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EXECUTIVE SUMMARY 
 

 
The Superpave mix design system was one of the major products of the Strategic 

Highway Research Program (SHRP).  Implementation of this new technology began in the mid-
1990s, soon after introduction to state highway agencies and industry.  After several years of 
using this new system, a major question that remained to be addressed in regard to the Superpave 
system was whether constructed Superpave pavements would meet design expectations.  
Furthermore, with the emergence of improved mechanistic-empirical performance prediction 
models, actual pavement response and performance data were needed to calibrate and validate 
such models. 

 
To address these concerns, the Pennsylvania Department of Transportation (PennDOT) 

initiated a major five-year research program with Penn State titled “Superpave In-Situ 
Stress/Strain Investigation” (SISSI).  The project began in May 2001 and was completed in May 
2006.  The main objectives achieved under the SISSI project included instrumentation of several 
pavements through the Commonwealth of Pennsylvania, direct measurement of the response of 
Superpave asphalt pavement sections to vehicle loading and environment, direct evaluation of 
distresses developed in pavements using Superpave mixes, and collection of the data for 
validation of mechanistic-empirical design models and validation of the integrated climatic 
models for pavement design.  

 
Considering the project objectives, the work included an extensive effort toward 

instrumenting eight pavement sites throughout the Commonwealth of Pennsylvania.  
Instrumentation took place during pavement construction to minimize interference to common 
and normal paving operations.  Four of the selected sites were full-depth new construction or 
reconstruction.  These included sites in Tioga, Mercer (East), Somerset, and Blair counties.  The 
remaining sites, in Mercer (West), Warren, Perry, and Delaware counties, are considered as 
overlay structures.   

 
Instrumentation included dynamic (load-associated) sensors and environmental (non-

load) sensors.  The dynamic sensors consisted of horizontally installed strain gages, multi-depth 
deflectometers, and pressure cells.  Respectively, these gages were installed to measure strain in 
horizontal direction, vertical deflection, and vertical pressure. The environmental sensors 
included thermocouples, time domain reflectometers, and resistivity probes for measuring 
temperature, moisture content, and frost depth, respectively.  Each site was also equipped with a 
weigh-in-motion station.   

 
Upon completion of the instrumentation, a vast amount of effort was applied to testing, 

measurements, and data collection.  In general, these efforts fell into two major categories:  field 
activities and laboratory activities.  The field activities included measurement of traffic, 
pavement performance, and pavement response to both load and environmental factors.  
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Laboratory activities were conducted with the goal of characterizing all asphalt binders and 
mixtures used in the pavements of the SISSI project and determining the required engineering 
properties for use with performance prediction models.  Dynamic data were collected during 
several visits to the sites at different times to capture seasonal effects on pavement response.  
Environmental data were collected remotely every half hour for temperature and moisture 
content, and every hour for frost.  The major tests conducted in the laboratory on the procured 
binders included the Superpave grading tests (short- and long- term aging, rotational viscometer, 
dynamic shear rheometer, and bending beam rheometer).  The mixture testing included the tests 
required for verification of mix design, as well as dynamic modulus testing at a range of 
temperatures and frequencies to capture properties required for input to performance prediction 
models. 

 
There were two major challenges faced through the course of the project.  First was the 

need for an extensive level of effort to maintain sensors and data acquisition systems functional.  
Second was the need to complete dynamic measurements and pavement condition surveys each 
time the site was visited within the limited time available.  Some of the sensors did not provide 
reasonable responses due to malfunctioning or damage.  In regard to dynamic sensors, the best 
results were obtained from strain gages and the most serious problems were noticed with 
multidepth deflectometers (MDD).  It is believed that the available data from MDDs should be 
considered but used cautiously.  In regard to environmental data, the most efficient data pertain 
to thermocouples, while limited data are available from the resistivity probes (frost depth gages) 
due to the damage that occurred to these gages. 

 
The dynamic data collected from the site located on Somerset County Turnpike are very 

limited due to the loss of some of the sensors during construction of the site as well as difficulties 
in establishing traffic control needed to conduct pavement response measurements.  However, 
the environmental, traffic, and materials characterization data from this site are, in terms of 
quantity, comparable with the data from other sites. 

 
Various types of preliminary analysis have been conducted on the collected data. In 

regard to dynamic data, the magnitude of pavement response to loading has been found to be 
highly dependent on the time of measurement.  Results have indicated significantly larger strain 
levels induced in the pavement during warmer times compared to colder seasons.  The data from 
falling weight deflectometers from the full-depth sections follow a comparable pattern, with 
substantial variations in maximum deflection and backcalculated moduli between the coldest and 
warmest temperatures tested.  Annual traffic distributions were by vehicle class, providing the 
necessary inputs for performance and design models.  Seasonal variations in traffic distributions 
have also been calculated.  Manual pavement condition surveys were conducted for each site on 
a number of dates, and accompanied by extensive documentation photographs.  Those surveys 
have been summarized, and key features from each site assessed.  Most of the sites are 
performing well at this time, with only early stages of cracking and rutting; the Delaware County 
site is more extensively cracked at this time.     
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The SISSI project has resulted in the collection of a vast amount of diverse data. There 
are several ways of utilizing these data. One is investigating the relationship between the 
observed performance of the placed Superpave mixes and the properties of the materials used in 
these mixes.  Others include using the data toward calibration and validation of the models used 
in the Mechanistic-Empirical Pavement Design Guide, including the Enhanced Integrated 
Climatic Model. 
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CHAPTER 1 – INTRODUCTION 
 

 
Reasons for This Research Investigation 

An outcome of the Strategic Highway Research Program (SHRP), conducted from 1987 
through 1993, was the introduction of a new volumetric design procedure for asphalt concrete, 
known as Superpave.  This new design methodology brought the promise of providing superior 
performing hot-mix asphalt (HMA) pavements for the motoring public.  Immediately after 
introduction of this new system, various technology-transfer means were utilized to implement 
the new mix design procedure.    
 

There have been numerous studies on the properties of Superpave design from the 
perspectives of how the component materials perform in the laboratory and how various 
construction methods yield different in-place results.  However, the question “How does 
Superpave perform when compared to design expectations?” has not been adequately answered. 
It was in the year 2000 that the Pennsylvania Department of Transportation (PennDOT) decided 
to invest in a research study to answer this important question.  At the time of this decision, 
PennDOT had been piloting Superpave construction for two years, and had future plans to 
implement a policy of 100% Superpave design for all of its structurally-designed HMA work 
within a few years. 

 
Further strengthening the need for such research was the need to produce data for 

calibration and validation of the performance prediction models that were emerging along with 
and after Superpave.  Longer-lasting pavements are of a clear and proven benefit to PennDOT 
and to the travelers and taxpayers of Pennsylvania, saving many millions of both dollars and 
hours.  In the late 1990s, PennDOT made a commitment to move to Superpave designs, in order 
to improve flexible pavement performance.  As any new technology is implemented and 
validated, calibrations and refinements may be necessary.  In this case, the interaction between 
the mix designs and the overall structural designs for these projects has not been verified.  In-situ 
verification of PennDOT’s procedures will be accomplished by this project, and will promote 
confidence in moving those procedures forward. 

 
For these reasons, beginning in 2001, PennDOT sponsored a five-year research project 

called Superpave In-Situ Stress/Strain Investigation (SISSI).  The goal was to address the 
preceding needs with the data obtained from this project. 
 
 
SISSI and Performance Prediction Models 

The development of performance prediction models for hot-mix asphalt concrete 
pavements has been pursued aggressively since the beginning of SHRP. The models of the 
Superpave System were developed to predict fatigue cracking, thermal cracking, and rutting with 
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time using results from accelerated laboratory tests.  Visco-elasto-plastic properties of the 
materials are determined from these tests.  The models rely on detailed material properties, 
pavement structure, traffic, and detailed environmental data as input.  While Superpave models 
underwent some validation during the five-year research program of SHRP, modifications, 
improvements, and validations have continued beyond 1993 with the goal of obtaining a 
thoroughly reliable model.  In 1997, the project moved into a new phase with the NCHRP 1-37 
project, “Development of the 2002 Guide for the Design of New and Rehabilitated Pavement 
Structures.”  This project was extended as phase II under NCHRP project 1-37A and was 
completed in 2004.  This project has identified state-of-the-practice performance models and 
supporting test methods for use in the new AASHTO Guide for the Design of New and 
Rehabilitated Pavement Structures.  Present plans call for adapting these same performance 
models to the requirements of the Superpave mix design and analysis method.  Using this 
method, the engineer will arrive at a final HMA mix design by considering structural, traffic, and 
environmental factors in addition to material properties, thus fulfilling the original goal of the 
1993 SHRP mix design and analysis method.  

 
Parallel to NCHRP 1-37, NCHRP 9-19 project was initiated in 1999 under the title of 

“Superpave Support and Performance Models Management.”  This project was targeted toward 
developing and validating an advanced material characterization model and the associated 
calibration and testing.  Current NCHRP projects 9-30 and 1-40 are dealing with improving and 
calibrating the models which have been developed under previous research projects. 

 
The updated design guides will be compatible with the Superpave system and, 

consequently, will make new and more sophisticated technology available to the pavement 
engineers and, in particular, to the construction industry and to user agencies.  Using this 
method, the engineer will arrive at a final HMA mix design by considering structural, traffic, and 
environmental factors in addition to material properties, thus fulfilling the original goal of the 
1993 SHRP mix design and analysis method. 
 

The accuracy of performance prediction models depends on an effective process of 
calibration and subsequent validation with independent data sets.  Pavement engineers need to 
see an acceptable correlation between field-observed levels of permanent deformation, fatigue 
cracking, and low-temperature cracking and levels predicted with the hot-mix asphalt 
performance models selected for use in structural and mix design.  Such accuracy is also 
important if the results of these models are to be used in development of performance-related 
specifications.  Models developed under current NCHRP projects must be refined and validated 
for use at the state level.  To this end, the PennDOT SISSI project includes both field 
measurement of pavement performance and behavior as well as laboratory testing and material 
characterization.  Engineering properties of SISSI materials from laboratory tests are among the 
most important input parameters to the performance prediction models.  These laboratory-
produced properties are also very important in regard to direct comparison with observed field 
performance. 
 

Within the last decade pavement instrumentation has been recognized as an important 
tool for quantitative measure of pavement performance and response under different 
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environmental and traffic conditions.  In this regard, the pavement is instrumented so that both 
influencing factors and response parameters are measured quantitatively.  The environmental 
influencing factors include temperature, freeze-thaw cycles, and moisture content.  The loading 
factors include the magnitude, type, and distribution of traffic load.  The response variables 
measured in-situ consist of strains, stresses, and deflections.  In-situ measurements of these 
parameters allow for the calibration and validation of empirical, mechanistic, and mechanistic-
empirical pavement design models.  

 
 
Objectives of the SISSI Project 

The first phase of the SISSI project, completed in May 2006, accomplished 
instrumentation and data collection for eight sites throughout the Commonwealth of 
Pennsylvania.  Specifically, the project has achieved the following objectives: 

 
• Direct measurement of the response of Superpave asphalt pavement sections to 

vehicle loading and the environment; 
 
• Direct evaluation of distresses developed in pavements using Superpave mixes; and  

 
• Collection of data for validation of empirical mechanistic design models and 

validation of integrated climatic models for the pavement design guide.  
 
 
Scope of Work and Deliverables 

Considering the project objectives, the work included an extensive effort toward 
instrumenting eight pavement sites throughout the Commonwealth.  Instrumentation took place 
during pavement construction to minimize interference to common and normal paving 
operations.  Impact on paving operations was not completely unavoidable but every attempt was 
exercised to minimize this impact.  Upon completion of instrumentation, a vast amount of effort 
was applied to testing, measurements, and data collection.  In general, these efforts fell into two 
major categories: (1) field activities and (2) laboratory activities.  The field activities included 
measurement of traffic, pavement performance, and pavement response to both load and 
environmental factors (Figure 1).  Laboratory activities were conducted with the goal of 
characterizing all asphalt binders and mixtures used in the SISSI project and determining the 
required engineering properties for performance prediction models (Figure 2). 
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Figure 1.  Data collection and measurement activities during phase I of the SISSI project 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
   

Figure 2.  Laboratory activities conducted under Phase I of the SISSI project. 
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The following describes the major deliverables of Phase I of the SISSI project: 
 

1. A set of eight fully-instrumented Superpave test sections within the Commonwealth of 
Pennsylvania 

 
2. A database including all the results from this instrumentation and monitoring.  For each 

of the eight test sections, this database will include the following items: 
 

• Pavement response data from dynamic loading through the use of  
o a tractor/trailer with controlled load distribution and speed, and 
o falling weight deflectometer; 
 

• Pavement environmental response, including 
o subgrade moisture content, 
o temperature, 
o frost depth, and 
o freeze-thaw cycles; 
 

• Pavement distress data through  
o visual survey, 
o rut and crack measurements, and 
o roughness measurements; 

 
• Material characterization data through 

o laboratory testing of the binders, aggregates, and mixtures; and 
 

• Surface site-specific information, including  
o traffic data from weigh-in-motion, and 
o climatic data.   

 
The related documentation for these deliverables has been provided through the following 
reports.  
 

• Site-Specific Construction Reports 
• Instrumentation and Baseline Measurement Report 
• Preliminary Findings Report 
• GIS Package 
• Performance, Traffic, and Weather Data Collection and Reporting Manual 
• Pavement Condition Report 
• Database Manual 
• Materials Characterization Report 
• Seasonal Variations Report 
• Final Reports 
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SISSI Steering Committee 

Prior to initiation of the SISSI project, a steering committee was established to oversee 
and guide this investigation.  This committee included experts and individuals from PennDOT, 
The Federal Highway Administration, and industry.  The initial organizing meeting of the 
steering committee was held in January 2000. The SISSI research team met with the steering 
committee on a monthly basis to discuss the research progress, problems, and needs.  
 
Project Peer Review 

An external peer review panel was established to seek the opinion of experts in regard to 
the direction of the SISSI research project and the possible actions needed to improve the quality 
of data collection.  Members of the external peer review/advisory panel were selected to 
represent a number of projects and agencies with specific expertise related to various areas of the 
project, such as the instrumentation, materials characterization, or modeling.  The meeting was 
held in Harrisburg, PA on October 3, 2002.  The meeting was attended by four members of the 
peer review panel, as well as by some members of the SISSI steering committee. The panel 
members later provided written feedback to PennDOT in regard to the research project and its 
activities.  Several of the comments were regarding instrumentation and data collection.  
Installation of solar radiation sensors, installation of thermocouples closer to the surface of the 
pavement, and increasing sampling rate for pavement temperature were among the comments 
that were implemented.   
 
 
Report Organization 

This is the final report for the Phase I of the Superpave In-Situ Stress Strain Investigation.  
Chapter 2 of the report includes a discussion of construction and instrumentation of the 
pavements for this project.  Types of collected data, problems, missing data, and maintenance of 
the sites are covered in Chapter 3.  Data and implementation are discussed in Chapters 4 and 5, 
respectively.  Finally, the last chapter provides a summary and conclusions. 
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CHAPTER 2 – CONSTRUCTION AND INSTRUMENTATION 
 

 
Selection of Instrumentation Sites 

One of the most labor-intensive tasks of the SISSI project was the selection and 
instrumentation of pavement sites.  The idea was to select sites that would satisfy required 
environmental and traffic data and that at the same time would be proper candidates for 
instrumentation.  The decision was made by the steering committee to select sites at both the 
northern and southern parts of the Commonwealth (north of I-80 and south of I-80) to represent 
the temperature difference as well as the difference in the freeze-thaw cycles the pavement 
undergoes during the winter-spring period.  It was also decided by the steering committee to 
include two types of pavement construction:  (1) full-depth structure including subbase, base, 
and Superpave-designed hot-mix asphalt layers constructed over subgrade; and (2) structural 
overlay including only Superpave-designed hot-mix asphalt layers.  The term “structural” was 
used to distinguish these mixes from maintenance overlay mixes. 

 
During the SISSI project several sites were visited and finally the counties and highways 

presented in Figure 3 and Table 1, respectively, were selected for instrumentation.   
 

 
Figure 3.  Counties where SISSI instrumentation sites are located 
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Table 1.   Highways Selected for Instrumentation 
 

Instrumentation 
 Location 1 

Instrumentation  
Location 2  Site 

No. 
District & 

County 
Route 

No. 
Latitude  Longitude Latitude Longitude  

1 3-Tioga 6015 N/A N/A N41° 37.523’ W077° 07.110’

2 1-Mercer 0080 (E) N41° 12.066’ W080° 03.825’ N/A N/A 

3 1-Mercer 0080 (W) N41° 11.941’ W080° 05.836’ N/A N/A 

4 1-Warren 0006 N41° 50.880’ W079° 18.371’ N41° 50.873’ W079° 18.348’

5 8-Perry 0022 N40° 29.660’ W077° 05.779’ N40° 29.659’ W077° 05.822’

6 6-Delaware 0202 N39° 53.518’ W075°33.351’ N39° 53.485’ W075°33.324’

7 9-Somerset I-76 N/A N/A N39° 59.650’ W079° 01.382’

8 9-Blair 1001 N40° 26.414’ W78° 24.756 N40° 26.382 W78° 24.749’

 
 
 
In addition to traffic and climate, the following criteria were considered in selecting a 

specific section of the highway for instrumentation. 
 

• Sufficient length of road should exist on a tangent section to provide space for 
instrumentation as well as weigh-in-motion sensors; 

• The number of driveways and crossings should be limited to the extent possible if 
the site is in a commercial zone; 

• Guide rails should be available so that an instrumentation enclosure box can be 
installed behind it; and 

• Electric power, phone, and other utilities should be accessible. 
 
 
Pavement Construction  

Construction of SISSI sites occurred through several seasons.  Table 2 provides a 
summary of the types of pavement structures and construction seasons for SISSI sites.  Details of 
pavement structure and construction are provided in separate reports.  An example of such a 
report is provided as a reference to this document (1).  Four of the eight selected sites were 
considered as full-depth construction.  These included the sites in Tioga, Mercer (East), 
Somerset, and Blair counties.  The remaining sites in Mercer (West), Warren, Perry, and 
Delaware counties are considered as overlay structures.  Both sites in Mercer County are located 
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on the westbound lanes.  However, the full-depth construction site is located to the east of the 
structural overlay site, therefore, the two sites are being referred to as Mercer (East) and Mercer 
(West).  Sites at Highways SR 15 and 80 were constructed and instrumented prior to the SISSI 
project under a PennDOT sponsored project referred to as Work Order 43.   
  

Table 2.  Type of Pavement Structure and Season of Construction for SISSI Sites 
 

County 
 

Route 
No. 

Pavement 
Type 

Traffic 
Level 

Location Construction 
Period 

Tioga SR 0015 New HMA High North Summer 
2000 

Mercer SR 0080 New HMA High North Summer/Fall 
2000 

Mercer SR 0080 Overlay High North Summer/Fall 
2000 

Warren SR 0006 Overlay Low North Summer/Fall 
2001 

Perry SR 0022 Overlay High South Summer/Fall 
2001 

Delaware SR 0202 Overlay Low South Summer 
2002 

Somerset I-76 New HMA High South Summer/Fall 
2002 

Blair SR 1001 New HMA Low South Summer/Fall 
2003 

 
 

Tables 3 and 4 present the pavement design information and binder grade for SISSI sites.  
One of the recommended Superpave guidelines deals with the relationship between layer 
thickness and nominal maximum aggregate size (NMAS).  It is generally recommended that the 
layer thickness not be less than 3 times NMAS.  As presented in Table 3, some of the 19-mm 
binder layer mixes do not meet this recommended guideline as their design thickness is 2 inches 
rather than the recommended minimum of 3 inches. The binders are mostly PG 64-22, although 
for three sites the binder used for the wearing course is a PG 76-22. 
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Table 3.  Construction Information for SISSI Sites 

 

Site 1.  Tioga County, SR-15, Full Depth, < 30 million ESALs 
 11.5” CSSBa, 37.5 mm ACb @ 9”, 19 mm AC @ 2”, 12.5 mm AC wearing @ 1.5”,  

Site 2.  Mercer County, I-80, Full Depth, > 30 million ESALs 
 8” CSSB, 37.5 mm AC @ 15”, 25 mm AC @ 3”, 12.5 mm AC wearing @ 1.5”,  

Site 3.  Mercer County, I-80, Structural Overlay, > 30 million ESALs 
 12” Cracked PCC, 37.5 mm AC @ 9”, 25 mm AC @ 3”, 12.5 mm AC wearing  
 @ 1.5” 

Site 4.  Warren County, US Rt-6, Structural Overlay, < 30 million ESALs 
 25 mm AC @ 4”, 37.5 mm AC @ 5.5”, 25 mm AC @ 2”, 9.5 mm AC @ 1.5” 

Site 5.  Perry County, US Rt-22, Structural Overlay, < 30 million ESALs 
 19 mm AC @ 2”, 12.5 mm AC @ 1.5” 

Site 6.  Delaware County, US Rt-202, Structural Overlay, < 30 million ESALs 
 19 mm AC @ 2.5”, 12.5 mm AC @ 2.0” 

Site 7.  Somerset County, I-76, Full Depth, > 30 million ESALs 
 300 mm Lime Stabilization, 150 mm CSSB, 100 mm ATPMc, 37.5 mm AC @ 7”, 
 25 mm AC @ 3.0”, 19 mm AC @ 2.0” 

Site 8.  Blair County, SR 1001 (Plank Road), US Rt 220, Full Depth, < 30 million ESALs 
 180 mm CSSB, 25 mm AC @ 8”, 19 mm AC @ 2.0”, 12.5 mm AC @ 1.5” 

aCSSB indicates crushed stone subbase. 
bAC indicates asphalt concrete designed according to Superpave system.  Value in mm indicates mix 
designation, value in inches indicates layer thickness. 
c ATPM indicates Asphalt Treated Permeable base. 
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Table 4.   Performance Grade Asphalt Binders Used at SISSI Sites 

 
Site Route Layer  PG 

Wearing 64-28 
Binder 64-22 Tioga SR 0015 
BCBC 64-22 

Wearing 76-22 
Binder 76-22 Mercer  New  

(East) SR 0080 
BCBC 64-22 

Wearing 76-22 
Binder 76-22 Mercer  Overlay  

(West) SR 0080 
BCBC 64-22 

Wearing 76-22 
Binder 64-22 Perry SR 0022 

Leveling 64-22 
Wearing 64-22 
BCBC 64-22 Warren SR 006 

Leveling 64-22 
Wearing 76-22 Delaware SR 202 
Binder 76-22 

Wearing 64-22 
Binder 64-22 Somerset Turnpike 
BCBC 64-22 

Wearing 64-22 
Binder 64-22 Blair Plank Road 
BCBC 64-22 

 
 
Pavement Instrumentation 

Instrumentation of the pavement layers was an integral part of this project.  Details of 
instrumentation are reported elsewhere (2). Both load-associated and environmental transducers 
were installed at different layers.  Two replicate locations were instrumented at each of the eight 
SISSI sites.  The number and location of the transducers varied according to the pavement 
structure at each site.  Cables buried in the pavement connect the transducers to an 
instrumentation cabinet at the edge of the shoulder.  The instrumentation cabinet contains the 
data logger used for the environmental measurements and a modem for transmitting data.   A 
typical schematic showing the positioning of the transducers and the instrumentation cabinet is 
given in Figure 4.   
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Figure 4.  Typical instrumentation layout 
 

The load-associated and environmental transducers were installed in the travel lane.  The 
load-associated transducers were in or immediately adjacent to the right wheel path, while the 
environmental transducers were placed at the center of the travel lane between the wheel paths, 
where they would be least affected by the wheel loads.   
 

All of the transducers were connected to the data acquisition system housed inside an 
enclosure at the road side (Figure 5).  Each of the SISSI sites is identified with two signs 
indicating the beginning and end of the instrumented section (Figure 6).  

 

 
    

            Figure 5.  Data acquisition enclosure box 
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Figure 6.  Signs are installed at each SISSI site to indicate the beginning and end of an 
instrumentation segment. 

 
Environmental data were collected frequently and remotely through modems installed at 

the sites.  Load-associated responses were collected at different times of the year and under 
controlled loading conditions to capture the seasonal effects.  
 
Pavement Load-Associated Transducers: 

Transducers installed to capture the pavement response under truck loading included 
pressure cells and strain gages in the unbound layers, H-type strain gages in asphalt layers, and 
multi-depth deflectometers (MDD) throughout all the pavement layers.  All gages except MDD’s 
were installed in the horizontal direction.  Pressure cells and strain gages are presented in Figure 
7.  Table 5 presents a summary of pavement load-associated gages installed at different sites.  
 

 
 
 
 
 
 

  
 

 
 

Figure 7.  Sensors installed for capturing dynamic measurements  
 
 

 
 

Pressure Cell Strain Gage at Unbound Layer Strain Gage at Asphalt Layer 
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Table 5. Number of Pavement Response Sensors Installed at Different SISSI Sites 
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10 2 2 4 1 Tioga 6015 
10 2 2 4 
8 2 2 0 2 Mercer E I-80 
8 2 2 0 
12 0 2 0 3 Mercer W I-80 
12 0 2 0 
10 0 0 0 4 Warren 0006 
10 0 0 0 
6 0 0 0 5 Perry 0322 
6 0 0 0 
8 0 0 0 6 Delaware 0202 
8 0 0 0 
14 6 1 4 7 Somerset Turnpike
14 6 1 4 
10 4 2 4 8 Blair 1001 
10 4 2 4 

 
 
Pavement Non-Load Associated Transducers: 

The principal sources of in-situ environmental data at the test sites were thermocouples 
for temperature measurement, time-domain reflectometers for moisture content measurement, 
and resistivity probes for frost depth measurements (Figure 8).   

 
Parallel to the data collected at the SISSI sites, additional environmental data were 

available to this project through PENNDOT Road Weather Information System (RWIS).  The 
RWIS data along with the SISSI collected environmental data were collected for use towards 
validation of the Enhanced Integrated Climatic Model (EICM). 
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Figure 8.  Resistivity probe for frost depth and time domain reflectometer for water content 

installed at SISSI sites 
 

Based on the comments received from the project peer review panel, Campbell Scientific 
pyranometers (model  LI200X) were installed at SISSI sites in 2004 to capture solar radiation 
(Figure 9).  
 
 

 
Figure 9.  Pyranometer installed at SISSI site to capture solar flux 

 
 

Table 6 presents the environmental gages installed at different SISSI sites.  This table 
includes all the additional thermocouples that were installed to capture pavement temperature at 
depths closer to the surface.  Location 2 at Perry has a very limited number of sensors.  For this 
reason, data collection from this site was stopped in Summer 2004 and the on-site datalogger was 
used at other sites.   
 

Resistivity Probe Moisture Content Sensors
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Table 6.  Number of Different Environmental Gages Installed at Different SISSI Sites 
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11 4 1 1 VAC(1) LP(2) 1 Tioga 6015 
10 4 1 0 VAC LP 
8 4 1 1 VAC LP 2 Mercer E I-80 
8 4 1 0 VAC  LP 
9 0 1 1 VAC LP 3 Mercer W I-80 
9 0 1 0 VAC LP 
3 0 0 0 VAC LP 4 Warren 0006 
9 0 1 1 VAC LP 
2 0 0 0 SP(3) WL(4) 5 Perry 0322 
12 0 1 1 SP WL 
9 0 1 1 SP WL 6 Delaware 0202 
7 0 1 0 SP WL 

10 4 1 1 SP LP 7 Somerset Turnpike 
9 6 1 0 SP LP 

12 4 1 1 VAC LP 8 Blair 1001 
11 4 1 0 VAC LP 

 (1)– Electric power is generated from land 115 volt alternate current (VAC).  
 (2)– Land phone/data line is used to download data. 
 (3)– Electric power is generated from solar panel. 
 (4)– Wireless communication is used to download data. 
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Loading Vehicle 
Load-associated pavement response is captured through application of controlled loads at 

certain speeds using a specially mounted truck. Different speeds and load configurations were 
used for this purpose.  The tractor trailer was equipped with moveable concrete blocks so that the 
distribution of load on different axles could be controlled (Figure 10).  Pavement response 
measurements will be further explained in Chapter Three.  
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Figure 10.  Truck with moveable weights for pavement loading 

 
 
Data Collection 

The load-associated measurements were obtained by closing the sites to traffic and 
traversing the site with a specially constructed loading vehicle (tractor trailer).  Portable data 
loggers were used to condition the transducers and acquire the data.  Load-associated 
measurements were not obtained during normal trafficking. 
 

Measurement of environmental data was conducted on a continuous basis and the 
resulting data were acquired by permanently installed data loggers that were connected to the 
server at Penn State via land lines or cell phone service. 
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CHAPTER 3 –DATA COLLECTION AND RELATED ISSUES 
 
Types of Data 

The SISSI project required collection of a massive amount of data.  The following categories of 
data were collected during the course of the project: 
 

• Pavement dynamic (load-associated) data 
• Pavement environmental (non-load-associated) data 
• Falling weight deflectometer data 
• Materials data 
• Traffic data 
• Climatic data 

 
In this chapter information is provided on the procedures followed in collecting the preceding 
data, and the problems encountered during data collection. 
 
Dynamic Data  

For the SISSI project, pavement response to truck loading during controlled 
measurements is referred to as “dynamic data.”  The reason for collecting such data was to 
obtain required input for validation of response models.  
 
Equipment for Collection of Dynamic Data 

The SISSI Dynamic Data Acquisition System is comprised of a notebook PC, the IOtech 
Wavebook portable data acquisition system, and a power supply for instrumentation excitation.  
The Wavebook system and power supply are mounted in a portable, shock-resistant enclosure 
with convenient front-panel interface for instrumentation connection. 
 

The IOtech Wavebook model 516 was accompanied by a series of rack-mounted 
expansion modules required to acquire the dynamic data.  These modules include the WBK10A, 
an eight-channel analog expansion module for the Wavebook, the WBK15, an eight-channel 
signal conditioning unit, and the WBK16, an eight-channel strain gage module (Figure 11).  
These components were selected on the basis of compatibility and the ability to accommodate 
multi-channel parameters. 
 

The Wavebook was transported to an instrumentation site each time dynamic data were 
to be collected.  The Wavebook was connected to the instrumentation wires via DB-9 
connectors. 
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Figure 11.  IOtech Wavebook data acquisition system with WBK modules 
 
 
Frequency of Dynamic Data Collection 

Collection of dynamic data at each site began at the earliest possible time after 
completion of the instrumentation and data acquisition system.  This first set of measurements at 
each site is referred to as the baseline measurement.  In some cases, baseline measurements did 
not become possible until a few months after completion of instrumentation and opening to 
traffic.  This delayed data collection was due to the time it took to have the data collection boxes 
installed at the sites. 
 

The data collection plan also called for capturing data at various seasons of the year.  
Specifically, the plan included collection of data during Winter (freeze), Spring (thaw), Summer, 
and Fall in one of the years during the life of the project.  Other years included collection of data 
during thaw, hot weather, and fall.  The team made attempts to adhere to the original data 
collection plan as much as possible.  However, postponing the construction of some of the sites 
as well as delays caused by inclement weather and equipment problems made it impossible to 
conduct all of the required measurements during one year.  However, every possible opportunity 
was used to capture the required data at different sites within a specific season.  Table 7 presents 
the dates when dynamic measurements were conducted at different sites. 
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Table 7.  Date of Conducting Dynamic Measurements and Pavement Condition Survey 
1 2 3 4 

Tioga Mercer-East Mercer-West Warren 
SR 6015 I-80 I-80 SR 0006 

Full Depth Full Depth Structural Overlay Structural Overlay 
Loc 1 Loc 2 Loc 1 Loc 2 Loc 1 Loc 2 Loc 1 Loc 2 

Measurement Measurement Measurement Measurement Measurement Measurement Measurement Measurement 
Date Date Date Date Date Date Date Date 

2/28/2001   11/6/01 11/6/01 11/01/01 11/1/01 11/19/01 11/19/01 
2/19/02 10/31/01 2/12/02 2/12/02 2/14/02 2/14/02 2/15/02 2/15/02 
8/23/02 2/19/02 9/4/02 9/4/02 9/5/02 9/5/02 8/29/02 8/29/02 
9/12/02 9/12/02 7/30/03 7/30/03 7/31/03 7/31/03 6/27/03 3/3/03 
2/14/03 2/21/03 4/6/04 4/6/04 4/7/04 4/7/04 8/7/03 8/7/03 
2/26/03 7/16/03 8/3/04 8/3/04 8/4/04 12/2/05 12/9/03 12/9/03 
7/16/03 12/4/2003 3/22/05 3/22/05 12/1/05  3/11/04 3/11/04 

12/4/2003 4/8/04         8/24/04 8/24/04 
4/8/04 8/17/04         11/5/04 11/5/04 

8/17/04 8/25/05         3/17/05 3/17/05 
8/26/04              

10/26/04               
5 6 7 8 

Perry Delaware Somerset Blair 
SR 0022 SR 0202 PA Turnpike SR 1001 

Structural Overlay Structural Overlay Full Depth Full Depth 
Loc 1 Loc 2 Loc 1 Loc 2 Loc 1 Loc 2 Loc 1 Loc 2 

Measurement Measurement Measurement Measurement Measurement Measurement Measurement Measurement 
Date Date Date Date Date Date Date Date 
11/20/01 12/3/01 2/27/2001 7/8/03 9/10/2002 9/10/2002 5/4/04 5/11/04 
12/3/01 2/21/02 7/8/03 12/11/03 11/2/02 10/9/03 7/20/04 7/20/04 
2/21/02 12/3/2003 12/11/03 3/22/04 11/9/02 10/26/03 10/21/04 10/26/04 
8/27/02 3/10/04 8/10/04 8/10/04     10/26/04 8/23/05 
4/23/03 7/29/04 11/9/04 11/10/04    3/7/05   
6/26/03 10/28/04 3/30/05 3/31/05     8/23/05   

12/3/2003 3/15/05           
3/10/04              
7/29/04              

10/28/04               
3/15/05               
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The Procedure for Data Collection 
Collection of dynamic data required coordination with several entities.  Typically, 

coordination was needed with the truck driver, the PennDOT County Maintenance Office, and 
the firm providing traffic control.  It was also necessary to monitor weather forecasts constantly 
to ensure measurements could be conducted on the selected dates.  Once at the site, the following 
steps were taken to complete a measurement. 

 
• Provide lane closure and traffic control. 
• Set up the data collection equipment. 

 Establish the data acquisition equipment (IOtech) at the site. 
 Connect the wires from the installed sensors (gages) to IOtech. 
 Activate the data collection software and calibrate the gages. 
 Establish the rate of sampling. 
 Collect data as the truck loads the pavement. 

• Prepare the pavement for loading with truck. 
 Properly mark the pavement to identify the gage location. 
 Apply duct tape to identify the loading truck path. 
 Install the automatic triggering system. 
 Install the compressible foam board on the pavement surface if the lateral 

position of the loading truck is to be determined manually. 
 Install the reflective tapes on the pavement surface if the lateral position of 

the loading truck is to be determined automatically. 
• Pass the loading truck over the instrumented pavement through the guided path and at the 

designated speed. 
 

The details of the data collection procedure are provided in the report titled “SISSI 
Instrumentation, Operating Instructions and Baseline Measurements (2). 
 
The Loading Truck 

Careful measurement of load-induced response of SISSI pavements was possible through 
the use of a loading truck with known load configuration and speed.  For this purpose, a 
tractor/trailer was used to apply the required load to the pavement.  The single-axle trailer was 
equipped with a series of heavy moveable concrete blocks (Figure 12).  These blocks reside on 
the trailer bed and slide on two parallel rails either to the front or to the back of the trailer bed, 
resulting in different load levels on the truck axles.  The truck weighs approximately 50 KIPS.  
With the loading weights residing in front, the maximum axle load belongs to axle number 2 
(rear axle of the truck) and axle number 3 (front axle of the trailer), each being approximately 
13,000 lbs.  When the concrete blocks are moved to the rear of the trailer, the rear axle of the 
trailer will have the highest load, which is approximately 18,000 lbs.   
 

Loading the pavement was conducted by both the front and rear load configurations at 
speeds of 20, 40, and 60 mph.  At a later time during the project, a 5 mph speed was added to 
capture pavement response at creep-inducing loading rates.    
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Figure 12.  The truck used for loading SISSI sites. 

 
Lateral Positioning 

Among many parameters needed for reliable data analysis is the position of the load 
applied to the pavement.  It is important to know, at the time of loading, the position of the truck 
tires with respect to the position of gages, in both the longitudinal and the lateral directions.  This 
goal is achieved by either using a manual or an automatic approach.  In the automatic approach, 
a series of aluminum sheets were placed on the pavement surface.  These sheets were attached to 
the pavement surface using tiny screws.  Each sheet was fitted with strips of polarized reflective 
tape in a “Z” formation.  The truck was equipped with a polarized retroreflective optical device, 
mounted directly underneath the center of the rear trailer axle.  As the truck passed over the 
reflective tapes, the optical device triggered a pulse wave.  This phenomenon combined with the 
Z shape of the tape provided sufficient information to determine the lateral position of the 
vehicle.  This automatic approach was utilized a few times at the SISSI sites.  However, this 
method was very time consuming and required extensive effort during the initial set up. 
Therefore, the approach was abandoned and the manual procedure was followed. 
   

In the manual method, a ½-inch-wide strip of self-adhesive foam board (Celotex) was 
used at a distance of 24 feet before and after the distance covering the gages, and in the right 
wheel path across the pavement.  The loading truck left the trace of its footprint on the foam 
board after passing the gages (Figure 13).  The position of this trace was compared with the 
position of the sensors to determine the position of the truck tires with respect to the position of 
the sensors. 
  

The details of the automatic system for determination of lateral positioning are provided 
elsewhere (2). 
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Figure 13.  Use of self-adhesive  foam board to capture the lateral position of the truck 

 
 
Environmental Data 

Equipment for Collection of Environmental Data  
The Campbell Scientific CR23X Datalogger has been employed to monitor the 

environmental data at each instrumentation site (Figure 14).  The CR23X measures most sensor 
types directly, communicates via modems, reduces data, controls external devices, and stores 
both data and programs in either non-volatile Flash memory or battery-backed static random 
access memory (SRAM).  With the 4 Mega Bytes option chosen for the SISSI project, the 
CR23X can store over 2 million data points.  Two operating system options are available. The 
array-based operating system stores arrays of data at specified time intervals or at times when a 
specific set of conditions have been met.  The table-based operating system allows the grouping 
and storage of similar data in separate tables. 
 

The CR23X contains a comprehensive set of measurement, processing, and output 
instructions for programming the datalogger.  Measurement instructions specific to bridge 
configurations, voltage outputs, vibrating wire sensors, SDI-12 sensors, thermocouples, 
Synchronous Devices for Measurement (SDMs), and multiplexers are standard.  Processing 
instructions support algebraic, statistical, and transcendental functions for on-site processing.  
Output instructions control external devices and process data over time. 
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Figure 14.  CR23X Datalogger  

 
A desktop computer (PC) with an internal modem and an Ethernet card connected to the 

network at PTI was used specifically for communication with the dataloggers installed at the 
sites.  Data were downloaded remotely from the PC on a weekly basis before being processed 
and backed up.  The procedure of downloading took about 2 hours each time. 
 

When available, the datalogger was connected to the landline phone via a COM210 
telephone modem (Figure 15).  This modem enabled a PC with a Hayes-compatible modem to 
contact the datalogger at any time, and it operated at 9,600 bits per second. 
 

If the land phone line was not available, wireless communication was used to call the 
sites. In this case the datalogger was connected to a Redwing CDMA Cellular Digital Telephone 
(Figure 16).  This cellular modem supported telecommunications via a code division multiple 
access (CDMA) network.  In this case the computer used its Ethernet card in order to establish 
the communication by calling the IP address attributed to the cellular modem. During June and 
July 2005, CDMA system was replaced by GPRS (General Packet Radio Services). 
 
 

 
Figure 15.  Campbell Scientific landline modem, COM210 telephone modem 
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Figure 16.  Cellular modem, Redwing CDMA cellular digital telephone 

 
 
Frequency of Environmental Data Collection 

The maximum rate the CR23X can execute its program is 100 times per second.  The 
maximum rate a single input can be measured is 1,500 samples per second. A battery-backed 
clock ensures accurate timekeeping. 
 

For each individual site, a specific program was written and uploaded to the datalogger.  
Data were collected at a specific rate from all the instruments connected to the datalogger.  Data 
from thermocouples, pyranometers, and water content reflectometers were collected every 30 
minutes.  These were the data sampling rates for most of the period during which data were 
collected from SISSI sites.  At early stages of the project, data collection rates were somewhat 
different.  
 
Power Supply and Battery  

The latest configuration at SISSI sites uses external deep-cycle batteries in order to 
provide clean 12-Volt DC power to the dataloggers.  A charger plugged to 115 VAC keeps the 
battery charged at all times.  At the sites where landline electric power is not conveniently 
available, the solar panel system (Figure 17) was used to provide the required power.   

 

 
Figure 17.  Campbell Scientific solar panel 
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Sites and Installed Gages 
Multiple site locations have been chosen to allow for an array of retrievable data within 

the Commonwealth, allowing the analysis to span varying weather and traffic conditions. The 
information related to the location of the sites and the structure of the layers is provided in 
Chapter 2. 
 
 
Materials Characterization Data 

 During Phase I of the SISSI project, significant effort was exercised to characterize the 
binders and mixtures used at all instrumented sites.  As part of this effort, a series of cores were 
also obtained from these sites.  The cores were processed for determination of thickness of 
different layers as well as determination of air voids.  The procured materials from different sites 
were properly labeled and stored for easy access.  Testing was mainly concentrated on binders 
and asphalt mixes. Details of material characterization are covered in a separate report (3). 
 
Binder Testing 

The following tests were the primary tests conducted for the binder characterization: 
 

• Rotational viscometer (RV) 
• Dynamic shear rheometer (DSR)  
• Bending beam rheometer (BBR) 

 
 Standard AASHTO procedures were followed with close adherence to sample 
preparation, equipment calibration, and temperature control.  Depending on the type of the test 
and its function, the binder was either short-term aged with the rolling thin film oven (RTFO) or 
long-term aged with the pressure aging vessel (PAV).  
 

The tests with the bending beam rheometer were used to determine the low-temperature 
binder stiffness.  The tests with the dynamic shear rheometer were used to determine the high 
and intermediate temperature modulus of the binder in regard to the binder resistance to 
permanent deformation and fatigue cracking.  The testing program with the dynamic shear 
rheometer also included tests at different temperatures and frequencies for development of the 
master curve.  The tests were conducted using a frequency sweep with at least one test above the 
specification temperature and two tests below the specification temperature, or vice versa.   
 
 
Mixture Testing 

The tests on HMA included tests on the loose mixture as well as tests on the compacted 
specimens.  The tests on the loose mixture included determination of the maximum theoretical 
specific gravity and determination of binder content and aggregate gradation.  AASHTO 
procedures were followed for this purpose.  The tests on the compacted specimens included 
determination of the bulk specific gravity as well as dynamic modulus tests.  Table 8 presents the 
testing program followed for the procured asphalt mixes.   
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Table 8.   Summary of Testing Programs Followed for the SISSI Procured Asphalt Mixes 

Designation Description 

AASHTO 
T 30 

Mechanical Analysis of Extracted Aggregates 

AASHTO 
T 164 

Quantitative Extraction of Asphalt Binder from Hot-Mix 
Asphalt (HMA) 

AASHTO 
T 166 

Bulk Specific Gravity of Compacted Hot-Mix Asphalt 
Using Saturated Surface-Dry Specimens 

AASHTO 
T 168 Sampling Bituminous Saving Mixtures 

AASHTO 
T 209 

Theoretical Maximum Specific Gravity and Density of 
Hot-Mix Asphalt Paving Mixtures 

AASHTO 
T 308 

Determining the Asphalt Binder Content of Hot-Mix 
Asphalt (HMA) by the Ignition Method 

AASHTO 
T 320 

Determining the Permanent Shear Strain and Stiffness of 
Asphalt Mixtures Using the Superpave Shear Tester (SST) 

AASHTO 
T 322 

Determining the Creep Compliance and Strength of Hot-
Mix Asphalt (HMA) Using the Indirect Tensile Test 
Device 

AASHTO 
T 328 Reducing Samples of Hot-Mix Asphalt to Test Size 

AASHTO 
TP 62 

Determining Dynamic Modulus of Hot-Mix Asphalt 
Concrete Mixtures 

 
 
 
Dynamic Modulus Test 
 This test was conducted according to AASHTO TP62.  To measure dynamic modulus, a 
sinusoidal (haversine) axial compressive stress is applied to the asphalt concrete specimen at 
different test temperatures and frequencies.  The applied stress and the resulting recoverable 
axial strain response of the specimen are measured and used to calculate the dynamic modulus 
and phase angle (Figure 18). 
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Figure 18.  Sinusoidal stress strain response during a dynamic modulus test 

 
 
Specimens for this testing were prepared through coring and sawing.  Figure 19 exhibits 

the cored specimen ready for dynamic modulus testing, and the hollow shell after drilling.  
 
 

 
Figure 19.  Cored specimen (left) and the outer shell after coring (right) 

 
 
Testing Equipment for Compacted Specimens 
 Two different testing environments were utilized for dynamic modulus testing of SISSI 
specimens.  Each environment was equipped with a small temperature-control chamber built 
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inside a walk-in chamber.  The temperature inside each chamber was maintained within ±0.5 ºC 
of the required testing temperature.  Inside each chamber lies a closed-loop servo-hydraulic 
system.  Both systems are fed by the same hydraulic power supply.  The main reason for 
utilizing two different sets of equipment was to expedite testing.  During the times of 
temperature change when a waiting period was required before conducting another test, the 
second machine could be utilized.  Furthermore, at times of equipment problems with one 
machine, the other was available for testing.   
 

The electronics for controlling the test included an Instron Model 8800 System equipped 
with FastTrack™ software and hardware.  The FastTrack™ 8800 unit (Instron), which contains 
two general purpose interface bus (GPIB) boards, each with four channels of data acquisition, is 
used to control the servo valve that controls the pressure in the hydraulic actuator.  The first 
GPIB board communicates with the position, load, strain 1, and strain 2 channels.  The second 
GPIB board communicates with the strain 3 channel.   
 

Specimen displacement was measured either with three Epsilon® extensometers (Figure 
20-right) or with three Schaevitz® Sensor LVDTs (Linear Variable Differential Transformer, 
Figure 20-left).  The LVDTs were placed at 120o increments around the specimen circumference. 
The displacement transducers were interfaced with the FastTrack™ 8800 hardware.   
 

The two systems used for testing SISSI specimens have two different load cells.  One has 
an MTS 100 KN (22 KIPS) capacity load cell (model 661.20 E-03, S/N V63014), and the other 
consists of an FGP 25 KN (5.5 KIPS) capacity load cell (model FN3042, S/N 410).  

 
Thermocouples were used for the measurement of temperature at various points on the 

specimen to ensure tests are conducted at proper temperature.  An AM25T multiplexer and a 
Campbell Scientific CR23x Datalogger were used to collect and store temperature data.  
 
Test Set-Up 
 Figure 20 presents the set-up of a specimen in the testing chamber. 
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Figure 20.  Setting up the specimen in the testing chamber (left: with LVDT, right: with 

extensometer) 
 

The specimen is maintained in the temperature chamber for a sufficient period of time to 
achieve temperature equilibrium.  Table 9 presents the waiting period to reach equilibrium. 
 

Table 9.  Waiting Period to Reach Temperature Equilibrium for 
 Different Test Temperatures 

Test  
Temperature 

(0C) 

Starting 
 Temperature 

(0C) 

Time to equilibrium  
from the moment  

of temperature change (h) 
4 40 (1) 5-7 
10 4 2-4 
25 10 3-5 
40 25 3-5 

(1)  After completion of the test at 40 0C, the temperature is changed to 4 0C to prepare for the next 
specimen. During the early period of this temperature change, the chamber door is left open to 
expedite the cooling process. 

 
Data Collection and Sampling Rate 
 The test series followed for the development of master curves for use in pavement 
response and performance analysis consisted of applying compressive haversine loads at 4, 10, 
25, and 40 °C and at frequencies of 0.1, 0.5, 1.0, 5, 10, and 25 Hz at each temperature.  Each 
specimen was tested for each of the 24 combinations of temperature and frequency of loading 
starting with the lowest temperature and proceeding to the highest.  Testing at a selected 
temperature began with the highest frequency of loading and proceeded to the lowest.  For each 
combination of temperature and frequency, the axial load was selected in such a way to produce 
100±20 microstrain in the axial direction.  The loading cycles and sampling rate at each 
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frequency are specified in Table 10.  A typical rest time period between each frequency run was 
2 minutes.  
 

Table 10. Number of Cycles and Data Points at Each Testing Frequency for Dynamic Modulus 

Frequency 
(Hz) 

Total 
Number of 

Cycles 

Number of 
Cycles Used in 

Analysis 
Number of Data 
Points Per Cycle 

Total Number 
of Data Points 

25  40 11 100 1100 
10  40 11 100 1100 
5 20 10 100 1000 
1  10 10 100 1000 

0.5 6 5 100 500 
0.1 6 5 100 500 

 
Data were collected from the actuator LVDT, the load cell and each of the three 

displacement transducers at the rate of 100 points/cycle/channel. Temperature data were 
collected every 2 minutes.   
 
 
Traffic Data  

Consideration of traffic loading information is one of the most important elements of a 
successful pavement design process.  Mechanistic design procedures consider the response of 
pavement materials to applied loads; for highways, these are wheel loads.  Therefore, it is 
important to accurately consider the effect of wheel loads of individual size, and account for 
cumulative damage resulting from repeated loading.  The design procedure recommended by 
NCHRP 1-37 does this in the form of load spectra, a catalog of each wheel load, including size 
and weight.  Load repetitions are estimated by extrapolating historical trends, or applying other 
growth projections.  

 
The SISSI project undertook the collection of traffic data at each individual pavement test 

location as a part of the information-gathering process.  Weigh-in-motion (WIM) equipment was 
installed by PennDOT adjacent to each pavement test location to collect traffic information on 
site.   
 
Equipment Capabilities 

Weigh-in-motion is a process of measuring the dynamic tire forces of a moving vehicle 
and estimating the corresponding tire loads of the static vehicle.  Gross vehicle weight of a 
highway vehicle is due only to the local force of gravity acting upon the composite mass of all 
connected vehicle components, and is distributed among the tires of the vehicle through 
connectors such as springs, motion dampers, and hinges. 
 

The WIM system has a set of sensors and supporting instruments that measure the 
presence of a moving vehicle and the related dynamic tire forces at specified locations with 
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respect to time; estimate tire loads; calculate speed, axle spacing, vehicle class according to axle 
arrangement, and other parameters concerning the vehicle; and process, display, store, and 
transmit this information.  Traffic data were collected utilizing PAT America piezo WIM 
systems.  The Tioga and Mercer sites are instrumented with brass piezos in both the weight and 
class lanes.  The rest of the sites have quartz sensors in the weight lane and brass piezos in the 
class lanes.  Figure 21 shows the plan view of a typical WIM system. 
 

 
Figure 21.  Layout of a typical WIM system 

 
Quartz Sensors 

The quartz sensor installed in SISSI sites is the WIM sensor LINEAS Type 9195C.  It 
consists of a light metal profile in the middle of which quartz disks are fitted under preload.  
When a force is applied to the sensor surface, the quartz disks yield an electrical charge 
proportional to the applied force through the piezoelectric effect.  This electrical charge is 
converted by a charge amplifier into a proportional voltage, which can then be further processed 
as required.  Figure 22 shows different cross-sectional views of quartz sensors. 
 
This sensor provides all the unique advantages of quartz sensors: 

o Changes in temperature have practically no influence. 
o Quartz sensors are also suitable for very slow moving traffic. 
o Quasi-static and dynamic calibration is possible. 
o Very high natural frequency makes it also suitable for maximum vehicle speeds. 
o Wide measuring range is available. 
o Absolute long-term stability is high since sensor sensitivity is a material constant of 

quartz. 
o The sensor can be closely adapted to road characteristics and is easy to install. 
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o The sensor is not dislodged from the road and can be reground by up to 10 mm in the 
event of road deformations. 

 

 

 
 

Figure 22.  Cross-sectional views of a quartz sensor 
 
Brass Sensors 

The brass sensor installed in Tioga and Mercer sites is the Roadtrax BL Traffic Sensor.  
This sensor is designed for permanent or temporary installation into or onto the road surface for 
the collection of traffic data.  The unique construction of the sensor allows direct installation into 
the road in a flexible format so that it can conform to the profile of the road.  The flat 
construction of the sensor gives an inherent rejection of road noise due to road bending, adjacent 
lanes, and bow waves of approaching vehicles.  The small cut in the road minimizes the damage 
done to the road, speeds up the installation and reduces the amount of grout used for the 
installation.  The Roadtrax BL sensor is available both as a Class I sensor for the highest level of 
uniformity needed for WIM applications and as a Class II sensor, which is more cost effective 
for counting, classifying, high-speed toll booths, speed detection, and red light cameras.  Figure 
23 shows cross-sectional views of a brass sensor.  
 
Some of the salient features of this sensor are:  

o High signal-to-noise ratio for ease of signal processing 
o Good dynamic range - can work with large to small vehicles 
o High output - detects small vehicles - motorcycles, even bicycles 
o Surface sensors can be mounted permanently or temporarily 
o Works even for slow speeds 
 

However, the brass sensors have not been found to have the same high degree of long-
term precision as the quartz sensors in most studies. 
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Figure 23.  Cross sectional views of a brass sensor 

 
Data Collection Process 

The data collected at each site are downloaded remotely from the field data collection 
device and posted to an FTP site by the PennDOT Bureau of Planning and Statistics.  Once 
downloaded, the raw data, which are in binary format, are converted into ASCII format for 
further analysis.  The conversion is performed using a proprietary software program, called 
“Reporter,” which was developed by PAT America Traffic Control Corporation.  The PAT 
Reporter generates truck records from raw data.  It splits raw data into classification and weight 
data as two separate files.  It also generates monthly classification reports that contain daily 
traffic counts for each vehicle class.  
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The following files are generated using the PAT Reporter software: 
 
1. ASCII truck record files (with “A” prefix) that includes vehicle class, gross weight, 

vehicle length, speed, axle weight and spacing, and number of axles for each truck 
record. 

2. ASCII classification record files (with “B” prefix) that includes records of hourly traffic 
counts for each vehicle class.  

3. Monthly classification report (with “MC” prefix) that documents daily traffic counts for 
each vehicle class. 

4. Monthly weight report (with “MW” prefix)  
 

These records were then processed using a series of programs written in MATLAB to 
check the quality of data, check monthly trends and collect summaries. These summaries were 
used to prepare necessary inputs for the NCHRP 1-37 software.  

 
Data Processing 

The traffic files are examined for any missing data, bad quality of data and number of 
erroneous records.  The quality of traffic data is checked every month as the data are collected.  
In addition, the monthly trends of key elements such as number of trucks and gross weight of 
vehicles are examined to observe seasonal variations.  Quality check procedures adopted in this 
study include: 
 

1. Document all missing raw data files (“D” files). 
2. Document the ASCII truck files (“A” files) with an unreasonably small number of truck 

records. 
3. Detect the truck records with abnormal axle weights and/or axle spacing in ASCII truck 

files. 
4. Document the ASCII classification files (“B” files) that do not have 24 records (one 

record summarizes 1 hour of traffic information). 
5. Detect the ASCII classification files having zero hourly traffic records, which are 

determined to be unreasonable after the traffic trends are checked. 
6. Average the truck gross weight, length, and speed on a monthly basis. The averaged 

values are plotted against time and any deviation from normal traffic variation patterns is 
investigated to identify the causes. 

 
The vehicle and classification records are then used to develop data summaries and 

prepare inputs for the NCHRP 1-37 software.  The necessary input parameters include axle load 
distribution for each vehicle class, vehicle class distribution, monthly adjustment factors, number 
of axles per truck, vehicle speed, and axle and wheelbase spacing. 
 

The number of days with available records and trucks recorded for a year are summarized 
in Tables 11 and 12, respectively.  The summary indicates that some sites have had a higher 
percentage of missing data than other sites since data collection began.  The data collection sites 
at Tioga, Mercer and Somerset have had 30 to 40% missing data.  The other sites had minimal 
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proportions of missing data.  The missing data could be either due to bad quality of data or the 
data were not recorded on a particular day.  The sites with a significant occurrence of missing 
data had operational problems.  In several instances, the data collection equipment was not 
functional.  PennDOT initiated a maintenance and calibration contract with PAT America, which 
ultimately resulted in the correction of these equipment problems.   
 

Table 11.  Number of Days with Recorded Traffic Data 
 

Year Tioga Mercer Warren Delaware Perry Blair Somerset
Beginning 
Date 

Jan-01 Jan-01 Apr-02 Jan-03 Jun-03 Mar-04 Apr-04 

2001 315 255  
2002 323 137 264  
2003 150 199 363 317 188  
2004 139 156 318 342 278 275 96
2005 360 345 360 345 323 347 277
Missing Data 29.5% 40.2% 4.7% 8.3% 16.4% 7.3% 41.7%

 
 

Table 12.  Number of Trucks Recorded 
 

Year Tioga Mercer Warren Delaware Perry Blair Somerset 
2001 306,751 1,321,301  
2002 311,574 783,775 143,950  
2003 130,694 1,113,196 207,151 373,085 279,423  
2004 135,180 730,854 124,829 405,161 425,924 42,101 473,586
2005 386,174 1,643,379 158,786 384,423 558,713 75,567 1,281,596

 
 
   
Falling Weight Deflectometer Data 

Falling weight deflectometer (FWD) testing was conducted at each of the SISSI locations 
on a periodic basis.  The deflections obtained with the falling weight deflectometer on this 
project will provide a step in developing the relationships between laboratory and field 
measurements.  PennDOT routinely performs falling weight deflectometer testing as part of its 
roadway management and rehabilitation design processes.  These data, therefore, are also 
necessary to allow the calibrated performance models to be utilized in design practice. 
 

All falling weight deflectometer testing has been performed by PennDOT with their 
KUAB falling weight deflectometers.  PennDOT’s KUAB falling weight deflectometers have a 
5.91-inch radius load plate, with sensors spaced at 12-inch intervals from the center of the load.  
One sensor is behind the load, one is centered under the load plate, and the remaining sensors are 
in front of the load. 
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For Tioga, Mercer East, Mercer West, Warren, Perry, Somerset, and Blair, periodic FWD 

testing has been performed at the following typical load levels: 
 
• Seating drop 
• 2 drops at 26.7 KN (6 KIP)  
• 2 drops at 40.0 KN (9 KIP) 
• 2 drops at 57.8 KN (13 KIPS) 

 
For Delaware, periodic FWD testing has been performed at the following typical load 

levels: 
• Seating drop 
• 2 drops at 40.0 KN (9 KIP) 
• 2 drops at 57.8 KN (13 KIPS) 
• 2 drops at 80.1 KN (18 KIP) 

 
The FWD tests were performed for each wheel path and centered between wheel paths.  

However, traffic conditions frequently prevented the collection of data in the left wheelpath.  
Drops were performed at approximately the following locations, with slight variations from site 
to site: 
 

• 10 meters prior to centerline of instrumentation 
• 5 meters prior to centerline of instrumentation 
• At centerline of instrumentation 
• 5 meters past centerline of instrumentation 
• 10 meters past centerline of instrumentation 
• At instrument locations 
• Load transfer at joints and reflection cracks at site 5 Perry and 6 Delaware 

 
During the seasonal study, the FWD testing was carefully scheduled so as not to conflict 

with the dynamic load response testing. The deflection data were collected during construction 
and during different climatic seasons. 
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Climatic Data 

The climatic data came from a number of sources.  The primary sources of site-specific 
data are the PennDOT RWIS sites.  These data have been supplemented by data from the 
Department of Environmental Protection and national weather data.  The Penn State Department 
of Meteorology Mesonet has been the direct source for all climatic data, with the data 
downloaded from their website.  The collection and processing of the SISSI climatic data is 
described in detail in the SISSI Seasonal Variations Report. 
 
Performance Data 

Performance data are essential to the long-term use of the SISSI data for calibration and 
validation of performance and design models.  Manual distress surveys have been conducted on 
field visits, in conjunction with other testing.  Longitudinal profile and videologging distress 
summaries have been provided by PennDOT for the affected segments.  The performance data 
are described in detail in the SISSI Pavement Condition Report (4). 

 
Problems and Issues with Data Collection 

The research team made every effort during the project to make the data collection effort 
as smooth as possible.  However, there have been many occasions of interruption in collection of 
data during the course of the project.  These interruptions have resulted in discontinuity in the 
collected data, specifically in the dynamic, environmental, and traffic (weigh-in-motion) data.  
Several sources contributed to the problems encountered during the data collection phase of the 
project.  These sources are discussed below for various types of data. 
 
Problems with Collection of Environmental Data 

In general, the following factors contributed to discontinuity in the environmental data: 
 

• Random power outages at the site  
• Malfunctioning of datalogger 
• Problems with wires and connectors 
• Damaged installed gage 
• Disconnected phone service 
 

Random power outage at the site  
The loss of power to the site was, in most cases, the result of a tripped GFCI (ground 

fault circuit interrupter) due to thunderstorms and lightning.  This resulted in the loss of power to 
the on-site datalogger.  The datalogger was equipped with two 12-volt deep cycle batteries, 
arranged in parallel, to maintain power to the datalogger for extended periods of time in case of 
power outage.  The PTI technician would monitor the battery voltage from the central office at 
PTI every time data were downloaded.  This monitoring was done to ensure that sufficient power 
was available to the datalogger.  In case of battery voltage drop below acceptable levels, the 
technician would visit the site to fix the problem.  Sometimes the problem would be resolved 
through restoring the power to the site (resetting GFCI), and sometimes the problem was with a 
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damaged battery that needed to be replaced with a new one.  The batteries were replaced 
frequently when problems were noticed.  However, they also were replaced after one year in 
service regardless of the situation.  On occasions, limited resources made it difficult to travel to 
the site immediately after such problems occurred.  

 
 On one occasion for one of the sites power was lost because of common circuits with 
three light poles at the vicinity of the site.  The wires to one of these lights had to be 
disconnected to restore power to the site. 

 
Malfunctioning of datalogger 

The second type of problem with collection of environmental data was related to the 
datalogger.  Occasionally, the datalogger would be damaged due to various reasons after some 
time in service.  This would prevent collection of any data.  Once such a problem was identified, 
the datalogger was removed from the site, and a new datalogger was installed if available.  The 
damaged datalogger was shipped back to the manufacturer for repair.   
 
Problems with wires and connectors 

On rare occasions, loose wires or damaged connectors were the reasons preventing data 
collection.  These were fixable and the research team made an effort to keep such problems to a 
minimum.  However, such repairs, though simple, always required a physical presence at the 
site. Having resources available for such activities was always a challenge considering the vast 
amount of activities.    
 
Damaged installed gage 

The most serious problem associated with collection of environmental data occurred 
when a gage or sensor installed inside the pavement was damaged.   Under such circumstances, 
the gage would be considered permanently lost, and no data could be collected from that gage.  
The most prevalent problem of this nature occurred to the time domain reflectometers, which 
were installed for determination of moisture content.  It appears that some of these gages were 
damaged by lightning. 
 
Problems with Collection of Dynamic Data 

It was discussed in Chapter Two that load-associated pavement response data (i.e., 
dynamic data) were collected at various intervals through site visits and running a tractor/trailer 
on the instrumented pavement.  While considerable data of this type were captured through many 
trips to the sites, various problems prevented having a complete set of data from various sensors, 
as originally perceived.  Several factors contributed to the collected data to be of smaller quantity 
than was originally planned.  These included: 
 

• Delayed construction and instrumentation of several sites 
• Limited time and resources 
• Inclement weather conditions 
• Problems with data acquisition system 
• Problems with installed gages 
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• Co-occurrence of measurements with other construction activities 
Delayed construction and instrumentation of several sites 

It was discussed earlier that the SISSI sites were constructed within a 4-year period 
(including the Tioga and Mercer sites, which were constructed and instrumented under 
PennDOT Work Order 43 in the year 2000).  Delayed construction and instrumentation of some 
of the sites limited the time available, through the end of the project, to conduct a larger number 
of dynamic measurements at these sites.  
 
Limitations in time and resources 

Each SISSI site included two replicate locations.  As discussed in Chapter Two, the 
original plan was to complete measurement runs at both locations for different load-speed 
configurations (speeds: 20, 40, and 60 MPH, loads: front and back).  Each speed-load 
configuration was to be repeated three times.  Transverse profiling and pavement condition 
surveys were to be conducted during the same day for dynamic measurements.  This plan shows 
the extensive level of effort required to be utilized within the same day.  During the early days of 
dynamic measurement, it was realized that completing all planned dynamic measurements in a 
one-day period would be extremely difficult and in some cases impossible. Time, budget, and 
resources were too limited to complete this extensive plan.  As a result, fewer measurements 
were conducted in a day’s time.  For example, in some cases measurements could only be 
conducted for one of the two locations, or in the case of conducting measurements for both 
locations, only one load configuration was used (i.e., front or back).  
 
Inclement weather conditions 

When required to visit the sites for dynamic measurement and transverse profiling, 
attempts were made to conduct such measurements on days when weather conditions would not 
be a hindrance. However, there were many occasions when a scheduled trip had to be cancelled 
or postponed due to weather.  There were also times when during measurements, a significant 
change in weather conditions was encountered and measurements had to be abandoned.  To the 
extent possible, such measurements were rescheduled.  Sometimes, rescheduling would move the 
measurement late enough to close the window for conducting the measurement within a specific 
season. In such a case, no measurement set would be available for a particular site for that 
season. 
 
Problems with data acquisition system 

The data acquisition system was functional for most of the time during the project.  There 
were a few cases, however, when system problems prevented timely trips to the site.  In one 
case, the datalogger had to be sent back to the manufacturer for repair.  On a few other 
occasions, repairs were conducted in-house. 
 
Problems with installed gages 

It was discussed earlier that different pavement layers were instrumented with four types 
of gages:  strain gages for bound layers, strain gages for unbound layers, multi-depth 
deflectometers, and pressure cells.  These gages are continuously exposed to traffic and the 
environment, and therefore it is reasonable to expect that their functional life span is limited.  
The service life of the gages and their survival depend on the type of gage as well as the intensity 
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of influencing factors (traffic level and harshness of environment).  Of the gages, the multi-depth 
deflectometers seemed to be the most susceptible and exhibited the shortest service life.   

 
The dynamic data collected from the site located on the Somerset County Turnpike are 

very limited due to the loss of some of the sensors during construction of the site as well as 
difficulties in establishing the traffic control needed to conduct pavement response 
measurements.  However, the environmental, traffic, and materials characterization data from 
this site are, in terms of quantity, comparable with the data from other sites. 
 
Co-occurrence of measurements with other construction activities 

On rare occasions, measurements could not be scheduled for a specific period of time at a 
site because other construction activities were taking place at the same time, preventing lane 
closure for the instrumented section.  
 
Frequent inoperability of the RWIS climatic data stations 

The RWIS sites are used principally for winter-weather maintenance, and are operated 
and have their data managed by the counties.  Unfortunately, the sites were not able to operate 
year-round as planned, even for the sites installed adjacent to the SISSI sites for that purpose.  In 
addition, some sites had extended periods of inoperability, even in the winter.  Therefore, the 
RWIS data need to be supplemented with quality data from other sources.  
 
Maintenance of Sites 

Maintaining smooth collection of environmental data and minimizing delays in the 
collection of dynamic data required frequent maintenance visits to the instrumented sites.  These 
visits were required for various reasons:  restoring power to the dataloggers, replacing batteries, 
and replacing or repairing modems, dataloggers, multiplexers, or cables.  Sometimes the trips 
were needed to mend broken wires and damaged or corroded connectors.  This was a very 
challenging and time-consuming effort considering the number of locations requiring 
maintenance. 
 
 
The Impact of an Incomplete Data Set on the Goals of the SISSI Project 

Despite the shortcomings and problems discussed earlier, a vast and unique set of 
valuable data of various types has been collected from the SISSI sites.  Undoubtedly, the 
collected information has provided a very useful database for implementation and model 
calibration validation efforts.  It is, however, true that at some places the existence of missing 
data will require taking logical steps and making reasonable assumptions to fill the gaps in the 
data.  The best available or closest data, or accepted quality models, should be used to fill those 
gaps.  Limited sensitivity analyses with an appropriate range of variability should be conducted 
to assess the potential impact of the data-filling efforts on the reliability of the model 
calibrations. 
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CHAPTER 4 –ANALYSIS AND INTERPRETATION 
 

 
General Scope of Analysis 

Various types of data collected during the course of the SISSI project have been 
processed and analyzed. A large portion of collected data was presented and discussed in an 
interim report in 2004 (5). A similar format of analysis has been pursued in this report. The first 
step has been overall evaluation of the quality of each data set.  This step has been followed by 
investigating the distribution of data by time and location and finally using these data with 
performance prediction models. 
 
Dynamic Data  

Most of the processed dynamic data are from the Dynatest Past-II strain gages.  These are 
the gages installed in asphalt layers.  Unfortunately, the data from multi-depth deflectometers 
(MDD) are very limited.  The amount of data from pressure cells and strain gages installed in 
subgrade and subbase layers lies somewhere between what is available from asphalt strain gages 
and MDDs.  As discussed in the previous chapter, some of the gages, especially the 
potentiometers of MDDs, were either malfunctioning or not responding at the time of 
measurement.  To the extent possible, some of these gages were brought back into operation at a 
later time, but some others were permanently lost.  
 

To the extent possible and applicable, the collected data have been analyzed in one or 
several of the following ways:  
 

• Responses from similar gages from different layers at the same site and location 
have been compared (spatial variation); 

• Response from a specific gage at a specific layer has been compared with the 
response from the same gage at a different time of measurement (seasonal 
variation); and 

• Response from a specific gage at a specific layer has been analyzed at various 
speeds (response variation due to rate of loading). 

 
Data from dynamic measurements are presented in this chapter in a sequence and format 

similar to what was followed in the preliminary findings report.  However, in this report, all 
measured data are included.  Examples of these measurements are provided in this chapter and 
details of all measurements are provided in Appendix A.  The data are presented in the following 
sequence: 
 

• Typical Pavement Response from Various Gages 
• Dynatest Past II and Geokon 3900 Strain Gages 
• RST Instruments Pressure Cell 
• CTL Multi-Depth Deflectometer 
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Typical Pavement Response from Various Gages 
 

Typical responses from various sensors are presented in Figures 24 through 30.  In most 
cases, four peaks in response are observed, with the middle two being closer to each other.  Each 
peak is representative of one of the tractor-trailer’s four axles.  The peak to the left of the graph 
presents the response to loading from the front axle of the tractor and the peak to the right of the 
graph presents the response to loading from the rear axle of the trailer.  Generally, the tensile 
strain is larger at the bottom of the wearing layer than that at the bottom of deeper layers (Figure 
24).   Also, when the loading distribution on the trailer bed is such that most of the load is 
concentrated in the front of the trailer, a higher peak is observed for the front axle (Figure 24, 
top), as compared to the situation when most of the load is placed toward the rear, causing higher 
strain from the rear axle (Figure 25, top). 
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Figure 24. Typical strain response of pavement layers in longitudinal direction (Blair, 07/20/2004, 
front load configuration, 24.6 mph, air temperature range: 24.4 to 29.4 oC) 
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Figure 25. Typical strain response of pavement layers in longitudinal direction (Blair, 07/20/2004, 
back load configuration, 24.5 mph, air temperature range: 24.4 to 29.4 oC) 
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Figure 26. Typical strain response of pavement layers in longitudinal direction (Blair, 10/21/2004, 
back load configuration, 22.0 mph, air temperature range: 13.6 to16.4 oC) 
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Figure 27. Typical vertical pressure of pavement layers (Blair, 08/23/2005, front load configuration, 
4.0 mph, air temperature range: 24.1 to 26.8 oC) 
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Figure 28. Typical deflection of pavement layers (Tioga, 08/17/2004, front load configuration, 24.9 
mph, air temperature range: 24.4 to 25.9 oC) 
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Figure 29. Typical deflection of pavement layers (Tioga, 10/26/2004, front load configuration, 22.2 
mph, air temperature range: 10.1 to 11.6 oC) 
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Figure 30. Typical deflection of pavement layers (Tioga, 07/16/2003, front load configuration, 21.4 
mph, air temperature range: 25.5 to 27.5 oC) 

 
 
Horizontal Strains at Different Layers 

Strain measurements in the hot-mix asphalt layers have been conducted using Dynatest 
Past II Strain Gages at the bottom of the hot-mix asphalt layers and using Geokon 3900 bonded 
resistance strain gages at the bottom of unbound layers.  A complete set of data is not available 
from all the installed gages due to malfunctioning or loss of some of the gages.  However, 
valuable data have been collected from working gages. 
 

The first stage of analysis has been concentrated on the magnitude of the responses from 
these gages and how these responses are affected by position in the pavement and the speed of 
the loading vehicle.  Attempts have been made to maintain the speed of the truck at 20, 40, and 
60 mph at the time of loading the pavement sensors.  However, exact speeds deviated from the 
intended speeds during operation.  Actual speed has been determined based on the available data 
from the triggering system as well as from the gage responses.  
 
Layer-to-Layer Variations 

Generally, it is expected that the magnitude of tensile strain would be decreased at deeper 
pavement layers.  An example of the tensile strain variation with depth is presented in Table 13 
and Figure 31 for one of the measurements at the Blair County site.  Strain at the bottom of the 
wearing, binder, and BCBC layers is in a decreasing trend as the layers are deeper in the 
pavement.   
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Table 13.  Summary of Longitudinal Strain Gage Data Collected from Blair on 05/04/2004 with 
Back Load Configuration, Air Temperature Range: 13.2 to 15.9 oC 

Bottom of wearing Bottom of binder Bottom of BCBC
1 39.2 21.4 -
2 19.8 17.2 12.5
3 18.5 14.9 11.2
4 61.9 39.2 39.0
1 32.6 22.1 4.9
2 13.9 16.2 15.8
3 14.9 15.3 17.6
4 56.8 41.1 22.7
1 21.4 4.9 7.4
2 8.5 10.9 12.5
3 11.1 7.7 12.5
4 34.5 22.1 8.8
1 32.8 18.8 17.0
2 14.9 9.6 7.8
3 15.7 6.3 5.5
4 50.6 25.6 3.7
1 19.3 16.4 16.8
2 6.5 11.0 6.7
3 7.7 9.1 6.7
4 33.4 24.4 2.6

Speed,
mph

Wander, cm Axle Tensile Strain, E-6
@ -7.3 m @ +7.3 m

J 22.7 R* 20.3 R 20.3

Collection
Event Label

I 26.5 R 3.8

L 34.8 R 1.9

L 5.1

R 3.8

L* 3.8

L 3.8

M 40.7 L 6.4 L 7.6

N 35.6

 
*:L – Wander is to the left of the strain gage 
  R – Wander is to the right of the strain gage 
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Figure 31. Strain response of pavement layers in longitudinal direction vs. truck speed for Blair 
(measured on 05/04/2004, back load configuration, Axle-4) 

 
Seasonal Variations 

The impact of environmental factors on pavement load associated response is covered in 
detail in a separate report (6).  However, examples of such impact are presented in Figure 32 for 
some of the recent measurements at Warren County SR 0006.  Figure 32 indicates significantly 
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higher levels of strain in the binder and base layers during August as compared to November in 
2004.  On August 24, 2004 the air temperature varied in the range of 22˚C to 32˚C, while on 
November 5, 2004, the air temperature variation was in the range of 8˚C to 10˚C.  Higher air 
temperatures in August resulted in higher pavement temperatures and lower asphalt stiffness, and 
subsequently higher strains.  
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Figure 32.  Seasonal effect on strain at the bottom of binder and base layers at the Warren SR  0006 

site 
 
 
The Effect of Speed on Strain Response 

Due to the viscoelastic nature of asphalt, higher strain is expected as the duration of load 
is increased (i.e., the truck speed is reduced).  The effect of speed is clear from Figures 33 
through 35. The effect is more dominant at lower speeds, as indicated by Figure 34.  Strain is 
decreased as the speed is increased from 5 to 20 and then to 40 mph.  However, there is not a 
significant change in response when the speed is increased beyond this level.  Measurements at 
lower speeds such as 5 mph have resulted in considerable increase in strain levels compared to 
the values at 20 mph.  The data indicate the significance of loading at lower speeds, as the 
deformations in pavement layers increase with reduced speed, thus increasing the potential for 
developing distresses at pavement layers. 
 

In making comparisons between responses from different runs, one should pay close 
attention to the fact that the response is not only affected by the speed but also by the position of 
the truck tire with respect to the location of the gage (tire wander).  The larger the lateral 
deviation of the loading point from the gage position, the less the magnitude of the gage response 
is expected to be.  Therefore, analyzing the speed effect should be considered in general terms at 
this point.  Further analysis will consider simultaneous effects of speed and tire wander on the 
results. 
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Figure 33.  Strain response of pavement layers in longitudinal direction vs. truck speed for Blair 

(measured on 07/20/2004, front load configuration, Axle-2) 
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Figure 34.  Strain response of pavement layers in longitudinal direction vs. truck speed for Blair 
(measured on 08/23/2005, back load configuration, Axle-4) 
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Figure 35.  Strain response of pavement layers in longitudinal direction vs. truck speed for Warren 
(measured on 11/05/2004, back load configuration, Axle-4) 

 
 
Vertical Pressure 

Vertical pressure in unbound layers has been captured by pressure cells.  These cells have 
been typically installed inside the subgrade at a depth of approximately 1 to 2 inches below the 
bottom of the subbase layer, or inside the subbase at a depth of approximately one to two inches 
below the bottom of the base layer.  Tioga is an exception to this rule, where the pressure cells 
were installed closer to the middle of the subbase layer rather than closer to the top of the layer.   
 

Most of the pressure cell data come from measurements at Blair.  For Tioga, only one 
pressure cell at the subgrade level was functioning properly.  No measurements from Mercer 
pressure cells are available due to malfunctioning.  
 

Figure 36 shows results for one of the measurements at Blair SR 1001.  A close match 
can be observed for the two gages at the subbase level.  The results also indicate that the induced 
vertical stress is considerably high at the top of the subbase (about 25 KPa or 3.5 psi).  Figure 37 
provides a comparison of pressures at the top of the subbase versus the top of the subgrade at 
Blair SR 1001.  As expected, subbase pressures are higher than those experienced by the 
subgrade.  This figure also shows a decreasing trend of subbase vertical pressure with increasing 
speed.  Such a trend is not, however, very clear from the results presented in Figure 36.   
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Figure 36. Vertical pressure of pavement layers vs. truck speed for Blair (measured on 05/04/2004, 
back load configuration, Axle-4) 
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Figure 37. Vertical pressure of pavement layers vs. truck speed for Blair (measured on 05/11/2004, 
front load configuration, Axle-2) 

 
 
Deflection 

Vertical deflection at different layers has been measured using multi-depth 
deflectometers (MDDs).  Some of these gages have not been functional and no data are available 
from them.  However, limited information has been obtained from the operational MDDs.  
MDDs were among those gages that demonstrated problems during early stages after installation.  
The Tioga MDD data presented in Appendix A show significant variability in results from 
different measurement times.  Considering the magnitude of variability observed in these results, 
the differences could not be attributed to the seasonal effects.  The data need to be further 
explored to determine if they have any use for implementation.  The results from the Blair SR 
1001 MDDs, obtained in May 2004, are presented in Figure 38.  These results indicate that most 
of the deflection is due to the hot-mix asphalt layers.  Figure 39 results indicate that higher 
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deflection of asphalt layers has occurred during the warmer time (25ºC to 30ºC during 
measurements on May 11, 2004) compared to the colder time (13ºC to 16ºC during 
measurements on October 21, 2004). 
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Figure 38.  Deflection of pavement layers vs. truck speed for Blair (measured on 05/11/2004, back 
load configuration, Axle-4) 
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Figure 39.  Seasonal effect on deflection of pavement layers (Blair, back load configuration, Axle-4) 
 
 
Environmental Data  

In this section, various types of environmental data (climatic data as well as pavement 
surface and subsurface non-load associated environmental data) are discussed.  The analysis 
presented here for such data is basically focused on each individual type of data.  Obviously, a 
deeper level of analysis, integrating all types of such data, toward validation of climatic and 
pavement performance models is the next logical approach. 
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Temperature Data 

The temperature data are presented in a format somewhat similar to that followed for the 
preliminary findings report. First, the data are presented in general graphical form.  Afterwards, 
typical monthly, weekly, and daily pavement temperature regimes are presented for both cold 
and hot seasons.  This is followed by typical temperature-depth profiles for cold and hot seasons. 
The detailed data are presented in Appendix B of this report and one example for the Mercer 
East site is presented and discussed in the following section.  The data reported here belong to 
the most recent two years (2004-2005 period and 2005-2006 period).  Data from earlier years 
were discussed in the preliminary findings report and, to avoid redundancy, are not presented 
here. 
 

As it was discussed in Chapter Two, there were periods of data collection interruption for 
a specific site.  There were also missing data for some of the thermocouples due to the loss of the 
sensor or connection problems.   
 
Temperature Data Presentation 
 

• General graphs 
For each location one figure is presented to show the overall variation of the temperature 

at different layers of the pavement. The Mercer East temperature regime, shown in Figure 40, is 
an example. While such graphs provide a general presentation of temperature variation with time 
and depth, the high concentration of data and the extended length of time of data collection make 
it difficult for close interpretation of data.  For this reason, two additional graphs are provided. 
One graph shows the temperature of the layers close to the surface as well as the multiplexer 
temperature (Figure 41), and the other graph shows only the temperature of the layers far from 
the surface (Figure 42).  In these figures, AM25 refers to the multiplexer temperature and the 
others as numbered in the legend refer to the pavement depth from the surface (in millimeters) 
where the temperature is measured. Detailed temperature regimes are provided in Appendix B. 

 
Changes in the pavement temperature at different layers during the year follow the same 

general pattern for all the locations. The air temperature and the solar radiation are the main 
factors that affect this pattern during the year. 
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Figure 40.  One-year temperature regime for SISSI Mercer East site for different pavement depths 
 
 
 

 
Figure 41.  One-year temperature regime for SISSI Mercer East site for air and for a depth close to 

the surface 
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Figure 42.  One-year temperature regime for SISSI Mercer East site for air and for depths far from 

the surface 
 

 
• Monthly, Weekly, and Daily Temperatures 

Graphs showing monthly, weekly, and daily temperature variations for summer and 
winter are presented in Figures 43 through 48 for the Mercer East site. The largest variability in 
daily temperature is observed for the layers that are closer to the surface. This is because these 
layers are more influenced by the daily variations of solar radiation and the air temperature, 
which indicate high temperature fluctuation for the top layers while such fluctuation is almost 
non-existent in the deepest layers. 

 
Temperature of the pavement surface is influenced by solar radiation, air temperature, 

wind speed, and to some extent the temperature of the ground. It is the combination of these 
parameters that results in a different pattern of change for pavement surface temperature during 
the day and night and also during the cold and warm seasons. 

 
In general, there is a larger variation of temperature at the pavement surface or close to 

the surface during the summer than the winter. This is basically because the solar radiation is 
poor during the winter compared to the summer. On a cloudy winter day the pavement surface 
temperature is almost equal to the air temperature. During a sunny day of summer the pavement 
surface temperature is significantly higher than the air temperature.  Sometime before the sun 
begins to set, the pavement temperature at layers close to the surface begins to drop. This 
temperature drop continues until the next day sunrise when, at that time, one would expect the 
pavement surface and the air to reach almost the same temperature. Early in the morning the 
temperature of the pavement increases with the depth from the surface until it reaches a 
maximum level at a certain depth. As we move further down from this depth, the temperature of 
the pavement decreases. As the day progresses and the effect of the solar radiation and higher air 
temperature become dominant, the pavement surface gets warmer. With this, the temperature 
gradient changes direction as the surface becomes warmer than the deeper layers.  
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During the winter, in the absence of powerful solar radiation, the temperature increases at 

depths further down from the surface. In case of solar radiation and higher air temperature, the 
surface will be warmer than a near-surface depth.  Beyond this point increases in temperature 
with depth continue.  
 
 

 
Figure 43.  An example of monthly temperature variation during summer for SISSI Mercer East 

site 
 

 
Figure 44.  An example of monthly temperature variation during winter for SISSI Mercer East site 
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Figure 45.  An example of weekly temperature variation during summer for SISSI Mercer East site 
 

 
Figure 46.  An example of weekly temperature variation during winter for SISSI Mercer East site 
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Figure 47.  An example of daily temperature variation during summer for SISSI Mercer East site 

 
 

 
Figure 48.  An example of daily temperature variation during winter for SISSI Mercer East site 

 
 

• Temperature-Depth Profiles 
An important part of temperature data analysis includes variability of pavement 

temperature with depth.  Figures 49 and 50 present the variation of temperature with depth at a 
specific time for two of the SISSI sites. The profiles are plotted for a specific hour of a hot 
summer day and a cold winter day.   

 
Pavement temperature decreases with the depth (negative thermal gradient) when the air 

temperature remains high for a long period of time such as during the summer. It increases with 
the depth (positive thermal gradient) when the air temperature is low for a long period of time 
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such as during the winter. During the transition period between the warm and cold seasons, the 
temperatures of different layers get close to one another before the temperature gradient changes 
direction. 
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Figure 49.  Pavement temperature versus depth for a specific hour during summer and winter at 

Blair site 
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Figure 50.  Pavement temperature versus depth for a specific hour during summer and winter at 

Delaware site 
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Solar Radiation 

It was discussed in Chapter Two that a Campbell Scientific LI200X pyranometer was 
used at SISSI sites to capture solar radiation.  A discussion of results for the Blair site is 
presented here. Detailed results for all sites are presented in Appendix C.  The CR23X 
datalogger was programmed to deliver average hourly solar radiation in Watts per square meter.  
This is the total incoming solar radiation (i.e., it includes both direct and diffused radiation). 
Once the average hourly solar radiation is obtained for every hour of the day, the total daily solar 
radiation (total daily flux density) can be determined.  
 

Figure 51 shows the average hourly flux at Blair SR 1001 for the collection period.  It can 
be seen that, as expected, the highest radiation is obtained during the summer and the lowest 
during winter.  Average hourly radiations presented in Figures 52 through 54 for several days of 
the year indicate the seasonal (winter, summer, and fall) impact on radiation more closely. 
 
 

 
Figure 51.  Average hourly solar radiation during the collection period at Blair County 
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Figure 52.  Average hourly solar radiation for a typical winter day at Blair County 
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Figure 53.  Average hourly solar radiation for a typical summer day at Blair County 
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Figure 54.  Average hourly solar radiation for a typical fall day at Blair County 

 
A typical solar radiation graph for a 1-week period is presented in Figure 55.  There is a 

significant drop observed in radiation during March 21 compared to the previous days as shown 
in the figure.  Available weather data from the site indicate a perfectly clear day on March 14 
and almost overcast condition on March 21, 2005.  This significant difference explains the 
patterns observed in solar radiation.  Figures 56 and 57, presented for these two days, 
demonstrate how the overcast condition of March 21 has affected the received radiation not only 
in terms of the variability but also in regard to the magnitude. The peak average hourly radiation 
on March 14 is approximately 700 Watt/m2 while that on March 21 is almost 300 Watt/m2.  The 
solar radiation has a significant impact on the pavement temperature.  Available weather data 
indicate that at 3 p.m. the air temperature is about 0 ˚C at the site on March 14 and about 3.5 ˚C 
on March 21.  The measured pavement temperature at a depth of about 6 mm from the surface is 
almost 7.5 ˚C on March 14 and about 5.8 ˚C on March 21, clearly indicating the impact of solar 
radiation in causing a higher pavement temperature on March 14, even if the air temperature is 
lower on this date.  
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Figure 55. Solar energy measured during a 1-week period at SISSI Blair Site 
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Figure 56. Solar energy measured during a clear day at SISSI Blair Site 
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Figure 57. Solar energy measured during a cloudy day at SISSI Blair site 
 
 
Volumetric Water Content 

The water content reflectometers CS615 and CS616 were used at four of the eight SISSI 
sites.  Most of the sites were equipped with the CS615 gage.  The last instrumented site, Blair, 
was instrumented with both CS615 and CS616 sensors.  The latter is believed to be an improved 
version of the CS615 water content reflectometer.  Table 14 presents the number and type of 
reflectometers installed at different sites.   
 

The response of the water content reflectometers is based on the soil dielectric constant.  
As the moisture increases, the dielectric constant of the soil-water mixture increases.  This 
change in dielectric constant affects the gage response.  The water content information is derived 
from the effect of changing dielectric constant on electromagnetic waves propagating along a 
wave guide.  The reflectometer output is a square wave and its measured period can be converted 
to volumetric water content using calibration values.  Longer output periods are indicative of a 
higher dielectric constant and, therefore, higher water content. 
 

Response from Moisture Reflectometers 
The results from the CS616 gages at Blair were not consistent with those from the CS615 

gages.  The results presented here are only for the latter, which is the gage used at all sites.  The 
gage output is in milliseconds and is presented in Figures 58 through 64 for all sites.  Higher 
numbers are indicative of higher water content.  In these figures, the interruptions in the curves 
are related to problems previously discussed in Chapter Three.  
 

The moisture gage responses at the Mercer and Tioga sites indicate that the highest water 
contents are achieved around the July-August period and the lowest are observed in the January-



 
 

 67

February period, both in 2004 and 2005.  The sharp drop in measured period output during 
winter for Mercer does not imply that there is a sharp drop in water content.  This is probably 
due to freezing conditions at the time of these measurements.  The dielectric constant of frozen 
soil-water mixture is lower than the dielectric constant of water (7).  This lower dielectric 
constant will result in faster wave propagation and therefore lower output period as measured. 

 
Responses were available from two of the gages installed at location 1 of Somerset 

Turnpike (Figure 61).  The results are presented for about a 10-month period. The top of the 
subgrade and middle of the stabilized subgrade both indicate similar levels of water content with 
the highest levels around the winter/spring period.  Around the end of April the water content 
starts decreasing drastically, and later from August through November, reduction continues at a 
significantly lower rate.   One important investigation that yet needs to be conducted is to ensure 
that the change observed in these graphs is truly the result of water content change and not the 
result of changes in water/salt concentration.  Higher salt concentration increases the gage output 
period as does higher water content. 
 

Location 2 of Somerset Turnpike has six moisture gages installed, all functional during 
2004, but one lost during 2005.  It is hard to interpret the output results higher than 2.5 
milliseconds.  High levels of the gage output, such as exceeding 2.5 milliseconds, could be an 
indication of high salinity rather than an indication of moisture content.  This needs further 
investigation to determine the source of such high values in output period.  However, if we just 
concentrate on the values obtained for subgrade during 2004, we observe a very similar pattern 
to that observed in location 1, i.e. increasing moisture during winter/spring with highest levels 
observed around later April when the reduction in moisture content begins.  It should be noted 
that the presented graphs indicate the variation in water content and not the magnitude of the 
water content.  To determine the water content quantity, calibration is needed, as will be 
discussed later. 

 
The responses at the Blair site indicate that the highest water contents are achieved 

around the July-September period and the lowest are observed in the January-February period.  
Similar to Mercer site, the sharp drop in measured period output during winter for Blair site does 
not imply that there is a sharp drop in water content.   
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Table 14. Moisture Gages Installed at SISSI Sites 
Site - 
Highway 

Location Moisture 
Gage 
Located in 

Number 
of Gages 

Gage Type Total # 
for 
Location 

Total # 
for Site 

Top of 
Subgrade 

2 CS 615  
1 
 Middle of 

Subbase 
2 CS 615 

4 

Top of 
Subgrade 

2 CS 615 

 
 
 

Tioga 
SR 6015  

2 
Middle of 
Subbase 

2 CS 615 

4 

 
 
 

8 

       
Top of 
Subgrade 

2 CS 615  
1 
 Middle of 

Subbase 
2 CS 615 

4 

Top of 
Subgrade 

2 CS 615 

 
 
 

Mercer 
East 

IH-80 
 

2 
Middle of 
Subbase 

2 CS 615 

4 

 
 
 

8 

       
Top of 
Subgrade 

1 CS 615 

Middle of 
Stabilized 
Soil 

1 CS 615 

 
 
 

1 
 

Middle of 
Subbase 

2 CS 615 

4 

Top of 
Subgrade 

2 CS 615 

Middle of 
Stabilized 
Soil 

2 CS 615 

 
 
 
 
 
 

Somerset 
PA 

Turnpike 
 
 
 

2 

Middle of 
Subbase 

2 CS 615 

6 

 
 
 

10 

       
Top of 
Subgrade 

2 CS 615 & 
CS 616 

 
1 
 Middle of 

Subbase 
2 CS 615 & 

CS 616 

4 

Top of 
Subgrade 

2 CS 615 & 
CS 616 

 
 
 

Blair 
SR 1001  

2 
Middle of 
Subbase 

2 CS 615 & 
CS 616 

4 

 
 
 

8 
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Figure 58.  Moisture Gage Response with Time at Tioga Site – Location 1 

 

 
Figure 59.  Moisture Gage Response with Time at Tioga Site – Location 2 
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Figure 60.  Moisture Gage Response with Time at Mercer Site – Location 1 

 
 

 
 

Figure 61.  Moisture Gage Response with Time at Somerset Site – Location 1 
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Figure 62.  Moisture Gage Response with Time at Somerset Site – Location 2 

 
 

 
Figure 63.  Moisture Gage Response with Time at Blair Site – Location 1 

 



 
 

 72

 
Figure 64.  Moisture Gage Response with Time at Blair Site – Location 2 
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Calibration of Moisture Reflectometers 
A number of calibration values are provided by Campbell Scientific for soils with 

specific electrical conductivity.  According to the Campbell Scientific manual for the CS615 
Water Content Reflectometer, a calibration relationship between volumetric water content and 
CS615 output period for a specific soil may need to be established if increased accuracy is 
needed or if composition of the soil deviates from what might be considered typical.  High 
electrical conductivity, high clay content, high quartz content and high organic matter content are 
conditions that will affect probe response.  
 

Soil electrical conductivity is often expressed in units of deciSeimens per meter (dS/m).  
Rainwater, for example, has a conductivity of 0.02-0.05 dS/m, while seawater has a conductivity 
of 50-60 dS/m.  A very important ingredient affecting the soil conductivity is the salt content.  
Higher salt concentrations result in higher conductivity, and this highly affects the probe 
response. 
 

The calibration can be approximated from Figure 65 if the soil solution electrical 
conductivity is known or if soil measurements are made with the CS615 and the actual water 
content is independently determined.  The curves in Figure 65 are based on soils with three 
different electrical conductivities.  These curves are plotted using the equations of Table 15 
provided by Campbell Scientific manual for CS615 Water Content Reflectometer (8). 
 

Table 15. Calibration for Soils with Different Electrical Conductivities According to Campbell 
Scientific Manual for CS615 Water Content Reflectometer 

Electrical Conductivity 
(dS/m-1) Calibration 

≤ 1.0 2*335.0*037.0187.0)( τττθ ++−=v  

1.8 2*288.0*097.0207.0)( τττθ ++−=v  

3.0 2*096.0*361.0298.0)( τττθ ++−=v  
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Figure 65.  Volumetric water content for soils with different electrical conductivity based on 

calibration values in Table 15 
 

Based on Figure 65, the maximum output period should not exceed 2.2 milliseconds, 
even at the highest level of saturation (i.e., 100 percent saturation). However, SISSI results 
indicate that for most soils, the output period sometimes exceeds 2.2 milliseconds.  Therefore, 
the calibrations provided by Campbell Scientific are not appropriate for soils at the locations 
monitored at SISSI projects.  For available materials from these locations, calibration tests have 
been conducted in the laboratory in order to define the specific coefficients for each location 
separately.  Unfortunately, not all materials for all sites were available for calibration.   
 

CS615 Water Content Reflectometer calibration tests were conducted in the laboratory 
for available materials.  The goal in this test was to establish a relationship between CS615 
Water Content Reflectometer output period readings and the volumetric water content for 
different levels of moisture in the soil. 
 
Test Equipment 

1) Reflectometers:  Reflectometers are used to measure the time required for a wave to 
travel between the two rods of the reflectometer (Figure 66).  The time depends on the 
volumetric moisture content of the soil.  
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Figure 66.  CS615 reflectometer which is used in the test 

 
2) Datalogger:  The datalogger (Figure 67) is used to store the time read from the 

reflectometer every 2 minutes.  
 

 
Figure 67.  Datalogger 

 
3) Computer:  The data from the datalogger are downloaded to a computer after each test. 
4) Soil container:  A plastic box is used as a soil container. The soil is placed in the 

container, while the reflectometer is laid down in the middle of soil layers to measure 
the moisture content. 

 
 
 
 
 
 
 
 
 
Procedure 

In this test the soil sample is divided into four parts. According to a predefined 
gravimetric moisture content water is added to each part before pouring each part as a layer into 
the container.  Figure 68 presents the appearance of the Somerset subgrade soil at two different 
moisture contents.  
 

6-1/2”

5”

6-1/4” 
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Figure 68.  The gravimetric moisture content of the soil in the right pan is 15.77 % and the gravity 

moisture content of the soil in the left pan is 31.92 % 
 
 
The reflectometer is placed in the middle of the container between soil layers two and three 
(Figure 69). 
 

The density of the soil is calculated based on the weight and the volume of the soil in the 
container during the test.  The volumetric moisture content is computed using the gravimetric 
moisture content and soil density.  From each layer a soil sample is placed in the oven for at least 
24 hours at 110 °C.  The difference in the weight of the sample before and after drying provides 
the gravimetric moisture content of the soil.  This is calculated based on the average of the 
gravimetric moisture content of the four samples.   
 

 
Figure 69. Container, soil and the CS615 Water Content Reflectometer used in the calibration test 

in the laboratory  
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Results of Calibration 
Campbell Scientific suggests a second-degree polynomial function for the calibration of 

the CS615 Water Content Reflectometer.  This type of function was used for most of the sites but 
was not applicable to the Tioga soil.  Further investigation showed that a third-degree inverse 
polynomial function was the best to fit the laboratory calibration test result for Tioga. The 
calibration curves and corresponding equations for different soils are presented in Figures 70 
through 74. 

Tioga SR 15, Subgrade Material
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Figure 70. Calibration curve based on laboratory experiment with the Tioga subgrade soil 
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Figure 71.  Development of calibration curve for Turnpike subbase material 
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Figure 72.  Development of calibration curve for Turnpike subgrade material 
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Figure 73.  Development of calibration curve for Blair subbase material 
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Figure 74.  Development of calibration curve for Blair subgrade material  

 
Moisture Content based on Calibration 

Once the calibration coefficients are determined, the volumetric water content can be 
obtained by replacing the output period time from field measurements in the third-degree inverse 
polynomial function. This has been done for the case of several sites and their volumetric water 
content can be seen in Figures 75 through 80.  
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Figure 75.  Estimated volumetric water content at Tioga-Location 1 

 
 

 
Figure 76.  Estimated volumetric water content at Tioga-Location 2 
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Figure 77.  Estimated volumetric water content at Blair-Location 1 

 
 
 
 

 
Figure 78.  Estimated volumetric water content at Blair – Location 2 
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Figure 79.  Estimated volumetric water content at Somerset-Location 1 

 
 
 
 

 
 

Figure 80.  Estimated volumetric water content at Somerset-Location 2 
 
 

Data from Resistivity Probes 
The information for the depth of frost penetration is obtained from the resistivity probes.  

As mentioned before, frost increases the soil electrical resistance and therefore, significantly 
increases the measured output voltage.  Frost penetration is determined by making sequential 
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resistance measurements between adjacent pairs of electrodes (coil copper rings) down the 
resistivity probe.  The magnitude of the output voltage or the change in the output voltage is used 
as the criterion for determination of the frost depth.  For each probe, rings are numbered as R1 
through R36, indicating 36 rings on the rod.  The higher the ring number, the deeper the ring is 
located from the surface.  

 
Resistivity gages have been installed at the locations and depths given in Table 16.  Every 

location has one gage installed, with the exception of Perry 1 and Warren 1.  Unfortunately, 
many problems were encountered with the probes during the project.  Some of the problems 
were associated with the read-out box located inside the data acquisition enclosure at the site.  
This box, known as ERB-20A, was often damaged due to power surge or lightning.  In some 
cases, it appeared that the probe installed in the pavement was damaged and therefore no reliable 
data could be collected.  Therefore, the data from the resistivity probes are very limited.  Most of 
the useable resistivity probe data were reported in the preliminary findings report.  In that report, 
analysis was presented for frost depth as well as the rate of frost development for available data 
from several of the sites.  To avoid redundancy, those data are not represented in this report. 
 

 Table 16.  Locations and Depths for Installation of Frost Depth Resistivity Probes 
Site Top of Frost Depth 

Probe 
Approximate 
Depth from 
the Surface 

Tioga 1 Top or Subbase 377 mm 
Tioga 2 Top or Subbase 390 mm 
Mercer East 1 Top or Subbase 505 mm 
Mercer East 2 Top or Subbase 495 mm 
Mercer West 1 Below BCBC 348 mm 
Mercer West 2 Below BCBC 404 mm 
Warren 1 Not installed n/a 
Warren 2 Below Leveling Course 337 mm 
Perry 1 Not installed n/a 
Perry 2 Below 4” concrete slab 233 mm 
Delaware1 Top of PCC slab 116 mm 
Delaware2 Top of PCC slab 127 mm 
Somerset 1 Top or Subbase 2A 391 mm 
Somerset 2 Top or Subbase 2A 406 mm 
Blair 1 Middle of Subbase 2A 187 mm 
Blair 2 Middle of Subbase 2A 177 mm 

 
The most recent useful data from resistivity probes come from the Blair site, since the 

probes installed at this site are the most recently installed.  Figure 81 shows the variation of the 
output voltage for the gage installed at Blair 1.  Probe rings showing drastic change in voltage 
(going from tens of millivolts to over 1,000 millivolts) indicate complete frost at the depth those 
rings are located.  In some cases, the change in voltage is not large enough to indicate the 
condition of full frost; rather, it is enough to indicate the beginning of formation of ice crystals.  
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A clear order is observed in the change in voltage as the ring closest to the surface (R1) has the 
highest voltage change, indicating it to be the first to get into a frost condition.   
 

 
Figure 81.  Frost probe extended output showing frost-thaw during two different seasons 

 
Figure 82, showing the results at Blair 1, is a clear example of the relationship between 

temperature and frost action.  For clarity, only the frost probe ring R1 located at a depth of 
approximately 200 mm is shown along with the corresponding temperature.  Right at the time 
when the temperature at the specific depth shown begins to drop below 0 ˚C, the frost action 
starts as shown by the increase in voltage.  Increase of temperature above ˚C for the depth shown 
is the beginning of defrosting at that depth. 
   

Figures 83 and 84 indicate how the voltage changes as a function of depth for a specific 
time and date of the year at Blair 1 and 2.  From this figure, it appears that full frost has taken 
place down to a depth of about 400 to 500 mm.  However, partial frost has penetrated deeper, 
approximately to a depth of about 600 mm.  Beyond this depth, the voltage is too low, thus 
indicating minimal frost formation. 
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Figure 82.  Frost probe ring 1 and associated pavement temperature change at Blair SR 1001 

during Winter 2005 
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Figure 83.  Frost probe output indicating the depth of frost at Blair SR 1001 – Location 1 
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Figure 84. Frost probe output indicating the depth of frost at Blair SR 1001 – Location 2 

 
 
Materials Characterization Data 

Characterization of SISSI materials is covered in detail in a separate report (3).  Only a 
summary is presented in this report.  All surface mixes of SISSI sites had a nominal maximum 
aggregate size (NMAS) of 12.5 mm except one, which was prepared as a 9.5 mm mix. The 
binder courses were either 19 or 25 mm, and the BCBC courses were 37.5 mm except one being 
a 25-mm mix. The hot-mix asphalt samples for all these courses were procured behind the paver 
and were tested at NECEPT laboratories.  AASHTO test procedures were followed for 
conducting relevant tests.  The tests were categorized into two general groups: tests on the loose 
mixture and tests on the compacted specimens.  The loose mixture tests resulted in determination 
of asphalt content and gradation for various mixes.  For most of the cases, the sampled materials 
had binder contents within ±0.4 percent of the design binder content. However, for five cases, 
the binder content difference exceeded this limit. 

 
The main test conducted on SISSI specimens was the dynamic modulus test, which was 

conducted according to AASHTO TP 62.  The tests were conducted at a range of frequencies and 
temperatures.  Master curves were developed from the results of these tests (Figure 85).  The 
dynamic modulus from these tests will be used as input to the mechanistic empirical design 
guide. Testing specimens with 25 or 37.5 mm NMAS at low temperatures was not without 
difficulty because of the impact of large aggregate causing variability in displacement 
measurements. In general, the mixes with stiffer binders presented higher moduli compared to 
softer binders.  An example is shown in Figure 86 at 4 ˚C and a frequency of 25 Hz. 
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Site: Blair                  Layer: Binder                 Sample ID: M3273-05
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Figure 85.  Master curve from dynamic modulus tests for one of the specimens 
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Figure 86.  Dynamic modulus of wearing layer mix at SISSI sites (4˚C, 25 Hz) 
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Data from Weigh-In-Motion 

Data Summarization 
After the traffic data were collected, they were summarized in several forms.  These 

summaries provided the opportunity to perform quality checks and evaluate trends over time.  
The variations of traffic were investigated by month of the year and by hour of the day.  The 
AADT values were calculated for each year since the period of data availability through 2005, 
and are summarized in Figure 87. 
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Figure 87.  Annual average daily traffic 

 
The hourly distribution factors represent the percentage of the annual average daily truck 

traffic (AADTT) within each hour of the day.  The sum of the percentages of daily truck traffic 
per time increment must add up to 100 percent.  The hourly distribution explains the variation of 
traffic during peak hours and non-peak hours.  The monthly adjustment factors simply represent 
the proportion of the annual truck traffic for a given truck class that occurs in a specific month.  
These factors reflect seasonal variation of traffic over a year at each site.  For a single site, the 
sum of these factors must add up to 12.  Examples of these factors are provided in Figures 88 and 
89. 
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Site 504 - Delaware (Year 2005)
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Figure 88.  Typical example for hourly distribution factor at Delaware site 
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Figure 89.  Typical example for monthly adjustment factor at Warren site 
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Traffic Inputs for the MEPDG 
The MEPDG requires four basic types of traffic inputs for structural pavement design: 
 
• Traffic volume—base year information. 
• Traffic volume adjustment factors. 

o Monthly adjustment. 
o Vehicle class distribution. 
o Hourly truck distribution. 
o Traffic growth factors. 

• Axle load distribution factors. 
• General traffic inputs. 

o Number axles/trucks. 
o Axle configuration. 
o Wheel base. 

 
Traffic data collected to date were analyzed according to the input requirements of the 

AASHTO 2002 Design Guide. Sample results of various data assessments are presented below. 
Each example represents the specific identification of data at various levels.  This breakdown of 
the data is necessary prior to reformatting the information for use in developing load spectra. 
Each breakdown also provides an opportunity to evaluate data as the monthly incremental data 
are added to the database to ensure reasonableness and short- and long-term trends.  
 

Comprehensive summaries of traffic data collected at all the SISSI sites are provided in 
the SISSI traffic database, including the detailed application of the traffic data to the input for 
Level 1 analysis in the MEPDG. 
 
Axle Load Distribution Factors 

The axle load distribution factors simply represent the percentage of the total axle 
applications within each load interval for a specific axle type (single, tandem, tridem, and quad) 
and vehicle class (classes 4 through 13). A definition of load intervals for each axle type is 
provided below: 

• Single axles – 13.3 KN (3 KIP to 40 KIP at 1 KIP intervals.) 
• Tandem axles – 26.7 KN (6 KIP to 80 KIP at 2 KIP intervals.) 
• Tridem and quad axles – 53.4 KN (12 KIP to 102 KIP at 3 KIP intervals.) 

 
Tables 17 through 20 present the axle load distributions for classes 4 through 13 based on 

the WIM data collected in 2005 at the Warren site, for example.  Figures 90 and 91 illustrate the 
single and tandem axle load distributions, respectively, expressed as percentages for class 9 
vehicles.  This format of axle weight information is critical to the pavement analysis used in the 
new AASHTO Guide procedure.   
 
Vehicle Class Distribution 

Vehicle class distribution is computed from data obtained from vehicle classification 
counting programs such as AVC, WIM, and vehicle counts.  The vehicle class distribution 
represents the percentage of each truck class (classes 4 through 13) within the AADTT. As 
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shown in Table 21, the distribution at the Warren site varies greatly from class to class, with 
class 9 vehicles having the largest percentage (55%) followed by class 5 vehicles (20%).  Table 
22 shows the predominant vehicle class types and their percentage distribution for all sites. 
 
Number of Axles per Truck 

This input represents the average number of axles for each truck class (classes 4 through 
13) for each axle type (single, tandem, tridem, and quad). Tables 23 through 26 list the average 
number of axles per truck for all sites.    
 
Vehicle Operational Speed  

Vehicle operational speed is an important input in flexible pavement design as it directly 
influences the stiffness response of asphalt concrete layers within the pavement structure.  Figure 
92 presents the average vehicle speed for vehicle classes 4 through 13. In addition, this figure 
can be used to evaluate data quality.  The vehicle operational speed of trucks or the average 
travel speed generally depends on many factors, including the roadway facility type (Interstate or 
otherwise), terrain, percentage of trucks in the traffic stream, etc.  
 
Axle Spacing 

Axle spacing is the distance between the two consecutive axles of a tandem, tridem, or 
quad.  The default values of axle spacing recommended by the MEPDG are 51.6 inches for 
tandem and 49.2 inches for tridem and quad.  The average axle spacing for different axle types is 
summarized in Table 27. 
 
Traffic Variations Over Time 

Traffic varies by month of the year, by day of the week, and by hour of the day.  The 
magnitudes and patterns of the variations depend upon the type of highway and the social and 
economic activities of the area served by the highway. Figure 93 shows the hourly traffic 
variations for all sites.  Table 28 shows the monthly adjustment factors for class 9 vehicles.  A 
complete set of monthly adjustment factors is included in the SISSI Seasonal Variations Report. 
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Table 17.  Single Axle Load Distributions for Various Classes (Warren Site—Year 2005) 
 
Axle Wt 4 5 6 7 8 9 10 11 12 13 

3000 0.00 1.02 0.00 0.00 0.50 1.41 0.11 0.99 0.00 1.52 
4000 0.54 18.40 0.30 0.05 1.76 3.49 0.70 5.46 6.25 0.00 
5000 1.00 11.02 0.54 0.11 2.40 2.16 1.11 14.52 31.25 5.61 
6000 5.93 11.18 1.25 0.61 5.95 1.69 0.90 16.79 18.75 0.00 
7000 18.01 11.71 2.61 1.33 9.95 6.37 5.90 9.94 0.00 6.36 
8000 10.26 10.50 6.90 1.72 16.94 25.50 19.30 11.33 6.25 12.51 
9000 9.36 7.79 14.72 2.96 16.44 22.18 30.67 11.51 10.42 38.88 

10000 11.44 6.39 18.16 4.34 11.53 16.86 25.26 7.71 8.33 4.09 
11000 13.16 5.07 12.32 6.35 8.42 8.12 9.83 3.53 4.17 8.66 
12000 8.51 3.67 13.06 9.32 6.04 2.21 4.42 3.44 0.00 1.82 
13000 5.83 2.62 11.22 10.58 5.38 0.77 0.85 3.51 2.08 0.00 
14000 5.98 2.11 7.74 11.35 3.79 0.72 0.28 2.44 4.17 3.57 
15000 4.23 1.64 4.24 12.34 3.00 0.95 0.16 2.45 2.08 3.03 
16000 2.44 1.36 2.11 11.76 2.25 1.30 0.14 2.48 0.00 0.00 
17000 1.13 1.00 1.99 10.04 1.76 1.60 0.14 1.26 0.00 0.00 
18000 0.45 0.76 1.26 7.04 1.21 1.75 0.14 1.00 4.17 3.03 
19000 0.50 0.62 0.68 4.96 0.87 1.35 0.00 0.83 0.00 1.30 
20000 0.43 0.50 0.40 2.99 0.54 0.82 0.00 0.24 0.00 3.79 
21000 0.32 0.45 0.28 1.52 0.55 0.40 0.00 0.47 2.08 0.00 
22000 0.10 0.42 0.13 0.50 0.32 0.20 0.00 0.00 0.00 2.27 
23000 0.10 0.35 0.05 0.13 0.13 0.07 0.00 0.00 0.00 0.00 
24000 0.16 0.34 0.02 0.02 0.05 0.03 0.00 0.13 0.00 0.00 
25000 0.04 0.27 0.01 0.00 0.06 0.01 0.00 0.00 0.00 2.27 
26000 0.07 0.26 0.01 0.00 0.03 0.01 0.10 0.00 0.00 0.00 
27000 0.00 0.19 0.00 0.00 0.06 0.00 0.00 0.00 0.00 0.00 
28000 0.02 0.15 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 
29000 0.00 0.08 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 
30000 0.00 0.07 0.00 0.00 0.01 0.00 0.00 0.00 0.00 1.30 
31000 0.00 0.03 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 
32000 0.00 0.03 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 
33000 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
34000 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
35000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
36000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
37000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
38000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
39000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
40000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
41000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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Table 18.  Tandem Axle Load Distributions for Various Classes (Warren—Year 2005) 
 
Axle Wt 4 5 6 7 8 9 10 11 12 13 

6000 0.00 55.49 2.18 0.00 2.61 12.90 0.00 N.A. 0.00 3.13 
8000 0.83 34.47 6.68 0.00 12.26 24.96 0.05 N.A. 25.00 6.25 

10000 1.73 10.04 6.75 0.00 26.91 20.24 0.30 N.A. 50.00 0.00 
12000 0.26 0.00 13.01 0.00 23.35 9.94 2.24 N.A. 0.00 3.13 
14000 0.89 0.00 14.49 0.00 12.57 6.26 4.20 N.A. 0.00 1.79 
16000 1.87 0.00 10.97 0.00 7.76 3.23 8.26 N.A. 0.00 3.13 
18000 5.44 0.00 8.96 13.19 5.18 2.46 4.27 N.A. 8.33 6.25 
20000 9.30 0.00 7.62 2.08 3.40 1.79 4.38 N.A. 8.33 2.50 
22000 22.51 0.00 6.23 2.78 2.63 1.70 5.52 N.A. 0.00 1.79 
24000 16.37 0.00 3.89 0.00 1.44 1.67 5.45 N.A. 8.33 29.91 
26000 16.29 0.00 2.60 4.17 0.63 1.87 7.71 N.A. 0.00 6.70 
28000 9.49 0.00 2.50 0.00 0.29 2.26 11.92 N.A. 0.00 1.56 
30000 7.37 0.00 1.92 8.33 0.31 2.47 12.21 N.A. 0.00 0.00 
32000 3.37 0.00 1.84 0.00 0.23 2.62 13.10 N.A. 0.00 0.00 
34000 2.50 0.00 1.55 4.17 0.19 2.39 8.22 N.A. 0.00 0.00 
36000 1.58 0.00 1.40 8.33 0.14 1.62 4.24 N.A. 0.00 10.54 
38000 0.20 0.00 1.50 5.56 0.00 0.83 3.71 N.A. 0.00 5.63 
40000 0.00 0.00 1.42 1.39 0.05 0.44 1.28 N.A. 0.00 7.81 
42000 0.00 0.00 1.45 5.56 0.00 0.20 1.19 N.A. 0.00 0.00 
44000 0.00 0.00 1.05 9.72 0.00 0.09 0.48 N.A. 0.00 0.00 
46000 0.00 0.00 0.83 11.11 0.00 0.03 0.79 N.A. 0.00 1.56 
48000 0.00 0.00 0.56 9.03 0.00 0.01 0.14 N.A. 0.00 5.85 
50000 0.00 0.00 0.27 8.33 0.00 0.01 0.05 N.A. 0.00 0.00 
52000 0.00 0.00 0.12 2.78 0.00 0.00 0.13 N.A. 0.00 2.50 
54000 0.00 0.00 0.07 1.39 0.00 0.00 0.00 N.A. 0.00 0.00 
56000 0.00 0.00 0.06 2.08 0.00 0.00 0.00 N.A. 0.00 0.00 
58000 0.00 0.00 0.05 0.00 0.00 0.00 0.00 N.A. 0.00 0.00 
60000 0.00 0.00 0.01 0.00 0.00 0.00 0.00 N.A. 0.00 0.00 
62000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 N.A. 0.00 0.00 
64000 0.00 0.00 0.01 0.00 0.00 0.00 0.00 N.A. 0.00 0.00 
66000 0.00 0.00 0.01 0.00 0.00 0.00 0.00 N.A. 0.00 0.00 
68000 0.00 0.00 0.01 0.00 0.05 0.00 0.00 N.A. 0.00 0.00 
70000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 N.A. 0.00 0.00 
72000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 N.A. 0.00 0.00 
74000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 N.A. 0.00 0.00 
76000 0.00 0.00 0.00 0.00 0.00 0.00 0.14 N.A. 0.00 0.00 
78000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 N.A. 0.00 0.00 
80000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 N.A. 0.00 0.00 
82000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 N.A. 0.00 0.00 
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Table 19.  Tridem Axle Load Distributions for Various Classes (Warren—Year 2005) 
 
Axle Wt 4 5 6 7 8 9 10 11 12 13 

12000 N.A. N.A. N.A. 0.02 N.A. N.A. 8.60 N.A. N.A. 0.00 
15000 N.A. N.A. N.A. 0.00 N.A. N.A. 7.79 N.A. N.A. 0.00 
18000 N.A. N.A. N.A. 0.06 N.A. N.A. 3.32 N.A. N.A. 0.00 
21000 N.A. N.A. N.A. 0.24 N.A. N.A. 3.34 N.A. N.A. 0.00 
24000 N.A. N.A. N.A. 0.53 N.A. N.A. 2.59 N.A. N.A. 0.00 
27000 N.A. N.A. N.A. 0.46 N.A. N.A. 4.34 N.A. N.A. 0.00 
30000 N.A. N.A. N.A. 0.66 N.A. N.A. 4.96 N.A. N.A. 0.00 
33000 N.A. N.A. N.A. 0.73 N.A. N.A. 7.52 N.A. N.A. 0.00 
36000 N.A. N.A. N.A. 0.88 N.A. N.A. 11.68 N.A. N.A. 12.96 
39000 N.A. N.A. N.A. 1.54 N.A. N.A. 16.36 N.A. N.A. 0.00 
42000 N.A. N.A. N.A. 2.44 N.A. N.A. 17.25 N.A. N.A. 3.70 
45000 N.A. N.A. N.A. 4.30 N.A. N.A. 5.54 N.A. N.A. 10.49 
48000 N.A. N.A. N.A. 7.30 N.A. N.A. 1.71 N.A. N.A. 8.02 
51000 N.A. N.A. N.A. 9.65 N.A. N.A. 1.39 N.A. N.A. 12.35 
54000 N.A. N.A. N.A. 15.55 N.A. N.A. 1.69 N.A. N.A. 35.49 
57000 N.A. N.A. N.A. 20.22 N.A. N.A. 0.54 N.A. N.A. 1.23 
60000 N.A. N.A. N.A. 17.22 N.A. N.A. 0.61 N.A. N.A. 11.73 
63000 N.A. N.A. N.A. 9.95 N.A. N.A. 0.06 N.A. N.A. 0.00 
66000 N.A. N.A. N.A. 4.24 N.A. N.A. 0.44 N.A. N.A. 0.00 
69000 N.A. N.A. N.A. 2.24 N.A. N.A. 0.06 N.A. N.A. 4.01 
72000 N.A. N.A. N.A. 1.09 N.A. N.A. 0.00 N.A. N.A. 0.00 
75000 N.A. N.A. N.A. 0.44 N.A. N.A. 0.08 N.A. N.A. 0.00 
78000 N.A. N.A. N.A. 0.15 N.A. N.A. 0.00 N.A. N.A. 0.00 
81000 N.A. N.A. N.A. 0.06 N.A. N.A. 0.14 N.A. N.A. 0.00 
84000 N.A. N.A. N.A. 0.01 N.A. N.A. 0.00 N.A. N.A. 0.00 
87000 N.A. N.A. N.A. 0.00 N.A. N.A. 0.00 N.A. N.A. 0.00 
90000 N.A. N.A. N.A. 0.01 N.A. N.A. 0.00 N.A. N.A. 0.00 
93000 N.A. N.A. N.A. 0.00 N.A. N.A. 0.00 N.A. N.A. 0.00 
96000 N.A. N.A. N.A. 0.00 N.A. N.A. 0.00 N.A. N.A. 0.00 
99000 N.A. N.A. N.A. 0.00 N.A. N.A. 0.00 N.A. N.A. 0.00 

102000 N.A. N.A. N.A. 0.00 N.A. N.A. 0.00 N.A. N.A. 0.00 
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Table 20.  Quad Axle Load Distributions for various classes (Warren -Year 2005) 
 
Axle Wt 4 5 6 7 8 9 10 11 12 13 

12000 N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 0.00 
15000 N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 0.00 
18000 N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 0.00 
21000 N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 12.50 
24000 N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 12.50 
27000 N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 0.00 
30000 N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 8.33 
33000 N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 0.00 
36000 N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 16.67 
39000 N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 0.00 
42000 N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 0.00 
45000 N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 0.00 
48000 N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 0.00 
51000 N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 0.00 
54000 N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 0.00 
57000 N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 0.00 
60000 N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 8.33 
63000 N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 0.00 
66000 N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 0.00 
69000 N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 0.00 
72000 N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 16.67 
75000 N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 0.00 
78000 N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 0.00 
81000 N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 0.00 
84000 N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 25.00 
87000 N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 0.00 
90000 N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 0.00 
93000 N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 0.00 
96000 N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 0.00 
99000 N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 0.00 

102000 N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 0.00 
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Class 9 Vehicles - Warren 
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Figure 90.  Single axle load distribution 
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Figure 91.  Tandem axle load distribution 
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Table 21.  Vehicle Class Distribution  

 
Class Tioga Mercer Warren Delaware Perry Blair Somerset 

4 2.56 4.05 1.65 4.13 2.01 4.67 24.52 
5 7.61 3.05 19.64 18.08 6.67 40.29 17.77 
6 5.29 2.75 11.11 16.38 5.21 7.30 5.17 
7 0.97 0.57 4.58 5.85 1.57 0.66 11.82 
8 7.68 3.65 7.34 15.66 10.12 8.37 4.22 
9 72.11 81.39 55.01 36.92 71.48 14.58 21.05 
10 0.87 0.70 0.52 0.76 0.78 0.25 2.84 
11 2.58 2.65 0.11 1.75 1.35 0.19 4.11 
12 0.23 1.10 0.00 0.32 0.70 0.07 4.08 
13 0.10 0.08 0.05 0.15 0.10 23.63 4.44 
14 0.00 0.00 0.00 0.00 0.00 4.82 4.02 
15 5.80 3.47 4.81 39.48 3.78 12.11 6.62 

total 802 352 1211 3674 926 4101 321 
truck 100 100 100 100 100 100 100 

 
 

Table 22.  Distribution of Predominant Vehicle Classes  
 

Percent of Total Traffic Site Predominant 

Truck Class Class 4 Class 5 Class 9 

Tioga 9 2.6 7.6 72.1 

Mercer 9 4.1 3.1 81.4 

Warren 5,9 1.7 19.6 55.0 

Delaware 5,9 4.1 18.1 36.9 

Perry 5, 9 2.0 6.7 71.5 

Blair 5,9 4.7 40.3 14.6 

Somerset 4,9 24.5 17.8 21.0 
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Table 23.  Number of Axles Per Truck (Single Axle) 

 
Class Tioga Mercer Warren Delaware Perry Blair Somerset

4 1.45 1.58 1.85 1.61 1.33 1.79 1.38 

5 2.01 2.02 2.00 2.00 2.00 2.00 2.01 

6 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

7 1.00 1.01 1.00 1.00 1.00 1.01 1.04 

8 2.13 2.32 2.31 2.24 2.22 2.38 2.13 

9 1.34 1.30 1.22 1.16 1.41 1.11 1.24 

10 1.04 1.04 1.02 1.01 1.05 1.01 1.21 

11 5.00 5.00 5.00 5.00 5.00 5.00 5.00 

12 4.00 4.00 4.00 4.00 4.00 4.00 4.00 

13 1.28 1.43 1.21 1.82 1.48 2.70 1.62 
 
 

Table 24.  Number of Axles Per Truck (Tandem Axle) 
 

Class Tioga Mercer Warren Delaware Perry Blair Somerset

4 0.55 0.42 0.15 0.39 0.67 0.21 0.62 

5 0.05 0.08 0.01 0.01 0.03 0.00 0.07 

6 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

7 0.00 0.01 0.00 0.00 0.00 0.01 0.04 

8 0.88 0.71 0.69 0.78 0.79 0.62 0.89 

9 1.83 1.85 1.89 1.92 1.80 1.94 1.88 

10 1.01 1.02 1.00 1.01 1.04 1.01 1.03 

11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

12 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

13 0.70 1.01 0.88 0.72 0.84 1.70 0.93 
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Table 25.  Number of Axles Per Truck (Tridem Axle) 
 

Class Tioga Mercer Warren Delaware Perry Blair Somerset

4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

7 1.00 0.99 1.00 1.00 1.00 0.99 0.96 

8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

9 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

10 0.98 0.97 0.99 0.99 0.96 0.99 0.91 

11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

13 0.89 0.94 0.94 0.80 1.08 0.40 0.81 
 
 
 

Table 26.  Number of Axles Per Truck (Quad Axle) 
 

Class Tioga Mercer Warren Delaware Perry Blair Somerset

4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

9 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

13 0.37 0.25 0.33 0.44 0.21 0.00 0.33 
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Table 27.  Average Axle Spacing  
 

Average Axle Spacing (in) Site 
Tandem Tridem Quad 

Tioga 50.27 52.16 43.27 
Mercer 50.48 52.27 50.24 
Warren 50.61 54.69 46.91 

Delaware 49.64 51.66 49.10 
Perry 49.91 52.38 48.03 
Blair 50.86 54.63 NA 

Somerset 50.51 48.26 52.07 
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Figure 92.  Monthly trends of vehicle speed  
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Hourly Distribution
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Figure 93.  Variation of traffic by hour of a day 
 
 
 

Table 28.  Monthly Adjustment Factor for Class 9 Vehicles 
 

Month Tioga Mercer Warren Delaware Perry Blair Somerset
January 0.92 0.97 0.88 0.66 0.85 0.87 N.A. 
February 0.96 1.03 0.91 0.81 1.04 1.08 N.A. 
March 0.96 1.04 0.95 0.90 1.03 1.00 1.16 
April 1.05 1.02 1.03 0.99 1.10 1.10 1.02 
May 1.04 0.98 1.07 1.17 1.06 1.01 1.03 
June 1.04 1.01 1.09 1.12 1.06 1.09 1.04 
July 0.96 0.92 1.06 1.12 0.99 0.96 0.96 

August 1.04 1.03 1.11 1.15 1.04 1.09 1.02 
September 1.07 1.05 1.03 1.11 1.00 1.05 1.02 

October 1.07 1.08 1.08 1.09 1.03 0.98 1.07 
November 0.99 1.01 0.94 1.01 0.92 0.95 1.01 
December 0.92 0.86 0.83 0.88 0.87 0.82 0.88 
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Falling Weight Deflectometer Data 

The FWD data were analyzed in a consistent manner for all sites.  However, it is the 
nature of FWD analysis that extensive user input and judgment is required.  Batch processing of 
FWD data may be suitable for pavement management purposes, but as discovered during the 
Long-Term Pavement Performance (LTPP) efforts, is not adequate for research usage.  The 
analysis steps conducted for this effort have been similar to those utilized for the LTPP data 
analysis.  For the SISSI project, detailed and specific analysis is necessary at each site, and 
sometimes at each FWD drop location. 
 

The FAABAK and MODCOMP5 computer programs were used for backcalculations.  
The FAABAK program was used for preliminary calculations on raw data, and the 
MODCOMP5 program was used for final calculations on processed FWD data.  The FAABAK 
program was chosen for its speed of iteration and its graphical depiction of the measured and 
calculated basins.  This permits the user to stop and start the backcalculation, and gain a sense of 
convergence problems and potential solutions.  The MODCOMP5 program was chosen in order 
to be compatible with the LTPP program (von Quintus, 2002) as well as for its program features, 
including nonlinear analysis.  The use of two programs also allows for cross-checking of results. 
 

At this time, linear elastic analysis was used for all sections and layers, but the research 
team will consider nonlinear analysis if necessary in the future.  Nonlinear characterizations 
would require the FWD tests to be conducted at four drop heights, corresponding to four load 
levels. 
 

The detailed procedures used for backcalculations, and the intermediate and final results 
are included in the SISSI Seasonal Variations Report.  Backcalculations were successful for most 
sites, although for reasons not yet explained, the backcalculations were generally unsuccessful 
for the Blair site. 
 

Pavement Condition 

Details of pavement condition at SISSI sites are provided elsewhere (4).  In general, most 
of the instrumented sites at this point appear to be in good condition.  The pavement section at 
Delaware has deteriorated rapidly, probably as a result of the condition of the underlying 
composite pavement.  The other sections are, in general, performing well, with specific distresses 
appearing in small quantities.  The one distress for which substantial quantities have been 
recorded at other sites is the cracking and deterioration of longitudinal construction joints.  Some 
rutting has also been recorded. 
 

It is recommended that seasonal monitoring of the longitudinal profile of these sites be 
conducted by PennDOT.  These data will provide an indication of the seasonal variability of ride 
quality to supplement the other seasonal analysis.  These data should be conducted with several 
repetitions at each visit, as described in the Performance, Traffic and Weather Data Collection 
and Reporting Manual, to isolate the seasonal variability from other sources of variability.  The 
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longitudinal profiles can be utilized both to calculate IRI and to observe changes in specific 
wavelengths of roughness. 
 

It is recommended that detailed monitoring of the pavement condition continue at all of 
these sites on an annual basis, with a final survey completed before any rehabilitation occurs.  
This monitoring should continue even after the failure of instrumentation.  The large body of 
materials characterization data, traffic data and climatic data for these sites make the 
performance data extremely valuable for final verification of long-term performance predictions. 
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CHAPTER 5 –IMPLEMENTATION 
 

 
Scope of Implementation 

The data collected under the SISSI project are both diverse and extensive.  This vast 
amount of diverse data provides a unique opportunity for validating the most recently developed 
mechanistic empirical pavement design models.  The data also provide the opportunity for 
enhancing advanced mechanistic models.  The collected pavement condition data have created a 
valuable database for evaluating the performance of Superpave constructed mixes. 
 

The following provide examples of how the collected data could be utilized toward 
validation of different pavement response and performance prediction models. 
 
 
Example 1:  Theoretical Analysis 

One example of using the collected information regards comparison of measured 
responses versus predictions from theoretical models.  Two computational approaches were 
selected to compare the predicted pavement responses with field measured values: KENLAYER 
multilayered elastic analysis and 3-D finite element analysis using ABAQUS.   
 
Model Description 
 

The 3-D finite element model was developed using ABAQUS based on actual pavement 
structures.  Tire contact load was considered with uniform distribution and was applied to a 
rectangular area equivalent to the actual contact area.  The rectangular tire prints used to apply 
the contact pressure were consequently subjected to the moving load. 
 
Material Properties 
 

The subbase and subgrade were assumed to be linear elastic; the moduli were obtained 
from falling weight deflectometer data through backcalculation.  AC layers were modeled as 
viscoelastic materials.  The temperature and time dependency of viscoelastic materials was 
captured in two steps.  First, a haversine function (Huang, 2004) was employed to compute the 
duration of moving load for individual vehicle speed maintained during response data collection 
(20 mph [32 kph] for the example presented here).  Second, for a specific temperature in the field 
at the time of pavement response measurement, the elastic modulus was obtained from dynamic 
modulus master curve constructed using data from laboratory tests on specimens procured from 
the field, for vehicle speed of 20 mph (32 kph), as shown in Table 29.   
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Table 29.  Values for Layer Moduli at the Time of Field Temperatures (Site 8 on 07/20/2004). 
 

Layer Temperature, oC Modulus, MPa
Wearing 37 874
Binder 32 1960
BCBC 26 2753
Subbase 26 26
Subbgrade 24 124  

 
 
Comparison of Computed Results versus Measured Values 
 

Typical pavement responses at the bottom of the wearing layer with the back load 
configuration are plotted in Figure 94a.  The first three strain peaks represent the response from 
the front axle and the rear two axles of the tractor, whereas the last peak represents the response 
from the axle of the trailer.  Each curve represents measurements obtained from one strain gage.  
The curves in Figure 94a show the development of small compressive loads (negative values) 
followed by the development of tensile loads (positive values) as the wheel passes over the gage 
of interest.  Each passage of a wheel was considered as independent, as loads dissipate quickly.  
As expected, the highest strain peak occurs under the rear axle of the trailer when loaded in the 
back position.  
 

  In general, FEA provides a close prediction to KENLAYER even though both solutions 
seem to overestimate pavement response (Figure 94b).  The average prediction error is about 
25% for both analyses.  Although FEA solutions did not show much superiority to KENLAYER 
for this specific model, the capabilities of addressing three-dimensional problems, viscoelastic 
material properties, and moving load are still promising.  The close match between the model- 
predicted response and the measured pavement response provides a basis for the use of 
instrumentation data for validating performance models.  
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Figure 94.  Pavement response (a) field measurement, (b) comparison with predictions 
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Example 2:  Implementation with Enhanced Integrated Climatic Model 

 
Model Background 

The Mechanistic-Empirical Pavement Design Guide (MEPDG) incorporates a tool called 
the Enhanced Integrated Climatic Model (EICM) to simulate the effects of varying climatic 
conditions on changing moisture and temperature profiles in the pavement structure and 
subgrade.  The EICM consists of three major components: 
 

• Climatic-Materials-Structural Model (CMS Model) 
• CRREL Frost Heave and Thaw Settlement Model (CRREL Model)  
• Infiltration and Drainage Model (ID Model)     

 
The EICM performs simulations for a given analysis period based on the following inputs: 

 
• Climatic information 
• Pavement layers  
• Infiltration and drainage properties 
• Thermal properties of pavement materials 

 
An ICM (Integrated Climatic Model) file contains hourly records of temperature, wind 

speed, cloud cover and amount of precipitation for a given period of analysis.  The EICM 
processes the weather information to create profiles of temperature, moisture content, pore 
pressure, and other subsurface environmental parameters.  The program incorporates seasonal 
variations and models the combined effect of these profiles on pavement properties such as 
resilient modulus.  The CMS model uses sunshine percentage, wind speed, air temperature and 
solar radiation to compute the heat flux boundary condition on the roadway surface and the 
resulting temperature profile throughout the pavement.  The model also determines the changes 
in asphalt stiffness, resilient modulus and Poisson's ratio of the base, subbase and subgrade with 
time.  Changes in moisture content of the subgrade, which directly affect the resilient modulus, 
are determined by computations from the CRREL Model.  
 
Using the Model 

An example for the use of EICM is illustrated for the weather information obtained from 
the Philadelphia International Airport (PHL) for the Delaware site.  The resulting temperature, 
soil moisture and pore pressure profiles are presented in this section.  Figures 95 through 97 
show the profiles of temperature, soil moisture and pore pressure, respectively, for 4 typical days 
representing each season.  
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Temperature Profile
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Figure 95.  Subsurface temperature profile from EICM generated with Philadelphia weather data 
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Figure 96.  Water content profile from EICM with Philadelphia weather data 
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Profile of Pore Pressure
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Figure 97.  Soil pore pressure profile from EICM with Philadelphia weather data 

 
Example 3: Using SISSI Data with AASHTO Mechanistic Empirical Pavement Design 
Guide 

The example provided in this section demonstrates the application of SISSI data with the 
mechanistic empirical pavement design guide.  Some of the input parameters such as water table 
had to be assumed since no measurement of this type took place at any of the SISSI sites. The 
depth to the water table affects subgrade moisture content, which in turn affects the engineering 
properties of subgrade materials.  The water table depth also plays a significant role in frost 
action in areas where frost-susceptible soils exist.   
 
Selected SISSI Site 
 

The pavement structure at the SISSI test site in Warren County was used in this study, as 
shown in Figure 98. The crack and seat PCC layer was assumed to be 8 inches thick and the 
subgrade soil to be AASHTO type A-5.  Other pavement structure information was obtained 
from the Warren site design and construction report.  A virtual weather station was created for 
the Warren site by interpolating climatic data from the three closest weather stations to the site 
provided in the NCHRP 1-37 software.  It is recommended in the NCHRP Design Guide that six 
weather stations be used to create a virtual weather station.  However, climatic data are only 
available for three weather stations proximate to the Warren site.  Therefore, these three weather 
stations were used in creating the virtual weather station: Dunkirk, NY; Erie, PA; and Wellsville, 
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NY.  Of course, the weather data from RWIS are also available for comparison and 
supplementing the weather data from other sources.  
 

 
 

 Figure 98.  Pavement structure at the Warren site 
 

The climatic data created from the virtual weather station were used in the EICM 
software to evaluate the effects of water table depth on subgrade water content.  In this analysis, 
subgrade moisture content was predicted for various annual average water table depths (5, 10, 
20, and 30 ft). 
 

The climatic data available in the NCHRP 1-37 software are from July 1996 to December 
2001.  Therefore, all the EICM predictions were performed for this time period.  The traffic data 
for input were assembled based on the information collected from the SISSI Warren weigh-in-
motion site. 

 
Three levels of water table were considered in the analysis.  The current version of EICM 

software does not allow users to specify the initial water content profile.  Instead, it internally 
generates the initial water content profile, which is assumed to be a function of water table depth.  
The lack of flexibility in selecting the initial water content profile may cause errors in water 
content predictions.  It will be important to determine if this has an effect on the predicted 
pavement performance. 
 

The NCHRP 1-37 software also allows users to specify seasonal average water table 
depths.  Analyses were performed in this study to evaluate the effects of seasonal variation of 
water table depth.  Two sets of seasonal water table depths were assumed in such a manner that 
they have the same annual average depth (10 ft) but different variation amplitudes, as shown in 
Table 30. The variation amplitude for the first set of inputs is 6 ft and that for the second set is 12 
ft. Figure 99 shows the moisture content predicted at a point 31.2 inches below the pavement 
surface, which is 9 inches below the top of the subgrade.  
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Table 30.  Seasonal Water Table Depths (ft) 
 

 spring summer fall winter 
Input 1 7 13 12 8 
Input 2 4 16 14 6 

 

 
Figure 99.  Predicted water content (seasonal water table depths) 

 
Pavement Performance Predictions 
 

Pavement performance was first predicted using the NCHRP 1-37 software over a 20-
year design life with various annual average water table depths (5, 10, 20, and 30 ft). These 
predictions are plotted in Figures 100, 101, and 102 for rutting, fatigue cracking, and longitudinal 
cracking, respectively. Then pavement performance was predicted with seasonal water table 
depths. These results are shown in Figures 103 through 105. 
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Figure 100. Predicted rutting performance (annual average water table depth) 
 

 
Figure 101. Predicted fatigue cracking (annual average water table depth) 
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Figure 102.  Predicted longitudinal cracking (annual average water table depth) 
 

 
 

Figure 103.  Predicted rutting (seasonal water table depths) 
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Figure 104.  Predicted fatigue cracking (seasonal water table depths) 

 

 
 

Figure 105.  Predicted longitudinal cracking (seasonal water table depths) 
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CHAPTER 6 – SUMMARY AND CONCLUSIONS 
 
Summary 

The project, Superpave In-Situ Stess/Strain Investigation, was sponsored by the 
Pennsylvania Department of Transportation to evaluate the performance of Superpave mixes on 
Pennsylvania roads.  As any new technology is implemented and validated, calibrations and 
refinements may be necessary.  The SISSI project was also conducted to provide data needed for 
calibration of performance prediction models.  The collected data are sufficiently large and diverse 
to provide the ability of evaluating the interaction between the mix designs and the overall 
structural designs for Superpave mixes.   
 

The undertaken research effort required extensive pavement instrumentation and data 
collection. Within the last decade, pavement instrumentation has been recognized as an important 
tool for quantitative measure of pavement performance and response under different environmental 
and traffic conditions.  In this regard, the eight pavement sections throughout the Commonwealth 
of Pennsylvania were instrumented so that both influencing factors and response parameters could 
be measured quantitatively.  The environmental influencing factors included temperature, frost 
depth, and moisture content.  The loading factors included the magnitude, type, and distribution of 
traffic load.  The response variables measured in-situ consisted of strains, stresses, and deflections.   
 

In summary, the following goals have been achieved through this project. 
 

• Collection of data for validation and calibration of empirical and mechanistic design 
systems 

• Collection of data for evaluation of existing transfer functions, including those in the 
newly developed pavement design guides 

• Collection of data for determination of regional correlation between Superpave 
asphalt pavement distress, pavement response, environmental conditions, load 
repetitions, and pavement age 

• Direct measurement of the response of Superpave asphalt pavement sections to 
vehicle loading and environment 

• Direct measurement of pavement condition and distresses 
• Characterization of materials used at SISSI sites and determination of hot-mix asphalt 

moduli at different temperatures and frequencies 
• Initial analysis of all collected data to support future implementation activities 
• Determination of computed parameters such as layer moduli determined from FWD 

measurements  
• Analysis of collected information to determine changes with time and the seasonal 

variations of pavement layer response 
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Conclusions 

Conducting a challenging project such as SISSI has not been without its difficulties.  
There were times of data interruption or data loss for some of the sensors due to various reasons 
including failure of the data acquisition system, failure of installed sensors, power outages, 
lightning, inclement weather, unavailability of resources for traffic control, limited measurement 
time, and limited resources.  Despite these problems, a vast amount of data was collected 
throughout the course of the project.  Dynamic data from the Somerset County site are, however, 
very limited due to the loss of several gages during construction as well as difficulty in 
establishment of traffic control on such a major highway. 

 
Most of the dynamic data, which were collected under controlled loading and 

temperature conditions, belong to strain gages in hot-mix asphalt layers.  These data can be used 
toward validation of pavement response models.  The data show the level of strains achieved at 
different pavement layers and the impact of load, temperature and speed on the developed 
strains.  The multi-depth deflectometer data are very limited, mostly due to malfunctioning of 
these gages.  The pressure cell data typically indicate small levels of vertical pressure in the 
subgrade and subbase layers. 

 
The environmental data (temperature, frost, solar energy flux, and moisture) were 

collected frequently from the PTI central facility through connection with the on-site datalogger.  
Most of the data belong to temperatures measured at different pavement layers.  The data from 
the frost probe during the last two years are more limited than the data obtained during the early 
stages of the project, possibly due to the damage to these gages.  The flux data, except those of 
the Perry County site, are reasonable and present the variation of the solar radiation throughout 
the season.  The moisture content was determined based on the collected data for those sites for 
which materials were available and laboratory calibration could be conducted.  The data indicate 
how the moisture content varies within different seasons of the year. 

 
The effect of seasonal variation on pavement performance remains the largest single 

element that is currently not well understood.  Seasonal variation is particularly critical in 
Pennsylvania, where many high and low temperature cycles are experienced in any given year.  
A preliminary evaluation of the seasonal variation on pavement performance has been conducted 
during this project, as has the collection of a data set appropriate for more detailed and integrated 
analysis of this issue.  
 

All the binders and mixtures used at the SISSI sites were characterized in the laboratory.  
The dynamic modulus test results at various temperatures and frequencies were used to develop 
pertinent master curves.  The produced data provide the input needed for pavement response and 
distress models. 

 
In addition to the laboratory materials characterization and field instrumentation, falling 

weight deflectometer testing was conducted on the sites under a variety of conditions.  The 
results were analyzed using accepted backcalculation techniques.  This supplements the 
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characterization of seasonal responses, and also will provide a basis for correlation to more 
routine testing by PennDOT. 

 
PennDOT installed weigh-in-motion sensors in proximity to each site, from which the 

data have been downloaded and analyzed.  This will enable performance model validations to 
have the advantage of well-known traffic data.  In addition, it will assist in the realistic 
calibration of the MEPDG for Pennsylvania.  PennDOT also has, or has installed Road Weather 
Information Stations in the area of each site.  These data have been downloaded, and due to 
erratic data collection, supplemented with other climatic data sources.  These data can be used 
for assessing the appropriateness of the weather interpolation scheme in the MEPDG in 
Pennsylvania, and for comparing the predicted subsurface environmental responses to the 
recorded responses from the instrumentation. 
 

The vast amount of data collected during this project is organized in a comprehensive 
database.  This database contains construction and site information, material characterization 
data, pavement response data, and pavement performance data.  The data contained in the 
database will allow pavement engineers to perform the life-cycle cost analyses upon which the 
validation effort will be based.   

 
Future Implementation of SISSI Results  

As discussed previously, one major use of the SISSI data will be toward the calibration 
and validation of pavement response and performance prediction models used in mechanistic-
empirical design guides.  Calibration of a model refers to the mathematical process by which the 
errors between an observed result (e.g., the measured rut depth) and the predicted result are 
reduced to a minimum.  In general, differences between measured and predicted values are 
expected since any model, no matter how advanced and inclusive it might be, carries certain 
assumptions and does not include every single factor that contributes to the observed 
performance.  Calibration typically takes place through adjusting empirical factors in the models. 
 

Validation of a model refers to the process whereby it is demonstrated that the model 
performs its intended function with reasonable accuracy, such that prediction of performance by 
the model matches the observed behavior of the constructed pavement with an acceptable level 
of accuracy.  Validation must be scrutinized by an experienced team to ensure that expectations 
of quality and standards are met. 
 

Validity and appropriateness of the model are central to the success of any performance 
prediction model.  Such validation provides the confidence required for the use of models.  The 
goal is to select a feasible model that has the best chance of predicting pavement performance 
while requiring reasonable and obtainable data.  The criteria for what is considered a good 
prediction of performance and what kinds of data are practically possible to obtain must be well 
defined.  Otherwise, considerable time and effort will be spent validating a model that may not 
be satisfactory. 
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Before using SISSI results toward validation of any models, it is essential that the models 
be verified. Simulations using hypothetical data (data obtained from literature) should be 
performed to see if the models are robust and yield logical results based on engineering judgment 
and empirical knowledge.  This exercise is important to see how well the models predict when 
input data are extrapolated outside the range of data for which the models were developed.  
 

To review the calibration process in the selected models, the following items should be 
addressed:  (1) range of distress data used in the calibration process, (2) parameter data range in 
the material characterization process, (3) representation of raw materials used in the mixtures, 
and (4) range of environmental data for the Enhanced Integrated Climatic Model (EICM).  Also, 
it is important to assess the reasons for deviations in the calibration process and estimate how 
much error is associated with the field calibration adjustment factor, if possible.  The sources of 
deviations may result from material characterization of the asphalt mixtures or unbound 
materials or from the input data for environmental models.  This provides valuable insight for 
potential remedies and additional calibration needs.   
 
 In order to interpret the correlations between the laboratory materials characterizations 
and the dynamic measurements from the instrumentation, mechanistic evaluation of the 
pavement structure will be necessary.  This evaluation must incorporate the best available 
materials models as well as adequate structural analysis.  The pavement response can reasonably 
be modeled as quasi-static, due to the careful control of the test vehicle for measurements.  A 3-
D finite element model can best capture all of the relevant parameters, but is highly input 
intensive, making it a challenge for repeated analyses.  ABAQUS finite element program and 
Kenlayer elastic layer program are examples of the programs that could be used for such 
analyses.  An example of using these two programs with SISSI data, as conducted during the 
project, is presented in this report. 
 

Relating the results of the materials characterization, structural evaluation, and in-situ 
measurements of response to long-term pavement performance may prove a greater challenge.  
In order to relate these responses to specific performance trends, distress transfer functions are 
necessary.  Both mechanistic-empirical and purely empirical transfer functions have been 
developed.  For example, calibrated fatigue equations can relate tensile strains to alligator 
cracking.  Other measures such as International Roughness Index (IRI) are usually empirically 
related. 

 
Finally, some of the greatest savings in pavement construction will result from making 

informed, efficient decisions about pavement designs in the future.  In order for that to occur, 
life-cycle cost decision-making is necessary.  Those decisions are only as good as the predictions 
of life and performance included in the life-cycle calculations.  This project has provided data to 
permit the in-situ accelerated verification of the anticipated life of pavement structures built 
using Superpave technology.   
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