points. The points were generally located 
in the central area of the pavement surface with a clearance of 125 to 150 mm all around the 
edges of the box to avoid wall reflections. Three to five consecutive measurements were taken at 
and around each point. The pavement temperature was also monitored during testing through the 
embedded thermocouples. 

Once the PSPA data collection was complete, the pavement models were cored at the test points. 
The disturbed end of the AC cores was finished with a cutting saw and was allowed to air dry for 
a period of 48 hours. The direct wave travel-time of each of the AC cores was then measured in 
the laboratory with the V -Meter. The air void content was also measured. 

Table 4.4- Summary of Pavement Models 

Pavement Model Mix Type Pavement Nominal Depth 
(%) (mm) 

* B (Coarse) 75 11 a 

2 C (Medium) 75 

1 D (Fine) 75 

5 D (Fine) 50 

4 D (Fine) 65 

1 D (Fine) 75 

* B (Coarse) 180 11 b 

7 D (Fine) 150 

* Pavement model was repaved 
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Figure 4.6 -Picture of Field Test Experimental Setup 
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Chapter 5 

Results and Discussion 

5.1 Introduction 

The results from the seismic laboratory and field tests are presented in this chapter. In addition, 
two case studies that demonstrate the use of these methods are also discussed. The results from 
Phase I laboratory study are presented first, followed by the results from Phase II (temperature 
study). In section four, the results from the field study are discussed. Finally, the two case 
studies are presented in section five. 

5.2 Results from Seismic Laboratory Method 

As mentioned before, the objective of the seismic laboratory study was to investigate the impact 
of parameters such as the gradation, viscosity of the asphalt, voids in total mix (VTM), and 
temperature on seismic modulus. 

5.2.1 Influence of Voids in Total Mix 

The main objective of this task was to establish a relationship between the modulus of asphalt 
concrete briquettes and the VTM of the specimens. To achieve this objective, about fourteen 
specimens with a VTM range of 2 to 12 percent were prepared and tested for three different 
standard mixtures used by TXDOT. 

A typical variation in modulus with VTM for one mixture is shown in Figure 5.1. A linear trend 
can be observed between the modulus and VTM. This trend indicates that the modulus is 
inversely proportional to VTM. As the VTM increases, the modulus decreases . The least­
squares best-fit line to the measured data is also included in Figure 5.1. A good agreement 
between the measured and fitted results is observed. The correlation coefficient (R2-value) is 
about 0.90, indicating that the fitted data describes the measured data reasonably well. 
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Figure 5.1-Typical Variation in Young's Modulus with VTM 

The data used to establish the relationship between the modulus and VTM for each mix is 
included in Appendix E for closer observation. The results from the three mixtures are 
summarized in Table 5.1. The R2-values in all cases are above 0.90, indicating that the 
relationship between the modulus and VTM can be considered linear with a reasonably good 
approximation and independent of the gradation (mixture type). 

5.2.2 Impact of Gradation 

The variations in modulus with VTM for the three mixtures tested are summarized in Table 5.1 
and shown in Figure 5.2. The intercepts of the lines, which correspond to the moduli at the 
theoretical maximum density, become larger as the mixture becomes coarser. For type B mix, 
the coarsest mixture, the intercept is about 33 GPa, whereas for TypeD (fine) mix, the intercept 
is about 27 GPa. 
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Table 5.1-Variation in Modulus with VTM for Three Different Mixtures 

Young's Young's 
Mix Type Binder Slope Intercept Rz Modulus Modulus 

Grade (GPa/%) (GPa) at at 
4%VTM 8%VTM 

B AC-20 -2.0 33.0 0.90 24.8 16.7 
(Coarse) 

c AC-20 -1.6 31.0 0.94 24.6 18.2 
(Medium) 

D AC-20 -1.2 26.7 0.95 21.8 16.9 
(Fine) 
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Q 
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c 10.0 = 0 
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0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 
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--TypeB - • TypeC • • • TypeD 

Figure 5.2-Variations in Modulus with VTM for Three Different Mixtures 
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The absolute value of the slope of the best-fit line also, typically, increases, as the mixture 
becomes coarser. For type B (coarse mix), the slope is about 2 GPa/percent VTM. For typeD 
(fine mix), the slope is about 1.2 GPa/percent VTM. This trend indicates that the modulus 
decreases more significantly with increases in the VTM for the coarser mixtures. 

The modulus values, at a nominal VTM of 4 percent (indicator of the design VTM of a mix) and 
8 percent YTM (indicator of the laid-down VTM of the mat), are also shown in Table 5.1. At the 
VTM of 4 percent, the coarser mixtures generally exhibit higher moduli. This may occur 
because of the intimate grain-to-grain contact existing between the aggregates for coarser 
mixtures. However, at VTM of 8 percent the modulus from the coarser mixtures seems to be 
slightly lower. This may be an indicator of a less intimate structure of the coarser mixture in a 
looser state. 

5.2.3 Impact of Viscosity 

The impact of the binder viscosity on seismic modulus of the AC mixtures was similarly 
evaluated. The evaluation consisted of performing tests on briquettes with similar VTM's. Three 
different types of binder grades were used while the gradation was kept constant for the AC 
mixtures. 

Typical variations in modulus with VTM for the three binder grades are shown in Figure 5.3. 
The trends indicate that the modulus is inversely proportional to the VTM. In addition, it may be 
observed that the modulus values are generally greater for the stiffer asphalt grades. As indicated 
in Table 5.2, the R2-values are greater than 0.90, which indicates that the fitted line compares 
well with the measured data. 

The intercepts of the lines, at a VTM of zero, become smaller as the binder grade (binder 
viscosity) decreases. For the mixtures with AC-30 binder, the intercept is about 30 GPa, whereas 
for AC-1 0 the intercept is about 24 GPa. At this level of VTM, all the voids are theoretically 
filled with binder, therefore it is reasonable to say that they significantly impact the modulus of 
the mixture. 

As shown in Table 5 .2, the absolute value of the slopes of the best fit lines decrease as the binder 
viscosity decreases. For AC-30 binder, the slope is about 1.4 GPa/percent VTM, and for AC-1 0 
binder, it is about 1.1 GPa/percent VTM. This indicates that the effects of the YTM on modulus 
are more pronounced for stiffer binder than softer binders. 
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Figure 5.3-Typical Variation in Young's Modulus with VTM 

Table 5.2-Variation in Modulus with VTM for Three Asphalt Grades 

Young's Young's 
Mix Type Binder Slope Intercept R2 Modulus Modulus 

Grade (GPa/%) (GPa) at at 
4%VTM 8%VTM 

D AC-30 -1.4 30.0 0.93 24.2 18.4 
(Fine) 

D AC-20 -1.2 26.7 0.96 21.8 16.9 
(Fine) 

D AC-10 -1.1 24.4 0.97 20.0 15.5 
(Fine) 
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The predicted modulus values at 4 percent and 8 percent VTM are also listed in Table S.2. At a 4 
percent VTM, the modulus is greater for the stiffer binder grade. Although, these differences are 
not as pronounced at the intercept values (i .e., theoretical maximum density). This trend occurs 
because the binder becomes softer as the binder grade decreases. The modulus values are an 
indicator that a more rigid structure, between the binder and the aggregate, occurs for higher 
binder grades at room temperature. The modulus values ranged from about 24 GPa to about 20 
GPa for AC-30 to AC-10, respectively. 

At an 8 percent VTM, a similar trend in the tabulated modulus values can be observed. 
However, the modulus values are lower (impact of binder grade becomes less pronounced), when 
compared to values at a 4 percent VTM. This is due to a less intimate contact between the binder 
and aggregates. For an 8 percent VTM, the modulus values ranged from about 18 GPa to about 
16 GPa for AC-30 to AC-1 0, respectively. This indicates that at higher VTM's the influence of 
binder viscosity on seismic modulus is not as significant. 

5.3 Influence of Temperature 

The objective of Phase II was to establish a relationship between the modulus of AC briquettes 
and temperature. Furthermore, the influence of changing the gradation and binder grade was also 
evaluated. 

In order to establish a relationship, seventeen AC briquettes, about ten at a 4 percent VTM 
(nominal) and seven at an 8 percent VTM (nominal), were prepared for six AC mixtures. The 
briquettes were subjected to a sequence of temperatures ranging from -SOC to 4SOC to - SOC; that 
is, the temperature was first increased from -SOC to 4SOC and then deceased from 4SOC to -S°C. 
However, for most AC briquettes the temperature was only increased from - SOC to 4SOC. At the 
end of each temperature sequence, the AC briquette was tested. 

Typical variations in modulus with temperature, at 4 and 8 percent VTM, are shown in Figure 
S.4. In both cases, the modulus decreased with an increase in temperature. For briquettes 
prepared at a 4 % VTM, the moduli compared well for both cases (i.e., for a decrease as well as 
an increase in temperature). The moduli , from the briquette prepared at a 4 % VTM, for the 
cases when the temperature was increased compared reasonably well with those when the 
temperature decreased. The modulus values ranged from about 26 GPa to 4S GPa. However, for 
the briquette prepared at an 8 % VTM, some differences in the moduli can be observed when the 
temperature was increased as compared with when it was decreased. It is believed that 
experimental error is the cause of this trend. The modulus values for this case ranged from about 
20 GPa to 12 GPa. In addition, one may observe from these trends that the measured modulus 
values decrease by a factor of about 3 when the temperature varied from - SOC to 4SOC. 
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For both briquettes, a linear trend may also be observed between the modulus and temperature. A 
linear trend line, fitted to the data, is also shown for both cases. The correlation coefficient (R2

) 

value is greater than 0.91, which indicates that at the tested temperatures the relationship between 
modulus and temperature can be considered linear. The data associated with the -SOC were not 
included in the determination of the best-fit line, since performing QNQC at temperatures below 
SOC would be unlikely. 
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Figure 5.4-Variation in Young's Modulus with Temperature 

5.3.1 Influence of Gradation 

Using a similar analysis approach, the influence of gradation on temperature sensitivity of 
modulus was evaluated. The analysis results of the three mixes with different gradations at a 4 
percent VTM are summarized in Table 5.3. The correlation coefficient (R2

) values are greater 
than 0.95, indicating that the fitted lines describe the data reasonably well. The rates of change 
in modulus with temperature for the mixtures are also shown in Table 5.3. The rates of change 
for the mixtures range from about 206 MPa! OC to 216 MPa/ °C. The calculated average and 
standard deviation for the rates of change in modulus with temperature are also presented on 
Table 5.3. 
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Table 5.3- Impact of Gradation on Modulus-Temperature Relationship at 4% VTM 

Rate of 
Mix Type Asphalt Asphalt Rz Change in 

Grade Content Modulus 
(%) (MPa/ ·q 

B AC-20 4.0 0.97 215 
(Coarse) 

ciiJ AC-20 4.5 0.97 206 
(Medium) 

D!2J AC-20 5.0 0.99 216 
(Fine) 

Average (Standard Deviation) 212 (6) 

[1] Modulus-Temperature relationship is based on an average of two AC briquettes 

[2] Modulus-Temperature relationship is based on an average of four AC briquettes 

Table 5.4- Impact of Gradation on Modulus-Temperature Relationship at 8% VTM 

Rate of 
Mix Type Asphalt Asphalt Rl Change in 

Grade Content Modulus 
(%) (MPa/ ·q 

B AC-20 4.0 0.99 188 
(Coarse) 

cPI AC-20 4.5 0.99 164 
(Medium) 

DPl AC-20 5.0 0.97 160 

(Fine) 

Average (Standard Deviation) 171(15) 

[ 1] Modulus-Temperature relationship is based on an average of two AC briquettes 



Similarly, the results for the same three mixtures at an 8 percent VTM are tabulated on Table 5.4. 
The R2 values for the relationships are about 1.0, which again indicates that the fitted lines 
describe the data relatively well. The rates of change in modulus are also presented in Table 5.4 
and range for about 160 MPa/ 'c to 188 MPa/ 'C. The calculated average and standard deviation 
for the rates of change in modulus were 171 MPa/ 'C and 15 percent, respectively. 

In general, the tabulated results, presented in Tables 5.3 and 5.4, indicate that the modulus­
temperature relationships describe the fitted data for AC briquettes prepared at both levels of 
VTM. The rates of change in modulus with temperature are relatively higher for briquettes 
prepared at a 4 % VTM as compared with those prepared at 8%. This trend indicates that 
perhaps the rate of change in modulus is primarily dependent on the degree of compaction and 
relatively independent of the aggregate top size. The calculated standard deviation of AC 
briquettes prepared at 4 % VTM is less than 10 percent of the average. This result may implicate 
that the same modulus temperature relationship may be used for mixtures with relatively 
different gradation, but the same asphalt binder type. 

5.3.2 Influence of Asphalt Viscosity 

The impact of changing the asphalt viscosity (asphalt grade) on the modulus-temperature 
relationship was similarly investigated. The results for three mixes with different asphalt grades 
and constant gradation at a 4% VTM and at an 8% VTM are summarized in Table 5.5 and Table 
5.6 . In both cases of VTM, the R2 values are about 1.0, indicating good agreement between the 
fitted and measured data. 

The rates of change in modulus with temperature are also shown in the tables for both cases. The 
rates of change in modulus range from about 270 MPa/ 'C to 214 MPa/ OC for AC briquettes 
prepared at a 4 % VTM. At an 8 % VTM, the rates of change in modulus range from about 217 
MPa/ 'C to 186 MPa/ 'c. In general, for each case, the rate of change in modulus with 
temperature increases as the asphalt binder (asphalt grade) becomes stiffer, with the exception of 
AC-1 0 at 8% VTM. Besides possible experimental errors or variation in the asphalt consistency, 
the estimated value of the rate of change in modulus for AC-1 0 is unknown. 

The calculated average and standard deviation for the rates of change in modulus for each case 
are also tabulated on Tables 5.5 and 5.6. In general the standard deviation in both cases is 
approximately 30 percent higher than the average. This result may indicate that a modulus 
temperature correction is influenced more by the asphalt binder type than by the gradation of the 
AC mix. 

5.4 Results from Seismic Field Method 

As mentioned before, in Phase III, the objective of the field study was to investigate the 
limitations and sensitivity of PSPA measurements in a controlled environment. In order to fulfill 
this objective, seismic tests were performed on six pavement models with different gradation, 
VTM, and thickness. The pavement models were cored after PSP A tests to compare the 
laboratory seismic moduli measured directly on cores with those determined with the PSPA. 
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Table 5.5- Impact of Viscosity on Modulus-Temperature Relationship at 4% VTM 

Rate of 
Mix Type Asphalt Asphalt Rz Change in 

Grade Content Modulus 
(%) (MPa/ ·q 

D AC-30 5.0 0.99 270 
(Fine) 

o[IJ AC-20 5.0 0.99 216 
(Fine) 

D[Z] AC-10 5.0 0.99 214 

(Fine) 

Average (Standard Deviation) 233 (32) 

[1] Modulus-Temperature relationship is based on an average of four AC briquettes 
[2] Modulus-Temperature relationship is based on an average of two AC briquettes 

Table 5.6- Impact of Viscosity on Modulus-Temperature Relationship at 8% VTM 

Rate of 
Mix Type Asphalt Asphalt Rz Change in 

Grade Content Modulus 
(%) (MPa/.C) 

D AC-30 5.0 0.99 217 
(Fine) 

DPJ AC-20 5.0 0.97 160 

(Fine) 

olll AC-10 5.0 0.99 186 

(Fine) 

Average (Standard Deviation) 188 (29) 

[ 1] Modulus-Temperature relationship is based on an average of two AC briquettes 



5.4.1 Influence of Gradation 

The sensitivity of PSPA measurements to changes in gradation was evaluated by testing three 
pavement models with different mix types and a nominal constant thickness of 75 mm. The 
results are summarized in Table 5. 7. The table shows the measured seismic moduli on cores in 
the lab and the measured seismic moduli on pavement models with the PSP A. 

The average Poisson's ratio was estimated from the compression wave and the measured surface 
wave velocities of the AC layer. In general, the estimated Poisson's ratio ranged from 0.32 to 
0.34 for the mixes. 

From both the laboratory and PSP A results, the modulus increases, as the mixes become coarser. 
As before, this variation can be attributed to the change in gradation and to the relative increase 
in VTM as the mixes become coarser. The laboratory measured modulus varied from about 22 
GPa to 15 GPa, and the PSP A modulus varied from about 21 GPa to 14 GPa. 

In all three tested AC layers, the laboratory seismic modulus and the measured seismic modulus 
from the PSP A compared well. The comparisons between the laboratory and PSP A modulus 
resulted in a less than 10 percent difference in all three cases. 

Table 5.7- Comparison of Field and Laboratory Tests Moduli 

Mix Average Poisson's Lab PSPA Modulus 
Type Core Ratio Young's Modulus Percentage 

VTM Modulus Difference 
(%) (GPa) (GPa) (%) 

B 4 .2 0.34 21.5[1 1 20.7 3.4 
(Coarse) (6.2%) (2.4%) 

c 10.0 0.32 16.5[21 15.5 6.1 
(Medium) (17 .9%) (4.7%) 

D 11.5 0.33 14.6 14.1 3.7 
(Fine) (1.6%) (4.6%) 

[1] Top number Corresponds to average and bottom number to coefficient of variation 
[2] One Outlier was excluded from the average but included in the calculation of the 

coefficient of variation 
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In summary, the results indicate that the measurements made with the PSPA on the pavement 
models were sensitive to the changes in gradation and VTM content. In addition, approximately 
the same values are measured in the field and laboratory seismic tests. 

5.4.2 Influence of Voids in Total Mix 

The sensitivity of PSPA measurements to changes in VTM was evaluated by testing three 
pavement models with varied VTM and constant gradation. The ACP thickness varied from 
about 50 mm to 75 mm. The results are summarized in Table 5.8 . 

The VTM was measured from the cores taken from the pavement models. The measured VTM 
ranged from 11.5 percent to 5.5 percent. The estimated Poisson's ratio was about 0.33 for the 
three ACP models. 

From Table 5.8, the measured laboratory and PSPA moduli decreased as the VTM increased. 
This variation was not observed between pavement models 1 and 2. This can perhaps be 
attributed to the fact that the specimens were fairly similar. 

Similarly, in all ACP layers, the measured moduli, from the laboratory and from the PSPA, 
compared well. The comparisons between the laboratory and PSP A moduli indicate a less than 4 
percent difference in moduli in all three cases. 

Table 5.8- Comparison of Laboratory and Field Modulus Measured on Specimens with 
Different VTM's 

Pavement Mix Average Poisson's Lab PSPA Modulus 
Model Type CoreVTM Ratio Young's Modulus Percentage 

No. (%) Modulus Difference 
(GPa) (GPa) (% ) 

1 D 5.6 0.33 18.9 18.7 1.1 
(Fine) 

2 D 6.6 0.33 19.0 18.7 1.6 
(Fine) 

3 D 11.5 0.33 14.6 14.1 3.7 
(Fine) 
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Figure 5.5 shows the comparison of the predicted laboratory moduli determined from AC 
briquettes of the same mix with moduli measured with the PSPA on the three ACP models. A 
linear relationship between the measured PSP A modulus and the VTM is observed. The two 
relationships are fairly similar. The differences between the laboratory and PSP A modulus 
decreases as the VTM increases. 
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Figure 5.5-Variation in Measured and Predicted Modulus with VTM 

5.4.3 Influence of AC Layer Properties 

The impact of AC layer thickness on PSPA measurements was evaluated by testing two ACP 
models with a thickness of about 150 mm and 175 mm. The results are summarized in Table 5.9. 
The measured VTM was about 3.5 percent and 4.5 percent for the two models. At this VTM, the 
mixture is in a dense state, and an intimate grain to grain contact exists between the aggregates. 

The measured Poisson's ratios were 0.35 and 0.38 for ACP models 1 and 2, respectively. At 
these values, the laboratory and field moduli are quite close. However, if the Poisson's ratios 
were assumed to be 0.33, the percentage difference in modulus for the laboratory and PSPA 
moduli would be approximately 11 percent and 25 percent. This matter demonstrates the 
importance of determining Poisson's ratio rather precisely. 

The measured modulus values from PSP A tests and from laboratory tests on cores are also 
shown on Table 5.9. For each pavement model (1 and 2), the measured laboratory and PSPA 
moduli compared well. The comparisons between the laboratory and PSP A modulus resulted in a 
less than 2 percent difference for each ACP model. In general, the results demonstrate that the 
thickness of the ACP models did not influence the measured seismic modulus for each method. 
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Table 5.9- Comparison of Field and Laboratory Moduli on ACP Models 
with Different Thickness 

Pavement Mix Average Poisson's Lab PSPA Modulus 
Model Type Core Ratio Young's Modulus Percentage 

No. VTM Modulus Difference 
(%) (GPa) (GPa) (%) 

I B 3.6 0.35 19.5 19.3 1.1 
(Coarse) 

2 D 4.6 0.38 10.1 I 0.4 -2.9 
(Fine) 

The relatively higher Poisson ratio value and lower modulus for pavement model 2, as compared 
with those measured in Table 5.8, were attributed to changes in the properties of the ACP layer. 
A typical AC core from ACP model 2 is shown in Figure 5.6. From this figure, one may observe 
that there is dissimilarity in the core texture and asphalt binder consistency. In order to verifY 
these observations, each of the ACP model cores was split at the observed change in texture 
boundary and was tested individually with the V -Meter in the laboratory. 

Figure 5.6-Typical ACP Model No. 2 Core 
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The measured seismic modulus values for each of the top and bottom cores (i .e., top half and 
bottom half of each individual core) for specific points on the pavement model are shown in 
Figure 5.7. From the figure, it may be observed that, generally, for the top 75 mm of ACP layer, 
the modulus values are greater than those of the bottom 75 mm. The average modulus values 
were about 12 GPa to 9.5 GPa for the top and bottom of the ACP layer, respectively. From these 
results, it may be concluded that seismic measurements were also sensitive to changes in the 
ACP model properties. 

The measured PSPA and laboratory modulus values (i.e., for the tested 150-mm cores) for each 
point of the ACP model is also shown in Figure 5.7. From the figure it may be observed that, in 
general, the PSP A and laboratory modulus values are between the average top and bottom core 
modulus values, with the exception of points 3 and 7. Other than experimental error, the reason 
for this result is unknown. 
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Figure 5.7-Variation in Modulus for ACP Model No.2 

These results indicate that an average property is typically measured by the seismic methods. 
However, it has been shown that the methods may be used to distinguish between changes in 
properties in ACP layers. The data of the seismic field study is presented in Appendix G. 
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5.5 Case Studies 

The following two sections contain the results of two case studies performed in Texas. The case 
studies present the results of the field implementation of the seismic methods to determine the 
seismic modulus of two AC pavement roads. 

5.5.1 El Paso Case Study 

A 1.1-km section ofDoniphan Road, which is a collector near IH-10, was tested with the seismic 
methods to compare the field and laboratory measured moduli of the ACP. The pavement 
section consisted of about 100 mm ofType B mix with an asphalt content of3 .9 percent and 3.0 
percent of anti-stripping agent by weight. The pavement section was divided into four sublets, 
each about 0.28 km in length. 

For QCIQA measures, two cores were taken at random locations within each sublet. The cores 
were tested in the laboratory using the V -meter to determine the modulus of the cores. The 
PSP A was then utilized near the coring locations to determine the seismic modulus of the ACP 
layer at each point. In addition, the pavement surface and air temperature was monitored during 
testing. 

The results of the measurements are tabulated in Table 5.1 0. In general, the ACP surface 
temperature ranged from about 22 °C to 24 °C. The estimated Poisson's ratio varied from about 
0.33 to 0.37, with an average of0.35. 

The measured laboratory modulus from cores and PSPA are also presented in Table 5.10. In 
general, it may be observed from the table that the laboratory and PSPA modulus compared 
fairly well, with a less than 10 percent difference. The average laboratory and PSP A moduli 
were about 17.5 GPa. 

This preliminary study indicated that the measured values of the methodology in the field were 
fairly consistent with the results obtained in the laboratory on cores. 

5.5.2 Odessa Case Study 

The Odessa case study was a more comprehensive investigation utilizing the seismic methods. A 
45-meter section of an access road of Highway 20 near Odessa was tested with the seismic 
methods. The pavement section consisted of 50 mm of AC over about 250 mm of base over 
subgrade. The AC mix was TypeD (fine) with an asphalt content of about 5.4 percent. The 
gradation of the mix is presented in Appendix G. 
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Table 5.10-Comparison of Field and Laboratory Moduli for El Paso Case Study 

Measured Estimated Average Average Modulus 
Test Mix ACP Surface Poisson's Lab PSPA Percentage 
Point Type Temperature Ratio Modulus Modulus Difference 

(OC) (GPa) (GPa) (%) 

1 B 23 0.34 15.9 17.5 -10.0 
(Coarse) 

2 B 23 0.37 17.8 16.4 7.8 
(Coarse) 

3 B 22 0.33 19.3 18.5 4.1 
(Coarse) 

4 B 24 0.34 16.8 18.0 7.1 
(Coarse) 

Average 0.35 17.4 17.6 7.2 

The first step of the study consisted of obtaining loose AC material to be used along the road. 
Subsequently, about fourteen briquettes were made using a SHRP gyratory compactor. As 
discussed before, the specimens were subjected to different numbers of gyration so those AC 
briquettes with different voids in total mix (VTM) could be prepared. The variation in seismic 
modulus with the VTM for these specimens is shown in Figure 5.8. A linear relationship 
between the modulus and the VTM can be observed. The least-squares best-fit line to the data 
yielded an R2 of about 0.88, which indicated that the fitted line compared well with the measured 
data. From the figure, the compaction effort yielded VTMs between 5% and 10%, with 
associated modulus values ranging from about 17 GPa to 12 GPa. 

The second step of the study consisted of perfmming field tests on the ACP sections. The 
measured variation in modulus of the ACP layer along the road, adjusted to a temperature of 25 
°C, is shown in Figure 5.9. Since the composition of this mixture was close to El Paso District's 
Type D mixture, the modulus temperature correction from that 
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material was adopted. The modulus values were fairly constant and were within the acceptable 
range of moduli, about 12 GPa and 17 GPa, except for an area between 27 m and 33 m. This area 
coincides with the entrance to a business where a new drainage pipe was installed. On an 
average, the modulus of the AC layer was about 13.8 GPa when all points were included and 
14.9 GPa when the results from the area between 27 m and 33 m were ignored. Therefore, the 
area between 27 m and 33 m is substandard and should be considered for some type of 
improvement or penalty. 

Seven cores, retrieved from the ACP at the site by TXDOT personnel, were also tested in the 
laboratory using the ultrasonic device. The average modulus from the laboratory tests, as shown 
in Figure 5.9, was about 14.3 GPa. The point by point comparison of moduli from the laboratory 
and from the field is also provided in Figure 5.9. The results from the two tests are quite close, 
with an average difference of about 4 percent and maximum difference of about 12 percent. The 
data and results of the case studies are presented in Appendix G. 

After testing the cores, their VTM's were determined. The variation in modulus with VTM for 
the cores is demonstrated in Figure 5.10 along with the least-squares best-fit line through the 
data. In addition, the best-fit line, determined from the laboratory prepared AC briquettes shown 
in Figure 5.8, is also superimposed on Figure 5.1 0. The two best-fit curves are reasonably 
parallel but shifted. Such a systematic error (i.e., the shift) can perhaps be attributed to the 
differences in the compaction method, among other reasons. One can either use a different 
method of compaction that is more representative or perhaps use one or two field cores to 
calibrate the modulus-density relationship. This case study demonstrates the advantages of the 
proposed methodology, as well as some of the issues that have to be still addressed. 
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Chapter 6 

Conclusions and Recommendations 

6.1 Conclusions 

The main objective of this study was to present an economical quality management program 
based on seismic methods to determine the modulus of AC layers. More importantly, the goal 
was to understand the mixture parameters that affect the seismic modulus. The parameters 
investigated were the influence of the gradation, the viscosity of the asphalt, voids in total mix, 
and the temperature of the mixture. In the investigation, a seismic laboratory method and a field 
method using the PSP A were evaluated. The following conclusions may be drawn from this 
research: 

1) AC seismic modulus is related to the void in total mix (VTM). The seismic modulus 
increases with a decrease in the VTM. 

2) The gradation in AC mixtures affects the measured seismic moduli. Coarser mixtures are 
generally stiffer at a given VTM. 

3) Seismic moduli are slightly affected by changes in binder viscosity (binder grade) of the 
AC mixtures. As the asphalt viscosity decreases, the seismic modulus decreases. 
However, the impact of the viscosity becomes less pronounced as the VTM increases. 

4) The seismic modulus varied by a factor of 3 from temperatures of -5 to 45°C. In addition, 
a relationship dependent on VTM and on temperature may be developed easily in the 
laboratory to predict AC layer modulus. 

5) The field study results indicated that PSP A measurements were sensitive to changes in 
mixture properties such as gradation, VTM, and changes in the quality of AC layers. 
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6) The ultrasonic surface wave and the ultrasonic body wave methods were effective in 
determining the modulus of AC layers. 

7) Seismic moduli measured with the PSP A on pavement models and those measured on 
cores in the laboratory generally differed by less than I 0%. 

8) The presented case studies demonstrate that the PSPA may be equally and easily 
implemented in the field and that the seismic moduli measured on the ACP and cores 
compared very well. 

In general, the seismic methods are feasible, would reduce the cost of a QA/QC program, and 
provide a fundamental material property that is related to the design parameters. 

6.2 Recommendations for Future Research 

1) A comprehensive evaluation of the seismic methods should be conducted to refine and 
optimize the protocol. 

2) The influence of anti-stripping agents and additives like rubber on seismic modulus 
should be evaluated. 

3) The seismic methods should be gradually implemented in the QA monitoring of AC 
pavements to better understand the unforeseen limitations. 
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APPENDIX A 

WAVE PROPAGATION THEORY 



A.l Wave Propagation Theory 

A pavement section may be approximated by a layered half-space with reasonable accuracy. 
With this approximation, a pavement section is assumed to be homogeneous and to extend to 
infinity in the horizontal direction and to be heterogeneous in the vertical direction. This 
heterogeneity is often modeled by a number of layers, each having its own constant properties. 
In addition, it is assumed that the material in each layer is elastic and isotropic. The following 
sections present an overview of the wave propagation theory related to pavement engineering. 
The relationships between seismic modulus and wave velocities are also briefly discussed. 

A.2 Seismic Body Waves 

In a medium where stresses are not in equilibrium, a plain strain analysis may be used to derive 
the wave equation of motion for a stressed element in the media. The general form of the wave 
equation of motion may be written as follows: 

2 
1 a q; 2 ---=v q; 

v2 a/ 
(A.l) 

where \72
, is the Laplacian of <p. The <p term represents a disturbance in a medium that 

propagates form one point to another with velocity, V. Wave motion created by a disturbance 
within an ideal whole-space can be described by two kinds of waves: compression and shear 
waves. These waves are collectively called body waves, as they travel within the body of a 
medium. Compression and shear waves are distinguished by the direction of particle motion 
relative to the direction of wave propagation. 

Compression waves (also called primary waves or P-waves) exhibit a push-pull motion. As a 
result, wave propagation and particle motion are in the same direction, as shown in Figure A. 1 a. 
Compression waves travel faster than other types of waves and, hence, appear first in a direct 
travel time record. 

Shear waves (also called secondary waves or S-waves) generate a shearing motion, which causes 
particle motion to occur perpendicular to the direction of wave propagation, as shown in Figure 
A.l b. Shear waves can be polarized. If the directions of propagation and particle motion are 
contained in a vertical plane, the wave is said to be vertically polarized and is called an SV­
wave. However, if the direction of particle motion is perpendicular to a vertical plane containing 
the direction of propagation, the wave is said to be horizontally polarized. This wave is termed a 
SH-wave. Shear waves travel slower than P-waves and, thus, appears as the second major wave 
type in a direct travel time record. 



(a) P-wave (b) S-wave 

Figure A.l -Characteristic Motion of Body Waves( from Press and Siever, 1978) 

A.3 Seismic Surface Waves 

In a half-space, waves other than body waves are created. These waves are called surface waves; 
they are associated with near surface motion and diminish as they get farther from the surface. 
Many different types of surface waves have been identified and described. The main type of 
surface waves are Rayleigh waves. Rayleigh waves (R-waves) propagate at a speed of 
approximately 90 percent of S-waves. Particle motion associated with R-waves is composed of 
both vertical and horizontal components which, when combined, form a retrograde ellipse close 
to the surface, as shown in Figure A.2. However, with depth, R-wave particle motion changes to 



purely vertical and, finally, to a prograde ellipse, as illustrated in Figure A.2. The amplitude of 
motion attenuates quite rapidly with depth. 
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Figure A.2 ~ Particle Motion Distribution with Depth for Rayleigh Waves 

At a depth equal to about 1.5 times the wavelength, the vertical component of the amplitude is 
approximately equal to 10% ofthe original amplitude at the ground surface. 

The propagation of body waves and surface waves (Rayleigh waves) away from a vertically 
vibrating circular source at the surface of a homogeneous, isotropic, elastic half-space is shown 
in Figure A.3. Miller and Pursey (1955) found that, for the situation shown in Figure A.3, 
approximately 67 percent of the input energy propagates in the form of R-waves. Shear and 
compression waves carry 26 and 7 percent of the energy, respectively and propagate radically 
outward from the source. R-waves propagate along a cylindrical wavefront near the surface. 
Although body waves travel faster than surface waves, body waves attenuate in proportion to 
llr2

, where r is the distance from the source. Surface wave amplitude decreases in proportion to 
1/ro s. 
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Figure A.3 -Distribution of Rayleigh, Shear, and Compression Wave Displacements 
(from Richard et al, 1970) 

A.4 Seismic Wave Velocities and Elastic Constants 

Seismic wave velocity is defined as the rate at which a wave propagates in a medium. Wave 
velocity is a direct indication of the stiffness of the material; higher wave velocities are 
associated with higher stiffness. By employing the elastic theory, compression wave velocity 
can be defined as 

where 
Vp 
'A 
G 
p 

= compression wave velocity, 
= Lame's constant, 
= shear modulus, and 
= mass density. 

(A.2) 



Shear wave velocity, V5, is equal to 

(AJ) 

Compression and shear wave velocities are theoretically interrelated by Poisson's ratio. The 
relation can be expressed as 

Vs _ J0.5-v ----
Vp 1-v ' 

(A.4) 

where v is the Poisson's ratio. A graphic illustration of Eq. A.4 is shown in Figure A.4. For a 
constant shear wave velocity, compression wave velocity increases with an increase in Poisson's 
ratio. For a v of zero, the ratio of Vp to Vs is equal to 1.4; for a v of 0.5 (an incompressible 
material), the ratio is equal to infinity. 
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Figure A.4 - Theoretical Elastic Relationship Between Poisson's Ratio and the Ratio of 
Compression to Shear Wave Velocity 

For a layer with constant properties, R-wave velocity and shear wave velocity is related by 
Poisson's ratio as well. Although the ratio of R-wave to S-wave velocities increases as Poisson's 
ratio increases, its change is not significant, as shown in Figure A.5. 
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Figure A.5 Theoretical Elastic Relationship Between Poisson's Ratio and the Ratio of 
Rayleigh to Shear Wave Velocity 

For Poisson's ratios of zero and 0.5, this ratio changes from approximately 0.86 to 0.95, 
respectively. Therefore, it can be assumed that, without introducing an error larger than about 
five percent, the ratio is equal to 0.90. Equation A.4 can be rewritten as 

0.5 -( Vs / 
v = ~~-V---'-p ~ 

J-( Vs / 
(A.5) 

Vp 

The R-wave velocity and compression wave velocity is related by Poisson's ratio similarly as 
VsNp ratio as well. The ratio of R-wave to P-wave velocities decreases as Poisson's ratio 
increases, as shown in Figure A.6. For Poisson's ratios of zero and 0.5, this ratio changes from 
approximately 0.62 to zero, respectively. 

A.5 Elastic Constants 

In pavement engineering, the Young's moduli of different layers should be measured. 
Calculation of elastic moduli from propagation velocities is, thus, important. The compression 
wave's velocity travels faster than any other type of seismic wave and is detected first on seismic 
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Figure A.6- Theoretical Elastic Relationship Between Poisson's Ratio and the 
Ratio of Rayleigh to Compression Wave Velocity 

records. The in a medium where the material is restricted from deformation in two lateral 
directions, the ratio of axial stress to axial strain is called constrained modulus. Constrained 
modulus, M, is defined as 

M=pv~ (A.6) 

where pis the mass density. The constrained modulus may also be expressed in terms ofR-wave 
velocity as follows; 

(A.7) 

where VR is the surface wave velocity and Cis the inverse ofthe VRNP ratio, which is dependent 

on Poisson's ratio. In terms of Young's modulus and Poisson's ratio: 

M = (1-v )E 
[ 1 + v )( 1 - 2v)} 

(A.8) 



The shear wave velocity, V5, is used to calculate shear modulus, G, by 

G= pv/. (A.9) 

where pis the mass density. 

If Poisson's ratio (or compression wave velocity) is known, other moduli can be calculated for 
given V5• Young's and shear moduli are related by 

E=2G(l+v) (AJO) 

or 

E=2pv/(J+v). (All) 

Bulk modulus, B, is the ratio of hydrostatic stress to volumetric strain and can be determined by: 

B=M -413G. (A.12) 

where M, is the constrained modulus and G is the shear modulus. 
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Table B.l: Job Mix Gradation Formula for Type B 
Sieve Sieve Weight Percent Cumulative (%Passing) 

Number Opening Retained Retained %Retained (Org. Soil) 
(mm) (gm) (%) (%) (%) 

5/8" 15.875 92.4 11.00 11.00 87.6 
3/8" 9.525 168.80 20.10 31.10 79.90 

No.4 4.760 156.20 18.60 49.69 50.31 

No. 10 2.000 143.64 17.10 66.80 33.20 
No.40 0.420 150.40 17.91 84.70 15.30 
No. 80 0.180 78.10 9.30 94.00 6.00 

No. 200 0.074 21.80 2.60 96.60 3.40 
Pan .... 28.60 3.41 100.00 0.00 

Total 839.94 

!Optimum Asphalt Content 4% I 

Table B.2: Job Mix Gradation Formula for Type C 
Sieve Sieve Weight Percent Cumulative (%Passing) 

Number Opening Retained Retained %Retained (Org. Soil) 
(mm) (gm) (%) (%) (%) 

5/8" 15.875 33.2 4.00 4 96 
3/8" 9.525 145.40 17.50 21.50 82.50 

No.4 4.760 212.70 25.60 47.10 52.90 
No. 10 2.000 144.60 17.40 64.50 35.50 
No. 40 0.420 157.90 19.00 83.50 16.50 
No. 80 0.180 79.80 9.60 93.11 6.89 

No. 200 0.074 24.10 2.90 96.01 3.99 
Pan .... 33.20 4.00 100.00 0.00 

Total 830.90 

!Optimum Asphalt Content 4.5% I 



Table B.3: Job Mix Gradation Formula for Type D 
Sieve Sieve Weight Percent Cumulative (%Passing) 

Number Opening Retained Retained %Retained (Org. Soil) 
(mm) (gm) (%) (%) (%) 

9.525 74.80 9.00 9.00 91.00 
4.760 257.70 31.00 40.00 60.00 
2.000 158.80 19.10 59.10 40.90 
0.420 185.70 4 18.56 
0.180 81.90 8.71 
0.074 36.30 4.34 

Pan 35.90 0.02 
Total 

!Optimum Asphalt Content 5% 



APPENDIXC 

QUALITY ASSURANCE LABORATORY/FIELD TESTING 
PROCEDURES 



Preliminary Protocol for QA of AC Pavements 

1. Implementation Statement: 

The following document describes the preliminary protocol for monitoring the quality of 
laid-down AC pavements with seismic methods presented in this study. A gradual 
implementation of the seismic methods in QC/QA programs is recommended to state 
DOT's. In order to establish criteria for AC pavement quality based on seismic 
measurements, the methodology should be combined with field observations of the 
pavement conditions. As a result, a managed data base should be kept in order to develop 
performance-based specifications, which will allow for tolerances or limits to be set on 
measured seismic modulus or predicted voids in total mix. 

2. Scope: 

The following test methods determine the seismic modulus for AC pavements. The test 
methods consist of a laboratory and of a field procedure. 

3. Referenced Documents: 

3.1 TXDOT Testing Methods 

• Tex-222-F Methods for Sampling Bituminous Mixtures 
• Tex-221-F Sampling Aggregates for Bituminous Mixtures, Surface 

Treatments and Limestone Rock Asphalt 
• Tex-225-F Random Selection of Bituminous Mixture Samples 
• Tex-206-F Mixtures Method of Compacting Test Specimens of Bituminous 

Mixtures 
• Tex-205-F Laboratory Method of Mixing Bituminous Mixtures 
• Tex-223-F Preparation of Control Charts for Asphaltic Concrete Paving 

Projects 
• Tex-207-F Determination of Density of Compacted Bituminous Mixtures 
• Tex-227-F Theoretical Maximum Specific Gravity ofBituminous Mixtures 

3.2 AASHTO Documents 

• T40 
• T2 
• Tl68 
• TP4 

• PP2 

Methods for Sampling Bituminous Materials 
Methods for Sampling Aggregate 
Methods for Sampling Bituminous Paving Mixtures 
Practice for Preparation of Asphalt Concrete Specimens by 
Means of the SHRP Gyratory Compactor 
Practice for Short and Long Term Aging of Hot-Mix Asphalt 
{HMA) 



• QCIQA Quality Control/Quality Assurance Specifications and 
Implementation Guide 

3.3 ASTM Documents 

• D 3203 

• D 2041 

• D 3549 

4. Terminology: 

Standard Method for Percent Air Voids in compacted Dense and 
Open Bituminous Paving Mixtures 
Standard Methods for Theoretical Maximum Specific Gravity 
and Density of Bituminous Paving Mixtures 
Methods for Thickness or Height of Compacted Bituminous 
Paving Mixture Specimens 

The terminology relevant to the seismic methods may be found in Chapter Three of this 
study. Definitions for the terms pertaining to asphalt may be found in ASTM D8 and 
MPl. 

5. Summary of Test Methods 

The following test method presents a laboratory testing procedure using the V -Meter to 
determine the modulus of AC briquettes and cores. In the field, the Portable Seismic 
Pavement Analyzer (PSPA) is utilized to monitor the quality of laid-down AC layer 
based on modulus. 

6. Significance and Use: 

The described protocol may be used to monitor the quality of AC layers based on seismic 
measurements. The seismic methods may be used to detect changes in quality of AC 
layers based on the measured seismic modulus. 

7. Testing Procedures: 

1) Laboratory Briquette Preparation 

a) The aggregate should be proportioned and graded according to the Agency 
mix design for the AC mix type. 

b) The aggregate used to prepare the required gradation for the briquettes is kept 
in the oven, at a temperature of at least 150°C, for 24 hours prior to making 
the bowls for mixing. 

c) Place the aggregate with its correct gradation in a steel bowl and place it in the 
oven, which is set with a temperature of 150°C 0 ± 1 oc. Each specimen 
requires two bowls. 



d) Place two asphalt cement cups with the correct asphalt grade for the mixture 
into an oven, which has a maintained temperature of 154 oc to 160°C, for 1 
hour. At the same time, place two aggregate bowls in the oven, along with the 
asphalt cement. 

e) Place the mixing bowl (including whip) into the oven for at least 30 minutes 
so that the mix temperature may be maintained during mixing. 

f) Five minutes before the asphalt cement reaches its 1-hour period, take one 
bowl of aggregate and the mixing bowl out of the oven. Then, place the 
aggregate into the mixing bowl and make a small hole in the middle of the 
aggregate. Next, place the mixing bowl on a balance scale and rezero the 
scale. 

g) Take one asphalt cement cup out of the oven and pour it into the mixing bowl. 
The amount of asphalt poured into the mixing bowl should be specified by the 
mix design specifications. 

h) Place the whip into the mixing bowl and mix the hot mix asphalt in the mixer 
for 50 seconds, making sure that all the aggregate particles are coated with 
asphalt. 

i) Next, place the hot asphalt mix in a bowl and, then, into an oven, which has a 
maintained temperature of 135°C. 

j) Repeat steps f-h, and place the hot mix asphalt into the same bowl of step (i) 
(each briquette requires two bowls and two asphalt cups) 

k) Cure the hot mix asphalt for a period of four hours at a temperature of 135°C. 
The hot asphalt mix should be mixed every hour during the curing period. 

1) Place the gyratory mold and base plate in an oven with a temperature of 142° 
C to 148°C, 1 hour before the end ofthe curing period. 

m) At the end of the curing period, place the hot mix asphalt into the oven with 
the gyratory mold for 30 minutes so that the mixture temperature may 
decrease to the compaction temperature of 142°C to 148°C. 

n) Five minutes before the hot mix asphalt reaches a period of 30 minutes, take 
the gyratory out of the oven and place in on the gyratory compaction machine. 
Before placing the hot mix asphalt into the mold, spray light oil on the mold to 
prevent sticking. 

o) Place the hot mix asphalt into the gyratory mold and compact it to the desired 
compacting effort. 

p) Take the briquettes out of the mold and let it cool at room temperature for 24 
hours before performing any tests on the briquette. 



2) Preparation of AC Briquettes Sampled from Plant Feed 

The preparation of AC briquettes is the same as described in section 1, with the 
exception that the process begins at (c), skips to (k), and, then, continues as 
before. 

3) V -Meter Test 

a) Measure the diameter and length of each briquette. The average of three 
measurements for each briquette, of the diameter and of the length, should be 
taken. 

b) Calibrate the V -Meter using the calibration rod and place the couplet on the 
transducer and receiver. A constant pressure should be placed on the rod 
during calibration. 

c) Place the briquette between the receiver and the transducer on the metal 
pedestal. 

d) Place a constant pressure on the briquette, then turn on the V -Meter and 
record the travel time after 30 seconds, or until the time stabilizes. This 
process step should be repeated two more times to obtain an average travel 
time. 

e) The final two steps are to perform VTM and Rice specific gravity on each 
briquette in accordance with ASTM D 3203-91 and ASTM D 2041-91, 
respectively. 

8. Temperature Correction for Field Measured Modulus: 

If measured pavement surface temperatures are greater than 25°C, an appropriate 
temperature correction factor should be applied to the averaged measured modulus. The 
temperature correction factors may be obtained using the methodology presented in 
section 4.2.4. A correction factor may be calculated by determining the modulus at 25°C 
from a temperature dependent linear model and by dividing this value by a calculated 
modulus at the measured temperature in the field. 

9. Calculations and Procedures 

The necessary calculations related to the methodology are described in Chapter 3 of this 
report. 



APPENDIXD 

PHASEILABORATORYSTUDYDATA 



Material: 
Asphalt Grade: 

El Paso 
AC-20 

Table D.l: Results of Seismic Tests on AC Briquettes 

Briquette 

I 
2 
3 
4 
5 
6 

7 

I 
I 
2 
3 
4 
5 
6 
7 

Material: 

Asphalt Grade: 

Gyrations 

5 
10 
15 
20 
25 
30 
35 

5 
10 
15 
20 
25 
30 
35 

El Paso 
AC-20 

Avg. 

Diam. 
(mm) 

101 
101 
100 
100 
100 
100 
100 

101 
101 
100 
100 100+ 100 
100 

Avg. 

Length Air Voids 
(mm) (%) 
Briquette Set 1 

103 9.80 
100 7.80 
97 6.20 
97 6.20 
95 4.70 
94 4.50 
94 4.40 

Briguette Set 2 

102 9.90 
101 7.70 
97 5.80 
96 5.40 
96 5.30 
95 3.50 
96 3.90 

Table D.2: Results of Seismic Tests on AC Briquettes 

Briquette Gyrations Avg. Avg. 
Diam. Length Air Voids 
(mm) (mm) (%) 

Briquette Set 1 

I 5 100 100 8.50 
2 10 100 100 7.90 
3 15 100 98 6.20 
4 20 100 96 5.10 
5 25 100 4.80 
6 30 100 95 3.70 
7 35 100 95 3.50 

Bri uette Set 2 

I 5 101 10.40 
2 I 10 101 7.60 
3 15 100 5.70 
4 20 100 96 5.30 
5 25 100 96 4.20 
6 30 too 96 3.70 
7 35 100 95 3.30 

Mix Type: 

Asphalt Content: 

V-Meter 

Travel Time Velocity 

(micro-sec.) (m/s) 

B 
4% 

Young's 

Modulus 

(GPa) 

33.6~ 
29.4 398 17.1 
27.7 3512 18.8 
27.3 3567 
25.2 3753 
24.2 3893 
25.0 3745 

32.3 3171 
30.6 3290 
24.9 3912 
25.7 3753 
25.4 3782 
22.7 4183 
23.1 4139 

Mix Type: 

Asphalt Content: 

V-Meter 

Travel Time Velocity 
(micro-sec.) (m/s) 

30.0 3344 
29.1 3420 
26.3 3724 
24.7 3901 
24.3 3944 
23.8 3978 

19.3 
22.0 
24.0 
22.4 

14.2 
15.8 
23.4 
21.8 
22.3 
27.5 
26.8 

c 
4.5% 

Young's 
Modulus 

(GPa) 

16.5 
17.3 
20.9 
23.2 
24.0 
24.7 

I 

23.8 3981 24.9 II 

30.6 3363 16.0 
28.3 3523 18.4 
26.5 3694 20.7 
25.2 3824 22.5 
23.5 4075 25.7 
23.8 4020 25.1 
23.2 4077: 26.1 



Material: El Paso Mix Type: D 

Asphalt Grade: AC-30 Asphalt Content: 5% 

Table D.3: Results of Seismic Tests on AC Briquettes 
V-Meter 

Briquette Gyrations Avg. Avg. Young's 

Diam. Length Air Voids Travel Time Velocity Modulus 
(mm) (mm) (%) (micro-sec.) (m/s) (GPa) 

5 12.6 
2 10 14.6 
3 15 100 16.6 
4 20 99 8.50 3366 17.0 
5 25 100 99 8.10 3536 18.8 
6 30 100 97 6.60 26.4 3679 20.9 
7 35 100 96 5.70 25.7 3727 21.6 

Bri uette Set 2 

I 5 101 105 12.0 37.3 2814 10.7 
2 10 101 104 11.6 34.7 2989 12.7 

3 15 100 101 9.80 31.0 3255 15.6 
4 101 10.1 28.3 3556 18.7 
5 97 7.60 27.4 3550 19.3 
6 7.70 25.6 3829 22.3 
7 98 7.70 26.0 3767 21.5 

Material: El Paso Mix Type: D 
Asphalt Grade: AC-20 Asphalt Content: 5% 

Table D.4: Results of Seismic Tests on AC Briquettes 
V-Meter 

Briquette Gyrations Avg. Avg. Young's 
Diam. Length Air Voids TravelTime Velocity Modulus 
(mm) (mm) (%) (micro-sec.) (m/s) (GPa) 

Briquette Set I 

I 5 102 103 2954 12.2 
2 10 101 99 9.01 16.4 
3 15 100 97 6.01 19.9 
4 20 100 96 5.75 26.3 3661 20.6 

5 25 100 96 4.92 26.2 3653 20.8 

6 30 100 94 4.30 26.1 3618 20.7 
7 35 100 94 3.92 22.0 

Briquette Set 2 

1 5 101 102 I 1.2 34.3 2976 12.7 
2- 10 100 100 9.07 31.1 3207 15.2 
3 15 100 99 8.30 29.1 3407 17.3 
4 20 100 97 6.12 27.5 3539 19.1 

5 25 100 I 96 5.15 26.1 3680 21.1 

6 30 100 95 5.30 26.7 3548 19.6 
7 35 100 95 4.50 26.4 3592 20.1 



I 

I 

Material: 
Asphalt Grade: 

El Paso 

AC-10 

Table 0.5: Results of Seismic Tests on AC Briquettes 

Briquette Gyrations Avg. Avg. 
Diam. Length Air Voids 
(mm) (mm) (%) 

Briguette Set 1 

I 5 101 104 10.9 

2 10 101 101 8.3 

3 15 100 99 6.2 

4 20 100 98 5.5 

5 25 100 96 4.2 
6 30 100 95 2.7 
7 35 100 94 2.2 

Briguette Set 2 

1 5 101 102 9.6 
2 10 100 99 6.5 

3 15 100 99 6.2 
4 20 100 96 4.0 
5 25 100 96 3.9 
6 30 100 95 2.6 
7 35 100 95 2.2 

Mix Type: 

Asphalt Content: 

V-Meter 

TravelTime Velocity 
(micro-sec.) (m/s) 

34.8 2979 
31.2 3224 
28.6 3455 

28.3 3460 

26.8 3586 
25.2 3752 
24.8 3800 

33.6 3041 
29.0 3419 
29.2 3394 
27.3 3512 
27.2 3541 
26.0 3636 
25.4 3726 

0 
5% 

Young's 

Modulus 
(CPa) 

12.5 

15.3 

18.0 

18.2 
19.9 

22.1 
22.9 

I 

I 
13.3 
17.5 

17.3 
19.2 

19.4 
20.8 
21.8 



APPENDIXE 

PHASE II LABORATORY TEMPERATURE STUDY DATA 



Table E.l: Variation in Modulus with Temperature for Type B -AC 20 

Project: 1735 Air Voids: 7.7% 

Briquette: Gyrations: 10 
Material: El Paso 
Mix Type: B Avg. Diam. 101 mm 

Asphalt Grad AC-20 Avg. Length 99 mm 

Asphalt Cont 4.0% Mass Density 2204 kg/m3 

V-Meter 

Target Briquette Young's 

lfemperatur Temperatur Travel Time Velocity Modulus 
(C") (C") (micro-sec.) (m/s) (GPa) 

-5 -4.3 27.2 3627 19 
5 5.8 27.4 3600 19 
15 15.4 29.2 3378 17 
25 25.4 30.6 3224 15 
35 36.2 33.3 2962 13 
45 44.7 34.8 2835 12 

Table E2: Variation in Modulus with Temperature for Type B -AC 20 

Project: 1735 Air Voids: 3.9% 
Briquette: 2 Gyrations: 35 
Material: El Paso 

Mix Type: B Avg. Diam. 100 mm 
Asphalt Grad AC-20 Avg. Length 94 mm 

Asphalt Cont 4.0% Mass Density 2334 kg/m3 

V-Meter 

Target Briquette Young's 
emperatur ~emperatur Travel Time Velocity Modulus 

(C") (C") (micro-sec.) (m/s) (GPa) 

-5 -5.7 22.5 4186 27.2 
5 5.1 22.8 4131 26.5 
15 15.3 23.1 4077 25.8 
25 25.0 24.7 3813 22.5 
35 34.9 25.7 3665 20.8 
45 45.2 27.1 3476 18.7 



Table E.3: Variation in Modulus with Temperature for Type C -AC 20 

Project: 1735 Air Voids: 8.9% 
Briquette: Gyrations: 10 
Material: El Paso 
Mix Type: c Avg. Diam. 100 mm 
Asphalt Grad AC-20 Avg. Length 101 mm 

Asphalt Cont 4.5% Mass Density 2163 kg/m3 

V·Meter 

Target Briquette Young's 
emperatur Travel Time Velocity Modulus 

(C") (micro-sec.) (m/s) (GPa) 

-5 -4.6 27.2 3724 20 
4.9 27.8 3643 19 
15.4 29.0 3493 18 

30.4 3332 16 
32.3 
35.3 

Table E.4: Variation in Modulus with Temperature for Type C -AC 20 

Project: 1735 Air Voids: 7.2% 
Briquette: 2 Gyrations: 15 
Material: El Paso 
Mix Type: c Avg. Diam. 100 mm 
Asphalt Grad AC-20 Avg. Length 99 mm 

Asphalt Cont 4.5% Mass Density 2213 kg/m3 

V-Meter 

Target Briquette Young's 
Temperatur lfemperatur Travel Time Velocity Modulus 

(C") (C") (micro-sec.) (m/s) (GPa) 

-5 -4.6 26.3 3774 21 
5 4.9 26.8 3704 20 
15 15.4 27.6 3596 19 
25 25.2 28.7 3459 18 
35 35.5 30.3 3276 16 
45 45.5 32.3 3073 14 



Table E.5: Variation in Modulus with Temperature for Type C -AC 20 

Project: 1735 Air Voids: 4.2% 

Briquette: 3 Gyrations: 30 
Material: El Paso 

Mix Type: c Avg. Diam. 100 mm 
Asphalt Grad AC-20 Avg. Length 96 mm 

Asphalt Cont 4.5% Mass Density 2298 kg/m3 

V-Meter 

Target Briquette Young's 
emperatur emperatur TravelTime Velocity Modulus 

(C") (c") (micro-sec.) (m/s) (GPa) 

3867 23 
3731 21 
3551 19 
3512 19 
3294 17 
3122 15 

Table E.6: Variation in Modulus in Temperature with Type C -AC 20 

Project: 1735 Air Voids: 3.8 % 
Briquette: 4 Gyrations: 30 
Material: El Paso 
Mix Type: c Avg. Diam. 100 mm 
Asphalt Grad AC-20 Avg. Length 96 mm 

Asphalt Cont 4.5% Mass Density 2291 kg/m 3 

V-Meter 

Target Briquette Young's 
emperatur emperatur Travel Time Velocity Modulus 

(c") (C") (micro-sec.) (m/s) (GPa) 

-5 -4.3 22.7 4208 27 
5 5.2 23.2 4117 26 
15 15.5 25.3 3776 22 
25 25.3 25.9 3688 21 

28.7 3328 17 
29.4 3249 16 



Table E.7: Variation in Modulus with Temperature for TypeD -AC 30 

Project: 1735 Air Voids: 8% 

Briquette: Gyrations: 10 

Material: El Paso 

Mix Type: D Avg. Diam. 100 mm 

Asphalt Grad AC-30 Avg. Length 97 mm 

Asphalt Cont 5% Mass Density 2241 kg/m 3 

V-Meter 

Target Briquette Young's 
Temperatur ~emperatur Travel Time Velocity Modulus 

(C") (C") (micro-sec.) (m/s) (GPa) 

-5 -4.4 25.2 3868 22 
5 5.1 25.8 3778 21 
15 15.8 27.3 3570 19 
25 24.9 28.8 3384 17 
35 35.3 31.3 3114 14 
45 45.6 33.2 2936 13 

Table E.8: Variation in Modulus with Temperature for TypeD -AC 30 

Project: 1735 Air Voids: 3.9% 

Briquette: 2 Gyrations: 35 
Material: El Paso 
Mix Type: D Avg. Diam. 100 mm 
Asphalt Grad AC-30 Avg. Length 93 mm 

Asphalt Cont 5% Mass Density 2358 kg/m 3 

V-Meter 

Target Briquette Young's 

lfemperatur Temperatur Travel Time Velocity Modulus 
(C") (C") (micro-sec.) (m/s) (GPa) 

-5 -4.3 21.7 4290 29 

5 5.1 22.0 4231 28 

15 15.2 23.2 4012 25 

25 25.0 24.0 3878 24 

35 34.6 25.8 3608 20 
45 45.8 27.7 3360 18 



Table E.9: Variation in Modulus with Temperature for TypeD -AC 10 

Project: 1735 Air Voids: 7.8% 

Briquette: Gyrations: 10 

Material: El Paso 

Mix Type: D Avg. Diam. 100 mm 

Asphalt Grad AC-10 Avg. Length 101 mm 

Asphalt Cont 5% Mass Density 2190 kg/m3 

V-Meter 

Target Briquette Young's 

Temperatur Temperatur Travel Time Velocity Modulus 
(C") (C") (micro-sec.) (m/s) (GPa) 

-5 -4.6 27.2 3698 20 
5 4.8 27.9 3605 19 
15 15.2 29.3 3433 17 

25 24.9 31.3 3213 15 
35 35.4 33.3 3020 13 
45 45.3 .2 2778 II 

Table E.lO: Variation in Modulus with Temperature for TypeD -AC 10 

Project: 1735 Air Voids: 4.5% 
Briquette: 2 Gyrations: 15 
Material: El Paso 
Mix Type: D Avg. Diam. 100 mm 
Asphalt Grad AC-10 Avg. Length 96 mm 

Asphalt Cont 5% Mass Density 2290 kg/m3 

V-Meter 

Target Briquette Young's 
Temperatur Temperatur Travel Time Velocity Modulus 

(C") (C") (micro-sec.) (m/s) (GPa) 

-5 -4.6 24.0 4019 25 
5 4.8 25.3 3813 22 
15 15.2 25.9 3725 21 
25 24.9 27.4 3521 19 
35 35.4 28.7 3361 17 
45 45.3 31.3 3082 14 



Table E.ll: Variation in Modulus with Temperature for Type D·AC-10 

Project: 1735 Air Voids: 3% 
Briquette: 3 Gyrations: 30 
Material: El Paso 
Mix Type: D Avg. Diam, 100 mm 
Asphalt Grad AC-10 Avg. Length 95 mm 

Asphalt Cont 5% Mass Density 2329 kg/m 
] 

V-Meter 

Target Briquette Young's 
Temperatur Temperatur TravelTime Velocity Modulus 

(Co) (C") (micro-sec.) (m/s) (GPa) 

-5 -4.7 23.3 4077 26 
5 5.9 23.7 4008 25 
15 14.5 25.5 3725 21 
25 24.4 26.3 3612 20 
35 it:! 27.6 3442 18 
45 30.3 3135 IS 



Table E.l2: Variation in Modulus with Temperature for Type D-AC-20 

Project: 1735 Air Voids: 8.4% 

Briquette: Gyrations: 10 

Material: El Paso 
Mix Type: 0 Avg. Diam. 101 mm 

Asphalt Grad AC-20 Avg. Length 100 mm 

Asphalt Cont 5.0% Mass Density 2195 kg/m3 

V-Meter 

Target Briquette Young's 

lfemperatur Temperatur Travel Time Velocity Modulus 
(C") (C") (micro-sec.) (m/s) (GPa) 

-5 -4.8 28.2 3542 18 

5 5.1 28.6 3493 18 

15 15.4 29.6 3375 17 
25 25.5 31.7 3151 14 

35 35.4 32.8 3046 14 
45 45.0 35.4 2822 12 
35 34.8 33.2 3009 13 
25 25.2 31.0 3223 15 
15 15.1 29.3 3409 17 
5 5.0 28.3 3530 18 
-5 -5.1 27.2 3673 20 

Table E.l3: Variation in Modulus with Temperature for Type D-AC-20 

Project: 1735 Air Voids: 8.0% 
Briquette: 2 Gyrations: 15 
Material: El Paso 
Mix Type: 0 Avg. Diam. 100 mm 
Asphalt Grad AC-20 Avg. Length 99 mm 

Asphalt Cont 5.0% Mass Density 2220 kg/m3 

V-Meter 

Target Briquette Young's 

~emperatur ~emperatur Travel Time Velocity Modulus 
(Co) (Co) (micro-sec.) (m/s) (GPa) 

-5 -4.8 27.6 3596 19 
5 5.1 27.9 3557 19 
15 15.4 31.1 3191 15 
25 25.5 32.3 3072 14 
35 35.4 33.1 2998 13 
45 45.0 35.3 2811 12 
35 34.8 33.3 2980 13 
25 25.2 30.0 3308 16 
15 15.1 28.8 3446 18 
5 5.0 28.1 3532 18 
-5 -5.1 27.2 3648 20 



Table E.14: Variation in Modulus with Temperature for Type D-AC-20 

Project: 1735 Air Voids: 4.1% 
Briquette: Gyrations: 30 
Material: El Paso 
Mix Type: D Avg. Diam. 100 mm 
Asphalt Grad AC-20 Avg. Length 95 mm 

Asphalt Cont 5.0% Mass Density 2342 kg/m3 

V-Meter 

Target Briquette Young's 
emperatur emperatur TravelTime Velocity Modulus 

(C") (C") (micro-sec.) (m/s) (GPa) 

-5 -4.4 23.0 4121 26 
5 5.0 23.6 4017 25 
15 15.2 24.9 3807 23 
25 25.1 26.0 3646 21 
35 35.4 27.6 3435 18 
45 45.2 29.1 3257 16 

35.5 27.3 3472 19 
25.4 25.7 3688 21 
15.0 24.6 3853 23 
5.4 23.7 4000 25 
-4.5 23.1 4104 26 

Table E.15: Variation in Modulus with Temperature for Type D-AC-20 

Project: 1735 Air Voids: 4.0% 
Briquette: 2 Gyrations: 30 
Material: El Paso 
Mix Type: D Avg. Diam. 100 mm 
Asphalt Grad AC-20 Avg. Length 95 mm 

Asphalt Cont 5.0% Mass Density 2328 kg/m 3 

V-Meter 

Target Briquette Young's 
emperatur emperatur Travel Time Modulus 

(C") (C") (micro-sec.) (GPa) 

-5 -4.4 23. 26 
5 5.0 23.8 25 
15 15.2 25.1 3791 22 
25 25.1 26.6 3577 20 
35 35.4 28.3 3363 17 
45 45.2 30.1 3161 15 
35 35.5 28.3 3363 17 

25.4 26.3 3618 20 
15.0 25.2 3776 22 
5.4 2 24 
-4.5 23.4 4067 26 



Table E.l6: Variation in Modulus with Temperature for Type D-AC-20 

Project: 1735 Air Voids: 3.5% 
Briquette: Gyrations: 35 
Material: El Paso 
Mix Type: D Avg. Diam. 100 mm 
Asphalt Grad AC-20 Avg. Length 94 mm 

Asphalt Cont 5.0% Mass Density 2348 kg/m3 

V-Meter 

Target Briquette Young's 
emperatur TravelTime Velocity Modulus 

(C") (micro-sec.) (m/s) 

-4.4 22.9 4112 
5.0 23.5 4007 

.2 24.1 3907 
25.6 3678 
26.7 3527 19 

45 45.2 28.9 3258 17 
35 35.5 26.4 3567 20 
25 25.4 25.5 3693 21 
IS 15.0 24.3 3875 23 
s 5.4 23.2 4059 26 
-5 -4.5 23.3 4041 25 

Table E.l7: Variation in Modulus with Temperature for Type D-AC-20 

Project: 1735 
Briquette: 2 
Material: El Paso 
Mix Type: D 
Asphalt Grad AC-20 

Asphalt Coot 5.0% 

Target Briquette 
emperatur 

(C") 

35.4 
45 45.2 
35 35.5 
25 25.4 
IS 15.0 
s 5.4 
-S -4.5 

Air Voids: 

Gyrations: 

Avg. Diam. 
Avg. Length 

Mass Density 

Travel Time 
(micro-sec.) 

22.3 
23.0 
23.5 
24.7 
26.4 
27.8 
26.3 
24.7 
23.3 
22.9 
22.3 

V-Meter 

Velocity 
(m/s) 

421 

3807 
3562 
3383 
3576 
3807 

3.3% 
35 

100 mm 
94 mm 

2353 kg/m3 

Young's 
Modulus 

20 
18 
20 
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Fl) PAVEMENT MODEL- PSPA DATA 



Table Fl.l: ACP Model data- Mix TypeD 

Avg. Avg. Surface Wave I 

Test Mass Velocity PSPA 
Point Density (m/s) Modulus 

(kg/m3
) (GPa) 

I 2177 1415 13.2 
I 2177 1484 14.5 
I 2177 1495 
l 2177 1483 14.5 
2 2177 1534 15.5 
2 2177 1481 14.4 
2 ..!Ill 1375 12.4 
3 2177 1473 14.3 
3 2177 1464 14.1 
3 2177 1463 14.1 
4 2177 1462 14.0 
4 2177 1461 14.0 
4 2177 1466 14.1 
5 2177 1462 14.0 
5 2177 1464 14.1 
5 2177 1448 13.8 

Avg.: 1464 14.1 

(I) Based on Frequency Domain Records 

Table FJ.2: ACP Model data- Mix Type C 

Avg. Avg. Surface Wave I 

Test Mass Velocity PSPA 
Point Density (m/s) Modulus 

(kg/m3
) (GPa) 

I 2215 1550 15.4 
I 2215 1558 15.6 
I 2215 1548 15.4 
2 2215 1615 16.8 
2 2215 1624 16. 
3 2215 1557 15.6 
3 2215 1545 15.3 
3 2215 1542 15.3 
3 2215 1549 15.4 
4 2215 1485 14.2 
4 2215 1491 14.3 
4 2215 1504 14.5 
5 2215 1567 15.8 
5 2215 1565 15.7 
5 2215 1564 15.7 

" 2215 1570 15.8 
Avg.: 1552 15.5 

(1) Based on Frequency Domain Records 



Table Fl.3: ACP Model- Mix TypeD 

Avg. Avg. Surface Wave1 

Test Mass Velocity PSPA 
Point Density (m/s) Modulus 

(kg/m3
) (GPa) 

I 2331 1630 19.0 
I 2331 1639 19.2 
I 2331 1638 19.1 

2 2331 1698 20.6 

2 2331 1637 19.1 
2 2331 1632 19.0 
3 2331 1629 18.9 
3 2331 1638 19.1 
3 2331 1640 19.2 
4 2331 1572 17.6 
4 2331 1576 17.7 
5 2331 1606 18.4 
5 2331 1608 18.4 
5 2331 1609 18.5 

6 2331 1583 17.9 

I 6 2331 1578 17.8 
Avg.: 1620 18.7 

(I) Based on Frequency Domain Records 

Table F1.4: ACP Model data- Mix TypeD 

Avg. Avg. Surface Wave I 

Test Mass Velocity PSPA 
Point Density (m/s) Modulus 

(kglm3
) (GPa) 

1 2291 1646 19.0 
I 2291 1649 19.1 
I 2291 1648 19.0 
2 2291 1591 17.7 
2 2291 1600 17.9 
2 2291 1621 18.4 
3 2291 1657 19.2 
3 2291 1677 19.7 
4 2291 1627 18.6 
4 2291 1648 19.0 
4 2291 1598 17.9 

4 2291 1589 17.7 

5 2291 1645 19.0 
5 2291 1659 19.3 

I~ 
5 2291 1640 18.9 
5 2291 1613 18.2 

Avg.: 1632 18.7 

(I) Based on Frequency Domain Records 



Table F1.5: ACP Model data- Mix Ty e B 

Avg. Avg. Surface Wave I 

Test Mass Velocity PSPA 
Point Density (m/s) Modulus 

(k /m3
) GPa) 

2308 1570 17.6 

2308 1567 17.6 
2308 1568 17.6 

2308 1557 17.3 

2353 1604 18.8 

2 2353 1602 18.7 

2 2353 1597 18.6 

2 2353 1598 18.6 

3 2375 1636 19.7 

3 2375 1631 19. 

3 2375 1637 19. 

3 2375 1641 19.8 
2376 1723 21.9 
2376 1712 21.6 
2376 1707 21.5 

4 2376 1706 21.4 

5 2341 1687 20.7 

5 2341 1686 20.6 
5 2341 1696 20.9 
5 2341 1697 20.9 
6 2369 1736 22.1 
6 2369 1727 21.9 
6 2369 1730 22.0 
6 2369 1729 22.0 

Avg.: 1656 20.0 

(I) Based on Frequency Domain Records 



Table F1.6: ACP Model data- Mix Type B 

Avg. Avg. Surface Wave 1 

Test Mass Velocity PSPA 

Point Density (rn/s) Modulus 

(kglrn3
) (GPa) 

2371 1705 21.4 

2371 1703 21.3 

2371 1708 21.4 

2371 1709 21.5 

8 2371 1697 21.2 

8 2371 1686 20.9 

8 2371 1711 21.5 

8 2371 1710 21.5 

2374 1723 21.8 

9 2374 1725 21.9 

9 2374 1728 22.0 

9 2374 1735 22.2 

10 2375 1691 21.1 

10 2375 1694 21.1 

10 2375 1689 21.0 

10 2375 1692 21.1 

II 2375 1662 20.3 

II 2375 1671 20.6 

II 2375 1674 20.6 

II 2375 1673 20.6 

I Avg.: 1699 21.2 I] 
(I) Based on Frequency Domain Records 



Table Fl.7: ACP Model data- Mix Type 8 (Layer Thickness J70 mm) 

Avg. Avg. Surrace Wave I 

Test Mass Velocity PSPA 
Point Density (m/s) Modulus 

(kglm3
) (GPa) 

I 2308 1490 15.8 

I 2308 1488 15.7 
1 2308 1501 16.0 
] 2308 1496 15.9 
2 2353 1697 20.9 

= 2 2353 1695 20.8 
2 2353 1711 21.2 
2 2353 1712 21.2 
3 2375 1606 18.9 
3 2375 1601 18.7 
3 2375 1610 19.0 
3 2375 1617 19.1 
4 2376 1640 19.7 
4 2376 1631 19.5 
4 2376 1643 19.8 
4 2376 1637 19.6 
5 2341 1582 18.0 
5 2341 1582 18.0 
5 2341 1581 18.0 
5 2341 1587 18.2 
6 2369 1657 20.0 
6 2369 1664 20.2 
6 2369 1651 19.9 
6 2369 1650 19.9 

Avg.: 1614 J8.9 

(I) Based on Frequency Domain Records 



Table Fl.8: ACP Model data- Mix Type B (Layer Thickness 170 mm) 

Test Al'g. Avg. Surface Wave I 

Point Mass Velocity PSPA 

Density (m/s) Modulus 

(kg/m3
) (GPa) 

7 2371 1673 20.4 

7 2371 1662 20.2 

7 2371 1699 21.1 

7 2371 1667 20.3 

8 2371 1661 20.1 

8 2371 1674 20.5 

8 2371 1669 20.3 

8 2371 1674 20.5 

9 2374 1532 17.2 

9 2374 1503 16.5 

9 2374 1519 16.9 

9 2374 1542 17.4 

10 2375 1653 20.0 

10 2375 1673 20.5 

10 2375 1692 20.9 

! 10 2375 1666 20.3 

II 2375 1678 20.6 

! 
II 2375 1686 20.8 

II 2375 1674 20.5 

II 2375 1670 20.4 

Avg.: 1643 19.8 

(1) Based on Frequency Domain Records 



Table Fl.9: ACP Model data- Mix TypeD (Layer Thickness 150 mm) 

Al·g. Avg. Surface Wave1 

Test Mass Velocity PSPA 
Point Density (m/s) Modulus 

(kg/m3
) (GPa) 

I 2211 1326 12.1 
I 2211 1342 12.4 
I 2211 1320 12.0 
I 2211 1292 11.5 

I 2211 1277 11.2 
I 2211 1254 10.8 
I 2211 1283 11.4 

2 2212 1251 10.8 

2 2212 1252 10.8 
2 2212 1251 10.8 
2 2212 1304 11.7 
2 2212 1239 10.6 
2 2212 1243 10.7 
2 2212 1244 10.7 
3 2176 1346 12.3 
3 2176 1201 9.8 
3 2176 1208 9.9 
3 2176 1211 10.0 

3 2176 1201 9.8 
3 2176 1201 9.8 
3 2176 1142 8.9 
3 2176 1180 9.5 
4 2206 1307 11.8 
4 1301 11.6 
4 2206 1309 II .8 
4 2206 1307 11.8 
5 2239 1253 11.0 
5 2239 1260 II. I 

5 2239 1233 10.6 
5 2239 1278 11.4 
s 2239 1253 11.0 i 

5 2239 1247 10.9 
5 2239 1267 11.2 
6 2163 1234 10.3 
6 2163 1246 10.5 
6 2163 1246 10.5 
6 2163 1246 10.5 
6 2163 1214 9.9 
6 2163 1176 9.3 
6 2163 1184 9.5 

Avg.: 1253 10.8 

(l) Based on Frequency Domain Records 



Table Fl.lO: ACP Model data- Mix TypeD (Layer Thickness 150 mm) 

Avg. Avg. Surface Wave1 

Test Mass Velocity PSPA 

Point Density (m/s) Modulus 

(kg/m3
) (GPa) 

7 2203 1244 10.6 
I 7 2203 1283 11.3 

7 2203 1279 11.2 
7 2203 1277 11.2 
7 2203 1278 11.2 

7 2203 1232 10.4 
7 2203 1182 9.6 
7 2203 1189 9.7 

~ 
2203 1187 9.7 
2203 1191 9.7 

2203 1293 11.5 
2203 1284 11.3 

7 2203 1288 11.4 
7 2203 1292 11.5 
7 2203 1298 11.6 
7 2203 1308 11.8 
7 2203 1308 11.8 

7 2203 1331 12.2 
7 2203 1293 I 1.5 

7 2203 1253 10.8 
7 2203 1254 10.8 

7 2203 1266 11.0 

7 2203 1285 11.3 
7 2203 1256 10.8 
7 2203 1258 10.9 
7 2203 1261 10.9 
7 2203 1258 10.9 

Avg.: 1264 11.0 

(I) Based on Frequency Domain Records 



Table Fl.ll: ACP Model data- Mix TypeD (Layer Thickness 150 mm) 

Avg. Avg. Surface Wave1 

Test Mass Velocity PSPA 
Point Density (m/s) Modulus 

(kg/m3
) (GPa) 

8 2171 1259 10.7 
8 2171 1254 10.7 
8 2171 1245 10.5 
8 2171 1246 10.5 
9 2198 1309 11.8 
9 2198 1297 11.5 
9 2198 1237 10.5 
9 2198 1230 10.4 
9 2198 1160 9.2 
9 2198 1176 9.5 
10 2209 1217 10.2 
10 2209 1218 10.2 
10 2209 1214 10.2 
ov 2209 1215 10.2 
II 2160 1113 8.3 
II 2160 1109 8.3 
II 2160 1068 7.7 
II 2160 1068 7.7 
12 2198 1187 9.7 
12 2198 1188 9.7 
12 2198 1187 9.7 
12 2198 1209 10.0 
12 2198 1259 10.9 
12 2198 1246 10.6 
12 2198 1233 10.4 
12 2198 1268 11.0 
12 2198 1280 11.2 
12 2198 1280 11.2 
12 2198 1281 11.3 
12 2198 1280 11.2 
13 2155 1025 7.1 
13 2155 1024 7.1 
13 2155 1146 8.8 
13 2155 1153 8.9 
13 2155 1153 8.9 
13 2155 1154 9.0 

Avg.: 1200 9.9 

(I) Based on Frequency Domam Records 



F2) Paven1ent Model Core Data 



Table F2.1: ACP Model Core data 

Material El Paso Mix Type: D 

Avg. Avg. Mass Air V-Meter 

Core Diam. Length Density Voids Young's 

No. (mm) (mm) (kglm3
) (%) Travel Time Velocity Modulus 

(micro-sec.) (m/s) (GPa) 

11 I 2124 12.4 22.6 3211 14.8 

2 69 2209 10.0 21.8 3172 15.0 

3 79 70 2171 11.6 22.0 3184 14.8 

4 79 73 2195 I 1.2 23.5 3121 14.4 

5 79 69 2183 12.1 23.8 2886 12.3 

Table F2.2: ACP Model Core data 

Material El Paso Mix Type: c 
Avg. Avg. Mass Air V-Meter 

Core Diam. Length Density Voids Young's 

No. (mm) (mm) (kglm3
) (%) Travel Time Velocity Modulus 

(micro-sec.) (m/s) (GPa) 

6 2229 9.0 .J 3629 20.5 

II 2 97 69 2205 9.5 19.4 3554 19.4 

3 79 59 2254 10.1 19.0 3104 15.2 

4 79 66 2214 9.8 21.8 3032 14.2 

5 79 68 2172 ll.8 24.0 2838 12.2 

Table F2.3: ACP Model Core data 

Material El Paso Mix Type: D 
Avg. Avg. Mass Air V-Meter 

Core Diam. Length Density Voids Young's 

No. (mm) (mm) (kglm3
) (%) Travel Time Velocity Modulus 

(micro-sec.) (m/s) (GPa) 

'I 68 2314 5.8 19.0 3573 19.9 

2 65 2315 6.0 18.8 3482 18.9 

3 I 97 67 2281 6.3 19.3 3455 18.4 

4 79 69 2367 5.5 21.1 3290 17.3 

5 79 66 2340 5.4 18.5 3591 20.3 

6 79 69 2369 4.7 ?!' £\ 3453 19.0 



Table F2.4: ACP Model Core data 

Material El Paso Mix Type D 

Avg. Avg. Mass Air V-Meter 

Core Diam. Length Density Voids Young's 

No. (mm) (mm) (kglm3
) (%) Travel Time Velocity Modulus 

(micro-sec.) (m/s) (GPa) 
I 

1 97 46 2438 6.3 13.0 3565 20.9 

2 97 50 2168 5.6 13.6 3645 19.4 

3 79 51 2274 7.4 14.2 3582 19.7 

4 79 55 2289 7.0 16.0 3436 18.2 

5 79 56 2283 7.0 16.8 3321 ~ 
Table F2.5: ACP Model Core data 

Material El Paso Mix Type B 
Avg. Avg. Mass Air V-Meter 

Core Diam. Length Density Voids Young's 

No. (mm) (mm) (kglm1 (%) Travel Time Velocity Modulus 
(micro-sec.) (m/s) (GPa) 

I 79 174 2308 4.8 52.2 ~ 
2 79 174 2353 3.88 51.t 16.5 

3 79 173 2375 3.19 50.6 3419 17.3 

4 79 170 2376 3.36 48.6 3502 18.2 

5 79 180 2341 3.92 50.3 3569 18.6 

6 79 177 2369 3.43 52.6 3365 16.7 

II 7 79 175 2371 3.54 50.3 3469 17.8 

8 79 174 2371 3.23 49.8 3494 18.0 

9 79 178 2374 3.50 52.1 3407 17.2 

79 1 175 2375 3.28 50.5 3455 17.7 

~ 79 L!74 2375 3.71 49.4 3512 18.2 



Table F2.6: ACP Model Core data 

Material El Paso Mix Type D 

I 

Avg. Avg. Mass Air V-Meter 

Core Diam. Length Density Voids Young's 

No. (mm) (mm) (kglm3
) (%) Travel Time Velocity Modulus 

(micro-sec.) (m/s) (GPa) 

I 79 143 2211 4.9 S3.6 2660 8.4 

2 79 IS6 2212 4.10 S3.0 2943 10.2 

3 79 135 2176 4.80 4S.4 2978 10.3 

4 79 ISS 2206 4.60 s 1.2 3027 10.8 

s 79 140 2239 3.30 46.6 3004 10.8 

6 79 160 2163 5.90 S5.8 2867 9.5 

7 79 164 2203 4.40 53.4 3071 11.1 

8 79 147 2171 5.10 49.8 29S2 10.1 

9 79 144 2198 4.70 47.3 3034 I 0.8 

10 79 144 2209 4.40 49.7 2897 9.9 

11 79 144 2160 5.00 51.1 2808 9.1 

12 79 ISO 2198 4.70 49.3 3043 10.9 

13 79 141 2155 4.70 49.6 2833 9.2 



Table F2.7: ACP Model Core data (Top and Bottom Cores) 

Material El Paso 

! 

Avg. 

Core Diam. 

No. (mm) 

1B(I) 79 

28 79 

38 79 

48 79 

58 79 

68 79 

78 79 

88 79 

98 79 

lOB 79 

118 79 

128 79 

138 79 

1T<2l 79 

2T 79 

3T 79 

4T 79 

ST 79 

6T 79 

7T 79 

8T 79 

9T 79 

lOT 79 

11 T 79 

12T 79 

13T 79 
(I) Bottom Core 
(2) Top Core 

Avg. 

Length 

(mm) 

60 

77 

64 

72 

66 

61 

78 

65 

60 

67 

67 

66 

65 

81 

76 

67 

81 

71 

96 

83 

79 

80 

74 

73 

81 

72 

Mix Type 

Mass Air 

Density Voids 

(kglm3
) (%) Travel Time 

(micro-sec.) 

2203 4.37 22.6 

2220 3.61 25.4 

2155 6.18 20.5 

2209 4.53 23.7 

2237 3.91 24.1 

2141 6.15 21.6 

2225 3.97 24.3 

2148 5.68 22.7 

2208 5.16 20.7 

2193 4.76 25.0 

2124 6.70 25.7 

2175 4.69 21.6 

2132 6.08 27.6 

2177 5.92 26.9 

2187 6.26 25.3 

2184 5.94 20.8 

2180 5.36 24.5 

2224 4.71 21.3 

2156 6.62 30.4 

2166 6.58 25.4 

2183 5.76 23.9 

2177 7.17 25.3 

2186 5.24 22.6 

2189 5.74 24.2 

2207 5.74 24.3 

2191 5.85 22.4 

D 

V-Meter 

Young's 

Velocity Modulus 
(m/s) (GPa) 

2654 8.3 

3016 10.8 

3124 11.2 

3021 10.8 

2735 8.9 

2840 9.2 

3214 12.3 

2877 9.5 
I 

2902 9.9 

2694 8.5 

2607 7.7 

3061 10.9 

2351 6.3 

3002 10.5 

3011 10.6 

3244 12.3 

3287 12.6 

3313 13.0 

3159 11.5 

3249 12.2 

3299 12.7 

3174 11.7 

3280 12.6 

3020 10.7 

3325 13.0 

3208 12.0 



F3) Case Study Data 



Table F3.1: Doniphan ACP Core data 

V-Meter 

Core Avg. Avg. Mass Air Young's 

No. Diam. Length Density Voids Travel Time Velocity Modulus 

(mm) (mm) (kg/m3
) (%) (micro-sec.) (m/s) (GPa) 

lA 108 85 2178 10.1 24.7 3441 16.7 

18 108 88 2193 9.7 27.0 3259 15.1 

2A 108 71 2255 8.0 19.4 3660 17.1 

28 108 68 2282 7.7 17.9 3799 18.6 

3A 108 78 2245 9.1 21.6 3611 19.8 

38 108 83 2209 9.8 23.4 3547 18.8 

4A 108 52 2122 7.9 15.2 3421 16.1 

48 108 68 2179 9.2 19.4 3505 17.4 

Table F3.2: Doniphan Road-PSPA data 

Average 
Test Surface Air Avg. Surface Wave PSPA 
Point Temp Temp Density Velocity Modulus 

(Co) <en> (kg/m3
) (m/s) (GPa) 

1 23 19 2186 1574 16.6 
I 23 19 2186 1637 18.0 
I 23 19 2186 1625 17.7 

1 23 19 2186 1618 17.6 

2 23 18 2269 1529 16.5 

2 23 18 2269 1526 16.5 
2 23 18 2269 1512 16.1 
3 22 15 2227 1663 18.9 
3 22 15 2227 1656 18.7 

3 22 15 2227 1628 18.1 
4 24 19 2151 1617 17.3 
4 24 19 2151 1628 17.5 
4 24 19 2151 1663 18.3 
4 24 19 2151 1677 18.6 

(1) Based on Frequency Domam Records 



Table F3.3: Odessa Mix Gradation 

Sieve Sieve Weight Percent Cumulativ (%Passing) 
Number Opening iRetaine Retained % Retaine (Org. Soil) 

(mm) (gm) (%) (%) (%) 

1/2 " 12.700 3.50 0.40 0.40 99.60 

3/8" 9.525 85.75 9.80 10.20 89.80 

No.4 4.760 248.50 28.40 38.60 61.40 

No. lO 2.000 228.38 26. 10 64.70 35.30 

No. 40 0.420 126.00 14.40 79.10 20.90 

No. 80 0.180 71.75 8.20 87.30 12.70 

No. 200 0.074 70.88 8.10 95.40 4.60 

Pan .... 40.25 4.60 100.00 0.00 

Total 875.01 

IO~timum AsEhalt Content 5.4% I 

Figure F3.1: Odessa Mix Design Gradation 
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Table F3.4: Variation in Modulus with VTM for Odessa Mix 

Material Odessa Mix Type: D 
V-Metet· 

Avg. Avg. Mass Air Young's 

Briquette Gyt·ations Diam. Length Density Voids Tt·avel Time Velocity Modulus 

No. (mm) (mm) (kglm3
) (%) (micro-sec.) (m/s) (GPa) 

I 5 100 112 1991 10.9 38.3 2921 11.5 

2 5 100 113 1964 10.2 38.4 2942 I 1.5 

3 10 100 Ill 2014 9.9 35.7 3096 13.0 

4 10 100 I 10 2016 9.7 35.8 3084 12.9 

5 15 100 107 2071 7.6 33.5 3207 14.4 

6 15 100 109 2051 7.9 33.6 3229 14.4 

7 20 100 107 2086 7.1 33.7 3167 14. I 

8 20 100 107 2082 8.0 33 .2 3219 14 .6 

9 25 100 105 2120 6.2 32.5 3231 14 .9 

10 25 100 106 2097 6.8 32.6 3257 I 5.0 

I I 30 100 106 2100 6.5 30.8 3444 16.8 

12 30 100 106 2107 5.8 31.2 3385 16.3 

13 35 100 104 2140 5.4 30.0 3470 17.4 

14 35 100 105 2120 6.5 31.0 3382 16.4 

Table F3.S: Odessa Cores data 

Material Odessa Mix Type: D 

V-Meter 

Test Avg. Avg. Mass Air Young's 
Point Diam. Length Density Voids Travel Time Velocity Modulus 

(mm) (mm) (kg/m
3

) (%) (micro-sec.) (m/s) (GPa) 

I 97 50 2103 6.30 14.6 3390 16.3 

5 97 46 2125 7.40 14.3 3238 15 .0 

10 97 54 2146 5.10 16.1 3354 16.3 

15 97 51 2109 6.90 16.4 3130 13 .9 

20 97 52 2063 7.60 16.5 3152 13 .8 

25 97 48 2149 7.20 14.9 3221 15.1 

30 97 50 2160 6.00 15.1 331 I 16.0 



Table F3.6: Odessa Road PSPA data 

Surface Average Surface Wave PSPA 
Test Distance Temp. Density Velocity Modulus 
Point (meters) Co (kg/m3) (m/sec) (GPa) 

I 0.0 11.7 2200 1577 14.3 
2 1.5 11.7 2200 1646 15.5 
3 3.0 11.7 2200 1652 15.6 
4 4.6 1 1.7 2200 1588 14.5 
5 6.1 11.7 2200 1576 14.2 
6 7.6 11.7 2200 1557 13.9 
7 9.1 11.7 2200 1595 14.6 
8 10.7 11.7 2200 1612 14.9 
9 12.2 11.7 2200 1594 14.6 
10 13.7 11.7 2200 1605 14.8 
11 15.2 11.7 2200 1647 15.5 
12 16.8 11.7 2200 1629 15.2 
13 18.3 12.2 2200 1622 15.2 
14 19.8 12.2 2200 1585 14.5 
15 21.3 12.2 2200 1537 13.6 
16 22.9 12.2 2200 1532 13.5 
17 24.4 12.2 2200 1537 13 .6 
18 25.9 12.2 2200 1540 13.7 
19 27.4 12.2 2200 1442 12.0 
20 29.0 12.8 2200 1372 10.9 
21 30.5 12.8 2200 1278 9.5 
22 32.0 12.8 2200 1312 10.0 
23 33.5 12.8 2200 1368 10.9 
24 35.1 12.8 2200 1250 9.1 
25 36.6 12.8 2200 1469 12.5 
26 38.1 10.0 2200 1605 14.5 
27 39.6 10.0 2200 1581 14.0 
28 41.1 9.4 2200 1588 14.1 
29 42.7 9.4 2200 1612 14.5 
30 44.2 8.9 2200 1663 15.3 
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