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ABSTRACT 

 

Cold Central Plant Recycling (CCPR) has been used by many state highway agencies to save 

material, money, time, and energy in pavement construction and rehabilitation.  The objectives 

of this thesis were to: (1) perform an instrumented verification analysis, (2) evaluate the response 

and performance of two pavement configurations with a CCPR base layer through accelerated 

pavement testing (APT), and (3) construct models using mechanistic-empirical pavement design 

software for comparison with the APT results.  The pavement configurations featured a 5-inch 

CCPR mixture with either a 3-inch or 1.5-inch SM-9.5D surface mixture.  Each section was 

instrumented with strain gauges, pressure cells, and thermocouples.  A heavy vehicle simulator 

(HVS) was used to load three replicate test sections in each lane, with the temperature controlled 

at 39°C at a depth of 1.5 inches. 

Results from the instrument verification analysis showed that the strain gauges and pressure cells 

used in the experiment recorded pavement responses with a high degree of repeatability.  In 

addition, the loading condition variables (speed, wheel load, and tire inflation pressure) affected 

the response following the expected trends and did not affect the repeatability of the instruments.  

The average CV of all strain gauge and pressure cell signals was approximately 0.009 or 0.9%, 

and 0.004 or 0.4%, respectively.   

In terms of the rutting comparison, the sections with the 3-inch surface layer outperformed the 

sections with the thinner 1.5-inch surface layer.  However, the age of the pavement at the start of 

testing significantly affected the rutting performance.  After adjusting for the pavement age at the 

time of testing, the section with the thicker surface showed approximately half of the rutting of 

the section with the thinner surface.   

The results from preliminary ME Design analysis indicate that the software cannot model the 

studied APT sections using the default material properties and calibration factors available at the 

time of analysis.  In particular, the software does not seem to be prepared to model the CCPR 

materials. 
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GENERAL AUDIENCE ABSTRACT 

 

Accelerated Pavement Testing (APT) is a useful method for evaluating pavements, validating 

instrument responses, and developing pavement models.  The APT uses a Heavy Vehicle 

Simulator (HVS) as a loading mechanism to simulate the effects of truck traffic on pavement 

sections.  Strain gauges and pressure cells are installed in the pavement sections to monitor the 

pavement performance and record key points of strain and pressure.  This thesis contains the 

findings and results of APT testing on two sections of pavement containing a cold central plant 

recycled (CCPR) base mixture; one section has a 3 inch surface mixture while the other has a 1.5 

inch surface mixture.  Also, an instrument verification exercise is conducted, and an ME Design 

model is constructed for comparison with the rutting results of the APT testing. 

Results from the instrument verification analysis showed that the strain gauges and pressure cells 

used in the experiment recorded pavement responses with a high degree of repeatability.  In 

addition, the loading condition variables (speed, wheel load, and tire inflation pressure) affected 

the response following the expected trends and did not affect the repeatability of the instruments. 

In terms of the rutting comparison, the sections with the 3-inch surface layer outperformed the 

sections with the thinner 1.5-inch surface layer.  However, the age of the pavement at the start of 

testing significantly affected the rutting performance.  After adjusting for the pavement age at the 

time of testing, the section with the thicker surface showed approximately half of the rutting of 

the section with the thinner surface.   

The results from ME Design model indicate that the software cannot model the studied APT 

sections using the default material properties and calibration factors available at the time of 

analysis.  In particular, the software does not seem to be prepared to model the CCPR materials. 
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CHAPTER 1 – INTRODUCTION 

Background 

The accelerated pavement testing (APT) facility at VTTI provides a testing bed for pavements 

with varying structural compositions.  By using the Heavy Vehicle Simulator (HVS), the APT 

facility allows researchers to conduct experiments on pavement structures in a controlled manner 

that may not be possible in the field. 

This thesis presents the results from the testing conducted on Lane 1 and Lane 2 of the APT 

facility at VTTI.  Lane 1 was constructed with four layers: two 1.5-in. lifts of a SM-9.5D surface 

mixture; a 5-in. cold central plant recycled (CCPR) base layer; an 8-in. 21B aggregate layer, and 

a 26-in. subgrade soil layer.  Lane 2 is composed of the same materials and thicknesses with the 

exception of having only one 1.5-in. lift of the SM 9.5D surface mixture.  These lanes lie on top 

of a stiff foundation comprised of three 6-in. lifts of 21B aggregate with two layers of geotextile 

reinforcement.  Appendix E contains the mixture designs of the SM-9.5D surface mixture and 

the CCPR base layer. 

Two experiments were conducted on lanes 1 and 2.  The primary experiment was an accelerated 

loading test which involved the use of the HVS to apply repeated traffic loading to the pavement 

sections.  The intent of this experiment was to monitor the pavement responses with increasing 

traffic passes.  The secondary experiment was a mixed loading condition test in which the 

variables of speed, wheel load, and tire inflation pressure were considered.  The intent of this test 

was to monitor how the pavement responses change due to changes in the loading conditions.  In 

addition, this test served as an exercise for instrument verification. 

Heavy Vehicle Simulator 

The experiment used a Dynatest Heavy Vehicle Simulator (HVS) Mark VI as shown in Figure 

1-1. This particular unit allows testing at speeds up to 12.4 ± 2 mph with loads that range from 

approximately 6,000 to 22,500 lbs.  

 

Figure 1-1 Virginia DOT HVS Mark VI 
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Instrumentation 

Strain gauges and pressure cells were installed in the centerline of each lane.  The strain gauges 

were placed 2 ft apart at the bottom of the CCPR base layer to obtain the fatigue related 

response.  The pressure cells were placed 5 ft apart at the top of the 21B aggregate base layer, the 

top of the subgrade soil layer, and the middle of the soil layer.  Temperature probes were 

installed at a depth of 1.5 inches.  Appendix D contains the specifications of the instruments used 

in this thesis. 

Cold Central Plant Recycling 

Lanes 1 and 2 feature a CCPR base layer.  The CCPR base layer is a mixture comprised of 

reclaimed asphalt pavement (RAP), foamed or emulsified bitumen, cement, and water.  The use 

of CCPR is encouraged because of widely available RAP stockpiles and benefits in cost savings 

and to the environment. 

CCPR material has characteristics that are similar to asphalt pavements in regards to its 

viscoelastic behavior.  However, it also exhibits behavior similar to that of a bonded granular 

material.  The design of Lanes 1 and 2 was created to test the performance of the CCPR material 

under accelerated loading conditions with different surface mixture thicknesses. 

Problem Statement 

CCPR offers many benefits, but due to lack of knowledge of how the material performs, the 

technique has been restricted in its use.  Continued testing of the material is needed to better 

understand its behavior and to develop parameters that allow the material to be better represented 

in mechanistic-empirical design. 

Furthermore, the development of mechanistic models is dependent upon the accuracy of the data 

that the models are based on.  Before models are developed, the data must first be statistically 

analyzed and validated.  The data collected from the instrumented test sections at the Virginia 

Tech Transportation Institute (VTTI) must be analyzed for repeatability before any subsequent 

models are accepted. 

Objectives 

The objectives of this thesis are as follows: 

 Verify instrument response - Perform statistical analysis on the data collected from the 

instrumented test sections of the APT facility at VTTI to validate for repeatability, 

 Analyze and compare the rutting performance between test sections to better understand 

the behavior of CCPR material, and 

 Develop a mechanistic-empirical pavement design model for the instrumented CCPR test 

sections using the Pavement ME software and compare the predicted performance with 

the experimental results. 
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Significance 

Mechanistic-empirical design is continuing to develop in the pavement design and management 

areas.  This emphasizes the need for precise and accurate data for the inputs required for models.  

More data on the performance of pavement materials such as CCPR will help in the development 

of design parameters in the Pavement ME software that has been adopted by the American 

Association of State Highway and Transportation Officials (AASHTO).  This is beneficial to 

pavement design and management because more accurate models can be generated and better 

informed decisions can be made. 

If the behavior of CCPR is better understood, then engineers may be able to design roads 

including CCPR as a base material with higher confidence.  In addition, paving contractors will 

be more comfortable investing in pavement recycling equipment once the demand increases. 

Furthermore, the use of virgin aggregate may be reduced by including CCPR in the design and 

using the already abundant RAP stockpiles.  This not only saves capital on virgin aggregate but 

provides an effective way of reusing material in pavement design. 
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CHAPTER 2 – LITERATURE REVIEW 

This literature review provides an overview of the topics which are related to the thesis contents.  

These topics include accelerated pavement testing, pavement response data validation, cold 

central plant recycling, testing of CCPR under APT, and mechanistic-empirical design of asphalt 

pavements. 

Accelerated Pavement Testing 

Accelerated pavement testing (APT) began in the late 1950’s with the AASHO road tests in an 

attempt to fill the gap between empirical models and the real world performance of pavements.  

The South African Heavy Vehicle Simulator (HVS) Mark I was developed in the 1960’s as a tool 

to control the magnitude and frequency of the load applications on the pavements being tested.  

du Plesis et al. (2006) list significant results that have been obtained from APT testing programs 

as well the organizations which have used APT.  The results obtained in these APT testing 

programs range from validating the effectiveness of certain asphalt mixtures, evaluating 

rehabilitation techniques, and developing and improving models. 

Many transportation agencies and research institutes in the United States have already conducted 

numerous experiments using APT.  These include the Florida Department of Transportation 

(FDOT), the California Department of Transportation (Caltrans), and Illinois Center for 

Transportation (ICT).  Hugo and Martin (2004) prepared National Highway Cooperative 

(NCHRP) synthesis that summarized the most significant findings of full-scale APT programs up 

to that date.  The synthesis covered the evaluation, validation, and improvement of structural 

designs; enhancement of modeling in pavement engineering; development and validation of 

rehabilitation, construction, and maintenance strategies; and improvement of pavement 

economics and management through accelerated pavement testing applications.  Some most 

recent are discussed following. 

The Louisiana Transportation Research Center (LTRC) has conducted full-scale accelerated 

pavement testing suing an Accelerated Loading Facility (ALF) machine (Metcalf et al. 1999).  

Among other experiments, the ALF was used to evaluate the performance of several different 

pavement structures in a total of nine lanes.  The study developed the use of an AASHTO layer 

coefficient of 0.10 for stone stabilized base.  The study also assessed the use of an inverted 

pavement configuration, the use of thicker cement stabilized bases with lower cement contents, 

and the lack of evidence of an advantage in pavement life from fiber reinforcement in stabilized 

base layers or geogrid geotextiles in unbound base layers.  The researchers also stressed that 

consideration should be given to the monitoring of moisture in the pavement layers. 

FDOT has conducted studies on the rutting resistance of polymer modified asphalt pavements.  

In Gokhale et al. (2005) and Sirin et al. (2008) the rutting resistance of two Superpave mixtures 

were considered.  The first mix was a control mix with a virgin PG 67-22 binder, while the other 

mix contained a polymer-modified binder rated at PG 76-22.  After accelerated loading with the 

HVS, it was determined that the polymer-modified mixture performed better than the unmodified 

mixture.  It was also found that the rutting in the polymer-modified mixture was primarily due to 

densification, while the rutting in the unmodified mixture was primarily due to shear flow.  
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Caltrans also conducted an experiment with the HVS to evaluate the rutting performance of two 

overlay strategies (Harvey and Popescu 2000).  The first overlay strategy was dense graded 

asphalt concrete, and the second overlay strategy was gap-graded asphalt rubber mixture.  The 

variables included in the experiment were overlay type, overlay thickness, tire/wheel type, and 

temperature.  It was determined that both overlay strategies performed similarly.  The rutting 

resistance of both overlay strategies decreased as temperature increased and as the wheel load 

configuration became more concentrated (e.g., single tire vs. dual tire). 

Leng et al. (2009) used accelerated pavement testing to quantify the effects of tack coat 

application rate, tack coat type, and Portland cement concrete surface texture on the interface 

bonding between hot-mix asphalt and Portland cement concrete.  The study was conducted to 

validate previously performed laboratory testing of interface bonding.  The authors found that the 

strain response during APT were lowest in the test sections that had the optimum tack coat 

application rate.  It was also found that the test sections with the optimal tack coat application 

rate exhibited more rutting resistance than the sections with a higher or lower application rate. 

More recently, Coleri et al. (2014) used HVS testing to evaluate the performance of porous 

friction courses (PFC).  In this study, the PFC permeability was measured before and after 

accelerated loading testing with the HVS.  The authors found that the permeability of the PFC 

pavements is extremely affected by permanent deformation.  After 5,000 to 30,000 passes, a 

majority of the pavement sections exhibited permeability near zero.  The authors conclude that 

permanent deformation should be considered to assess the long-term effectiveness of PFCs. 

The Swedish National Road and Transport Research Institute has used APT as a means to 

validate a generalized layered linear viscoelastic (LVE) model (Ahmed and Erlingsson 2017).  

The authors found that the LVE calculated responses matched well with the measured responses 

from the accelerated load test.  However, it was recommended that further validation be 

conducted because the accelerated loading test was performed at only one speed.  

Liu et al. (2017) used a different loading machine, the mobile load simulator (MLS).  The 

authors were able to use the MLS to assist in developing an innovative geophone system that is 

used to evaluate the deterioration of the pavement.  As the MLS moves across the pavement, the 

geophones are able to detect the vibrations in the pavement.  These vibrations are then 

transferred to a surface deflection and input into a back-calculation tool to provide the desired 

mechanical properties.  The authors conclude that the system is able to provide accurate and 

efficient measurement of surface deflection and pavement deterioration.  

Pavement Response Data Validation 

The literature reviewed also highlighted the importance of instrument assessment. A few studies 

have been conducted on instrumented test beds to determine the repeatability of instrumentation 

measurements under varying loading conditions.  For example, the importance of the precision 

and accuracy of instrument responses is noted in Willis and Timm (2008).  The authors stress 

that the repeatability and the reliability of the instrument measurements must be studied before 

mechanistic models can be validated.  In this study, the authors found that longitudinal strain 

readings between strain gauges were less variable than transverse strain readings.  Also, the 
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difference in strain between gauges was less for the steer axles while it increased for the tandem 

and trailing single axles. 

Gokhale et al. (2009) also studied the repeatability of strain gauge measurements under varying 

loading conditions.  This report concluded that strain gauges, when installed properly, produce 

repeatable and reliable measurements.  Also, as expected, the magnitude of strain is dependent 

upon the magnitude of loading and the speed of the load wheel.  However, it was found that 

internal tire pressure did not seem to cause an increase or decrease in the strain magnitude.   

Elseifi et al. (2012) provide another perspective on the repeatability and survivability of 

instrumentation in accelerated-pavement testing.  The authors used Geokon pressure cells and 

KM-100-HAS strain gauges (note that these instruments are of the same brand as the instruments 

installed at the VTTI APT).  This paper concluded that the repeatability and survivability of the 

instrumentation were acceptable.  The authors noted that there are a limited number of studies 

that have been conducted to assess the accuracy, repeatability, and survivability of pavement 

sensors. 

Cold Central Plant Recycling 

Cold central plant recycling (CCPR) is a paving technique that utilizes reclaimed asphalt 

pavement (RAP) and foamed or emulsified bitumen to produce a recycled pavement material. 

This technique offers benefits such as reduced use of virgin materials, lane closures, emissions, 

and fuel consumption. The reduced use of virgin materials is the most frequently cited benefit.  

The emissions are reduced because of the lower mixing temperatures and the fuel consumption is 

typically reduced because fewer trucks are required for the transport of virgin materials.  

However, due to the lack of knowledge about how CCPR material behaves, the technique has 

been restricted in its use (Stroup-Gardener, 2011). 

Due to the growing availability of RAP and the increasing shortage of high-quality virgin 

aggregates, CCPR has gained popularity as a method to effectively reuse existing materials in 

asphalt mixtures.  However, it is important to test the mechanical properties of CCPR especially 

when it is used to replace traditional asphalt mixtures.  Stimilli et al. (2013) investigated the 

mechanical properties of an emulsified CCPR base course on an Italian motorway.  Results show 

that the CCPR mixtures provided a lower stiffness modulus and a lower resistance to repeated 

loading than traditional asphalt mixtures.  However, in terms of permanent deformation, the 

CCPR material showed more resistance than the traditional asphalt mixtures.  This behavior is 

explained by the presence of cementitious bonds that reduce thermal sensitivity and viscous 

response. 

In an attempt to better understand how this material behaves in real-world conditions, the 

Virginia Department of Transportation (VDOT) used CCPR material on a 7-lane-mile section of 

Interstate 81 and recommended that more pavement sections be constructed and tested using 

CCPR material (Apeagyei and Diefenderfer 2012).  After nearly three years of traffic and 

approximately 6 million ESALs, the recycled pavement structures on Interstate 81 have 

performed well (Diefenderfer et al. 2015).  Rut depth measurements for both the right and left 

lanes are negligible and the ride quality is excellent.  FWD testing showed that the effective 
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structural number for the recycled sections increased in the period between 6 to 15 months after 

construction and either stayed constant or slightly decreased in in the period between 15 to 28 

months after construction.   

The cost of the recycling project on Interstate 81 cost approximately $10 million.  VDOT 

estimated that the equivalent cost of the project using conventional practices would have cost 

approximately $16 million (Diefenderfer and Overton 2015).  This example shows the potential 

cost savings of using pavement recycling techniques on high volume roadways. 

Testing of Recycled Asphalt Mixtures under APT 

A full-scale accelerated loading test on a recycled bituminous base material was conducted in the 

UK at the TRL Pavement Test Facility (Potter and Mercer 1997).  The content of the recycled 

material in the tested pavements ranged from 60% to 80% depending on whether the mixing was 

performed in-situ or off-site.  Results from the APT testing indicated that the recycled base 

material performed at a similar level to that of conventional base materials. 

Romanoschi et al. (2004) conducted a full-scale accelerated loading test on three sections 

constructed using full-depth reclamation (FAS-FDR) as a base material for flexible pavements.  

Each section was subjected to 500,000 axle load repetitions at room temperature.  The resulting 

measurements on the stresses, strains, and rutting indicated that FAS-FDR was a suitable base 

material.  The structural layer coefficient computed from the falling weight deflectometer tests 

was 0.18. 

In addition to using CCPR material on Interstate 81, VDOT has sponsored three test sections of 

CCPR material at the National Center for Asphalt Technology (NCAT) Pavement Test Track to 

evaluate behavior under accelerated load testing.  The NCAT Pavement Test track is a 1.7 mile 

closed-loop flexible pavement test facility.  The trafficking is applied with 5 triple-trailer trucks 

that correspond to approximately 10 ESALs per truck pass.  The trucks are operated at 45 mph 

for 16 hours a day and five days a week.  Performance and structural characterization were 

performed on a weekly basis by monitoring rut depth, ride quality, cracking, and instrumentation 

(Timm et al. 2015) .  

After about 7.5 million equivalent single axle loads (ESALs), the CCPR pavement structures on 

the NCAT test track have exhibited excellent performance with a minimal amount of rutting, no 

cracking, and little change to smoothness.  In addition to the excellent performance of the CCPR 

pavement structures, it was found that the backcalculated moduli of the CCPR material 

resembled conventional AC material.  Also, the tensile strain at the bottom of the CCPR material 

showed a structural benefit of including an additional two inches of AC on the surface layer 

(Timm et al. 2015). 

Mechanistic-Empirical Design of Asphalt Pavements 

The American Association of State Highway and Transportation Officials (AASHTO) Pavement 

ME Design package, previously known as Mechanistic-Empirical Design Guide (MEPDG) 

provide states with an updated and improved tool for the design of new and rehabilitated 

pavements.  The MEPDG is different than the previous AASHTO Guide for Design of Pavement 

Structures because it allows the user to first consider site conditions (traffic, climate, subgrade 
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etc.) and construction conditions.  Then the user proposes a trial design that is evaluated for 

adequacy through the prediction of key distresses such as cracking and rutting.  If the design 

does not meet the desired performance criteria, the user may revise the design until the 

performance criteria is satisfied.  This method allows the user to consider several different design 

features and easily compare the predicted performance between them.  (ARA 2004) 

Pavement ME Design is being widely implemented across the United States.  By the year 2009, 

40 states had agreed to implement the MEPDG (Crawford 2009).  Also, many states have 

already written reports on the implementation of the MEPDG and have even developed their own 

calibration factors for the distress prediction outputs.  Examples of the implementation of the 

MEPDG are shown in Darter et al. (2009), Velasquez et al. (2009), and Souliman et al. (2010). 

Summary of the Literature Review 

Accelerated pavement testing is an excellent way to test pavement behavior in conditions similar 

to the actual conditions experienced by in service pavements.  It has been used to evaluate 

pavement mixtures, develop models, perform instrument validation, and to create innovative 

ways to measure pavement distress. With the emergence of mechanistic-empirical pavement 

design, high quality material properties data and response data is needed to improve existing 

models and to develop new ones. 

CCPR has the potential to offer benefits in cost savings, as well as decreasing impacts on the 

environment.  However, in the reviewed literature it is evident that there is a need for a better 

understanding of the behavior of cold recycled asphalt mixtures so that they may be used with 

more confidence.  For example, cold recycled asphalt mixtures exhibit temperature dependent 

properties similar to traditional AC mixtures and must be modeled accordingly. 

Recycled pavement mixtures have been previously tested using APT programs; however, there is 

a limited number of published research results.  Continued testing and monitoring of recycled 

pavement mixtures will allow to develop models that better represent the behavior of the 

material.  Consequently, more reliable decisions may be made about pavement structures 

including CCPR material.   

The results gathered from APT tests may assist state DOTs in implementing ME pavement 

design approaches.  In addition, it will assist in the development of calibration coefficients to 

tailor the Pavement ME Design software to that respective state’s conditions. 
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CHAPTER 3 – CONSTRUCTION AND MATERIAL TESTING 

This chapter contains details of the construction of the APT facility and the installation of the 

instrumentation.   

Test Bed Construction 

The test bed construction started with the foundation preparation and then the pavement 

construction.  Figure 3-1 shows the cross section of Lanes 1 and 2. 

 

Figure 3-1 Pavement Cross Section (Lanes 1 and 2) 

Foundation Preparation 

The construction of the test bed for the APT included digging down into the existing soil to a 

depth of about five feet, constructing a uniform strong foundation and filling with a typical 

subgrade material.  Figure 3-2 shows a picture of the excavation process. 

 

 

Figure 3-2 Excavation of APT Test Bed 
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After the excavation was completed the foundation materials were placed in the bottom of the 

test bed.  The foundation materials consisted of three 6-inch lifts of 21B aggregate with two 

layers of geogrid reinforcement between the lifts. 

Compacted fill with a California Bearing Ratio (CBR) of 7.5 then was placed in several lifts.  

However, testing conducted after construction found that strength of the compacted fill was less 

than desired because of its susceptibility to water. 

Pavement Construction 

A 6-inch subbase layer of 21B was placed on top of the compacted fill.  This layer is composed 

of crushed aggregate.  The base consisted of paving two lanes of CCPR material at a thickness of 

5 inches and four lanes of IM-19.0D at a thickness of 4 inches.  The CCPR mixture contained 

2.5% of foamed asphalt, 1% cement, and a 6.2% water content.  Figure 3-3 show pictures taken 

during the construction of the CCPR base. 

   

Figure 3-3 Base Layer Placement 

After the base construction was completed, a SM-9.5D mixture was placed in Lanes 1 and 2.  

Two 1.5-inch lifts were placed in Lane 1 while only one 1.5-inch lift was placed in Lane 2 

(Figure 3-4). 

 

Figure 3-4 SM-9.5D Placement 
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Instrumentation 

The lanes were divided into three separate testing sections (A, B, and C).  Sections B and C were 

instrumented with the same configuration.  The embedded instruments included pressure cells, 

strain gauges, and thermocouples.  The instrumentation layout for Lane 1 and Lane 2 is shown in 

Figure 3-5. 

 

 

(a) Lane 1 

 

(b) Lane 2 

Figure 3-5 Layer Configuration and Instrument Layout 
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Pressure Cell Installation 

The pressure cell installation involved excavating a small area of the compacted fill to the 

desired depth of installation.  A small trench was also excavated for the placement of the conduit 

for the pressure cell.  Before the pressure cells were placed in their positions, a thin layer of fine 

unbound material was placed in the excavated area.  During installation care was taken so that 

the pressure cells were installed as leveled as possible.  After the pressure cells were in place, 

fine unbound material was used to cover the surface of the pressure cell and the conduit (Figure 

3-6). 

 

Figure 3-6 Pressure Cell Installation 

Strain Gauge Installation 

The strain gauge installation took place after placement of the 6-inch subbase layer on top of the 

compacted subgrade fill.  The installation involved excavating a small trench for the placement 

of the conduit (Figure 3-7(a)). After the strain gauges were in their desired locations, a mixture 

of sand and asphalt binder was poured around the strain gauges to hold them in the correct 

orientation.  However, because the sand and asphalt mixture did not bond well with the 21B 

aggregate, nails were driven through to hold the strain gauges in place as shown in Figure 3-7(b).  

  
(a)                                                                         (b) 

Figure 3-7 Strain Gauge Installation 
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HVS Installation 

As this was the first APT experiment, the HVS had to be assembled.  Figure 3-8 illustrates the 

assembly process. 

   

(a)HVS Cabin End                                         (b) HVS Tow End 

   

(c) Installation of Long Beam                               (d) Installation of Long Beam 

   

(e) Dual Tire Configuration                                (f) Complete Installation 

Figure 3-8 HVS Installation 
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Material Characterization 

Material characterization was performed on the two asphalt materials; the SM 9.5D surface 

mixture and thee CCPR mixture.  The material characterization was performed on full-scale 

laboratory compacted specimens which were in compliance with ASTM D6925-15.  The 

dynamic modulus and the flow number tests were used to characterize the materials. 

Surface Mix (SM 9.5D) 

The air voids for the laboratory compacted SM 9.5D is shown in Table 3-1. It is important to 

note that these specimens were compacted to 5% instead of the typical 7% air voids.  This means 

that these specimens would better represent the pavement after additional compaction from 

traffic. 

 

Table 3-1 Air Voids for SM 9.5D Specimens 

Sample ID 

(Rice = 2.475) 

Weight in 

Air (g) 

Weight in 

Water (g) 

SSD in 

Air (g) 

Volume 

(cc) 

Bulk Specific 

Gravity 

(g/cm
3
) 

%Air 

Voids 

1 2700.4 1552.5 2702.0 1149.5 2.349 5.1 

2 2741.7 1577.5 2744.0 1166.5 2.350 5.0 

3 2734.8 1573.2 2736.2 1163.0 2.352 5.0 

4 2728.9 1571.1 2730.2 1159.1 2.354 4.9 

5 2718.3 1563.2 2719.8 1156.6 2.350 5.0 

 

Dynamic Modulus 

The dynamic modulus testing was conducted on specimens 1, 2, and 3 at temperatures of 4.4 °C, 

21.1°C, and 37.8 °C.  The results of the dynamic modulus testing are shown in Table 3-2.  The 

constructed dynamic modulus master curve is shown in Figure 3-9, which include the 

temperature shift factors (α(T) vs. temperature relationship). 

 

Table 3-2 SM9.5D Dynamic Modulus Summary Table (psi) 

Temp.  25 Hz 10 Hz 5 Hz 1 Hz 0.5 Hz 0.1 Hz 

4°C 

(40°F) 

E* 3,128,221 2,866,815 2,704,373 2,318,138 2,145,591 1,752,684 

 7.1 7.7 8.1 9.8 10.7 13.1 

20°C 

(70°F) 

E* 1,825,783 1,589,758 1,415,713 1,041,999 895,946 603,937 

 14.0 15.4 16.7 20.2 21.6 25.2 

38°C 

(100°F) 

E* 805,201 629,850 519,187 311,251 248,305 137,380 

 24.9 26.7 27.7 30.2 30.1 30.4 
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Figure 3-9 Dynamic Modulus Master Curve (SM-9.5D) 

 

Repeated Load Permanent Deformation 

The repeated load permanent deformation test (RLPD) was conducted on specimens 4 and 5.  

The configuration of the RLPD test is shown in Table 3-3 and The RLPD accumulated 

microstrain vs. cycles is shown in Figure 3-10.  The flow numbers for specimen 4 and 5 are 

1,386 and 1,472 cycles respectively. 

 

Table 3-3 RLPD Test Configuration (SM 9.5D) 

Target Temperature (°C) 54.5 

Target Confining Stress (kPa) 0 

Target Contact Stress (kPa) 10 

Target Deviator Stress (kPa) 483 

 



16 

 

 

Figure 3-10 RLPD Test Results (SM 9.5D) 

 

Cold Central Plant Recycling 

Caution must be taken when characterizing CCPR material because it has properties in between  

those of a granular and a bonded material.  Table 3-4 shows the approximate densities of the 

CCPR specimens used for material testing.  

 

Table 3-4 Approximate Densities for CCPR Specimens 

Sample ID Approximate Density (lb/ft
3
) 

1 133.1 

3 133.2 

8 134.2 

11 134.3 

12 133.8 

 

The field density readings taken with the nuclear gauge after the compaction of the CCPR base 

layer averaged to a value of 128 lb/ft
3
.  It is important to note that the laboratory compacted 

CCPR specimens were compacted to a higher density and may exhibit a stronger behavior.  Also, 

the CCPR specimens were tested approximately a year after they were prepared which would 

contribute to strengthening from curing.  
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Dynamic Modulus 

The dynamic modulus test was conducted on specimens 1, 3, and 8 at temperatures of 4.4 °C, 

21.1°C, and 37.8 °C.  The results of the dynamic modulus testing are shown in Table 3-5.  The 

constructed dynamic modulus master curve is shown in Figure 3-11. 

 

Table 3-5 CCPR Dynamic Modulus Summary Table (psi) 

Temp.  25 Hz 10 Hz 5 Hz 1 Hz 0.5 Hz 0.1 Hz 

4°C 

(40°F) 

E* 825,748 765,654 725,672 616,265 581,698 488,149 

 8.8 9.1 8.2 9.9 11.2 12.7 

20°C 

(70°F) 

E* 509,324 450,826 411,955 320,388 291,187 216,976 

 13.8 14.7 15.4 17.3 18.1 20.1 

38°C 

(100°F) 

E* 296,312 249,610 221,037 155,113 135,098 89,875 

 19.9 20.6 21.2 23.3 22.9 22.9 

 

 

Figure 3-11 Dynamic Modulus Master Curve (CCPR) 
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Repeated Load Permanent Deformation 

The RLPD test was conducted on specimens 11 and 12.  The configuration of the RLPD test is 

shown in Table 3-6. Unlike the RLPD test for the SM 9.5D, the RLPD test for the CCPR 

material was conducted in a confined mode and at a lower temperature.  CCPR material must be 

conducted in the confined mode; otherwise, the results obtained will have unacceptable variance 

(Bonaquist 2011).  The target temperature is also lower than the one used for the SM 9.5D 

because the CCPR material is expected to experience lower maximum temperatures.  The RLPD 

accumulated microstrain vs. cycles is shown in Figure 3-12.  It appears that the CCPR material 

did not reach the tertiary flow point.  This could indicate a high resistance to rutting failure.  In 

the future, it is advised that the RLPD test be configured so that the material reaches tertiary 

flow.  This may be achieved by increasing the maximum number of cycles. 

 

Table 3-6 RLPD Test Configuration (CCPR) 

Target Temperature (°C) 45 

Target Confining Stress (kPa) 69 

Target Contact Stress (kPa) 10 

Target Deviator Stress (kPa) 483 

 

 

Figure 3-12 RLPD Test Results (CCPR) 
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CHAPTER 4 – INSTRUMENT VERIFICATION 

 

This chapter explains an experiment that was conducted to analyze the repeatability and 

precision of the embedded instruments in Section 1B.  Example instrument responses recorded 

during the mixed loading condition test are also included as a means of validation. 

Instruments 

The pressure cells used were the GeoKon 3500 Series Earth Pressure Cell, which uses a 

semiconductor type pressure transducer to measure dynamic stress changes.  It has a high 

accuracy (5%) because of its diameter-to-thickness ratio (>10).  It can have an output of 2 mV/V, 

0-5 VDC, or 4-20 mA.  The strain transducer used, KM-100HAS, was produced by Tokyo Sokki 

Kenkyujo is heat resistive and waterproof.  The thermocouples used were produced by 

Pyromation.   

A data acquisition system (DAS) from National Instruments was used to collect pavement 

responses from the embedded sensors.  Its 18-slot chassis features a high-bandwidth backplane to 

meet a wide range of test and measurement needs.  An algorithm created in LabVIEW was 

developed to collect signals as needed. 

Experimental Design 

A special study was conducted in Section 1B to compare the pavement responses under different 

loading conditions, including load, speed, and tire inflation pressure. A full factorial experiment 

at three levels was carried out.  Table 4-1 shows the factors included in the study and their 

respective levels. 

 

Table 4-1 Full Factorial Experiment at Three Levels 

 Level 

1 2 3 

Factors 

Speed (mph) 2 4 6 

Load (kips) 9 12 15 

Block 

Tire Inflation Pressure (psi) 100 105 110 

 

There are 27 combinations of the three factors in total.  Each combination was performed three 

times totaling 81 runs.  The testing duration for each run was approximately 5 minutes.  Due to 

the difficulty of changing tire inflation pressure, it was used as a blocking factor.  The 27 tests in 

each block were randomized to reduce the effect of other factors in addition to speed, load, and 

inflation pressure.  The tests were conducted over a period of two days while the pavement 



20 

 

temperature was controlled to 39°C at a depth of 1.5 inches.  Throughout the duration of testing, 

the temperature probes were monitored to ensure that the pavement temperature was held 

constant.  The test temperature was chosen to be 39°C to accommodate the primary rutting tests, 

which are covered in the next chapter. 

Data Processing 

A MATLAB program was developed to reduce the data gathered from the accelerated loading 

test and the mixed loading condition test into a more manageable form.  This program extracted 

the peak points of the strain and pressure responses of each uni-directional pass.  Figure 4-1 

shows the target peak points extracted by the MATLAB program.  Points 1 and 3 on the strain 

response correspond to the compressive strain peaks, and point 2 corresponds to the tensile strain 

peak.  Only the maximum point on the pressure response was extracted.  The extracted peak 

points for each unidirectional pass were averaged within each test run to further reduce the data.  

The resulting peak responses for each loading condition are contained in Appendix A. 

 

 

(a) Strain Response Peaks 

 

(b) Pressure Response Peaks 

Figure 4-1 Peak Points of Strain and Pressure Response 
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Instrument Verification 

The reliability of pavement responses was evaluated by the coefficient of variation (CV) for each 

instrument.  Paired sample t-tests were used to judge whether the CV of instruments were 

significantly different from one another.  The Pearson correlation coefficient was used to 

evaluate the relationship between loading conditions and the magnitudes of pavement responses.  

Coefficient of Variation 

As described in the previous section, there were 27 scenarios and each scenario was replicated 

three times in random orders to evaluate the variability of instrument responses.  Because 

pavement responses are different in magnitude, the coefficient of variation (CV) is used to 

standardize the variance of signals.  Figure 4-2 shows the CV values as a function of the 

magnitude of tensile strain.  Each graphed point represents one out of the total 27 loading 

conditions.  The average CV of all strain gauge signals is approximately 0.009 or 0.9%. 

Figure 4-3 shows the CV values as a function of the average pressure measured.  The average 

CV for all load cell measurements was approximately 0.004 or 0.4%. 

The low CV indicates that the pavement response recorded in the same scenario has a small 

variance compared to its average value. In other words, the pavement responses recorded in the 

experiment are very repeatable under the same loading scenario.  The figures show that the 

variance of the instrument responses within each loading condition is low.  The following section 

on the paired sample t-test is used to further clarify this observation. 
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(a) Strain Gauge 1 

 

 

(b) Strain Gauge 2 CV  

 

 

(c) Strain Gauge 3 CV 

Figure 4-2 CV of Strain Gauges for all the Loading Conditions 
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(a) Load Cell 1 CV per Loading Condition 

 

 

(b) Load Cell 2 CV per Loading Condition 

 

 

(c) Load Cell 3 CV per Loading Condition 

Figure 4-3 CV of Load Cells 
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Correlation with Loading Conditions 

A correlation analysis was performed between the magnitudes of the various critical points in the 

stress and strain curves measured and the various loading condition factors.  The correlation 

analysis is conducted on the three extracted peaks of the strain responses, and the maximum 

peaks of the pressure responses.  The purpose of this analysis is to determine if parts of the strain 

and pressure response are more correlated with a particular loading condition factor. Table 4-2 

shows the correlation table for each point extracted from the strain gauges and pressure cells. 

 

Table 4-2 Correlation Coefficient Results Table 

 Strain Gauges Pressure Cells 

 SG1 SG2 SG3 LC1 LC2 LC3 

 Point 

1 

Point 

2 

Point 

3 

Point 

1 

Point 

2 

Point 

3 

Point 

1 

Point 

2 

Point 

3 

Point 

1 

Point 

1 

Point 

1 

Speed -0.814 0.971 0.654 -0.956 0.947 -0.736 -0.956 0.884 -0.841 -0.968 -0.986 -0.707 

Wheel 

Load 
0.963 -0.959 0.992 0.966 -0.956 0.997 0.967 -0.970 0.998 1.000 1.000 0.999 

Tire 

Pressure 
0.962 -0.973 -0.547 0.971 -0.972 -0.355 0.973 -0.994 -0.894 0.989 0.991 0.982 

 

The correlation coefficients listed in the table were computed using a base loading condition of 

105 psi tire inflation pressure, 12 kip load, and 4 mph speed.  For example, the correlation 

coefficients in the speed row were obtained by holding the tire pressure constant at 105 and the 

wheel load constant at 12 kips.  The speed of 2, 4, and 6 mph are compared against the resulting 

peaks of the strain and pressure cell responses.  It is important to note that at point 2 the strain is 

in tension and thus has a negative sign.  For example, the wheel load is negatively correlated 

with the strain response point 2 measurement because a higher wheel load results in a more 

negative strain measurement. 

As expected, the wheel load is strongly correlated to the strain and stress responses at all of the 

points.  In particular, the extracted peaks for the stress response exhibit correlation coefficients of 

1 for wheel load.  The speed is also strongly correlated with all the points of the stress and strain 

responses, with the exception of the strain response at point 3, and the pressure cell in channel 4 

which represents the pressure cell located in the middle of the subgrade soil.  The tire inflation 

pressure also shows a strong correlation with all of the extracted points on the stress and strain 

responses with the exception of the strain response at Point 3. 

The observation occurring with Point 3 of the strain response could indicate that speed and tire 

inflation pressure do not influence the last compressive strain peak as much as they influence the 

first compressive strain peak and the tensile strain peak.  Possibly, the response of Point 3 may 

be more related to material properties of the pavement than the loading factors. 

Figure 4-4 and Figure 4-5 show examples of the graphed correlations with their linear regression 

models and resulting coefficient of determinations, R
2
 values. 
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(a) Strain Gauge 2 Response (Point 2) vs Speed (mph) 

 

 

(b) Strain Gauge 2 Response (Point 2) vs Load (kips) 

 

 

(c) Strain Gauge 2 Response (Point 2) vs Tire Inflation Pressure (psi) 

Figure 4-4 Strain Gauge 2 Response (Point 2) as a Function of the Various Loading 
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(a) Load Cell 2 Response (Point 2) vs Speed (mph) 

 

 

(b) Load Cell 2 Response (Point 2) vs Load (kips) 

 

 

(c) Load Cell 2 Response (Point 2) vs Tire Inflation Pressure (psi) 

Figure 4-5 Load Cell 2 Response (Point 2) as a Function of the Various Loading 
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Instrument Response Sensitivity Analysis 

Effect on Strain 

The response on one of the strain gauges, EKZ151682, is used as an example to show the effect 

of the various loading conditions.  Figure 4-6 shows the response of this strain gauge under 

different loading conditions. 

 

(a) Speed (mph) 

 

(b) Load (kips) 

 

(c) Tire inflation pressure (psi) 

Figure 4-6 Strain Gauge EKZ151682 Response 
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As shown in Figure 4-6, speed and load affect the horizontal strain at the top of base layer more 

than tire inflation pressure.  This may be due to the range of tire inflation pressures being small 

compared to the range of the speed and wheel load.  The effect of speed is more significant than 

load for the CCPR base layer considering their ranges.  The maximum tensile strain increased by 

88 microstrain when the wheel load changed from 9 kips to 15 kips, which covers most of a 

truck’s wheel load range.  The maximum tensile strain decreased by 38 microstrain when the 

speed changed from 2 mph to 6 mph because of the viscoelastic properties of asphalt concrete.  

Effect on Pressure 

Since the three load cells were embedded at different depths within the section, their signals were 

processed separately and used to reflect the effect of loading conditions at different depths. 

Figure 4-7 through Figure 4-9 show the pressure response at the top of the 21B aggregate base 

layer, at the top of the soil layer and in the middle of the soil layer.  

Speed of loading affects the width of pressure pulse, but not its magnitude, which is different 

from its effect on strain response.  The effect of load and inflation pressure on the measured 

pressure is approximately proportional and similar to that of strain response. 

Comparing the maximum pressure at the three locations (for the 4 mph speed, 12 kips load, and 

105 psi tire inflation pressure), the maximum pressure was 166.7 kPa at the bottom of the CCPR 

base layer, 108.1 kPa at the top of the soil layer, and only 34.8 kPa in the middle of the soil layer.  

Assuming the pressure on the pavement surface was the same as the tire inflation pressure of 105 

psi (724 kPa), the surface layer and CCPR base layer distributed the load effect to a much bigger 

area on the aggregate layer, which was 4.34 times the tire contact area on pavement surface. 

For the load cell in the middle of the soil layer, the pressure from the load effect was small, so 

the noise ratio was relatively large and the signals were not as clear as the ones from the other 

two load cells. 

 

Summary of Responses 

Table 4-3 summarizes the average pressure and tensile strain responses.  The table presents the 

average measurements of pressure at each depth and the average and maximum strain at point 2 

of the strain response for each loading condition.  As expected, the table demonstrates the effects 

of the loading condition variables on the strain and pressure response.  Higher speeds result in 

lower strains and pressure, whereas higher wheel loads and tire inflation pressures result in 

higher strains and pressure. 
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(a) Speed (mph) 

 

(b) Load (kips) 

 

(c) Tire inflation pressure (psi) 

Figure 4-7 Load cell at the top of the 21B aggregate base layer (G1519872) 
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(a) Speed (mph) 

 

(b) Load (kips) 

 

(c) Tire inflation pressure (psi) 

Figure 4-8 Load cell at the top of the subgrade soil layer (G1519885) 
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(a) Speed (mph) 

 

(b) Load (kips) 

 

(c) Tire inflation pressure (psi) 

Figure 4-9 Load cell in the middle of the soil layer (G1519884) 
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Table 4-3 Response Summary Table 

Load Tire pr. Speed σsubbase σtop subg. σmid subg. εt avg. εt max. 

9 

100 

2 128.74 87.15 25.28 332.06 355.30 

4 125.79 82.12 25.10 298.88 322.20 

6 122.27 78.80 24.18 282.95 304.36 

105 

2 131.38 87.90 25.16 331.27 353.28 

4 128.21 83.17 25.13 299.45 322.92 

6 124.54 79.55 24.11 283.41 305.48 

110 

2 137.37 91.14 26.31 357.69 386.01 

4 133.32 86.53 26.05 327.28 349.55 

6 129.04 83.06 25.17 310.73 331.40 

12 

100 

2 164.54 110.61 33.06 372.47 399.57 

4 160.27 104.09 32.83 341.77 372.25 

6 154.31 99.41 31.86 326.33 356.38 

105 

2 167.08 111.73 33.04 369.94 396.50 

4 163.95 106.35 33.28 352.18 385.56 

6 158.39 101.28 31.87 326.19 356.75 

110 

2 171.94 115.63 34.06 397.46 429.10 

4 169.66 109.80 34.13 369.85 400.09 

6 166.01 106.16 33.41 354.10 385.05 

15 

100 

2 195.43 132.59 40.51 394.32 425.91 

4 194.95 127.33 40.64 371.75 408.92 

6 187.67 121.18 39.58 354.98 393.00 

105 

2 200.02 135.27 40.79 399.75 433.92 

4 197.28 128.22 40.79 371.93 411.82 

6 192.67 123.98 40.08 361.25 402.04 

110 

2 206.95 140.14 41.88 421.64 453.68 

4 204.47 133.04 41.94 395.28 430.71 

6 199.53 128.63 41.49 379.89 417.41 
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CHAPTER 5 – INSTRUMENT AND PAVEMENT RESPONSE FROM THE 

ACCELERATED LOADING TEST 

 

This chapter includes a description of the accelerated loading test and its configurations.  It also 

includes an example of the pressure and strain responses recorded during testing, as well as the 

rutting response of each instrumented section and their comparison. 

Accelerated Loading Test 

The HVS ran from Monday morning to Saturday morning and then was inactive until the 

following Monday morning for the first two test sections (1B and 2B).  To achieve higher 

repetitions in a shorter amount of time, the HVS ran every day of the week for the remaining two 

test sections (1C and 2C).  For all testing, the pavement temperature was kept at a constant 104°F 

(40°C) 1.5 inches under the surface.  The load wheel was a dual tire with a pressure of 110 psi.  

The wandering path of the load wheel was also kept constant at 4 in.  The testing was conducted 

entirely in the unidirectional mode.  

The equation used to calculate the ESALs for each section is a modified version of the 

Generalized Fourth Power Law (see eq. (1)).  It was developed using a random effects approach 

on the AASHO Road Test data.  Details of the development can be found in Prozzi and Madanat 

(2002). 

                       (
               

    
)
   

(1) 

The accelerated loading test started with an applied load of 9 kips until 190,000 ESALs.  To 

accelerate the deterioration process, the applied load was increased to 12 kips until 420,000 

ESALs, and increased again to 15 kips until 650,000 ESALs.  All of the instrumented test 

sections followed the same loading pattern to maintain consistency.  While the wheel load was 

increased to higher levels, it was started at 9 kips for 15 minutes every morning to collect the 

instrument responses under consistent conditions. 

During the tests, continuous strain and pressure responses (1,000 Hz sampling rate) were 

recorded for 4 minutes every hours.  The raw signals were recorded in volts, processed with 

adjusted timestamps for easier use, and then calibrated using the calibration coefficients of the 

sensors.  A thermocouple was embedded 1.5 in. below the pavement surface and another one was 

put in the cabinet with the DAS.  The temperatures at both places were recorded once every 15 

minutes.  Profiles were generated every morning immediately after the daily maintenance on the 

HVS was completed.  The profiles were generated using an onboard profiler system installed on 

the carriage of the HVS testing wheel.  Figure 5-1 shows examples of the responses collected 

during the accelerated loading test. 

As shown in Figure 5-1(a), the pressure responses from the three load cells are similar in shape 

but quite different in magnitude: the one at the top of base layer (G1519872) captured the largest 

pressure (almost 150 kPa), and the one in the middle of the subgrade layer (G1519884) recorded 

the lowest and flattest signals (around 25 kPa).  
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(a) Load cell (June 1, 20:45) 

 

(b) Strain gauge (June 1, 20:45) 

 

(c) Rutting profile obtained on June 1 in an exaggerated scale 

Figure 5-1 Pavement responses obtained on June 1, 2016. 

 



35 

 

The strain responses in Figure 5-1(b) were very similar because the three strain gauges were 

embedded at the same depth. However, the response from EKZ151682 was slightly higher than 

the other two gauges, and a similar trend can be found in every other signal set.  The most 

plausible reason is that the position and direction of strain gauges varied slightly during 

installation. 

Instrument Responses from Accelerated Load Test 

Pavement responses under the same loading conditions were recorded and traced throughout the 

accelerated loading test to monitor the structural health of the section.  After the wheel load was 

increased to 12 kips and 15 kips, the HVS was run for 15 min. with a 9-kips wheel load every 

morning after daily maintenance.  In this way, pavement responses under the same load (9 kips) 

could be monitored continuously and used as a reference for pavement health monitoring. 

To trace the changes in pavement responses, the maximum tensile strain (defined as the 

magnitude of strain between point 1 and point 2 on the strain curve) was extracted and calibrated 

from each strain gauge for each recorded wheel pass.  The maximum pressure was extracted and 

calibrated from each load cell for each recorded wheel pass.  The average values of these 

measurements were calculated for each interval of data collection.  The maximum pressure and 

tensile strain responses for Section 1B are presented in Figure 5-2 and Figure 5-3 as a function of 

Equivalent Single Axle Loads (ESALs) and date.  The responses for the remaining sections are 

included in Appendix B. 
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(a) Maximum Pressure Response by Date 

 
(b) Maximum Pressure Response by ESALs 

Figure 5-2 Pressure Responses for Section 1B 
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(a) Maximum Tensile Strain Response by Date 

 

(b) Maximum Tensile Strain Responses by ESALs 

Figure 5-3 Tensile Strain Responses for Section 1B 

 

Some observations about the instrument responses are listed following: 

 At the initial stage of the test, the instrument responses appear to have a higher degree of 

variability.  The tensile strain and vertical pressure either increases or decreases 

significantly within the first week of testing.  This is most likely attributed to the 

consolidation process.  

 The pressure responses in the two pressure cells closest to the surface appear to increase 

during the initial stages of accelerated loading at the 9 kip load.  However, when the 12 

kip loading is started, the maximum pressures at these two pressure cells start to slightly 

decrease.  This may be attributed to a strengthening of the pavement structure after 

increased compaction as it can more effectively disperse the load. 

 The pressure cells installed in the lowest depth (middle of the soil layer) exhibit less 

variability and show a more constant trend than the other pressure cells.  The variability 

of the pressure cell responses appear to decrease as the installation depth increases. 
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 There appears to be several recovery periods where the section exhibits lower maximum 

tensile stain and vertical pressure after rest periods.  This can be attributed to the 

relaxation and gradual decompression of the pavement during the rest periods. 

 During the first month of testing in Section 2B, the pressure cells were not correctly 

connected to the DAS.  After being properly reconnected, the pressure cells produced 

consistent signals. 

 As mentioned earlier, the strain responses follow a similar trend because they were 

installed at the same depth.  However, in a majority of the sections the strain responses 

exhibit differing magnitudes.  This may be due to slight differences in the orientation of 

the strain gauges during installation or to the variability of the pavement structure 

between each strain gauge location. 

 

A summary of the average instrument responses over the duration of each accelerated loading 

test is shown in Table 5-1.  The responses from the table show that the pavement sections have 

similar measurements of strain and pressure with the exception of Section 1C.  Section 1C 

exhibits a lower pressures and strains than the other sections.  This may be due to the increased 

curing and age of the section at the time of testing. 

Table 5-1 Instrument Response Summary Table 

Lane Cell σsubbase σtop subg. σmid subg. εt avg. εt max. 

L1 
B 147.52 98.74 26.13 453.89 531.07 

C 101.37 81.28 35.14 350.29 587.95 

L2 
B 146.57 94.19 36.47 435.73 530.00 

C 142.97 94.70 30.92 429.58 592.20 

 

Rut Depth  

The average daily rutting was calculated by taking the difference between the average rut along 

the direction of loading at the center of the lowest wheel path and the average of the uplifted 

portion of pavement adjacent to the wheel path.  It is important to note that the impact area 

where the wheel touches and leaving the pavement was omitted in the calculation to minimize 

the influence from the dynamic impact of the wheel.  The length of the rutting calculation 

included the distance between the first pressure cell, and the last strain gauge which is 

approximately 16 feet long. 

Figure 5-4 shows the resulting rut depths for each instrumented test section.  The sections of 

Lane 1 (with a 3-inch surface layer) are depicted in red and the sections of Lane 2 (1.5 inch 

surface layer) are depicted in blue. 
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Figure 5-4 Rutting Depth for Instrumented Test Sections 

 

The rut depths within each lane have a significant difference between them.  This is possibly 

attributed to the strengthening of the pavement sections over time.  Table 5-2 shows the 

approximate pavement age at the start of each test. 

 

Table 5-2 Approximate Section Age at Start of Testing 

Section Test Start Date Approximate Pavement Age 

1B 5/2/2016 192 days 

1C 7/25/2016 276 days 

2B 2/19/2016 119 days 

2C 10/28/2016 371 days 

 

The construction of Lanes 1 and 2 were completed on 10/23/2015.  A full year had passed before 

the testing began on Section 2C.  The rutting performance of Section 2C (1.5-inch surface layer) 

is very similar to Section 1B (3-inch surface layer).  This indicates that the additional time before 

testing produces a significant change in the rutting performance of these pavement structures. 

In the initial periods of testing there is an increased rutting rate within each section.  At 

approximately 100,000 to 200,000 ESALs, the rutting rate stabilizes and becomes more linear.   

Figure 5-5 shows the rutting of each section plotted against the age of the test section at 100,000 

200,000 and 300,000 ESALs.  These plots confirm that Lane 1 performs better than Lane 2 with 

respect to rutting.  If linear equations are used to interpolate data points, there rutting in Lane 1 is 

approximately half of that of Lane 2. 

2B

2C

1B

1C
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a) Rutting vs Section Age at 100,000 ESALs 

  

b) Rutting vs Section Age at 200,000 ESALs 

 

c) Rutting vs Section Age at 300,000 ESALs 

Figure 5-5 Rutting vs Section Age 
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CHAPTER 6 – PAVEMENT ME DESIGN MODELING 

 

A preliminary simulation was performed to compare with the actual rutting exhibited in each 

section.  The Pavement ME Design software, calibrated with the Virginia distress factors, was 

used to simulate the pavement responses.  The most recent version of ME Design, version 2.2.6, 

was used.  The ME Design software requires several key inputs before an analysis may be 

performed. The software is split into three main modules for data input: climate, traffic, and 

material properties.  

Climate Input 

For these tests, the temperature column was modified so that it had a constant temperature of 

101.8°F.  This temperature is the resulting average of readings recorded by a temperature probe 

located 1.5 in. below the asphalt pavement surface during the approximately 2-month period of 

data collection.  The use of the average temperature is justified by the stability of the temperature 

probe readings over the course of testing.   

The wind speed, sunshine, and precipitation data were replaced with zeros because the pavement 

section being tested was enclosed in the temperature chamber of the HVS.  Lastly, the humidity 

and water table data were imported from a weather station located in Roanoke, Virginia (the 

closest available weather station the software offered). 

Traffic Input 

The ME design software features a special traffic input that is useful for creating customized axle 

loadings.  The special traffic input allows the user to configure a repetitive loading test similar to 

the conditions present at an APT facility.   

The parameters in the special traffic input include tire load, tire pressure, standard deviation of 

wheel wander, monthly repetitions, annual growth, and tire location.  However, there are 

limitations to these parameters. First, there may only be one specified tire load during the 

evaluation.  For example, the load may not be increased from 9 kips to 12 kips after a specified 

amount of repetitions.  Secondly, the wheel wander may only be input as the standard deviation 

of wheel wander.  This means that the wheel wander in the software follows a normally 

distributed pattern, while the wheel wander during the experimental testing followed a uniform 

distribution.  Lastly, the software does not allow for the input of an exact number of repetitions.  

Instead, the monthly amount of repetitions was used.  This makes it difficult to achieve the same 

amount of repetitions for each section.  In addition, this causes the amount of repetitions to be 

distributed evenly over the entire testing duration which is not representative of the actual case.   

The start and end dates of the simulated traffic loading correspond to the dates where only the 9-

kip loading was being applied to the pavement section.  The 12-kip and 15-kip loads were not 

considered in the model.  The value for monthly repetitions was input as the approximate amount 

of repetitions the HVS completed each month.  The standard deviation of wheel wander was 

input as the standard deviation of the active wheel wander positions in the HVS.  The tire 
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location parameter was edited so that it represented a dual tire with the same configuration and 

spacing that was present on the HVS. 

Material Properties Input 

Similar to the climate input module, the material properties module allows the user to import 

data from a database.  In this particular case, all of the material properties data were imported 

from the VDOT database and then modified to represent the material present in the testing lanes. 

A total of four different materials were used in the models; the SM-9.5D asphalt concrete, CCPR 

base, 21B aggregate, and subgrade soil.  The materials were configured to the thicknesses in 

accordance with Figure 3-5 with the exception of the subgrade soil layer.  The subgrade soil 

layer was modeled as a semi-infinite layer.  The stiff foundation of the APT facility was not 

taken into consideration for the model. 

The material properties module allows for the input of parameters such as gradations, dynamic 

modulus, resilient modulus, Poisson ratio, etc. The default VDOT material properties parameters 

were used for all of the layers with the exception of the SM-9.5D.  The dynamic modulus data 

from laboratory testing of the SM-9.5D was input into the software.  There was an attempt to 

input the dynamic modulus data of the CCPR; however, the software did not accept the data and 

was not able to perform an analysis.  Instead, the default parameters of the CCPR material were 

used.  It is important to note that the dynamic modulus data of both the SM-9.5D and CCPR 

were similar to the default values imported from the VDOT database. 

Output 

The results of the ME Design analysis are heavily dependent upon the calibration factors entered 

in the software.  The ME Design distress calibration factors used for the modeling of each 

section were the most recent values in accordance with VDOT in the year 2017. 

The output file from the analysis contains general information about the project, a distress 

summary, distress curves, material properties, and the distress equations used in the analysis.  

Table 6-1 shows the total rutting distresses gathered from the prediction summary of each 

section.  The approximate ESALs at the completion of each simulated test are also shown.  The 

rutting in this summary is predicted at 95% reliability after the duration of repetitive loading at 9 

kips. 

 

Table 6-1 Rutting Prediction Table 

Section ESALs 

Total Rutting 

(mm) 

1B 260,000 6.60 

1C 328,000 6.73 

2B 435,000 7.70 

2C 405,000 7.14 
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Figure 6-1 shows the plotted rutting depths from the daily rutting profiles and the ME Design 

software over the entire duration of testing. 

 

Figure 6-1 Actual Rutting Depth vs ME Design Rutting Depth 

 

The ME Design software computes the rutting depth on a monthly basis.  This explains why 

there are only a few points for each ME design section.  Upon observation, it is apparent that the 

predicted rutting of each section is much lower than the actual rutting achieved during the 

accelerated loading test.  Also, the predicted rutting between the 3-inch sections and the 1.5-inch 

sections appear to be very close to each other. 
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CHAPTER 7 – FINDINGS AND CONCLUSIONS 

 

This chapter contains the findings and conclusions of the instrument verification, mixed loading 

condition test, accelerated loading test, and the MEPDG modeling.  Recommendations are also 

made for future consideration. 

Findings 

The following subsections detail the findings within each of the tests and the MEPDG modeling. 

Instrument Verification 

The findings of the instrument verification are listed below: 

 The initial verification analyses showed that: 

o The loading configurations used in this study did not affect the coefficient of 

variation of the measurements produced by the strain gauges and load cells. 

o The load cells’ coefficient of variation is statistically lower than the strain gauges’ 

coefficient of variation. 

 The testing with mixed loading conditions produce results that are consistent with theory 

and helped understand the responses from the CCPR base layer and beneath.   

o Wheel load affected both the magnitudes of strain and pressure.  It was highly 

correlated with the magnitude of all the extracted peak points on the strain and 

pressure responses. 

o Speed affected the strain response significantly on both magnitude and shape, and 

to less extend the duration of the pressure pulse.  It was highly correlated with 

points 1 and 2 of the strain response and less correlated with point 3 of the strain 

response.  Slower speeds resulted in higher magnitudes of strain and wider strain 

responses.  Speed did not have much effect on the magnitude of the pressure 

response while it did have an effect on the duration of the pressure pulse.  

Furthermore, speed seem to be less correlated to the pressure response at the 

deepest load cell indicating that speed is less influential as the depth of the point 

of study increases. 

o Tire inflation pressure also affected strain and pressure.  The inflation pressure 

was highly correlated with points 1 and 2 of the strain response and to the 

magnitude of the pressure response and less correlated with point 3 of the strain 

response.  Given the relatively narrow range of tire pressures used, the effect of 

tire inflation pressure on strain response seemed almost negligible in some of the 

plots. 

Considering the effect of the variables studied on the observed pavement responses, the results 

confirmed that wheel load and speed would affect both the cracking and rutting performance of 
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the pavement.  Tire inflation pressure could also affect the rutting within the surface and CCPR 

layer. 

Accelerated Loading Test 

The analysis of the responses collected over the accelerated loading showed the following: 

 Strain and pressure recovery is commonly found after a section has experienced a rest 

period in testing.  However, the phenomena manifest itself for a very short period of time 

as the responses return to the pre-rest level very quickly. 

 The strain gauge responses within each section follow similar patterns.  However, in most 

cases, there are differences in the magnitude of the maximum strain between the various 

strain gauges.  This suggests that the strain gauges are sensitive to localized factors, such 

as orientation and variations of the pavement structure between the gauge locations. 

 The variability of the strain and pressure responses in each section appears to be higher at 

the initial stages of testing and then become more uniform as the sections experience 

more wheel passes. 

 It is difficult to make clear conclusions about the tensile strain and vertical pressure 

responses of one section compared to another because there are no clear trends in the 

overall performance of each section. 

 The rutting on the pavement is affected by both, the thickness of the surface layer and the 

age of the pavement.  The last effect is thought to be due to a gain in strength of the 

CCPR layer in the first few months in service.  

Pavement ME Design Modeling 

The preliminary modeling effort showed that three are many difficulties associated with model 

APT experiment with the Pavement ME Design software; including the following: 

 The special traffic loading module has difficulties in specifying an exact number of 

repetitions of wheel load and may only allow one wheel load configuration over the 

entire test duration. 

 The software did not allow to input the dynamic modulus data for the CCPR material. 

 The wheel wander input used is not representative of the wheel wander applied in the 

HVS system. 

Conclusions 

The main conclusions with respect to the three objectives of the thesis are the following:  

 The strain gauges and load cells used in this study measured strain and pressure with a 

high degree of repeatability.  The average CV of all strain gauge and pressure cell signals 

was approximately 0.009 or 0.9%, and 0.004 or 0.4%, respectively. 

 The sections with the 3-inch surface layer outperformed the sections with the thinner 1.5-

inch surface layer in terms of rutting.  The section with the thicker surface showed 



46 

 

approximately half of the rutting when adjusted for the pavement age at the time of 

testing. 

 The results from preliminary ME Design analysis indicate that the software cannot model 

the studied APT sections using the default material properties and calibration factors 

available at the time of analysis.  In particular, the software does not seem to be prepare 

to model the CCPR materials 

Recommendations 

The following recommendations for future research are made based on the experience gained 

from the accelerated loading testing: 

 To make better comparisons between sections, it is recommended that the sections be 

paired and tested together to eliminate the difference caused by pavement aging. 

 If pavement sections are unable to be paired and tested together, then it is recommended 

to delay the test start dates so that each section has had enough time for curing and 

establishing its strength. 

 Moisture on pavement surface causes incorrect profile measurements. 

 Trenching areas need to be addressed for drainage so the other sections will not be 

affected. 

 A separate power supply should be routed for the DAS to avoid unexpected data 

collection shut downs. 

 The connections between the DAS and the instrumentation should be strengthened to 

avoid signal interference or loss. 

 Moisture sensors should be installed with the other instruments for monitoring the 

potential of water interference with the instrument readings. 
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APPENDIX A. LOADING CONDITION DATA 

Loading Condition Reference Table 
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Extracted Peak Points 
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APPENDIX B. ACCELERATED LOADING INSTRUMENT RESPONSES 
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L2CB Pressure and Strain Responses 
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APPENDIX C. INSTRUMENTATION LIST 

Type ID # Lane Cell Station Mark Lane Position Layer Layer Location Date of install 

Pressure Cell 1519884 1 B 160   center Soil middle 8/26/2015 

Pressure Cell 1519874 2 B 160   center Soil middle 8/26/2015 

Pressure Cell 1519877 2 B 235   center Soil middle 8/26/2015 

Pressure Cell 1519887 1 B 235   center Soil middle 8/26/2015 

Pressure Cell 1519885 1 B 155   center Soil top 9/9/2015 

Pressure Cell 1519875 2 B 155   center Soil top 9/9/2015 

Pressure Cell 1519886 1 C 230   center Soil top 9/9/2015 

Pressure Cell 1519876 2 C 230   center Soil top 9/9/2015 

Pressure Cell 1519881 4 B 230   center Soil top 9/9/2015 

Pressure Cell 1519888 3 B 230   center Soil top 9/9/2015 

Pressure Cell 1519867 4 A 80   center Soil top 9/9/2015 

Pressure Cell 1519879 3 A 80   center Soil top 9/9/2015 

Pressure Cell 1519872 1 B 150 1B-Top21B (Agg) center 21B top 9/15/2015 

Strain Gauge 151682 1 B 148 1B-G3 center CCPR bottom 9/15/2015 

Strain Gauge 151709 1 B 146 1B-G2 center CCPR bottom 9/15/2015 

Strain Gauge 151681 1 B 144 1B-G1 center CCPR bottom 9/15/2015 

Pressure Cell 1519856 1 C 225 1C-Top21B (Agg) center 21B top 9/15/2015 

Strain Gauge 151708 1 C 223 1C-G3 center CCPR bottom 9/15/2015 

Strain Gauge 151685 1 C 221 1C-G2 center CCPR bottom 9/15/2015 

Strain Gauge 151711 1 C 219 1C-G1 center CCPR bottom 9/15/2015 

Pressure Cell 1519878 2 B 150 2B-T21B center 21B top 9/15/2015 

Strain Gauge 151676 2 B 148 2B-G3 center CCPR bottom 9/15/2015 

Strain Gauge 151707 2 B 146 2B-G2 center CCPR bottom 9/15/2015 

Strain Gauge 151710 2 B 144 2B-G1 center CCPR bottom 9/15/2015 

Pressure Cell 1519850 2 C 225 2C-Top21B (Agg) center 21B top 9/15/2015 

Strain Gauge 151696 2 C 223 2C-G3 center CCPR bottom 9/15/2015 

Strain Gauge 151683 2 C 221 2C-G2 center CCPR bottom 9/15/2015 

Strain Gauge 151673 2 C 219 2C-G1 center CCPR bottom 9/15/2015 
*note - P cells 1519884 and -874 were placed before the decision was made to divide lanes 1 and 2 into only 2 cells
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APPENDIX D. INSTRUMENTATION SPECIFICATIONS 

Strain Gauge 

The KM-l00HAS gauge consists of the flanges at which reinforcing bars are mounted for a good fixation 

in asphalt pavement materials, a thin spring element connected to the flanges, and metallic pipe and 

fluoroplastic tape to protect the spring element. Strain gauges are stuck on the spring element and 

connected to the electrical cable through the hermetically sealed terminal. The gauge has a heat-resistive 

and waterproof construction.  

The measuring principle is that the distance between the flanges is slightly varied by strains generated 

inside the bituminous material and a minute displacement is conveyed to the spring element, and further 

bending strains corresponding to the displacement are produced on the surface of the element and then 

strain gauges sense them. The asphalt strains are converted into electrical signals and can be read out with 

a measuring instrument 
Type:                KM-100HAS 
Capacity:            ±5000 × 10-6 
Rated output:            Approx. 2.5mV/V 
Non-linearity:            1.0%RO 
Apparent elastic modulus:        Approx. 40N/mm2 
Temperature range:        -20 ~ +180oC 
Bridge excitation:            Recommended 1 ~ 2V, Allowable 10V 
Resistance:            350Ω full bridge            (Strain measurement) 
                Quarter bright in 3-wire system    (Temperature measurement) 
Electrical connection:        6mm dia. 0.3mm2 5-core shielded Fluoroplastic cable, 2m long 
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Pressure Cell 
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Thermocouple 

Type T: The Type T thermocouple has a Copper positive leg and a Constantan negative leg. 

Type T thermocouples can be used in oxidizing, reducing or inert atmospheres, except the copper 

leg restricts their use in air or oxidizing environments to 700°F or below. The temperature range 

for Type T is -330 to 700°F and its wire color code is blue and red.  
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APPENDIX E. MIX DESIGN 

SM-9.5D 
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