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Foreword

Understanding deterioration of pavements exposed to climates with multiple freeze-thaw
cycles as compared to climates with sustained deep-frost penetration is important to State
Highway Agencies (SHASs) across the country. Consideration must also be given to
differential performances between pavements in these freezing climates and those in
nonfreezing areas. This report documents a study conducted to evaluate pavement
deterioration in various environmental settings. In addition, it documents local
adaptations currently in use to mitigate frost-related damage along with the cost
differences associated with constructing and maintaining pavements in the various
climates. Performance models developed from the Long-Term Pavement Performance
(LTPP) database were used to predict and compare performance in various environments.
As demonstrated in the report, the prediction models are also an important tool in the
calibration process outlined in the National Cooperative Highway Research Program
(NCHRP) Guide for Mechanistic-Empirical Design of New and rehabilitated Pavement
Structures as well as in pavement management applications for SHAs with limited
quantities of regional performance data.

Gary L. Henderson
Director, Office of Infrastructure
Research and Development
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SI* (MODERN METRIC) CONVERSION FACTORS

APPROXIMATE CONVERSIONS TO SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
in inches 25.4 millimeters mm
ft feet 0.305 meters m
yd yards 0.914 meters m
mi miles 1.61 kilometers km
AREA
in’ square inches 645.2 square millimeters mm?
2 square feet 0.093 square meters m?
yd? square yard 0.836 square meters m?
ac acres 0.405 hectares ha
mi square miles 2.59 square kilometers km?
VOLUME
fl oz fluid ounces 29.57 milliliters mL
gal gallons 3.785 liters L
2 cubic feet 0.028 cubic meters m®
yd® cubic yards 0.765 cubic meters m®
NOTE: volumes greater than 1000 L shall be shown in m®
MASS
oz ounces 28.35 grams g
Ib pounds 0.454 kilograms kg
T short tons (2000 Ib) 0.907 megagrams (or "metric ton") Mg (or "t")
TEMPERATURE (exact degrees)
°F Fahrenheit 5 (F-32)/9 Celsius “c
or (F-32)/1.8
ILLUMINATION
fc foot-candles 10.76 lux Ix
fl foot-Lamberts 3.426 candela/m® cd/m?
FORCE and PRESSURE or STRESS
Ibf poundforce 4.45 newtons N
Ibf/in® poundforce per square inch 6.89 kilopascals kPa
APPROXIMATE CONVERSIONS FROM SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
mm millimeters 0.039 inches in
m meters 3.28 feet ft
m meters 1.09 yards yd
km kilometers 0.621 miles mi
AREA
mm? square millimeters 0.0016 square inches in’
m? square meters 10.764 square feet ft?
m? square meters 1.195 square yards yd?
ha hectares 2.47 acres ac
km? square kilometers 0.386 square miles mi
VOLUME
mL milliliters 0.034 fluid ounces fl oz
L liters 0.264 gallons gal
m® cubic meters 35.314 cubic feet it
m? cubic meters 1.307 cubic yards yd®
MASS
g grams 0.035 ounces oz
kg kilograms 2.202 pounds Ib
Mg (or "t") megagrams (or "metric ton") 1.103 short tons (2000 Ib) T
TEMPERATURE (exact degrees)
“© Celsius 1.8C+32 Fahrenheit °F
ILLUMINATION
Ix lux 0.0929 foot-candles fc
cd/m? candela/m? 0.2919 foot-Lamberts fl
FORCE and PRESSURE or STRESS
N newtons 0.225 poundforce Ibf
kPa kilopascals 0.145 poundforce per square inch Ibf/in®

*Sl is the symbol for the International System of Units. Appropriate rounding should be made to comply with Section 4 of ASTM E380.
(Revised March 2003)
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EXECUTIVE SUMMARY

Pavements subjected to frost effects have different service lives than do similar
pavements with no exposure to frost; however, limited national research is available
quantifying the effect frost has on pavement performance let alone the costs resulting
from reduced service life. This study provides some insight into pavement performance
and service life, considering conditions of both deep-frost and moderate-frost depth with
multiple freeze-thaw cycles (FTC).

The study included a review of all available relevant literature to provide guidance and to
support the project work. Literature directly related to this investigation was quite
limited, with most of the literature regarding frost effects dealing with quantifying the
change in material properties and performance characterization on particular projects. In
addition, relatively limited information was found on modeling pavement performance in
frost areas using Long-Term Pavement Performance (LTPP) data. State Highway Agency
(SHA) Web sites were also reviewed to accumulate reports documenting studies of frost
mitigation techniques.

To study pavement performance in the various frost settings, models were developed
using multivariate regression analysis. LTPP data from General Pavement Study (GPS)
projects 1, 2, 3, and 6 as well as Specific Pavement Study (SPS) experiments 1, 2, and 8
were used to generate the models. Data from more than 520 test sections were used in
developing the prediction models for flexible pavements, while approximately 270 test
sections were used for rigid pavement modeling. More than 20 models were developed to
represent the rate of pavement deterioration with age unique to environmental regions. Of
these, nine models were selected that were determined to best predict basic pavement
trends with time. A summary of these nine models can be found in Table 1.

Using the models presented above, statistical comparisons of pavement performance
were made for the following five climatic region scenarios:

e Deep-freeze, wet (low FTC).

e Moderate-freeze, wet (high FTC).
e No-freeze, wet.

e Deep-freeze, dry (low FTC).

e Moderate-freeze, dry (high FTC).

All of the models (with the exception of flexible pavement roughness) predicted
significantly different performance, at 95 percent confidence, between two or more of the
climatic scenarios.



Table 1. List of models and basic logistic and regression statistics.

Logistic
Model Percent R- Number of
Model Pavement Type Cutoff_ Correct | Squared | Observations
Probability
Regression
Roughness Flexible (shifted) NA NA 0.78 4544
Roughness Rigid Regression NA NA 0.78 2652
Rut Depth Flexible Regression NA NA 0.45 1966
Faulting Rigid Regression NA NA 0.47 1384
Fatigueand | o, .\ | Logistic 0.7 72.6 NA 1977
Wheelpath | e gy ¢ Regressi NA NA 0.63 1486
Cracking egression .
Fatigueand | ¢ i1 | Logistic 0.7 72.6 NA 1977
Wheelpath ercent
Cracking P Regression NA NA 0.49 1481
Transverse Flexible Logistic 0.7 78.4 NA 1920
Cracking Regression NA NA 0.71 1077
Longitudinal Ricid Logistic 0.55 63.5 NA 475
Cracking & Regression NA NA 0.38 240
Transverse Ricid Logistic 0.6 63.5 NA 489
Cracking & Regression NA NA 0.54 228

To gain an understanding of state design practices, a questionnaire was developed and
sent to the pooled fund State participants. Basic information on standard roadway
sections including structural design for given scenarios, standard specifications, and test

procedures were requested.

Responses to the survey revealed that there is a large variation in the roadway section for
similar design situations. However, most of the States in the study experiencing deep
frost did include a construction specification requiring additional surfacing or the
replacement of frost-susceptible soils with frost-free surfacing for a depth of 1 to 2 meters
(m) (3 to 6 feet (ft)).

Agency responses also revealed that the use of Superpave mix design procedures has, to a
large extent, eliminated local adaptations in mix designs and specifications that might
have provided improved performance in areas of deep frost penetration or numerous
FTCs, or both. The Superpave® mix design procedure does not differentiate between mix
designs where pavements will be exposed to numerous FTCs and those that will
experience little or no FTCs. Because many SHAs are in the process of adopting the
Superpave binder specifications as well as the mix design procedures, local adaptations
as far as mix designs and specifications were not found that would indicate improved
pavement performance in areas with either deep frost penetration or numerous FTCs.

An additional objective of the study involved evaluating the costs associated with
performance differences in the various environments. Life cycle cost analysis (LCCA)




was used to evaluate pavement costs in the various climatic settings because it produces
comparable results (i.e., equivalent uniform annual costs). Comparisons were made using
both deterministic and probabilistic methods of LCCA.

Standard flexible pavement sections were developed based on the 1993 AASHTO Guide
for Design of Pavement Structures design procedures'” and using input variables from
the questionnaire. A cost comparison was performed using this standard section for all
environmental zones; therefore, the initial and rehabilitation costs were constant for all
regions. Cost differences were the result of changes in treatment timing because of
performance variations between the regions. Predictions from the models were used to
determine treatment timing for each climatic scenario.

To account for local adaptations used to mitigate damage associated with freezing and
thawing climates, an additional cost evaluation was performed in which the initial costs
of the deep- and moderate-freeze regions included extra frost-free material (i.e., unbound
base) to obtain a pavement structure with a total depth of 1 m (3 ft). Based on responses
from the participating Agencies, this is a typical frost-free depth for many SHAs
experiencing 1 to 1.5 m (3 to 4 ft) of frost penetration. The initial construction costs for
the no-freeze region did not include additional base material.

Using the standard section for all regions resulted in costs that were not significantly
different for the five climatic scenarios. When the cost of additional surfacing was
considered, the life cycle costs in the no-freeze region were significantly lower than in
the deep- and moderate-freeze regions.

Consideration was given to the use of the developed performance models in the
implementation of mechanistic-empirical (M-E) design procedures. The National
Cooperative Highway Research Program (NCHRP) Guide for Mechanistic-Empirical
Design of New and Rehabilitated Pavement Structures,'” Project 1-37A final report, was
developed using damage models that represent average pavement damage trends for the
entire United States. The models developed in this project can be used to predict average
rutting or fatigue cracking trends for a specific regional or statewide environment. In
turn, these estimates can be used in the iteration and verification process described in the
NCHRP 1-37A Guide designprocedure to determine if modified calibration factors are
required in the design program for the specific environment. An example of how to use
the models from this study to provide regional calibration is described in the report.

The models developed for this project will also be useful in pavement management
applications. The pavement distress trend models developed in this study can be used to
provide general pavement deterioration trends for a specific environment. These trends
can be used to develop a family of curves for use in a pavement management system
(PMS) where an SHA or local agency does not have sufficient data to develop those
curves.






1. INTRODUCTION

It is well recognized that pavements subjected to frost effects have different service lives as
compared to similar pavements that are not subjected to frost effects. However, there is a need to
better understand the failure mechanisms (particularly the impact of multiple FTCs as compared
to deep frost penetration) and how they are mitigated by various compensatory strategies
implemented throughout the pavement community. Observably, deep frost penetration and
extensive frost-thaw cycles have a pronounced effect on the service pavements provide. There
has been very limited research on quantifying the effect frost has on pavement performance, as
well as on the cost of that effect on reduced service life and the additional costs to maintain those
pavements in serviceable condition. This study will help provide some insight into the total cost
of frost action as it applies to pavement performance and service life, considering both deep-frost
conditions and moderate-frost conditions with multiple FTCs.

Following is a list of project’s research objectives:

¢ Quantify the effect of seasonal frost penetration on the rate of loss of pavement
performance for environments where deep, sustained frost penetration occurs, and for
environments where multiple shallow FTCs occur.

e Establish the extent to which local adaptations of materials standards and pavement
thickness designs have compensated for or mitigated the effect of seasonal frost
penetration.

e Determine financial effects associated with freeze-thaw mitigation in the construction and
rehabilitation of pavements.

In addition to the objectives listed above, the use of the models developed for the project in PMS
applications and NCHRP 1-37A Guide design procedures was explored.

This study was structured with two phases. The first phase consisted of six tasks that essentially
confirmed that the project could be accomplished with the data available. Phase 2 consisted of an
analysis of the data collected. Work conducted in phase 1, and the resulting findings were used to
tailor analysis conducted in phase 2.






2. BACKGROUND

In phase 1 a literature review was conducted to provide guidance and support to the work on this
project. The available literature directly related to this investigation was quite limited. While
most of the literature regarding frost effects deals with quantifying the change in material
properties and performance characterization on particular projects, studies have been conducted
on modeling pavement performance using LTPP data. The literature review is included in
appendix A.

As part of phase 1, the contractor was asked to complete the following task:

Identify the specific LTPP data to be used in the analysis, acquire the data, and process it
as necessary to create the analysis database to be used in subsequent analysis.

The analysis database was first developed to evaluate the potential of using only data from
Seasonal Monitoring Program (SMP) test sections for the study. This evaluation showed that
including additional test sections beyond SMP sites would increase the dataset to better represent
the large number of variables and lead to improved results. With the approval from Federal
Highway Administration (FHWA) and the pooled fund States (PFS) panel, the sample set was
expanded to include GPS-1 and GPS-6 experiments for phase 1 analysis. The analysis database
was expanded for phase 2, which included accumulating additional variables, combining data
that had been segregated into environmental zones for phase 1, and thoroughly reviewing the
data. Chapter 3 contains a more detailed discussion of the database development.

Based on phase 1 findings, it was evident that the available data could support the study, and that
performance differences did exist. Because the analysis dataset required additional data, it was
proposed that it be expanded to include not only GPS-1 and GPS-6 sites, but also GPS-2, SPS-1,
and SPS-8 projects for an investigation of AC sections for phase 2. Similarly, GPS-3, SPS-2, and
SPS-8 test sections were proposed to model PCC pavements. The analysis datasets for phase 2
were designed to combine the data into a more comprehensive form where the environmental
factors could be fully addressed in a statistical analysis. This approach was presented to, and
accepted by, the PFS panel.

Another consideration from the phase 1 study was the use of frost depths, information that is
collected only at SMP sites. The database could not be expanded from SMP sites without using a
substitute for frost depths. The annual freezing index (FI) was shown to correlate quite well to
frost depths, and it was subsequently used in both the phase 1 and phase 2 studies to represent
relative freezing conditions. A complete analysis of these findings is reported in chapter 3

An investigation of the interaction between FTCs and FI found that moderate- and deep-freeze
zones experience approximately the same number of annual freeze cycles; therefore, the initial
assumption that each was mutually exclusive, that the moderate-freeze zone would experience
multiple FTCs while sections in the deep-freeze zone would experience few cycles, is not



confirmed by the data. Consideration of this finding in phase 2 analysis was essential to making
performance comparisons, described in chapter 5.

An initial trend analysis was conducted to determine if the rate of deterioration varied between
environmental settings. Linear regression was performed on the preliminary dataset and
differences in performance were observed; however, because of the large spread of data, most
differences would not likely be statistically significant at the 95-percent confidence interval.
Moreover, simple linear regression does not consider the large amount of independent variables
that contribute to pavement performance. Considering this, a more complex investigation
(consisting of multivariate regression analysis) was initiated in phase 2.

A preliminary cost investigation was performed to determine the amount of cost data available
for future analysis. Sufficient amounts of cost data were found to be available to make cost
comparisons between States in different frost conditions; however, the unit descriptions were not
consistent among the agencies. Therefore, phase 2 work consisted of determining standard
roadway sections and identifying unit descriptions that were consistent. This was accomplished
through inquiries with each SHA.



3. DEVELOPMENT OF ANALYSIS DATASET

In the initial work on this project, the data analysis team specifically developed SMP site data as
called for in the task order. The task order clearly identified SMP sites to be the basis of this
project. Task 3 had the following requirement:

Make a comparison of performance data from the LTPP Seasonal Monitoring Program
(SMP) sites that are located in the southern reaches of the wet-freeze zone or the
northern reaches of the wet no-freeze zone versus those sites that are further north in the
wet-freeze zone.

The task order also stated:

Initial trend analysis studies should determine whether the SMP data support the
contention that the rate of accumulation of pavement distress is greater (more rapid) in
climatic zones where there are a large number of annual freeze-thaw cycles versus deep
frost penetration.

It is assumed that the intent of using SMP data for this study was to make use of frost depth
measurements taken at the sites, which were based on resistivity, temperature, and moisture data.
SMP sites are the only source of actual frost penetration measurements in the LTPP database.

Tables 2, 3, and 4 list all SMP sites in the wet freeze, wet no-freeze, and dry freeze zones,
respectively. Included in the tables are the experiment designations of each section, which are
based on the type of pavement structure as defined in the Long Term Pavement Performance
Information Management System Pavement Performance Database User Guide.”) Table 5
summarizes the number of SMP test sections in each climatic zone separated by experiment type.

The number of test sites listed in table 5 includes all SMP sites. The actual number of potential
sites for use in this study is more limited when considering only the following factor:

...sites that are located in the southern reaches of the wet-freeze zone or the northern
reaches of the wet no-freeze zone versus those sites that are farther north in the wet
freeze zone.

There are GPS-1 sites in the wet no-freeze zone that could potentially be included in the
“northern reaches of the wet no-freeze zone.” Combining these sites with the nine GPS-1 sites in
the wet freeze zone provides a total of 13 test sections in the wet freeze zone to analyze. Six of
the SPS sites could also be used; however, these SPS projects were constructed relatively
recently and many have not yet developed a clear damage trend.



Table 2. Wet freeze SMP sites.

State State SHRP ID Experiment
Code

CT 09 1803 GPS-1

IN 18 3002 GPS-3

KS 20 4054 GPS-4

ME 23 1026 GPS-1 (and GPS-6B)
MD 24 1634 GPS-2

MA 25 1002 GPS-1

MN 27 1018 GPS-1

MN 27 1028 GPS-1

MN 27 4040 GPS-4

MN 27 6251 GPS-1

NE 31 3018 GPS-3

NH 33 1001 GPS-1

NY 36 4018 GPS-4

OK 40 4165 GPS-2

PA 42 1606 GPS-4

VT 50 1002 GPS-1

MB 83 3802 GPS-3

ON 87 1622 GPS-1

PQ 89 3015 GPS-3

DE 10 0102 SPS-1

NE 31 0114 SPS-1

NY 36 0801 SPS-8 (AC)
OH 39 0204 SPS-2

Note: GPS-1 AC over granular base
GPS-2 AC over bound base
GPS-3 JPCP
GPS-4 JRCP
GPS-6 AC overlay over existing AC
SPS-1 AC
SPS-2 PCC
SPS-8 Environmental (AC and PCC)

10




Table 3. Wet no-freeze SMP sites.

State State Code | SHRP ID | Experiment
GA 13 1005 GPS-1
GA 13 1031 GPS-1
GA 13 3019 GPS-3
MS 28 1016 GPS-2
MS 28 1802 GPS-2
NC 37 1028 GPS-1
X 48 1060 GPS-1
X 48 1068 GPS-1
X 48 1077 GPS-1
X 48 1122 GPS-1
X 48 3739 GPS-1
X 48 4142 GPS-4
TX 48 4143 GPS-4
WA 53 3813 GPS-3
AL 01 0101 SPS-1
AL 01 0102 SPS-1
NC 37 0201 SPS-2
NC 37 0205 SPS-2
NC 37 0208 SPS-2
NC 37 0212 SPS-2
VA 51 0113 SPS-1
VA 51 0114 SPS-1

Table 4. Dry freeze SMP sites.

State | State Code | SHRPID Experiment
CO 08 1053 GPS-1

ID 16 1010 GPS-1

ID 16 3023 GPS-3

MT 30 8129 GPS-1

SD 46 9187 GPS-1

uT 49 1001 GPS-1

UT 49 3011 GPS-3

WY 56 1007 GPS-1

MB 83 1801 GPS-1

SK 90 6045 GPS-1 (and GPS-6B)
MT 30 0114 SPS-1

NV 32 0101 SPS-1

NV 32 0204 SPS-2

SD 46 0804 | SPS-8 (AC)

11




Table 5. Number of pavement types in SMP sites.

E