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NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM 

Systematic, well-designed research provides the most ef- 
fective approach to the solution of many problems facing 
highway administrators and engineers. Often, highway 
problems are of local interest and can best be studied by 
highway departments individually or in cooperation with 

* heir universities and others. However, the accelerat¬ 
ing growth of highway transportation develops increasingly 
complex problems of wide interest to highway authorities. 
These problems are best studied through a coordinated 
program of cooperative research. 

In recognition of these needs, the highway administrators 
of the American Association of State Highway and Trans¬ 
portation Officials initiated in 1962 an objective national 
highway research program employing modern scientific 
techniques. This program is supported on a continuing 
basis by funds from participating member states of the 
Association and it receives the full cooperation and support 
of the federal Highway Administration, United States 
Department of Transportation. 

The Transportation Research Board of the National Re¬ 
search Council was requested by the Association to admin¬ 
ister the research program because of the Board’s recog¬ 
nized objectivity and understanding of modern research 
practices. I he Board is uniquely suited for this purpose 

U u u ma‘n,ains an ex,ensive committee structure from 
which authorities on any highway transportation subject 
may c rawn; it possesses avenues of communications and 
cooperation with federal, state, and local governmental 
agencies, universities, and industry; its relationship to its 
parent organization, the National Academy of Sciences a 
private, nonprofit institution, is an insurance of objectivity; 
it maintains a full-time research correlation staff of special¬ 
ists in highway transportation matters to bring the findings 
of research directly to those who are in a position to use 
them. 

1 he program is developed on the basis of research needs 
identified by chief administrators of the highway and trans- 
portation departments and by committees of AASHTO. 
-ach year, specific areas of research needs to be included 

m the program are proposed to the Academy and the Board 
by the American Association of State Highway and Trans 
portation Officials. Research projects to fulfill these needs 
are defined by the Board, and qualified research agencies 
are selected from those that have submitted proposals. Ad¬ 
ministration and surveillance of research contracts are 
responsibilities of the Academy and its Transportation 
Research Board. 

The needs for highway research are many, and the National 
I «operative Highway Research Program can make signifi¬ 
cant contributions to the solution of highway transportation 
problems of mutual concern to many responsible groups. 
The program, however, is intended to complement rather 
than to substitute for or duplicate other highway research 
programs. 

NCHRP Synthesis 26 

Project 2U-5 FY 11 
ISBN 0-309-02307-6 

!.. C. Catalog Card No. 73-1796 

I 

Notice 

I he project lhai is the subject of this report was a pan of the 
National C «operative Highway Research Program conducted hv the 
transportation Research Board with the approval of the Uovern.mi 
raid of the National Research Council, acting in behalf of the 

BoaíaPs i A.cadeIny Sciences. Such approval reflects the Governing 
Board judgment that the pn gram concerned is of national impor^ 
tance and appropriate with respect to both the purposes and re 
sarurecs of the National Research Council. ' ^ ’,ml rc‘ 

nrolecT and". °f :uiv,™ry committee selected to monitor this 
s. h d .L rev,ew 'h,s. rcP°r' were chosen for recognized 
if r y ci,mPetence and with due consideration for the balance 
of disciphnes appropriate to the project. The opinions and con¬ 
clusions expressed or implied are those of the research agency that 
performed the research, and, while they have been accepted 
appropriate by the advisory committee, they are not necessarily those 

cil , hCeTNa ,r rn|R£Sea7hc ^11, ,he National Research Coun- 
Each r.n.i i Academ,y «y*™«' or the program sponsors. 

. £| .s rev,ewed and Processed according to procedures 
N-uh nal a“h m0n,,f°cd hy ,hc Revit'w Committee of the 
N.itional Academy of Sciences. Dislribulion of the report is ip- 

ihm of the rC em °f ,hc Academy llPon satisfactory comple- non ot me review process. 1 

Pc yyona} Rescarch Council is the principal operating agency of 
noin™ Acad£my °f Sc"-nces ;'n‘l 'he National Academy of 

bngineering. serving governmenl and other organizations The 
Transportation Research Board evolved from the 54-year-old High 
way Research Board, The TRB incorporates all former HRB 
uclmtics but also performs additional functions under a broader 

tr mTn.',« rVm8 al' modes of 'ransportation and the interactions of 
transport at ion with society. 

Published reports of the 

NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM 

are available from : 

Transportation Research Board 
National Academy of Seicnces 
2101 Constitution Avenue. N.W. 
Washington, D.C. 20418 

(See last pages for list of published titles and prices) 

I rinted in the United Siales of America. 



PREFACE 

FOREWORD 
li y S la fi 

Transportation 
Research Board 

There exists a vast storehouse of information relating to nearly every subject of 
concern to highway administrators and engineers. Much of it resulted from research 
and much from successful application of the engineering ideas of men faced with 
problems in their day-to-day work. Because there has been a lack of systematic 
means for bringing such useful information together and making it available to the 
entire highway fraternity, the American Association of State Highway and Trans¬ 
portation Officials has, through the mechanism of the National Cooperative Highway 
Research Program, authorized the Transportation Research Board to undertake a 
continuing project to search out and synthesize the useful knowledge from all pos¬ 
sible sources and to prepare documented reports on current practices in the subject 
areas of concern. 

This synthesis scries attempts to report on the various practices without in fact 
making specific recommendations as would be found in handbooks or design 
manuals. Nonetheless, these documents can serve similar purposes, for each is a 
compendium v.f the best knowledge available concerning those measures found to 
be the most successful in resolving specific problems. The extent to which they arc 
utilized in this fashion will quite logically be tempered by the breadth of the user's 
knowledge in the particular problem area. 

This synthesis will be of special interest and usefulness to design, materials, soils, 
and construction engineers concerned with the problems of identifying potential 
locations of pavement-damaging seasonal frost action, and of selecting and apply¬ 
ing control measures to prevent detrimental effects on pavement performance. 
Attention is given to the structural design of pavements, and to the selection of 
earthworks and drainage facilities to provide acceptable pavement serviceability 
under seasonal frost conditions. 

Administrators, engineers, and researchers are faced continually with many 
highway problems on which much information already exists cither in documented 
form or in terms of undocumented experience and practice. Unfortunately, this 
information often is fragmented, scattered, and unevaluated. As a consequence, full 
information on what has been learned about a problem frequently is not assembled 
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in seeking a solution. Costly research findings may go unused, valuable experience 

may be overlooked, and due consideration may not be given to recommended prac¬ 

tices for solving or alleviating the problem. In an effort to resolve this situation, a 

continuing NCHRP project, carried out by the Transportation Research Board as 

the research agency, has the objective of synthesizing and reporting on common 

highway problems—a synthesis being identified as a composition or combination of 
separate parts or elements so as to form a whole greater than the sum of the 

separate parts. Reports from this endeavor constitute an NCHRP report series that 

collects and assembles the various forms of information into single concise docu¬ 

ments pertaining to specific highway problems or sets of closely related problems. 

Although syntheses normally are accomplished entirely with support from 

highway sources, by agreement in this instance additional substantial support was 
provided by the U.S. Army Corps of Engineers Cold Regions Research and 
Engineering Laboratory (CRREL). 

Highway engineers in seasonal frost areas have been aware for decades of the 
damaging effects that frost in the underlying support materials can have on pave¬ 

ment performance. Pavement heaving and cracking resulting from frost action, and 

thaw-induced breakups, are familiar problems. In the highway environment, the 

factors of climate, soil, water, pavement structure, and traffic are known to interact 

in freezing and thawing situations to the detriment of pavements. The exact nature 

o' physical processes that take place, the sensitivities of the several contributing 
factors, and the magnitude of the responses to freezing action are not well under¬ 

stood. Nevertheless, usable criteria exist and arc reported in this synthesis for 

identifying frost susceptibility, and for selecting measures that will avoid harmful 

pavement reaction. These measures rarely involve total removal of troublesome 
conditions because of economic considerations. 

This report of the Transportation Research Board describes and assesses the 

merit of current practice in roadway design in seasonal frost areas. Information 

is presented on the mechanisms of frost heaving and thaw weakening, the factors 

that contribute to frost problems, criteria for estimating frost susceptibility, survey¬ 
ing practices for locating areas of detrimental frost action, subgrade treatment and 

drainage to minimize the effects of frost action, and the structural design of pave¬ 

ments to accommodate the influences of frost action. Research needs in the area 
arc identified. 

To develop this synthesis in a comprehensive manner and to ensure inclusion 

ot significant knowledge, the Board analyzed available information from many 

highway departments and agencies responsible for highway planning, design, con¬ 

struction. operations, and maintenance. A topic advisory panel of experts in the 

subject area was established to guide the researchers in organizing and evaluating 
the collected data, and to review the final synthesis report. 

This synthesis records practices that were acceptable within the limitations of 

the knowledge available at the time of its preparation. Meanwhile, the search for 
better methods is a continuing process that should go on undiminished. 
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ROADWAY DESIGN IN 

SEASONAL FROST AREAS 

SUMMARY Design, construction, and maintenance of roads in areas of seasonal frost entail spe¬ 
cial requirements in order to provide all-season service and long-term performance. 

One effect of frost action on pavements is heaving caused by crystallization of 
ice within the large voids of soils containing fine particles. Three conditions must 
be present: (1) frost-susceptible soils, (2) freezing temperatures in the soil, and 
(3) a source of water. If these conditions occur uniformly, heaving will be uniform; 
otherwise, differential heaving will occur, causing surface irregularities, roughness, 
and possibly cracking. 

Another effect of frost action is thaw weakening. Bearing capacity may be 
substantially reduced during midwinter thawing periods and subsequent frost heav¬ 
ing is usually more severe. In the more southerly areas of the frost zone, several 
cycles of freeze and thaw may occur during a winter season and cause more damage 
than one longer period of freezing in a more northerly area. Spring thaws produce 
a loss of bearing capacity to well below summer and fall values, followed by a 
gradual recovery over a period of weeks or months. 

Other effects of frost include cracking caused by thermal contraction, migra¬ 
tion of large stones upward to the surface, and formation of ice in drainageways. 

Factors contributing to frost problems include climate, frost-susceptible soils, 
and water. Air temperature, solar radiation received at the road surface, and wind 
are the climatic factors affecting depth of frost, number of freeze-thaw cycles, and 
duration of freeze and thaw periods. Many investigators seeking to calculate the 
depth of frost penetration use a freezing index, which expresses the cumulative effect 
of intensity and duration of subfreezing temperatures. 

Frost-susceptible soils are only those that contain fine particles. Several meth¬ 
ods of identifying these soils have been used since the I930's. The most widely 
known rule-of-thumb for identification of a frost-susceptible soil is Casagrandc’s— 
more than 3 percent of grains smaller than ().()2 mm in nonuniform soils. Data from 
other work indicate that frost susceptibility is generally related to the amount of fine 
material, but that other factors have a significant influence. Several laboratory test 
methods have been devised, but they may still be too complicated and time 
consuming for wide acceptance as a design tool. 

Water sources are either surface (infiltration through cracks and joints, or 
seepage through permeable pavements or adjacent unpaved areas) or subsurface 
(high groundwater table, capillary action, or lateral movement from external 
sources, such as through pervious strata). 

Design of pavements in seasonal frost areas begins with a soils and materials 
survey. Methods used vary among agencies but generally include use of existing 
data, such as pedológica! and geological surveys; indirect assessment techniques, 
such as airphoto interpretation and remote sensing; and direct field methods, such 
as geophysical surveys and direct sampling. 

The primary approach for minimizing the detrimental effects of frost action in 
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the subgrade beneath .lexiblc pavements is either (1) removal of frost-susceptible 
soils to below the level of frost penetration and replacement with nonfrost-suscepti¬ 
ble soils, or (2) accommodation of the frost action (heave and thaw-weakening) 
during the structural design process by eliminating discontinuities leading to dif¬ 
ferential heave, and by strengthening the pavement structure. The first approach is 
more desirable, but usually is limited to relatively short sections that are identified 
at the time of final grade check during construction operations. This approach is 
particularly effective in preventing differential frost heave. 

Unlike subgrade materials, base and subbase course materials are usually 
processed to meet predetermined requirements and may be treated with a modify¬ 
ing or binding agent. In untreated courses, frost heave and thaw-weakening are 
generally controlled by restrictions of grain size and plasticity. 

With regard to rigid pavements, differential frost heave and loss of supporting 
capacity during thaw are the most significant detrimental effects associated directly 
with frost action. As with flexible pavements, corrective measures include removal 
and replacement of frost-susceptible soils, use of a stronger pavement section that 
compensates for subgrade weakening during thaw, scarifying and blending the top 
1 to 2 ft (0.3 to 0.6 m) of subgrade to interrupt undesirable stratification, and 
transition wedges at changes from cut to fill and over culverts. 

Adequate surface and subsurface drainage is more essential in areas of sea¬ 
sonal frost than elsewhere, because water is responsible for the majority of the ill 
effects of low temperatures. Underdrains or interceptor drains are widely used to 
lower the water table, or the grade line may be raised to provide greater separation 
between water table and subgrade. 

Other methods to reduce the effects of frost action include thermal barriers, 
moisture barriers, encapsulation, and soil stabilization. Thermal barriers have been 
used to reduce the effect of subfreezing air temperatures on trost-susceptible soils. 
Polystyrene boards have performed adequately, but a few agencies are concerned 
about the occasional occurrence of differential icing conditions. 

Moisture barriers, such as sand layers or plastic film, generally have not been 
used in the United States, but some experimental tests have been done with soils 
encapsulated in asphalt or plastic membranes and these show favorable results in 
reducing frost heave. 

Stabilization is widely used as a method of processing subgrade and base course 
materials to improve their performance under traffic and climatic conditions. Effec¬ 
tive stabilization of a frost-susceptible material usually involves (1) eliminating the 
effects of soil fines by their removal or by immobilization, such as cemcntacious 
binding; or (2) reducing the quantity of water available at the freezing plane by 
blocking migration passages. The commonly used stabilizing additives include 
portland cement, bitumen, lime, and lime-fly ash. 

Conditions such as variable subgrade soils and shallow bedrock are difficult to 
foresee during the design process, but often can be recognized and corrected during 
construction. Many potential frost problems can be reduced considerably if, based 
on experience and terrain investigations, the conditions and specific locations along 
the route where such problems arc likely to occur are identified for correction during 
construction. 

Selective grading is a construction technique for reducing frost action by 
placing the more highly frost-susceptible soils in the lower portions of embank¬ 
ments and the less frost-susceptible materials in the upper portion of the subgrade. 

Cut sections frequently have been reported as sources of trouble because they 
alter the natural drainage and provide ample sources of water from adjoining higher 



ground. In some cases the problem can be eased by subsurface drainage or by 
undercutting and removal of the unstable materials. 

One of the first requirements during construction should be inspection of the 
subgrade to verify the validity of design assumptions and to locate silt pockets, frost- 
susceptible materials, seepage, ground or capillary water, logs, stumps, boulders, 
and other nonuniform subgrade conditions. 

Achievement of the highest possible density of subgrade and base courses is 
essential to good pavement performance. Construction operations frequently vill 
expose potential frost-troublesome conditions previously unknown. Personnel as¬ 
signed to construction control should be aware of the situations that require special 

treatment and field correction. 
Spring load restrictions may be considered preventive maintenance. Many 

agencies in seasonal frost areas indicated that load restrictions are applied to older 
secondary roads during the thaw-weakening period to reduce pavement damage. 

The two most commonly used procedures for repair of frost-damaged roads are 
(1) removal of frost-susceptible soil and replacement with nonfrost-susceptible 
material, and (2) installation of a subsurface drainage network. 

There is a need for applied research to answer questions such as: What are 
the soil factors that determine the severity of ice segregation, frost heave, and thaw 
weakening? and. How can moisture migrations engendered by frost action be 
defined and forecast? Research is also needed to ( 1 ) develop and verify innovative 
procedures such as use of thermal barriers, encapsulation, and stabilization to more 
economically deal with frost action ’md reduce use of scarce high-quality materials, 
and (2) further advance mechanistic approaches to pavement design, including tech¬ 
niques for material characterization, assessment of environmental influences, and 

prediction of cumulative da. iage. 

CHAPTER ONE 

INTRODUCTION 

Most roads are kept open to traffic in all seasons and in all 
weather, to serve the transportation needs of their users eco¬ 
nomically and conveniently. In the seasonal frost areas of 
the earth, defined ( 7 ) as areas in which significant freezing 
occurs during the winter season but without development of 
permafrost, the need for pavements serviceable throughout 
the year imposes special requirements of roadway design 
. d maintenance. This synthesis addresses the problem that 
engages the attention of roadway designers as they select for 
a proposed road in a seasonal frost area a particular layered 
system, with appropriate earthworks and drainage facilities, 
that will provide optimum all-season serviceability and long¬ 
term performance at the lowest possible cost. It is a com¬ 
plex problem to which ideal economic solutions have not 
been found. 

THE NATURE OF THE PROBLEM 

Pavement Serviceability and Performance 

The serviceability of a pavement refers to the level of ser¬ 
vice it provides to road users at any particular time. De¬ 
terioration caused by traffic and the passage of time causes 
the serviceability of a pavement to decrease continuously, 
although not necessarily at a constant rate. When the ser¬ 
viceability reaches some lower limiting level of user accept¬ 
ance. the pavement is improved or reconstructed. Perform¬ 
ance of a pavement may be measured in part as the rate of 
such deterioration, and the designer of a pavement seeks to 
optimize the performance within the constraints of the 
adopted strategy for investments in the road system. 

A widely used measure of pavement serviceability is the 
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present serviceability index (PSD established by the AASHO 
Road Test (2). The principal parameter in the PSI is the 
longitudinal slope variance in the two wheelpaths: lesser 
terms are measures of cracking, patching, and either rut¬ 
ting. for flexible pavements, or spalling, for rigid pavements. 
The PSI accordingly is an expression of the degree to which 
the surface is smooth, intact, and undeformed. Frost acts to 
the detriment of all these desirable characteristics of the 
pavement surface. 

Seasonal Variation in Serviceability 

Any decrease in the PSI of a pavement is a reflection of 
increasing distress in the pavement, which may occur under 
a variety of modes (Table 1 ). Traftic-associatcd damage to 
the pavement is cumulative, and the rate of its accumulation 
can vary with changes in distribution and intensity of traffic, 
environmental loads, and material properties. Both environ¬ 
mental effects and material properties vary with seasonal 
temperature and moisture changes: in frost areas the domi 
nant effect in moisture-sensitive materials occurs at tem¬ 
peratures near the freezing point of water, whereas the 
properties of materials containing a bituminous binder arc 
highly dependent on temperature throughout the range in 
temperatures to which they arc subjected. 

Under most of the distress modes that are not associated 
with traffic, damage to pavements in frost areas occurs 
under the direct causative influence of low temperatures. 
Tensile stresses that build up when asphaltic pavements 
contract under tailing temperatures, while in an embrittled 
condition, cause thermal cracks, or low-temperature con¬ 
traction cracks. Moisture changes can occur independently 

of falling or rising temperatures, but to a large extent mois¬ 
ture migrations and detrimental changes in moisture con¬ 
tent take place under the influence of both seasonal and 
short-term temperature gradients and cycles of freezing and 
thawng. Shrinkage of supporting layers, causing reflection 
cracking, is induced hy falling temperatures as well as desic¬ 
cation. Differential heave and subsequent settlement, caused 
by frost action, develop in direct response to temperatures 
falling to subfreezing levels, although certain other requisite 
conditions of soil and moisture also prevail. 

The direct dependence of the rate of pavement deteriora¬ 
tion on seasons is evidenced by Painter's (4) analysis of the 
AASHO Road Test data for asphaltic pavements, which 
showed (Fig. I) that the deterioration rate was constant 
throughout the year, except during the spring thaw period, 
when it increased to much higher rates. The permanent loss 
in serviceability engendered during a brief period in the 
spring may equal or exceed the loss during the rest of the 
year. 

Designing for Optimum Performance 

Most pavement design equations in use in North America 
express required thickness and component layers of a pave¬ 
ment structure in relation to a certain level of performance. 
The relationship may be chosen solely from years of ex¬ 
perience with roads in service and test roads (empirical 
approach) or from research results and analysis of the ac¬ 
tion of forces on »he layered system (mechanistic approach). 
The equation parameters usually include traffic loads (mag¬ 
nitude and number), properties of construction materials, 
subgrade support values, and environmental coefficients. 

TABLE 1 

MODES OF DISTRESS IN PAVEMENTS“ 

DISTRESS MODE 

Cracking 

Distortion 
(may also 
lead to 
cracking) 

GENERAI. CAUSE SPECIFIC CAUSA TINE FACTOR 

Traffic load 

Other 

Traffic load 

Repeated loading (fatigue). 
Slippage (resulting from braking stresses). 

Thermal changes. 
Moisture changes. 

Shrinkage of underlying materials ( reflection, cracking, which 
may also be accelerated by traffic loading). 

Rutting or pumping and faulting (from repetitive loading). 
Plastic flow or creep (from single or comparatively few 

excessive loads). 

Disintegration 

Other Differential heave: 

Swelling of expansive clays in subgrade. 
Frost action in subgrades oi bases. 

Differential settlement: 

Permanent, from long-term consolidation in subgrade 
Transient, from reconsolidation after heave (may be 

accelerated by traffic) 
Curling of rigid slabs, from moisture and temperature differ¬ 

entials 

May be advanced stage of cracking mode of distress, or may result from 
detrimental effects of certain materials contained in the layered system or 
from abrasion by traffic. May also be triggered by freeze thaw effects. 

" Afler Monismith (.?>. 
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Inasmuch as low temperatures and frost strongly affect all 
of these parameters except traffic loads, assessments of tem¬ 
perature regime and frost effects are an essential part of 
development of suitable designs for pavements in frost 
areas. Performance requirements the designs arc required 
to satisfy involve control within tolerable limits of the rates 
of deterioration of the pavement under all the applicable 
modes of distress listed in Table I. Designing for optimum 
performance requires the further steps of comparison of 
alternative designs having acceptable projected deteriora¬ 
tion rates and selection of the pavement section that is 
projected to cost the least. 

SCOPE OF SYNTHESIS 

Any attempt to synthesize the practice of designing road¬ 
ways in seasonal frost areas is an ambitious venture, be¬ 
cause the special design processes directed to control or 
prevention of those modes of distress that arc dependent 
on frost or low temperature arc actually subsystems of the 
more generalized design system embracing all distress 
modes, which unfortunately has not yet been the subject 
of a Synthesis of Highway Practice. Accordingly, it is 
necessary to mention concepts and practices not unique to 
seasonal frost areas, although the emphasis is on those 
practices more directly related to the low-temperature 
environment. 

The practices of agencies engaged in road design or es¬ 
tablishment of design criteria for seasonal frost areas were 

I its» IMO 

lifUirf I. typical performance tinta from Iteo lest sections, 
A ASHO Road Test (4). 

surveyed by means of (a) a literature review, (b) question¬ 
naires mailed to North American design agencies, and 
(c) visits to ten of the agencies for discussion of their 
practices. The literature review included not only articles 
on design practices but also articles on research results and 
concepts. The questionnaire sought information principally 

Figure 2. Stales and provinces visited. 
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on design practices, but also queried practices in mainte¬ 
nance and planning and topics of current and needed re¬ 
search. Questionnaires were sent to the departments of 
highways (or transportation) of all U.S. states and all Ca¬ 
nadian provinces and to agencies of both federal govern¬ 
ments, certain turnpike authorities, and producers’ associa¬ 
tions. After an initial perusal of the 62 replies the highway 
departments of eight U.S. states and two Canadian prov¬ 
inces were selected for more detailed study by means of 
one-day visits and discussions. The selection was made to 
include a sampling of North American conditions and prac¬ 

tices, including geographic distribution and physiography 
( Fig. 2), freezing index, method of characterization of sub¬ 
grade support, and flexible pavement design method. Gen¬ 
eral summaries of the information obtained from the com¬ 
pleted questionnaires are tabulated in Appendix A. The 
more extensive and detailed information obtained from the 
states and provinces that were visited is summarized in 
Appendix B. The information in Appendices A and B, to¬ 
gether with research results and design practices gleaned 
from the extensive literature, is assessed and synthesized in 
this report. 

CHAPTER TWO 

FACTORS FUNDAMENTAL TO FROST ACTION 

DESCRIPTION OF FROST EFFECTS 

Heaving 

Frost heaving of soil within or beneath a pavement is caused 
by crystallization of ice within the larger soil voids and 
usually a subsequent extension to form continuous ice 
lenses, layers, veins, or other ice masses. The growth of 
such distinct bodies of ice is termed ice segregation. A lens 
grows in thickness in the direction of heat transfer until 
water supply is depleted, as by formation of a new lens at 
a lower level, or until freezing conditions at the freezing 
interface will no longer support further crystallization. Nu¬ 
merous investigations have shown that ice segregation oc¬ 
curs only in soils containing fine particles. Such soils are 
said to be frost susceptible; clean sands and gravels are non¬ 
frost-susceptible soils. The degree of frost susceptibility is 
principally a function of the percentage of fine particles 
and, to a lesser degree, of particle shape, distribution of 
grain sizes, and mineral composition. Figure 3 depicts how 
ice lenses may be initiated and developed within soils. 

Conditions Necessary for Ice Segregation 

The following three conditions of soil, temperature, and 
water must be present simultaneously in order for ice 
segregation to occur in the subsurface materials: 

1. Soil. The soil must be frost susceptible. 
2. Temperature. Freezing temperatures must penetrate 

the soil. In general, the thickness of a particular layer or 
lens of ice is inversely proportional to the rate of penetra¬ 
tion of freezing temperature into the soil. 

3. Water. A source of water must be available from an 
underlying groundwater table, infiltration or gravitational 
flow, an aquifer, or the water held within the voids of fine¬ 
grained soil. 

Uniform Heasing 

Uniform heaving results when soil and moisture conditions 
conducive to ice segregation exist under a pavement but are 
uniform in longitudinal and transverse directions, and freez¬ 
ing temperatures penetrate into the pavement structure at 
the same rate throughout the paved area. Under those 
idealized conditions the surface of the pavement is raised 
uniformly. 

Uniform heave is not noticeable to a motorist even 
though the vertical displacement may amount to several 
inches, and has no effect on the serviceability of the pave¬ 
ment as long as the frozen and heaved condition lasts. 
Undesirable effects of heaves, whether uniform or irregular, 
may become evident during the spring, however, when thaw 
weakening and upward release of water into the base course 
may increase the rate of deterioration and thus adversely 
affect the pavement's performance. 

It is seldom economically feasible to preclude heave, and 
the usual objective is to reduce its magnitude and make it 
more uniform. The idealized conditions producing uniform 
heave are difficult to achieve, owing to natural variations in 
subgrade soil and moisture conditions, and to discontinuities 
in the pavement profile such as culverts and changes from 
cut to fill. Design practices and construction techniques 
directed toward achieving greater uniformity arc highly 
beneficial, and are treated in this report. 

Differential Heaving 

Differential heaving is indicated by the presence of surface 
irregularities, bumps, and general surface roughness in 
winter as a result of nonuniform conditions of soil and 
moisture availability. Distinctive cracking of the wearing 
surface may be caused by severe differential heave. Differ¬ 
ential heaving may reduce traffic speeds, and in severe cases 
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AIR TEMPERATURE 
BELOW FREEZING 

WATER IN LARGE VOID 
SPACE FREEZES INTO 
ICE CRYSTAL > ALONG 
PLANE OF FRiE-lNG 
TEMPERATURE. 

ICE CRYSTALS ATTRACT 
WATER FROM ADJACENT 
VOIDS. WHICH FREEZES 
ON CONTACT AND 
FORMS LARGER 
CRYSTALS 

CRYSTALS CONTINUE 
TO GROW AND JOIN. 
FORMING ICE LENS. 
VERTICAL PRESSURE 
EXERTED BY ICE LENS 
HEAVES SURFACE. 

Figure 3. Formation of ice lenses at frost line ( 5 ). 

may cause damage to vehicles and loss of vehicle control. 
Surface drainage may be impeded. Pavement roughness is 
reflected in a marked decrease in serviceability during the 
frozen condition; subsequent weakening during thaw causes 
accelerated deterioration and impaired pavement per¬ 

formance. 
Conditions conducive to ditferential heave occur, for 

example, at locations where subgrades change from clean 
nonfrost-susceptible sands to silty frost-susceptible mate¬ 
rials, at abrupt transitions from cut to fill with the ground- 
water close to the surface, or where excavation exposes 
water-bearing strata. Drains, culverts, or utility ducts placed 
in frost-susceptible subgrades under pavements frequently 
result in abrupt ditferential heaving due to different backfill 
material or compaction and to the changed thermal regime 
occasioned by the buried pipe left open to the atmosphere. 
Where the placing of such facilities under pavements can¬ 
not be avoided, special design and construction techniques 

are needed. 

Development of Permanent Roughness 

Permanent pavement roughness develops from the cumula¬ 
tive effects of traffic loads and from various nontraffic-load- 
associated causes (Table 1 ). Among the latter, differential 
frost heave causes a distortion of the surface that in its most 
severe form is temporary, lasting only until shortly after 
thawing. Nevertheless, some residual irregularity of the 
surface often remains as permanent roughness, which may 
gradually increase over the years. The effect is particularly 
striking in the case of upward migration of large stones or 

boulders left in the base course or subgrade within the frost 
depth (see Other Frost Effects. Migration of Coarse Parti¬ 
cles"). Permanent surface roughness caused by these 
boulder heaves becomes progressively worse over a period 

of years. 
Permanent roughness that develops from the cumulative 

effects of traffic loads also is directly affected by frost ac¬ 
tion because the pronounced weakening of the subgrade 
during thawing of segregated ice leads to acceleration of 
rutting in flexible pavements and to cracking and faulting 
in rigid pavements. 

Thawing 

Temperature Distribution During Thawing 

Periods of thawing are among the most critical phases in 
the annual cycle of environmental changes affecting pave¬ 
ments in seasonal frost areas. In the more southerly areas 
of the frost zone several cycles of freezing and thawing may 
occur during the course of a relatively mild winter, some of 
them causing complete elimination of frost from the ground. 
In the more northerly sections, brief thawing periods dur¬ 
ing more severe winters only partially thaw the top portions 
of pavement sections. Figure 4 shows both of these condi¬ 
tions in the ground temperature distributions measured at 
the AASHO Road Test site, located in Ottawa. III., with a 
moderate freezing temperature regime. 

Such thawing cycles are in many cases very disruptive, 
depending on the rapidity of the thaw and the drainage 
capabilities of the pavement system. During thaw periods 
considerable melting of snow may occur, with melt water 
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filling the ditches and infiltrating into the pavement from 
the shoulders and through surface cracks in the pavement 
itself. During thawing periods, bearing capacity may be 
severely reduced, and frost heaving frequently is more 
severe after midwinter thaw periods. In areas of deep frost 
penetration, the period of complete thawing of thicker pave¬ 
ment structures in the spring is usually the most damaging 
of ,hc ‘haw periods because it affects the subgrade as well 
as subbase and base layers. The severity of the adverse 
effect on the supporting capacity of a given subgrade is 
largely dependent on the temperature distribution in the 
ground during the thawing period. 

Thawing can proceed from the top downward, or from 
the bottom upward, or both. The manner of thawing de¬ 
pends on the pavement surface temperature. During a 
sudden spring thaw, melting will proceed almost entirely 
from the surface downward. This type of thawing leads to 
extremely adverse drainage conditions. The still-frozen soil 
beneath the thawed layer traps the water released by the 
melting ice lenses so that lateral and surface drainage arc 
the only means of egress. In granular soil lateral drainage 

may be restricted by still-frozen shoulders resulting from 
the insulating effect of snow and/or different thermal con¬ 
ductivity and surface reflectivity characteristics. If air tem¬ 
peratures in the spring remain cool and frosty at night, 
upward conduction of heat stored in the ground from the 
previous summer and of heat from the interior of the earth 
will produce thawing, principally from the bottom upward. 
Such thawing permits soil moisture from melted ice lenses 
to drain downward while the material above it remains 
frozen. 

Figure 5 shows temperatures measured during the freez¬ 
ing and thawing periods under a pavement with deep sand 
subbase in which no subgrade freezing occurred. The onset 
of higher temperatures in early March caused thawing of 
the upper layer of the subbase while a deeper layer re¬ 
mained frozen. Had the subbase been much thinner, this 
condition would have developed in the subgrade, with more 
detrimental consequences. In a more severe climate with 
deeper frost penetration even a relatively thick pavement 
structure would not preclude such a condition in the sub¬ 
grade (Fig. 6). 

h'iHiirr 4. Frost under pavements at the A ASM) Road Test (6). 
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The distribution of temperatures across a transverse sec¬ 
tion of a road is affected by the insulating effect of snow 
banked on the shoulders and by the lesser absorption of 
incoming radiation by the snow-covered area. The result is 
a somewhat greater rate of thaw under the central part of 
the roadway, particularly if the pavement is dark in color 
(Fig. 7). 

Loss of Bearinff Capacity 

Loss of bearing capacity during spring thawing periods is 
a recognized effect of frost action that severely impairs the 
performance of pavements. The usual pattern of seasonal 
variation in subgrade support includes a sharp increase 
from normal summer/tall values during the period the 
subgrade remains frozen. Thawing produces an immediate 
decrease to levels well below the summer/fall values, fol¬ 
lowed by a gradual recovery over a period of several weeks 
or months (Fig. 8). The level to which the subgrade 
support rises while frozen is of little practical importance 
because it is much higher than necessary to preclude pave¬ 
ment damage originating in subgrade weakness The assess¬ 
ment of thaw-weakened subgrade support is an essential 
part of the design process and is treated in an appropriate 
section of the report. 

There are probably several distinct mechanisms of thaw 
weakening; Chamberlain (II) has reviewed and analyzed 
the literature and described three mechanisms suggested by 
research results. The first derives from the migration of 
moisture toward the freezing front during the development 
of ice segregation and from the substantial increase in 
volume (decrease in density) of the soil to accommodate 
the ice. Numerous field data (12, 13) and laboratory 
freezing tests (14. 15) reveal that a migration of moisture 
takes place toward the freezing zone in frost-susceptible 
soils to form ice lenses of various thickness as governed 
by the heat extraction rate and water availability. Ice lenses 
may form merely by redistribution of moisture within a 
narrow range of soil depth, causing saturation in an ex¬ 
panded state (decrease in density) at one level and a rela¬ 
tive depletion of moisture from an adjoining area or level 
(with an increase in density). Thawing of segregated ice 
at a rate faster than the released moisture can escape into 
underdrains or into more pervious layers of the pavement 
system, or be reabsorbed into adjacent drier areas, accom¬ 
panied by loading of the soil in it> loosened state, results in 
generation of excess pore-water pressure, which causes a 
decrease in the load-carrying capacity. The inability of the 
melt water to escape is an essential condition of this proc¬ 
ess, a condition which derives from entrapment of the water 
above a still-frozen layer below (Fig. 7). At greater depths 
thawing proceeds from below (Fig. 6) at a slower rate, 
reducing pore-pressure buildup, and loss of supporting 
capacity is less significant. 

The mechanism described in the preceding paragraph 
presupposes ice segregation and a heaved and loosened 
condition in that part of the soil containing the segregated 
ice. Yet it is known that certain clay soils that show no 
evidence of ice segregation, measurable moisitire migra- 
'ion, or significant volume increase when frozen, undergo 

Ttmptrotur*, *F 

Figure 5. Temperature tautochrones, test payement at Leba¬ 
non, N.H.. Regional Air pm t (unpublished CRREL data). 

significant loss of supporting capacity during the thaw pe¬ 
riod. Chamberlain (//) states that Cook (/6) and Titov 
(/7) attributed such weakening to the formation of nodules 
or nuggets of soil particles, the surfaces of which appeared 
to have higher moisture contents than the interiors. They 
concluded that the strength reduction was due primarily to 
a reduction in the cohesion between the nuggets of clay 
particles. Chamberlain states further that Mikhailov and 
Bredyuk (IS) attributed thaw weakening in clay not to ice 
segregation or the formation of nuggets but to conversion 
of bound water to free water by freeze-thaw action. 

Fab I Mor | Apr 

Figure ft. Limits of frost measured /.-, /V57 near Minneapolis, 
Minn. il). 
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haure 7. hrost remainwi; in puni,illy thawed snhba.se and subgrade. (After Maine State Highway Commission, 8). 
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Effet ! of Snow Melt 

The effect of snow melt on the thawing ol seasonal Irost is 
minor. The melting of snow cover occurs almost entirely 
at its top surface and. until a melting snow cover becomes 
fully ripened ( i.c., has reformed the snow grains into coarse 
ice crystals), very little melt-water can percolate to the soil/ 
snow interface ( 19). Once ripening has occurred and melt¬ 
water is available at the soil surface, the water temperature 
is at or very near 32°F (0 C). and its heat content is negli¬ 
gible for overcoming the latent heat of the frozen soil. Thus 
the frozen soil, the melt-water, and the base of the snow 
cover are all nearly in thermal equilibrium with each other. 

Where the snow cover has disappeared and seasonal frost 
has begun to thaw from the ground surface downward, the 
drainage of water from the thawed soil layer is restricted 
by the impermeability of the still-frozen soil beneath. In 
this case, melt-water from snowbanks remaining at the 
pavement edge, or from remaining nearby snow patches or 
drifts, as in wooded areas or shaded locations, may flow 
or percolate to the site and contribute to the saturation of 
the thawed soil layer. Thus the snow-melt, by adding di¬ 
rectly to the moisture content of the surface soil layers at 
the shoulders and under the pavement, may lead to still 
greater reductions in bearing capacity. Also it may be noted 
that surface water exposed to solar radiation absorbs heat, 
which then may become available in the heat transfer 
processes of soil thawing. 

Differential 7 haw 

If thawing does not proceed at the same rate over all parts 
of a paved area, nonuniform subsidence of the previously 
heaved surface results, causing transient pavement rough¬ 
ness and nonuniform subgrade support for the pavement. 
Studies of pavements (20). especially rigid pavements, have 
shown that cracks may develop more rapidly during and 
immediately following the spring frost-melting period, as a 
result of differential thaw, than during the actual freezing 
period itself. Differential thaw may be due to several fac¬ 
tors. such as: 

1. Differing thermal properties of adjacent sections of 
pavement, caused by nonuniformity of subsoil strata and 
soil conditions, including type of soil, water (icci content, 
and density. 

2. Nonuniform exposure to sun's rays and differing angle 
of incidence. 

3. Shaded portions on pavement due to deep cuts, trees, 
overpasses, or buildings. 

4. Proximity to surface and subsurface drainage. 
5. Differing color of pavement. Studies show that lighter- 

colored pavement reflects more of the sun's rays than do 
dark surfaces. 

Subsidence of Coarse Layers Into Fine-Grained Soils 

One of the undesirable consequences of thawing of frost- 
susceptible subgrades is the subsidence of coarse, open- 
graded base or subbasc materials into thaw-weakened silt 
and clay subgrade soils as the latter flow into the large pore 
spaces in the coarse material. It has been reported (21) 
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that in numerous instances a nonfrost-susceptible base 
course has become frost-susceptible by impregnation of a 
silt subgrade upward into the base course. A further un¬ 
desirable consequence is that the base course contaminated 
with line subgrade soils occupies less volume than the two 
materials separately, resulting in irregular subsidence of the 
pavement surface. Both these effects can be avoided in 
some cases by selection of a base course containing more 
medium to line sand. It is good practice to use a special 
filter layer at least 4 in. (100 mm) thick, or a subbase 
graded to insure proper filter action, to prevent movement 
of fine subgrade soils into the base course. 

Loss of Stability of Slopes 

Side slopes at cuts and fills display a great tendency to 
slough off and erode as a consequence of frost action 
(Fig. 9). The damage usually occurs during the thawing 
period when the soil exposed on the slope is weakened and 
saturated as a residt of melting of ice lenses; the condition 
may be aggravated also by surface runoff and emergence 
of underground seepage. Some of the effects of surface 
runoff may be minimized by providing ditches near the edge 
of the cut or fill to intercept and divert surface drainage and 
avoid undue erosion. 

Various insulating materials can be used on slopes to 
control sloughing caused by frost action. A layer of hay, 
bark, straw, leaves, wood chips, or mulch is effective as 
temporary protection (Fig. 10). Alternatively, for more 
permanent treatment a blanket of coarse material, gravel, 
or crushed rock 6 to 30 in. ( 150 to 760 mm) thick permits 
drainage and at the same time stabilizes the slope (23). 
Slopes may be flattened and their tops rounded to reduce 
sloughing. Newly seeded slopes may be protected with a 
hay mulch and light covering of bituminous material. Other 
means are pegging, wire meshing, or placement of a layer 
of cinders or granular materials. 

Other Frost Effects 

Pavement Cracking 

Frost or low temperatures comprise the direct cause of two 
important types of pavement cracking. The first, with ran¬ 
dom orientation and spacing, is an advanced stage of the 
distortion mode of distress (Table 1 ), and is caused by dif¬ 
ferential frost heaving, occurring in both asphaltic concrete 

Depth of seasonal 
frost penetration 



(a) Temporary treatment (5). | 

Unurc 10. Treatment of .slopes to control sloufthitif! cine to frost action. 

(b) Permanent treatment (22). 

and portland cement concrete pavements. Flexible pave¬ 
ments, in particular those with relatively thin asphalt-bound 
layers, can tolerate some differential heave without the de¬ 
velopment of sever cracking; rigid pavements for obvious 
reasons have less tolerance of differential heave. Major 
roads of recent design and construction, with effective con¬ 
trol of differential heaving through use of special techniques 
of subgrade preparation and/or subbase and base course 
layers of sufficient thickness, do not show this type of crack¬ 
ing. On older road systems and secondary roads with 
inadequate frost protection, underlain by frost-susceptible 
soils with adverse moisture conditions, cracking caused by 
frost heave is a major problem contributing to the accel¬ 
erated deterioration of the pavement. Methods of minimiz¬ 
ing frost heaves and resulting cracking, and methods of re¬ 
pair of heave-damaged pavements, arc discussed elsewhere 
in this report. 

Cracking of the second type results from thermal con¬ 
traction, which induces stresses in the surfacing materials 
because they are partially restrained by friction along the 
interface with the supporting layer. Differential horizontal 
movements occur in both flexible and rigid pavements, but 
in the latter they are accommodated by joints or resisted 
and distributed by steel reinforcing. Therefore, these move¬ 
ments result in pavement distress only in flexible pavements. 

Two broad classes of low-temperature contraction crack¬ 
ing in bituminous pavements are described by Fromm and 
Phang (24): (|) deep cracking penetrating through the 
pavement, base, and into the subgrade, and (2) shallow 
cracking affecting only the bituminous surfacing materials. 
In the first category are those wide transverse cracks that 
sometimes appear in pavements in very cold weather, pene¬ 
trating the entire pavement structure and extending into the 
shoulders of the road; the cracks may be several inches wide 
and a number of feet in depth. This type of crack occurs 
when the entire pavement structure is frozen into a solid 
mass; the layered structure contracts as the temperature 
drops; its tensile strength is finally exceeded and a major 
crack develops. It may be unrelated to the type of ma¬ 
terials in the pavement structure; in Alaska it is reported 
that gravel-surfaced roads also crack. This type of cracking 
may be associated more directly with regional cracking that 
appears in the frozen earth mantle during very low tem¬ 

peratures. crossing pavements and pastures indiscriminately, 
but it is usually more intense in areas cleared of snow. 
Pavement cracking of this kind is not of primary concern 
as it has been reported to occur only in certain localities 
and on a relatively wide spacing. In Alberta it is reported 
such cracks are found in some areas on a spacing of about 
300 ft (90 m), as a subsystem of a total system of cracks 
that typically are spaced about 25 ft (7.6 m) apart. 

The second category of low-temperature cracking is ex¬ 
emplified m the Alberta experience by the latter, more 
closely spaced cracks that appear only in the bituminous 
layer, occur much more extensively, and therefore present 
a more serious problem. Often beginning during the winter 
as hairline cracks, they slowly extend and widen with time. 
This form of cracking is common and has been reported in 
most C anadian provinces and in the northern United States 
(Fig- 11 ). Forty of the agencies surveyed reported the oc¬ 
currence of low-temperature tranverse contraction cracks in 
asphaltic pavements, and most of them recognized such 
cracks as significantly affecting the serviceability of their 
roads. The ingress of water through these cracks tends to 
increase the rate of stripping, resulting in some cases in a 
depression at the crack brought about by raveling of the 
crack lip and pumping of the fine fraction of base material. 
During the winter months, when the entire roadbed is 
frozen and raised slightly above its normal summer level, 
deicing solution can enter these cracks and cause localized 
thawing of the base and a pavement depression adjacent to 
the crack. In other cases, water entering these cracks can 
result in formation of an ice lens below the crack, produc¬ 
ing an upward lipping of the crack edges. Both of these 
effects result in rough riding qualities. Often, further sec¬ 
ondary cracks arc produced paralleling the major crack 
(Fig. 12). 

In Wisconsin it was reported that asphalt-treated base 
( ATB) is now used under bituminous pavement instead of 
cement-treated base (CTB) because the latter was found 
to be highly susceptible to development of ridges at low- 
temperature transverse cracks, termed “frost tenting." In 
Saskatchewan similar distress, termed "transverse ridging," 
occurs most severely over highly plastic lacustrine clay sub¬ 
grades; it has long been a problem on pavements with un¬ 
bound bases, it has recently become apparent also with soil- 



cement bases, and it is sen. sesere with ATB. The hcase 
at transverse cracks vanes up to 2 in. (50 mm) or more 
and atfects the pavement about 2 to i ft (O.b to ().‘) m) im 
each side of the crack. In .Alberta similar phenomena, 
termed "crack-bumps." are especially severe on pavements 
with unbound bases over highlv plastic clay subgradcs. 
where as much as .'-in. t 7u mm) heave above normal pave­
ment grade has been repv'rted; damage is slight on pave­
ments with soil-cement bases, and problems arc now ap­
pearing on some lull-depth asphaltic pavements.

.A recent study b\ Shahin and McC ullough (2r>) indi­
cates that a substantial portion ot cracks that to date have 
been attributed to low-temperature shrinkage may actu .tly 
be caused by thermal fatigue. The computer model de­
veloped as part of the study includes both low-temperature 
cracking and thermal-fatigue cracking and the computed 
data correlate closely with observed data at a few locations 
in the United States and Canada. .Additional field data are 
necessary to validate the thermal-fatigue concept.

Thermal changes also are usually the cause ot reflection 
cracks, characterized by upward propagation of cracks 
through an overlay pavement from cracks or joints in the 
former surface layer. Both daily and seasonal temperature 
fluctuations can give rise to reflection cracking, which is by 
no means unique to the seasonal frost areas. The problem 
of control or prevention of reflection cracks through as­
phaltic concrete overlays has not been adequately solved, 
and in the colder regions it is even more diflicult because 
it becomes an integral problem with the low-temperature 
contraction cracking phenomenon. Design approaches to 
solutions for the latter arc outlined elsewhere herein; tech­
niques for minimizing reflection cracking are outside the 
present scope and were treated recently by the Highway 
Research Board (27).

Minraiioii of Coarse Panicles

As a result of freeze-thaw cycles over a period of years, 
large stones present within the frost zone in a subgrade or 
base course that is even slightly frost susceptible will even­
tually be heaved upward to the surface and will produce 
surface roughness and damage to both rigid and flexible

‘

Hgiire 12. Pxninpic of miilliple secondary crack (24).
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m-
I igare II. PavenienI in Ontaiio scveri ly nliecicil hy hm-lem- 
pcraliire contraction cracks (2.X).

pavements. Figure 1.' shows a stone that has surfaced 
through a flexible pavement. The mechanism of the rais­
ing of a stone by frost action is shown in Figure 14. ob­
tained by time-lapse photography from a laboratory ex­
periment (29). When the soil containing the heaved stone 
thaws, some of the softened soil next to the cavity beneath 
the stone flows or tumhies into the cavity, preventing the 
stone from recovering entirely its previous position. In 
sticcessive freeze-thaw cycles the process is repeated and in 
this way the stone rises steadily toward the surface.

I igiirc l.t. .Stone tapprt'i. V in.I raised hy post aetion until it 
has broken through the pavement surface (28).



hini’x in Drainane Structures urn! on Rouilwuys

The term icint; is applied to several dilferent phenomena in 
seasonal frost areas, and these all dilTer in the way ice de­
velops or accumulates. In the present context, however, an 
icing is a formation of ice on a surface or in a location 
where it presents an operational or maintenance problem. 
Tvpical examples are ice-filled culverts, ice buildups on the 
faces of rock-cuts, ice-tilled ditches, and ice layers on pave­
ments originating from surface water flow. (Direct icing of 
pavements by meteorological processes—i.e.. glaze or freez­
ing rain—is outside the scope of this synthesis.) Flooding 
of roadways and possible ice formation on pavements may 
occur where ice obstructs culverts or ditches; the origin ol

the flow may be snow melt, rainfall, or groundwater seepage.
In the warmer seasonal frost areas, many of the icings 

tend to form during periods of alternate freezing and thaw­
ing weather, especially when freezing and thawing iKcur 
rapidly, as in early spring when thawing in the daytime is 
followed by freezing at night. In addition, sites where water 
emerges as a spring or seepage may experience icings during 
much >. r all of the w inter. In the colder seasonal frost areas 
(i.e.. the upper Midwest, the northern Great Plains, the 
northern Rocky Mountains, most of Canada, and almost all 
of .Alaska), the icing problems arc often of long duration. 
Icings may grow in size throughout much ol the winter 
season, reaching pavement elevations and requiring periodic

bk.

Hfturc 14. Timi-lapsc photos of u stone bcinK raised through soil hy frost aeti.ni (29). shoseiny: (/) frost line approaching the 
top of the stone: (2) iuhout JO hr later) the soil above the stone has heaved, having a void: I.G {about 12 hr later) the stone is 
being lifted bs- the grip of the frozen soil around it. leaving a void under the stone: l4) tabout 79 hr Uiur) the stone has moved 
up a considerable distance and the cavity below has become slightly narrosver and filled with watei. which has frozen.



15 

ice-removal operations. In spring, ice must be thawed from 
affected drainage structures (using steam, burners, etc.) to 
prevent flooding and possible washouts. In these northerly 
regions, especially in Alaska and Northern Canada, many 
icings are caused directly by the more severe low tempera¬ 
tures: the deep seasonal frost penetration may block nor¬ 
mal paths of near-surface groundwater flow, or thickening 
river ice covers may obstruct normal under-ice stream flow. 
These obstructions can force the flow to reach the ground 
surface in certain places, and exposure of the water to the 
cold atmosphere begins to form an icing. If flow continues, 
it freezes upon exposure, and the icing grows layer by layer 
and spreads laterally as the topography permits (30). 

Freeze-Thaw Effects on Surfacing Materials 

Surfacing materials such as concrete suffer severe thermal 
stressing from alternate freezing and thawing, and if the 
resistance of the materials is deficient, deterioration may 
progress rapidly to the disintegration mode of distress 
(Table 1). T >> extensive topic, which pertains also to 
materials t.^ed ¡u structures other than pavements, is be¬ 
yond the scope of the present report. 

Paveihent Wear from Studded Tires 

Despite the severity of the cold-regions problem of pave¬ 
ment wear by studded tires, which markedly affects the 
serviceability of pavements in seasonal frost areas, space 
limitations preclude its treatment in this report. 

IDENTIFICATION OF FACTORS CONTRIBUTING TO 

FROST PROBLEMS 

Climate 

The climatic factors of air temperature, solar radiation re¬ 
ceived at the surface, wind, and precipitation are major 
parameters that affect the severity of frost effects in a given 
geographical area. The first three affect mainly the tem¬ 
perature regime in the pavement structure, including the 
important parameters of depth of frost penetration, number 
of freeze-thaw cycles, and duration of the freezing and 
thawing periods. Precipitati n affects mainly the moisture 
regime but causes changes in the thermal properties of the 
soil and interacts with the other climatic variables determin¬ 
ing ground temperature s as well. 

Relationships between climate and frost in the ground 
have been studied in countless investigations. Many investi¬ 
gators endeavoring to calculate the depth of frost penetra¬ 
tion found it convenient to make use of a freezing index. 

which expresses the cumulative effect ol intensity and dura¬ 
tion of subfreezing air temperatures. The air freezing index 
for a given year and site location can be calculated from 
average daily air temperature records, which should be ob¬ 
tained from a station situated close to the construction site. 
This is necessary because differences in elevation and to¬ 
pography, and nearness to centers of population or bodies of 
water (rivers, lakes, seacoast) and other sources of heat, are 
likely to cause considerable variations in the value of the 
freezing index over short distances. Such variations may be 
of sufficient magnitude to affect a pavement design based on 
depth of frost penetration, particularly in areas where the 
freezing index used in the calculations is less than about 
100 degree-days. 

Freezing Index 

The number of degree-days for any one day is the algebraic 
difference between the average daily air temperature (in 
deg F) and 32°F. The average daily temperature is the av¬ 
erage of the maximum and minimum temperatures for one 
day or the average of several temperature readings taken at 
equal time intervals, generally hourly, during one day. The 
degree-days are negative when the average daily temperature 
is below 32 F and positive when the average daily is above 
32°F; Figure 15 shows an example of the summation of 
daily degree-days. The freezing index is the number of 
degree-days between the maximum and minimum points on 
a plot of cumulative degree-days of below-freezing tempera¬ 
ture for one freezing season. A cumulative degree-days-time 
curve is obtained by plotting the cumulative summation of 
degree-days versus time, starting a few days prior to onset 
of continuous freezing temperatures and continuing until 
consistent average daily temperatures above freezing prevail 
(Fig. 16). The freezing index, expressed in Fahrenheit 
degree-days in accordance with North American practice, 
may be converted to Celsius dcgre:-hours, as conventionally 
employed in northern European countries, by multiplying 
the Fahrenheit degree-days by 13.33. 

In the mathematical formulas developed for predicting the 
penetration of freezing temperature into the ground for the 
average year, the mean air freezing index is used. The mean 
air freezing index should be based on air-temperature rec¬ 
ords for 10 or more years, if available, and may be com¬ 
puted from mean daily temperatures for a given day for 
several years of record. Mean monthly temperatures may 
also be used for computation of the mean freezing index. 

When freezing indexes are used in designing pavements, 
selection of data corresponding to years that arc colder than 

Day 1 2 3 4 5 6 7 8 9 10 

Average tempera¬ 
ture (°F) 

degree-days 
Cumulative 
degree-days 

36 

♦4 
+4 

34 

+2 
♦6 

32 

0 
♦6 

30 

-2 
+4 

32 

0 
+4 

33 

+1 
♦5 

30 

-2 
+3 

28 

-4 
-1 

29 

-3 
-4 

30 

-2 
-6 

Figure 15. Example of determination of cumulative degree-days, using typical data for 10 days 
(31). 
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normal provides the means of guarding against damage to 
the pavements hy these more severe temperature conditions. 
The Corps of Engineers calculates the freezing index for the 
three coldest winters in the latest 30 years of record, if 
available, or the coldest winter in the latest 10-year period: 
when calculated on this basis, it is termed the “design freez¬ 
ing index" (32). The relationship between the mean and 
design freezing indexes is shown in Figures 16 and 17. 

Air Versus Sur/ace Freezing Index 

The freezing index may be calculated based on cither air 
temperature or pavement surface temperature. Because air 
temperature data are much more readily available than 
pavement surface temperature data, the air freezing index 
is most commonly used, although it involves the added 
complication of accounting for the difference between air 
and pavement surface temperatures. The index determined 
for air temperatures at approximately 4.5 ft (1.4 m) above 
the ground is commonly designated as the “air freezing 
index," whereas that determined for temperatures imme¬ 
diately below a surface is known as the “surface freezing 
index." Pavement surface temperatures and air tempera¬ 
tures are interdependent in a complex relationship that 
involves heat transfer at the air-ground interface and is 

affected by evaporation and condensation of moisture, snow 
and ice melt, and, principally, direct and diffuse solar radia¬ 
tion. long-wave radiation between pavement and the sky. 
and convections (33). 

A number of investigators have attempted to establish 
correction factors for predicting freezing temperatures by 
comparing calculated and observed depths of frost pene¬ 
tration or by comparing freezing indexes based on mea¬ 
sured air temperatures and pavement surface temperatures. 
1 his empirical correction factor was defined as the ratio of 
pavement surface freezing index to the air freezing index 
and referred to (34) as the “n-factor." The «-factor has 
been found to be strongly dependent on the type of pave¬ 
ment surfacing materiais and somewhat less on location, 
indicating a need for a more realistic approach through 
theoretical and experimental considerations of the control¬ 
ling variables. Studies in this area have been reviewed and 
summarized by Thompson (35). The «-factor is used ¡n 
frost depth prediction formulas, mentioned in subsequent 
paragraphs. 

Sources of Climatological Data 

Summaries of daily and mean monthly air temperature 
records for all stations that report to the United States 
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Figure 17. Relationship between mean air freezing index anti freezing indexes during colder years for 30 consecutive years (32). 

National Weather Service are available at the various Na¬ 
tional Weather Service Centers. Usually, one of these cen¬ 
ters is located in each state. In Canada, weather records 
are available from the Meteorological Branch of the De¬ 
partment of Transport. A ‘'Local Climatological Data" 
summary is published annually by the National Weather 
Service for each of the approximately 350 first-order sta¬ 
tions. If official data are unavailable or inadequate, other 
reliable data from nearer to the site should be used. 

Measurement and Prediction of Frost Penetration 

Frost penetration into soil depends not only on the intensity 
and duration of subfreezing air temperatures, but also on 
the surface and other conditions as previously outlined, plus 
the type of soil and its density and moisture content. Frost 
penetration is considerably greater in paved areas under¬ 
lain by granular soils with low moisture content than in 
fine-grained turf-covered shoulder areas with high water 
content. High moisture content retards frost penetration 
due to its high latent hent (80 calories per gram) released 
•non freezing. 

It is well known that a snow cover acts as an insulating 
layer on the ground. Depending on the density and depth 
of the snow, the time of its occurrence, the climatic condi¬ 
tions. and the soil conditions, a snow cover may retard, 
terminate, or prevent seasonal frost penetration into the 
ground. Although the upper layers of the ground may 
freeze at the beginning of the winter before a heavy snow 
cover develops, it is often found that the ground is entirely 
unfrozen beneath the snow late in the winter. This winter¬ 
time thawing of seasonal frost results from the normal up¬ 
ward flow of heat that had been added to the ground dur¬ 
ing the previous summer, acting in combination with the 
insulating effect of the snow cover; the seasonal frost ac¬ 
tually thaws from the bottom upward. Where snow is ab¬ 
sent. as on windswept surfaces or plowed pavements, the 
temperature at the ground surface is lower than under the 
snow cover. Thus, the subsurface temperature gradient in 
these areas is shifted toward lower temperatures. The high 
rate of heat loss to the atmosphere from these bare surfaces 
causes the freezing level to maintain its position or move 
downward, even though the geothermal heat flow below the 
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seasonal frost level may be substantially the same in bare 
and snow-covered areas [19, 36). 

Depth of freezing can be measured by several methods, 
such as coring, test pits, temperature sensors, and frost 
tubes. The frost tube is perhaps the simplest and most 
economical (37). Frequently, locally available data from 
utility companies, town officials, and contractors may pro¬ 
vide some idea of maximum depths of frost penetration. 
Information from these sources is usually poorly docu¬ 
mented or not at all, and may be grossly unreliable. A 
number of empirical relationships and formulas have been 
developed over the years: some of these methods, which are 
still used in some areas ( J5), utilize either air or pavement 
surface freezing index, but take no account for other key 
variables such as soil type and moisture content. 

Computational methods that account for the principal 
governing parameters have been developed and are reason¬ 
ably reliable. The Stefan equation is the simplest of the 
frost penetration equations. It was first published in 1890 
(38). In its application to soils, the Stefan equation is 
based on the hypothesis that the latent heat of soil moisture 
is the only heat that needs to be conducted to or from a 
point that is in the process of thawing or freezing. A com¬ 
mon form for uniform soil conditions is 

X 48 K F 
L 

(I) 

in which 

K = thermal conductivity of the soil layer: 
F — freezing index; 
L = latent heat of fusion; and 
X = depth of frost penetration. 

Because it did not consider the heat capacity of the soil, 
the Stefan equation usually gave frost penetrations that 
were too large. The modified Berggren equation (.Í9) 

,Y = A 48 K nF 
L 

(2) 

corrects the Stefan equation by means of the term A, a 
coefficient that takes into consideration the effect of tem¬ 
perature changes in the soil mass. Either equation can 
include the air freezing index, /•’. or the surface freezing 
index, nF. 

The modified Berggren equation has been adapted to 
layered systems by using weighted values of heat capacity 
and latent heat within the estimated depths of frost penetra¬ 
tion. l igures 18 and 19 may be used to estimate values of 
frost penetration beneath areas kept free of snow and ice. 
and also turf areas with and without snow cover. They 
have been computed for an assumed 12-in. (30() mm) 
thick rigid pavement, using the modified Berggren formula 
and cor.action factors derived from field experience under 
different conditions. The curves yield maximum depths to 
which the 32 F (0°C) temperature will penetrate from the 
pavement surface under the total winter freezing index 
value, into homogeneous materials for the indicated density 
and moisture content. Variations due to use of other pave¬ 
ment types and of rigid pavements less than 12 in. thick 
may be neglected. Where individual analysis is desiied or 

where unusual conditions make special computations de¬ 
sirable. the modified Berggren formula may be applied (see 
notes on Fig. 19). Neither Eq 2 nor the curves in Fig¬ 
ures 18 and 19 are applicable for determining transient 
penetration depths under partial freezing index values. 
Methods of estimating frost depths beneath surfaces other 
than those indicated, and for soils of varying density and 
water content, are discussed by Aldrich and Paynter ( *9). 

Criteria .'or Identifying Frost-Susceptible Soil 

Most studies have shown that a soil is susceptible to frost 
action only if it contains fine particles. Early investigators 
found that soils free of fines, comprising only particles re¬ 
tained on the 200-mesh sieve, did n^t devJop significant 
ice segregation (41. 42). It has been observed that other 
soil properties—such as over-all grain-size distribution (tex¬ 
ture), grain shape, mineral composition, and plasticity char¬ 
acteristics—are contributory to varying degrees. The pack¬ 
ing of the soil particles also has important effect because 
it involves variations in particle arrangement and density of 
the soil mass and, thus, atfects interparticle void dimen¬ 
sions, soil permeability, and capillary forces. The following 
are some of the principal methods that have come into use 
during the past 40 years for identification of potential frost 
susceptibility based on these properties. 

Beskow's Criteria 

Freezing studies by Bcskow (43) on fine-soil fractions 
showed that heaving of specimens subjected to freezing with 
water freely available was first discernible in the soil frac¬ 
tion containing particle sizes ranging from 0.1 to 0.05 mm 
(200-mesh size = 0.074 mm). Heaving increased with de¬ 
crease in particle sizes until the trend was reversed begin¬ 
ning with the soil fraction containing particles ranging from 
0.0016 to 0.0005 mm in diameter (Fig. 20). Beskow con¬ 
cluded that for uniformly graded soil . . above an av¬ 
erage diameter of 0.1 mm practically no [ice] stratification 
. . . occurs; for more rapid freezing the size is reduced to 
0.05 mm." Beskow demonstrated the effect of other im¬ 
portant soil parameters, such as grain-size distribution, uni¬ 
formity of grain sizes, capillarity, packing (density), perme¬ 
ability, suction, and effect of restraining pressure, and 
concluded that for practical purposes grain size and capil¬ 
larity are the basic properties for evaluating potential frost 
behavior. He recognized the significance of inter-particle 
void space and its relation to moisture transport and surface 
energy characteristics of a soil mass and developed a mois¬ 
ture tension test to measure the capillary potential of a soil. 
Beskow's classic work and the concepts he developed re¬ 
main essentially unchallenged today. 

Casan rancie Criterion 

As a result of extensive laboratory and field studies of New 
Hampshire soils, A. Casagrandc (44) proposed the follow¬ 
ing widely known rule-of-thumb criterion for identifying 
potentially frost-susceptible soils: 

Under natural freezing conditions and with sufficient 
water supply one should expect considerable ice segre¬ 
gation in nonuniform soils containing more than 3 per- 



cent of grains smaller than 0.02 mm. and in very uni¬ 
form soils containing more than 10 pcicent smaller 
than 0.02 mm. No ice segregation was observed in 
soils containing less than I percent of grains smaller 
than 0.02 mm. even if the groundwater level was as high 
as the frost line. 

Casagrande does not mention directly the coefficient of uni¬ 
formity fC„) in the reference cited (44) nor in a later 
paper (45)-, Riis (4b), however, makes reference to an 
earlier Casagrande classification that differentiates between 
nonuniform soils having C„(J,„,/dv,) > 5 and uniform soils 
with C„ < 5. Application of the Casagrande criterion re¬ 
quires a hydrometer test of a soil suspension to determine 
the distribution of particles passing the No. 200 sieve and 
to compute the percentage of particles finer than 0.02 mm. 

Corps of Engineers Frost Design Classification 

The Corps of Engineers frost design classification system 
was developed in the late I940’s to make use of the Casa- 
grande criterion regarding frost susceptibility and to ac¬ 
count for the reduced stability of the various types of frost- 
susceptible soils during the thaw-weakened period. 

Results of traffic tests and field CBR and plate bearing 
tests conducted at a number of airfields throughout the 
northern United States during the spring thaw (47) were 
the basis for the system and for the frost condition pave¬ 
ment design curves. In this system frost-susceptible soils 
(with 3 percent or more, by weight, finer than 0.02 mm) are 
classified into one of the four groups FI, F2, F3. and E4. 
for frost design purposes (termed in this report FS groups). 
Soil types are listed in Table 2 in approximate order of in- 

AIR-FREEZING INDEX, Dtgr«e-Doys 

Finan- IS. Relationship between air freezinn index, surface cos er, and frost penetration into homogeneous 
soils (40 ). 
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AIR-FREEZING INDEX,0«grt«-doy* 
TURF, It INCH SNOW COVER rl««0 IMO 1000 1500 )000 

■LU 11111 i i i i I i I i I I I I I I I 
TURF, SNOW FREE TMM 1500 1000 tsoo MOO 

U I I i i i i I i i i i I i i i i 1 i i i i I 

ROTES: 

1. Froot penetration depths are based on Modified Berggren Equation 
and computation procedures outlined in the following reporta: 

*• Analytical Studies of Freezing and Thawing of Soils," 
*^^ch.and Paynter, Arctic Construction and Frost Effects 

Laboratory, Corps of Engineers, U.S. Army, June 1958. 
b. 'Frost Penetration in Multilayer Soil Profiles," MIT 

»!!!«' °r C1:U “d Sanltary Engineering, Soil Engineering Division, 

tLs!1Ar«ynSJ^et1957*nd Fr0,t Effect* Uboratory. Corps of Engineers, 

«h« sou’t: “^:dbeLr^F*tlons that 111 of ,ou fre'-s 

De«hsrf!rti?;npííatl0n dePth‘ *h0Wn ar* me“ured fr°“ Pavement surface. 
for 12 2CC Pavements are good approximations for bituminous 

pavements over 6 to 9 in. high quality base. For a given locality, 

££ îrHv£labTred WUh th* ModIfie<1 B*r«r,n Equation if necessary 

hiKiirc 19. Relationship between air-freezing index, surface cover, and frost pene 
tration into a granular soil overlying a fine-grained soil (40). 

creasing susceptibility to frost heaving and/or weakening as 
a result of frost melting, although the order of listing sub¬ 
groups under Groups F3 and F4 docs not necessarily indi¬ 
cate the order of susceptibility to frost heaving of these 
subgroups. The basis for distinction between the FI and 
F2 groups is that FI material may be expected to show 
higher bearing capacity than F2 material during thaw, even 
though both may have experienced equal ice segregation. 

The F3 and F4 soils, grouped together for reduced strength 
design, show the greatest weakening during thaw. 

Interparticle Void Sizes 

Jackson and Chalmers (48) have proposed that work en¬ 
ergy for heaving and attracting water into ice lenses derives 
from supercooling of the thin liquid films separating the ic'' 
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♦ 20 

♦ 15 

♦ 10 

♦ 5 

AVERAGE GRAIN-SIZE DIAMETER, mm 
Figure 20. Relation between moisture increase caused by freezit g and average grain-size diameter 
of pare soil fractions (43). 

TABLE 2 

CORPS OF ENGINEERS FROST DESIGN SOU. CLASSIFICATION 
AND USCS EQUIVALEN I GROUPING ’ 

mosT 
(,ROUP 

FI 
F2 

F 3 

F4 

SOU TYPE 

Gravelly soils 
(a) Gravelly soils 
(b) Sands 
(a) Gravelly soils 
( b ) Sands, except very fine 

silty sands 
(c) Clays. PI > 12 
I a ) All silts 
(b) Very fine silty sands 
(c I Clays, PI < 12 
(dl Varved clays and 

other fine-grained, 
banded sediments 

PERCENTAGE 

EINER THAN 

0.02 MM. 
BY WEIGHT 

3 to 10 
10 to 20 
3 lo 15 
>20 
> I? 

>15 

TYPICAl SOU TYPES 

UNDER UNIEIED SOIL 

CLASSIFICATION SYSTEM 

GW. GP. GW-GM. GP-GM 
GM. GW-GM. GP-GM 
SW. SP. SM. SW-SM. SP-SM 
GM. GC 
SM. SC 

CL. CH 
Ml . MH 
SM 
CL. C l.-Ml 
CL and ML; 
CL. ML. and SM; 
Cl . CH, and ML; 
CL. CH. ML. and SM 

From C orps of F'ngincers (20). 
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lens from the soil particle. The free energy, equal to the 
difference, AT, between the undercooled temperature and 
the normal freezing temperature of water is released upon 
freezing of film water and is available to do work. Accord¬ 
ing to this theory, the free energy available for work is 
greater as supercooling increases with decreasing film thick¬ 
ness. The theory further stipulates that ice in lenses can¬ 
not propagate through inter-particle channels (capillaries) 
unless the equilibrium freezing temperature of capillary 
moisture as affected by channel size (thickness) is exceeded. 

f rom an extension of these theoretical considerations, 
Chalmers and Jackson (49) subsequently introduced an ex¬ 
pression relating pressure and free energy, and thus related 
effective void size radius and maximum heave pressure. The 
validity of the pressure-void size relationship was also dem¬ 
onstrated by model studies (50, 5/). 

The interconnecting channels and interparticle void di¬ 
mensions arc a function of soil particle sizes, shapes, grain- 
size distribution, packing arrangement, and unit density. If 
the soil particles are of such a shape and size distribution 
that they pack well between each other, the voids and inter¬ 
connecting channels will be smaller than for uniformly sized 
particles of the same average linear dimensions. If the 
range of particle sizes present is very large and the smaller 
particles tightly fill the spaces between the larger sizes, the 
voids and channels formed will have characteristics based 
on the smallest particles present. This may account for 
observations that well-graded clayey gravelly soils with only 
a relatively small percentage of fines may be severely frost 
susceptible (52, 15). 

Townsend and Csathy (5J) propose using the void size 
distribution in a soil mass as an indicator of potential frost 
susceptibility. Its measurement requires determination of 
the height of capillary rise of water in a soil column after 
equilibrium has been established. From the distribution of 
moisture content with depth in a column of soil a void size 
distribution curve is calculated. The calculated void size 
distributions of 39 soils were correlated with observations 
of frost heaving of Ontario roads, from which Townsend 
and Csathy proposed the following criteria to identify frost- 
susceptible soils: 

if F,, = p" < 6. the soil is FS 

P,, 
if P,,— p > 6. the soil is NFS 

* 7t) 

in which P.„, is the effective pore diameter larger than 
90 percent of all pores (by volume) and P;„ is the effec¬ 
tive pore diameter larger than 70 percent of all pores (by 
volume). 

Criteria Bused on Heaving Pressure Developed 
During Freezing 

Laboratory and field experience have shown that heaving 
pressures are developed in frost-susceptible soils during 
freezing in a condition of confinement or restraint. The 
pressures arc of sufficient magnitude to crack pavements, 
distort retaining walls, and lift foundation footings and 
columns. The phenomenon of the apparently simultaneous 
existence of heave pressure in the soil/ice structure and soil 

suction (subpressure in the void water at the freezing front) 
seems contradictory to many engineers and laymen. Never¬ 
theless, it can be explained by the fact that for an ice lens 
to grow, and thus exert heave pressure, it is necessary that 
a thin quasi-liquid film separate the soil particles from the 
ice; the water in the film is absorbed to the soil particle, 
and its properties are affected by the attractive forces be¬ 
tween the water molecules and the soil surface. As water 
molecules in the film freeze, new water molecules are at¬ 
tracted from below to replace those lost. This creates a 
suction, or reduced pressure, immediately below the quasi¬ 
liquid film. 

Laboratory studies and field observations and tests (43. 
54, 14. 55) show that the heaving rate and total heave of 
frost-susceptible soils may be reduced by surcharge loads. 
Linell and Kaplar found that a modest load of 6 psi 
(41 kPa) (equivalent to 6 ft—1.8 m—of overbuiden) re¬ 
duced heave rate 80 percent in laboratory tests (see Fig. 
21 ). Aitken (55) demonstrated the validity of the labora¬ 
tory results in field pavement test sections. If sufficient 
weight of nonfrost-susccptible base course or subbase could 
be placed over a frost-susceptible subgrade in which a given 
freezing pressure is known to develop, heaving could be 
completely eliminated, although in practice this is not feasi¬ 
ble because of the great thickness of base and subbase 
course that would be required. The principle of heave 
control by surcharge loading is used by one of the airfield 
pavement design methods of the Department of the Army 
(56). Williams (57) proposes this principle as a basis for 
utilization of the more frost-susceptible soils at greater 
depth, where their heaving propensity may be counter¬ 
balanced by the weight of better-quality soil above. To 
achieve such a layered system by a rational design, Williams 
proposes that heave pressures be determined for the soils 

Figure 21. Experimentai heave rate i.v external 
surcharge loud for several typical soils (58). 



either by a laboratory freezing test or by computation from 
results of an air intrusion test and application of interfacial 
energy equations available from capillary theory. 

Hoekstra. et al. (59), measured heaving pressures on 
several soils in the laboratory and showed that the heave 
pressure is governed by pore size. They suggested that if 
heaving pressures were measured in many more soils, frost- 
susceptibility criteria based on heaving pressure might be 
developed. Wissa and Martin [60) have attempted to de¬ 
vise tentative guidelines for heave pressure tests and their 
interpretation but recognize that field validation is required. 

Use of Soil Classification System as Basis for 
Frost-Susceptibility Evaluation 

In highway engineering the Unified Soil Classification Sys¬ 
tem (USC'S) and the AASHTO System (including Group 
Index) are the soil classification systems most widely used 
in the United States and Canada. In some cases the Group 
Index alone is used, and various other textural systems also 
are used. One of the conclusions drawn from results of 
CBR tests during spring thaw on 30 New Jersey soils (61 ) 
was that there is little correlation between the AASHTO 
classification and the reduction in bearing capacity, al¬ 
though generally under equivalent conditions granular soils 
retain the highest bearing capacities. This conclusion also 
can be applied to the other general soil classification sys¬ 
tems, inasmuch as none is expressly a frost-susceptibilitv 
classification and none incorporates assessment of the vari¬ 
ous soil factors that show adequate correlation with frost 
susceptibility. Local or regional experience may indicate a 
reasonable relationship between frost susceptibility of cer¬ 
tain soils and their corresponding classification under one 
of these systems. In some states (Appendix B) special ad¬ 
justments have been made to the classification system 
adopted for use to improve its consistency with locally 
observed relative severity of frost effects. An extension to 
the USCS is available ( 62) for classification of frozen soils: 
it includes a method of describing the ice content that can 
be a useful indication of frost susceptibility. 

Methods of Direct Assessment 

In the early I950's a laboratory freezing test was developed 
by the Corps of Engineers (14, 52), principally to deter¬ 
mine the suitability of silty granular materials whose grada¬ 
tion, compared with the existing Casagrande criterion, 
caused uncertainty regarding their suitability for use as base 
and subbase in airfield pavements. The freezing test was 
also intended to serve as a basis for identification of frost- 
susceptible soils and for classification according to their 
relative degree of frost susceptibility. The test consists of 
unidirectional laboratory freezing from the top downward, 
at a relatively slow rate, of cylindrical soil specimens, 6 in. 
(150 mm) high and 6 in. in diameter, in an open-system 
test where free water is available at the base of the speci¬ 
men. Specimen containers are insulated on the sides, 
slightly tapered inside (wider at the top), and lubricated 
to reduce wall friction. The heave rate is measured under 
a freezing penetration rate of G to 1 j in. (6 to 13 mm) per 
day. A minimum surcharge pressure of 0.5 psi (3.4 kPa) 
>s applied to each specimen to simulate the overburden 
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pressure of minimum thickness of 6 in. ( 150 mm) of pave¬ 
ment and base. 

The freezing test thus subjects the soil to a severe com¬ 
bination of conditions conducive to frost heaving. The un¬ 
limited source of water corresponds to an cxt.cmely pervi¬ 
ous aquifer only 6 in. ( 150 mm) or less below the freezing 
plane and it results in virtually the maximum possible rate 
of ice segregation and heave that the soil could exhibit 
under natural field conditions. The results do not quantita¬ 
tively represent the actual magnitude of heave to be antici¬ 
pated in the field. They provide, however, a satisfactory 
relative measure of potential frost behavior. The test has 
been used by the Corps of Engineers for more than 20 years 
for design and construction of military airfield pavements 
and roads. The following scale of frost susceptibility based 
on the average measured rate of heave in laboratory tests 
has been adopted : 

AVERAGE RATE OE 

HEAVE (MM/DAY) 

0.0-0.5 
0.5-1.0 
1.0-2.0 
2.()-4.0 
4.0-8.0 

>8.0 

TROST SUSCEPTIBILITY 

CLASSIFICATION 

Negligible 
Very low 
Low 
Medium 
High 
Very high 

Figure 22 shows composite envelopes developed from 
plots of average heave rate versus the percentage of parti¬ 
cles finer than 0.02 mm for all standard laboratory freez¬ 
ing tests made by the Corps of Engineers from 1950 to 
1970. The FI to F4 frost design classification groups were 
developed prior to the availability of the laboratory freezing 
test results shown in Figure 21, but are shown thereon to 
illustrate their relationship to laboratory heave rate results 
and the USCS classification. The data that form the basis 
for the envelopes in Figure 22 (52) reveal that there is no 
sharp dividing line between frost-susceptible and nonfrost- 
susceptiblc soils, nor a unique well-defined relationship with 
respect to percentage of particles finer than 0.02 mm. The 
data confirm indications of earlier investigators (43) that 
factors other than grain size influence frost behavior. The 
various factors and their significance have been analyzed 
by Linell and Kaplar (14) and Renner (/5). 

Based on an analysis of the results of the freezing tests 
and on field observations, the Corps of Engineers (32) 
concluded that the potential intensity of ice segregation in 
a soil is dependent to a large degree on its void sizes but for 
pavement design purposes may be expressed as an empiri¬ 
cal function of grain size as follows: 

Most inorganic soils containing 3 percent or more of 
grains finer than 0.02 mm in diameter by weight are 
frost susceptible for pavement design purposes. Gravels, 
well-graded sands and silty sands, especially those ap¬ 
proaching the theoretical maximum density curve, which 
contain 1½ to 3 percent finer by weight than the 
0.02-mm size should be considered as possibly frost 
susceptible, and should be subjected to a standard labora¬ 
tory frost-susceptibility test to evaluate actual behavior 
during freezing. Uniform sandy soils may have as much 
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as 10 percent of their «rains liner than 0.02 mm by 
weight without being frost susceptible. However, their 
tendency to occur interbedded with other soils usually 
makes it impractical to consider them separately. 

The British Road Research Laboratory (6.Î) also adopted 
a f reezing test, which is performed on compacted cylindri¬ 
cal specimens (4 in.—100 mm—in diameter and 6 in.— 
150 mm—high) that are frozen unidirectionally from the 
top downward. The specimens are insulated with dry sand 
and arc frozen at a constant air temperature of —17 C 
( + I 4"F), maintained for 10 days under open-system con¬ 

ditions—i.e., with free water available at +4 C (39.2 F I. 
Heave measurements are taken daily. From field experi¬ 
ence obtained during severe winters in Great Britain, it was 
concluded that soils thaï heave in the laboratory 0.5 in. 

(13 mm) or less in 10 days are satisfactory and those 
heaving greater than that amount arc considered very frost 

susceptible. 

Recently Developed Approaches for Evaluation of 
Frost-Susceptibility of Soils 

A principal objection to the freezing tests described in the 
foregoing is the length of time required for their comple¬ 
tion (10 to 24 days after start of freezing). Several in¬ 
vestigators have studied variations to the test procedures, 
as well as totally different approaches for more rapid 
evaluation. 

Kaplar (64) published experimental data demonstrating 
that useful and reliable comparative results can be obtained 
by an accelerated freezing test procedure in a matter of two 
days after start of freezing. The method uses a constant 
freezing temperature rather than a décrémentai change of 
temperature. A similar procedure using a Peltier battery- 
type freezing cell has been developed by researchers at the 
University of New Hampshire (65) and is being evaluated 
by the New Hampshire Department of Public Works and 
Highways for use as a design tool. Wissa and Martin (66) 
also have recently developed more rapid methods of iden- 



lifying soil frost susceptibility. One of the procedures, 
developed for the Pennsylvania Department of Transporta¬ 
tion, utilizes as the chief criterion a measure of perme 
ability as a function of degree of saturation. The other 
procedure, developed for the Massachusetts Department of 
Transportation, is described earlier herein in relation to 
heaving pressure. Both of these methods are currently 
under evaluation and correlation with field experience in 
their respective states. 

( liter ia Based on Stability Characteristics Dnriny 
Thawittf! anil Recovery 

Most of the foregoing criteria for assessment of frost sus¬ 
ceptibility derive principally from considerations of poten¬ 
tial frost heave caused by ice segregation. Excepting the 
Corps of Engineers FS groups, which are primarily an in¬ 
dex of susceptibility to thaw weakening, and only approxi¬ 
mately of heave potential. loss of supporting capacity dur¬ 
ing thaw is not the primary basis for the criteria. Yet. as 
noted earlier, in many regions frost heave is not a serious 
problem whereas thaw-weakening is a prime factor in pave¬ 
ment design. Some soils exhibit thaw-weakening to a de¬ 
gree roughly proportionate to their heave; on the other 
hand, clays, because of their low permeability, heave much 
less than silts but may be severely weakened during thaw 
and may also be slower in regaining the normal stability. 
In recognition that thaw-weakening is an essential design 
parameter, the Corps of Engineers FS groups are derived 
from traffic testing during the spring thaw period. Labora¬ 
tory tests of stability during thaw, which can be performed 
more expeditiously, could also serve as a basis for identify¬ 
ing frost-susceptible soils. Jcssberger and Carbee (67) have 
suggested that the reduction in laboratory CBR value caused 
by frost action can be used directly as a scale of classifica¬ 
tion of frost susceptibility. They ran CBR tests on samples 
of 17 soils that had been frozen and thawed for several 
cycles in an open-system test. They found large reductions 
in C BR values, caused by freezing and thawing, in many 
of the specimens tested. They concluded that CBR tests 
immediately after thawing, on specimens that had been 
subjected to freeze-thaw cycles, can be used to modify the 
established frost-susceptibility criteria based on the fraction 
finer than 0.02 mm. 

Other studies of post-thaw strength based on unconfined 
compression, triaxial compression, and direct shear tests 
(6#. 69. //, 70. 71) have not been directed toward de¬ 
velopment of frost-susceptibility criteria but indicate in¬ 
creasing interest and research activity in this important 
topic. 

Comments and Concluding Remarks Re yard in y 
Frost-Susceptibility Criteria 

The general meaning of the term frost action in soils al¬ 
ludes to both heaving and thaw-weakening elfects, both of 
which stem in part from ice segregation. However, thaw- 
weakening is not necessarily directly proportional to heav¬ 
ing because field experience shows that thaw-weakened but 
well-drained sandy gravelly materials recover bearing 

strength quite rapidly, whereas clayey soils may show lit¬ 
tle heave but recover stability very slowly over a prolonged 
period of time. These manifestations point out the need for 
separate classifications of frost susceptibility, one based on 
heave susceptibility and the other on thaw-weakening. Fu¬ 
ture emphasis of research is expected to be directed toward 
developing separate criteria for each condition. 

Assessment of the relative worth of the various frost- 
susceptibility criteria requires an examination of the per- 
formance of many pavements and comparison with the 
performance that could be inferred from the frost suscepti¬ 
bility of the soils according to the various criteria. Yet the 
soil factor is only one of the key parameters that determine 
the performance of a pavement, and quantitative analysis 
is exceedingly difficult. Nonetheless, further field validation 
studies appear essential, because even the criteria having the 
widest use. based on the percentage finer than 0.02 mm 
after L asagrandc or the Corps of Engineers, have as their 
principal validation the good performance of pavements, 
showing that frost-susceptible soils are being identified and 
excluded or effectively counteracted. Additional evidence is 
needed to determine whether acceptable soils are being 
excluded. The same limitation on existing field validation 
studies is applicable to direct assessment by freezing tests. 
Direct assessment of frost susceptibility by freezing tests is 
less likely to result in rejection of soils that would perform 
satisfactorily, but further field validation still is essential 
because at present it is not possible to predict the frost 
heaving that w'ill develop under field conditions. 

I he various proposals suggesting the use of heave pres¬ 
sure tests, permeability as a function of degree of satura¬ 
tion. suction measurements, void-size distribution deter¬ 
mination. and rapid Ireeze tests for identifying potential 
frost-susceptible soils have not been correlated with field 
behavior or have received extremely limited field validation. 
Some of the proposed techniques also require more expen¬ 
sive. sophisticated equipment and highly trained technicians, 
and represent an increase in complexity over the relatively 
simple procedures of sieve analysis and hydrometer analy¬ 
sis. which themselves have failed to be adopted by many 
jurisdictions because they are considered to be too difficult 
and time consuming. 

Thus, it appears that all of the test techniques available 
today and under development may still be too complicated 
and time consuming for wide acceptance by highway de¬ 
partments as design and quality-control tools. A great need 
exists for simple and rapid techniques for frost-susceptibility 
evaluation of soils—techniques that are adaptable to a wide 
range of soil gradations and that can accommodate testing 
of variables such as thermal regime, surcharge load, density, 
moisture content and availability, and additives, including, 
if possible, simple comparisons that can be made quickly 
in a field laboratory during construction. It is doubtful that 
the conflicting needs of simplicity and adequate appraisal 
of numerous variables can be met in a single test tech¬ 
nique. Accordingly, solution of the problem of characteriz¬ 
ing the susceptibility of soils to frost action probably will 
require also the acceptance by highway engineers of more 
complex testing and analytical procedures. 



Sources of Water 

Sources of water contributing to frost problems in pave¬ 
ments can be separated into the two broad categories of 
surface water and subsurface water (Fig. 23). Surface 
water enters the pavement primarily by infiltration through 
surface cracks and joints, and through adjacent unpaved 
surfaces, during periods of rain and melting snow and ice. 
Saltwater solutions may enter the pavement systems during 
periods of melting. Many pavements are not entirely im¬ 
permeable to moisture, and moisture intrusion may also 
occur through the pavement itself during rainstorms and 
periods of melting snow and ice. The volume of moisture 
transmitted hy this mechanism is related to the permeability 
of the pavement and the duration of the ponding of mois¬ 
ture on the pavement surface. Cedergren (72) outlined 
methods of estimating the permeability of pavements. 

There are three primary sources of subsurface water. 
The first, and generally most important to the design of 
roads, is from the groundwater table. If the groundwater 
table is near the surface, it is normally considered that an 
unlimited supply of water may be available to the freezing 
front: hence, the impact of a high groundwater table on 
road design generally is to dictate that the grade line be 
established high enough to be well above its direct influence. 
Although the normal watertable of a specific area may be 
too deep to comprise a ready source of water for ice segre¬ 
gation at the freezing front, perched watertables may exist 
on some intervals of a roadway due to topographic and/or 
subsoil conditions. The second source comprises moisture 
held in the voids of the soil or drawn upward from a water- 
table by capillary forces. Moisture from this source may 
adversely affect a pavement even though the grade line is 
elevated and subgrade drains are provided. The third source 
is moisture that moves laterally beneath a pavement from 
an external source: in some cases, such as a road located in 
a sidchil! cut that intersects pervious strata, a signifie; it 
volume of moisture may enter the pavement profile by this 
mechanism. 

Thompson (35) and Dempsey and Thompson ( 124) pro¬ 
vide thorough discussions of the engineering aspects of 
moisture flow in pavement systems. Aitchison (73) and 
the Organization for Economic Cooperation and Develop¬ 
ment ( 74) present results from several recent research stud¬ 
ies on moisture and its movement in pavement systems. 
Prior to these publications, the most important publication 
on this subject was Highway Research Board Special Re¬ 
port 40 ( 75). which summarized the state of the art at that 
time. 

Jumikis (76) studied three modes of moisture transfer 
in soils: vapor diffusion, film transfer, and capillarity. 
Figure 24 shows schematically the various moisture trans¬ 
fer modes and relative magnitudes of each at various po¬ 
rosities of a soil. The importance of each mode is influ¬ 
enced primarily by the soil type, degree of saturation, and 
density of the soil. The three modes of moisture transfer 
may be present simultaneously with hydraulic and gravity 
potentials beneath various segments of a pavement. Hoek- 
stra (77) reported that moisture movement may occur in 
some soils after freezing. His studies indicated that the rate 
of moisture migration in the frozen soil is temperature de¬ 

pendent, and he postulated that it is also dependent on the 
gradation of the soil. Mass transfer in frozen soils is con¬ 
sidered to be primarily by film transfer along the surfaces 
of the soil particles. 

It is evident from the number of modes of moisture 
transfer, the number of potentials inducing moisture trans¬ 
fer, the number of soil properties influencing moisture 
transfer, and the interaction of all of these properties that 
movement of soil moisture is a very complex phenomenon. 

Owing to the complexity of moisture movement in soils, 
the phenomenon is not clearly understood and methods of 
predicting moisture flow coupled with heat flow have only 
recently been emphasized. Thompson (35) summarizes the 
state of the art as follows: 

The prediction of the moisture conditions in a pave¬ 
ment system tor a given time, climate, and topographical 
location is a complicated matter. The multitude of the 
variables involved and uncertain boundary conditions 
tend to limit the conclusiveness of both the field meas¬ 
urements and the rational or theoretical type of ap¬ 
proach. Although there are deficiencies in the present 
knowledge of moisture movement and moisture equi¬ 
libria in pavement systems, substantial understanding of 
moisture conditions in soils has been gained from re¬ 
search in hydrology, agriculture, and soil science. It is 
evident that moisture research contributions made by 
other fields will aid in the study of moisture in pave¬ 
ment systems. 

Interaction of Climate, Soil, and Water 

The interaction of environmental parameters and the freez¬ 
ing soil system is very complex and not thoroughly under¬ 
stood. The three conditions of climate, soil, and water listed 
in the first section of this chapter and discussed in the pre¬ 
ceding paragraphs must be present simultaneously for detri¬ 
mental ice segregation to result from frost penetration into 
the soil. For given conditions of heat flux at the air- 
pavement interface. determined by the climatic conditions 
at a specific site, the thermal properties of the materials 
within the pavement system and the subgrade control the 
rate and depth of penetration of freezing temperatures. The 
thermal properties also have significant influence on the rate 
and magnitude of frost heaving. The most important soil 
thermal properties are: 

1. The volumetric heat capacity, defined as the quantity 
of heat required to change the temperature of a unit vol¬ 
ume of soil by one degree. 

2. The volumetric latent heat of fusion, which is the 
quantity of heat required to freeze (or melt) the water in 
a unit volume of soil without changing the temperature. 

3. The coefficient of thermal conductivity, which is the 
quantity of heat flow in a unit time through a unit area of 
a soil caused by a unit thermal gradient. 

Each of the thermal properties is influenced hy the type 
of soil, its density, and its moisture content, as well as other 
parameters that generally are of secondary importance. Of 
the three thermal properties, the volumetric latent heat of 
fusion and the thermal conductivity are most important and 
generally have opposing influences on the depth and rate 
of frost penetration. For example, an increase in soil mois¬ 
ture content tends to increase the volumetric latent heat of 
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fusion, which reduces the frost penetration. However, the 
increase in moisture content also normally increases the 
coefficient of thermal conductivity, which tends to increase 
the depth of frost penetration. Because the increase in 
volumetric latent heat of fusion is normally greater than the 
increase in thermal conductivity, frost penetration tends to 
advance more slowly due to an increase in moisture at the 
freezing front. In many soils significant redistribution of 
moisture occurs as the frost front advances; thus, the soil 
moisture is not in static equilibrium during freezing, but 
rather is a very dynamic factor infiuencing frost penetra¬ 
tion. This is one of the factors contributing to the com¬ 
plexity of the process, and one of the reasons why the move¬ 
ment of moisture in freezing soils is difficult to express 
quantitatively. 

The conditions most conducive to pavement distress due 
to frost action typically occur in the late winter when the 
frost front is advancing very slowly and frequent diurnal 
and longer-term freeze-thaw cycles are experienced. Be¬ 
cause it is near the end of the freezing season, near¬ 
maximum differential heaving will have occurred and pave¬ 
ment roughness and distress are more apparent than during 
earlier portions of the winter. Often, a slowly advancing 
frost front causes the greatest magnitude of frost heaving 
because moisture below the freezing front has the maximum 
time to move upward. Laboratory tests (5S. 78, 79) indi¬ 
cate that as the rate of frost penetration increases the heave 
rate of a particular soil increases to a maximum, and then 
decreases at higher freezing rates (Fig. 25). At very high 
rates of advance of the freezing front, mobilization of water 
is apparently not possible and the frost heave rate cor¬ 
responds to the volume change associated with changing 
the void water to ice. 

A common problem in seasonal frost areas is that of 
restriction of drainage by frozen soil. As thaw progresses, 
the moisture that may have accumulated in the base, sub¬ 
base, and subgrade is released. If it could drain downward 
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and or laterally, little loss of strength would result. How¬ 
ever. during thawing periods vertical and lateral drainage 
may be blocked by frozen material. Consolidation of the 
frost-loosened subgrade is thus hindered, and the base and 
subbase materials also may become weakened by excess 
moisture and pore-water pressure, leading to accelerated 
pavement distress. Figures 5 and 7 illustrate the possibility 
of drainage blockage due to frozen layers. Figure 7 shows 
that thaw may progress more rapidly near the center of a 
roadway, creating a ponding effect. The more rapid thaw¬ 
ing near the center of the roadway is caused, in part, by the 
insulating effect of the snowbanks that accumulate on and 
near the shoulders. 

To date most methods used to estimate seasonal frost 
depths have been closed-form solutions that could be solved 
with a slide rule or a desk calculator. The Stefan and modi¬ 
fied Berggrcn equations are typical examples of these tech¬ 
niques. By necessity, simplifying assumptions and boundary 
conditions were used in developing these solutions. Al¬ 
though they were developed from rather simplified and 
idealized models, these procedures have been very helpful 
in providing estimates of frost depths for design purposes. 

The widespread availability of high-speed, large-capacity 
digital computers has provided a mechanism for applying 
the basic heat and mass transfer laws to frost penetration 
and frost-heaving problems. Currently the restraint on the 
accuracy of predictions using numerical solutions is the 
state-of-the-art knowledge of the physical processes in¬ 
volved. The individual processes of heat and mass flux are 
relatively well understood, but when they are coupled, as in 
a soil-water system undergoing freezing temperatures, many 
of the basic physical relationships become complex and are 
currently not adequately understood. Research studies are 
under way to provide better relationships for these parame¬ 
ters. When using these relationships to correlate with field 
observations, the soil, moisture, and climatic conditions 
must also be considered. 
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CHAPTER THREE 

THE PROCESS OF DESIGN 

SURVEYS OF SOILS AND MATERIALS 

The soil factors that contribute to frost problems have been 
discussed in Chapter Two. This chapter, then, discusses the 
design of pavement structures and the soils and materials 
parameters used in design. Between the knowledge of which 
soil factors are important in roadway design for seasonal 
frost areas, and the use of these soil parameter values in the 
process of design, there lies the task of gathering informa¬ 
tion about the soils and materials that exist in the held. For 
seasonal frost areas, this task includes information acquisi¬ 
tion on soil moisture availability, groundwater conditions, 
frost depth, frost heave and, where possible, pavement per¬ 
formance experience. This range of concerns constitutes the 
subject of surveys of soils and materials. Many texts, man¬ 
uals, and handbooks are available that provide more com¬ 
plete treatment of surveys of soils and materials; a concise 
rendering of the topic by McAlpin and Hofmann (Ä0) may 
be consulted. 

It first should be stated that the practice of carefully 
surveying soils and materials in the field, determining by 
laboratory tests the engineering properties of the samples 
of all soils strata that will be exposed in the subgrade, and 
then designing pavement structures uniquely suited to the 
soils on which they will be placed, may be a logical but 
impractical procedure under certain circumstances. Where 
soil characteristics vary with great spatial frequency, r . in 
some glaciated terrains, it is virtually impossible for a sur¬ 
vey to characterize accurately and at acceptable cost the 
distribution and limits of the various soil types and the 
characteristics of each. Even if this were practical, the de¬ 
sign and construction costs of the resulting roadway, with 
pavement sections that change every few feet or tens of feet 
along the alignment, would be unacceptable. In these spe¬ 
cial circumstances it may be more economical, and may 
lead to much more serviceable highways, to establish de¬ 
signs for sections of road perhaps a mile ( 1.6 km) or more 
in length, based on the least-favorable soil types en¬ 
countered in each section (#/). 

Types of Surveys 

Although all surveys of soils have the objective of gaining 
information about materials and conditions as they exist in 
the field, there are wide variations in the immediate pur¬ 
poses for which the data are required. Thus, there is a wide 
range in the degree of detail a survey may have. Corre¬ 
sponding to the varying degrees of detail required, there are 
differing approaches for gathering the data. It is conve¬ 
nient to represent surveys as being of three separate types: 
reconnaissance, preliminary, and final, although these cate¬ 
gories really encompass a continuum from the most gen¬ 
eralized to the most detailed collections of data on soils, 
materials, soil moisture, groundwater conditions, and sea¬ 
sonal frost phenomena. 

The ideal example of a reconnaissance survey is that 

which provides soils information for the initial route selec¬ 
tion of a highway through virgin territory. In such a case, 
only generalized information is needed, so that the loca¬ 
tions of suitable soils and materials can be distingiushed 
from areas lacking these or having clearly undesirable 
ground or moisture conditions. Then, in combination with 
the other constraints acting upon route selection, this in¬ 
formation can contribute to the initial choice for the high¬ 
way location. More commonly, a reconnaissance survey is 
made to arrive at initial cost estimates for highway con¬ 
struction where the routing is already largely determined by 
other factors, or where major reconstruction or rerouting 
is planned to upgadc an existing highway. In general, the 
purposes of a reconnaissance survey are to outline where 
the major engineering problems will arise, what types of 
designs will be required, and where the required materials 
will be found. A reconnaissance survey is not expected to 
provide the actual soils or materials parameters that are to 
be used in the design process. 

A good share of the input data for the preliminary design 
phase comes from the preliminary survey of soils and ma¬ 
terials. Unlike the reconnaissance survey, which is an areal 
or regional survey, the preliminary survey focuses on the 
soils, materials, moisture conditions, and expected response 
to seasonal frost along the preliminary alignment of the 
highway. Greater definition of the soil types is made, and 
the extent of particular problem areas is more closely es¬ 
tablished. The preliminary survey usually includes direct 
sampling of subsurface materials, but only to the extent of 
providing one or a few representative samples of the major 
soils or materials that are encountered along the prelimi¬ 
nary line, and making a preliminary assessment of the frost 
penetration depths. As the preliminary design progresses, 
gaps in subsurface information are identified, and these 
gaps either are filled by acquiring further information from 
the field or are earmarked for special attention during the 
later survey and design phases. It is in the preliminary 
survey and design phase that final judgments are made 
concerning possible relocations to avoid particular problem 
areas, and that the final alignment becomes established. 

The final survey of soils and materials seeks to provide all 
of the information that contributes to the filial design. The 
detail of the final survey is great enough to allow determina¬ 
tion of all the materials characteristics and parameters upon 
which the pavement design is based, as well as the govern¬ 
ing groundwater conditions, soil moisture availability, frost 
penetration, and frost heave. This does not mean, however, 
that all parts of the line arc surveyed in equal detail. In¬ 
stead, the portions of the line having poorer or variable soil 
or water conditions receive greater definition than long 
stretches of homogeneous favorable materials with a deep 
watcrtable. Although the final survey is, in many respects, 
a more detailed version of the preliminary survey, there is 
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a significant philosophical difference. Because the final ob¬ 
jective is a satisfactorily operational road, the final survey 
does not come to a discrete termination but remains open- 
ended throughout the design and construction effort. Thus, 
as the final design progresses additional field samples may 
be needed from critical locations. In addition, as construc¬ 
tion activities bring the line up to grade verification is made 
that the soils and moisture conditions encountered are as 
expected, and unexpected conditions are recognized and 
sampled to provide a basis for possible design changes. 

Methods of Soil-Type Determination 

Many different methods are used to acquire soils and ma¬ 
terials information. These methods vary greatly in their 
accuracy and detail; thus their applicability depends on the 
type of survey being considered. It is useful to group the 
various methods into the following scheme; ( I) methods 
that are largely reliant on preexisting data (e g., pedologi- 
cal information, geological information); (2) methods that 
are primarily indirect assessments of soils and materials 
(e.g., airphoto interpretation, remote sensing techniques); 
and (3) methods that involve direct field contact with the 
surveyed area (eg., geophysical methods, direct sampling). 

Pedological information, in the form of agricultural soils 
maps, is available for much of the United States and the 
populated portions of Canada. Although these maps are 
prepared from studies having purposes quite different from 
highway engineering, they do provide information that is 
relevant to the soils explorations engineer: soil composi¬ 
tion, texture, variations with depth, soil moisture, depth to 
groundwater, drainage characteristics, etc. This informa¬ 
tion is not presented in traditional engineering terminology, 
but several highway design agencies have made significant 
advances in using pedological classifications as a means of 
inferring the engineering properties of soils. For example. 
Michigan has made use of pedological information for more 
than 50 years, and has extensively developed the techniques 
of applying this information in highway engineering prac¬ 
tice. Similarly. Wisconsin has done much work in correlat¬ 
ing pedological soil series with major series units according 
to engineering properties, drainage, topographic and geo¬ 
logic features, pedological classification units, and engineer¬ 
ing uses. As another example. Nebraska uses published 
pedological soil survey maps for programing purposes and 
for design purposes. The soils maps form the basis for 
planning and conducting the soils and materials survey, and 
they significantly reduce the field effort for locating deposits 
of materials for highway construction. Nebraska also em¬ 
ploys soils maps to contribute to estimating drainage and 
runoff characteristics for drainage structure design. 

It should be noted that older pedological soils maps are 
less accurate and less useful than those completed within the 
last 10 to 15 years. This is because soil surveying practice 
has evolved a great deal since it began a half century ago, 
expanding to serve the needs of not only agriculture but also 
other fields where soils information is important. 

Geological information shares some similarity with pedo¬ 
logical information. Both arc most commonly portrayed in 
map form, usually with accompanying reports, and gen¬ 
erally both are prepared for noncnginecring purposes. Maps 

of surficial geology (sometimes termed "glacial geology" 
where glaciation has occurred) are the most valuable to the 
soils engineer, because they deal with the unconsolidated 
material lying above bedrock. Thus the surficial geologic 
map is a valuable tool in locating deposits of sund, gravel, 
and embankment material, as well as defining the materials 
that will form the roadway subgrade. Maps of bedrock 
geology have a different application than surficial geologic 
maps in highway engineering. Unless the area of interest is 
largely made up of residual soils (that is, soils that are not 
transported but are formed in place by weathering of the 
parent rock material), a bedrock geologic map will not pro¬ 
vide information about the unconsolidated materials with 
which the engineer usually works. But in mountainous or 
hilly terrain, where rock excavation is commonly involved 
in highway construction, bedrock geologic maps are essen¬ 
tial as a first step in defining the rock-removal procedures 
that will be required (drilling and blasting, ripping, etc.) In 
addition, knowledge of the bedrock types is required to 
assess the possibilities of using rock as fill, and the suit¬ 
ability and cost of crushing rock for use as granular ma¬ 
terial. Some rock types may yield highly frost-susceptible 
mixtures because excessive fines are produced during crush¬ 
ing and processing. Both surficial and bedrock geologic 
maps are used to identify potential geologic hazards (land¬ 
slides, areas of subsidence, sinkholes in karstic limestone 
terrain, areas of excessively credible soils, etc.) 

Both pedological information and geological information 
are most suited for use in reconnaissance surveys of soils 
and materials, because of their areal coverage. 

Chief among the methods that are indirect assessments of 
soils and materials is the technique of airphoto interpreta¬ 
tion. By means of vertical aerial photos, especially over¬ 
lapping photos that can be viewed stereoscopically to give 
a three-dimensional model of the earth's surface, one can 
see in proper perspective and arrangement all of the natural 
and man-made features that make up the earth's surface. 
For their proper utilization the photointerpreter must be 
thoroughly familiar with pedology and geology, while re¬ 
taining the basic engineering approach to the acquisition 
and utilization of soils and materials information for high¬ 
way engineering purposes. Through the photointerpreter's 
ability to recognize and discriminate among various land- 
forms, drainage patterns, crosional aspects, photo tones and 
textures, vegetation types, special features, and cultural fea¬ 
tures, plus his familiarity with local conditions, he is able 
to make logical inferences about subsurface materials, 
probable soil moisture conditions, and groundwater distri¬ 
bution, and to map these according to the requirements of 
the project development stage. 

The greatest degree of reliability results from a combina¬ 
tion of interpretation and field study for verification of the 
mapping. This latter phase is known as ground-truth ac¬ 
quisition. Probably no other method for determining soil 
type or moisture relationships depends so heavily on the 
cognitive skills of the persons involved than does airphoto 
interpretation. Consequently, many highway design agen¬ 
cies have not been able to acquire the personnel needed to 
make airphoto interpretation a standard procedure that can 
be called upon when required. This is the more unfortu- 
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nate because aerial photographs are commonly acquired 
specifically for highway design purposes, but are used only 
for the photogramn'etric production of topographic maps. 
However, several agencies do successfully employ photo¬ 
interpretation for soit survey purposes. In such cases, air- 
photos usually are apt lied in the reconnaissance and pre¬ 
liminary survey stages. 

It should be emphas zed that not only soil mapping is 
possible with photointespretation: airphotos also provide an 
efficient means :o assess general soil moistu.e and drainage 
conditions, and to identify potential geologic hazards. These 
tasks are commonly done more effectively with airphotos 
than with pédologie or geologic maps. The Soil Conserva¬ 
tion Service has prepared an Agricultural Handbook (#2) 
which serves as an introduction to soil mapping via photo¬ 
interpretation. 

A principal example of the use of airphoto interpretation 
is the statewide series of engineering soils maps prepared for 
New Jersey during the period from 1947 to 1955 (83. 84). 
This effort relied primarily on photointerpretation, but made 
extensive use of agricultural soils maps, geologic maps, 
land-use maps, other published data, field examination, soil 
sampling, and laboratory testing. The resultant product 
comprises 20 separate county reports, plus two over-all 
documents describing the work and discussing its potential 
applications. 

Beyond airphoto interpretation, other remote sensitif; 
techniques that may be applicable to soil-type determina¬ 
tion include multispectral imaging, thermal infrared scan¬ 
ning, side-looking airborne radar (SLAR), airborne resis¬ 
tivity. and microwave radiometry. Applications of these 
various techniques are in the developmental stage; none can 
be said to be a part of highway engineering practice at 
present. However, several recent and ongoing studies indi¬ 
cate that under certain conditions these approaches may 
facilitate soil mapping, soil moisture determinations, quali¬ 
tative estimates of depth to groundwater, and detection of 
certain anomalies such as subsurface voids. Recent publi¬ 
cations (85. 86) provide an insight into the efforts now 
being made to provide soils engineers with advanced remote- 
sensing tools. Computer processing of the data, digitizing, 
density-slicing, electro-optical techniques, etc., promise to 
automate portions of the interpretive process, but the judg¬ 
ment of the interpreter remains the fundamental ingredient 
in remote-sensing technology. 

Among the direct field methods that may be applied to 
the survey of soils and materials, geophysical methods offer 
the possibilities of rapidly inferring soil types and depths to 
interfaces between soil types, watertables. or bedrock sur¬ 
faces. The principal methods are seismic refraction and 
earth resistivity techniques; other techniques using acoustic 
or electromagnetic energy have been proposed and arc un¬ 
der development and testing, but are not yet included in 
highway engineering practice. 

In seismic refraction, the dispersal in the ground of shock 
waves created by small detonations or mechanical impacts 
is monitored by detectors placed in a line along the ground 
surface. The data acquired are analyzed to yield values for 
the velocities of seismic energy in the earth materials, and 
'’e depths at which changes in velocity occur, indicating 

changes in materials or moisture contents. The analyzed 
data are interpreted to yield conclusions concerning the soil 
types making up the various layers and the thicknesses of 
the layers. Supplemental direct sampling of the earth ma¬ 
terials enhances the reliability of the inferences. Seismic 
refraction works only where the seismic energy velocity in¬ 
creases with depth. Thus, seismic refraction cannot be used 
to determine the thickness of the seasonal frost layer, be¬ 
cause the seismic energy velocity in frozen ground is higher 
than in the unfrozen ground beneath. 

Earth resistivity techniques rely on *hc differences of 
various earth materials to conduct an electrical current. An 
electrical current is imposed in the ground through two elec¬ 
trodes, and the potential drop between two other electrodes 
is measured, all electrodes being arranged in a straight line. 
Varying the spacing of the electrodes yields data from 
which the depths where resistivity changes occur can be 
inferred. Shifting the entire electrode array allows deter¬ 
mination of horizontal variations in the resistivity of the 
soils. Earth resistivity is much more reliant on direct sam¬ 
pling for accurate interpretation than is seismic refraction; 
samples must be obtained and measured for their electrical 
properties, because these properties are variable from place 
to place and from time to time for a given soil type, largely 
due to the variability in moisture content. In theory, re¬ 
sistivity techniques could be used to determine the thickness 
of the seasonal frost layer. But because this layer is rela¬ 
tively thin, a close electrode spacing would be required and 
the technique would become impractical over a significant 
area or length of route. 

Certainly the most reliable approach to surveys of soils 
and materials is by direct sampling. However, direct sam¬ 
pling requires careful extrapolation, and, as stated previ¬ 
ously. certain ground conditions limit the value of direct 
sampling for highway design purposes. The techniques of 
direct sampling offer generally unambiguous determinations 
of soil type, moisture contents, and groundwater depths. 
Frost depths may he determined by direct sampling, but 
such measurements may not be directly indicative of frost 
depths beneath the proposed pavement section. Direct sam¬ 
pling techniques are the only ones that provide the basis for 
laboratory determinations of the discrete parameters essen¬ 
tial to the process of design. At the same time, direct sam¬ 
pling is more expensive and time consuming than the other 
methods described, thus explaining the use of the other 
methods as supportive of direct sampling programs. 

Because the various procedures of direct sampling are 
assumed to be well-known and are thoroughly discussed in 
other publications, they are only mentioned here for in¬ 
formational purposes. Included are probing (which yields 
no samples), auger borings by either hand or mechanical 
means, or drive sample borings (which yield samples dis¬ 
turbed to varying degrees, depending on the equipment 
used), tube sample borings or core borings (which provide 
undisturbed samples), and test pit excavations (which per¬ 
mit large undisturbed samples to be acquired, plus a visual 
inspection of the entire soil profile). 

Measurement of frost penetration depths has been dis¬ 
cussed in Chapter Two under “Climate." Actual frost heave 
may be measured by reference to stable benchmarks. Where 
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pavements already exist, their performance experience may 
be documented. In seasonal frost areas, all these activities 
may be construed as being a part of surveys of soils and 
materials. 

TRAFFIC ANALYSIS 

For pavement design, traffic analysis consists of determin¬ 
ing the axle loads and the number of applications of each 
expected in the analysis period, and in organizing the data 
from a mixed traffic stream to serve as input parameters to 
the equation used for structural design of the pavement. 
Collection of traffic data and its projection to account for 
growth during the analysis period is the same for seasonal 
frost areas as for areas not experiencing frost. For pave¬ 
ments on which special spring load restrictions will be im¬ 
posed. the seasonal reduction in axle loads must be ac¬ 
counted for in their design. Otherwise, organization of the 
data is the same in seasonal frost areas as elsewhere; the 
two principal approaches employed are described briefly in 
the following, because these approaches influence the design 
process. 

Analysis of Equivalent Loads 

In the analysis-of-equivalent-loads method the procedure is 
to convert the stream of varying axle loads to a common 
denominator and express the projected traffic as the sum of 
the projected numbers of applications of each of the con¬ 
verted loads. This method is used by AASHTO (87), The 
Asphalt Institute (##), the Corps of Engineers (89), and 
many states and other agencies. The common denominator 
may be an equivalent 18-kip (8,200 kg) single-axle load; 
an equivalent wheel load of 9 kips (4,100 kg), 5 kips 
(2,300 kg), etc.; or some other suitable wheel or axle load¬ 
ing. Conversion of each axle load to the selected equiva¬ 
lent axle load is accomplished by means of traffic equiva¬ 
lence factors. The various agencies have differing scales of 
such factors, and in some cases the factors are dependent 
on the particular pavement structure that is chosen. 

Analysis of Individual Load Classifications 

In the analysis-of-individual-load-classifications method the 
traffic data are grouped conveniently by magnitude of axle 
or wheel loads. Under the design procedure of the Port¬ 
land Cement Association (90), single-axle loadings are 
grouped in ranges of 1,000 to 3,000 lb (450 to 1400 kg) 
and tandem-axle loadings are similarly grouped, with the 
number of applications of loads in each gtoup being esti¬ 
mated during the period of analysis. Various means are 
employed to account for the growth of traffic in each group. 
To design the pavement one calculates the stress under an 
application of an average load in each group, and then cal¬ 
culates the fatigue damage that occurs under the projected 
number of applications of all the loads within each group. 
Thus, there is no need to make use of a common denomina¬ 
tor to convert the various axle loads to some selected 
equivalent loading; instead, the various loadings are ana¬ 
lyzed separately. 

This method can also be applied in the design of flexible 
pavements. Bergan and Monismith (91) have shown how 
a mixed traffic stream can be handled in a fatigue analysis 

of a flexible pavement system. The traffic loadings were 
classified in convenient load groups, similar to those of the 
Portland Cement Association, and from traffic counts the 
number of applications in each group was determined. The 
fatigue damage for each group was then analyzed sepa¬ 
rately, as a percentage of the total fatigue life. 

It appears that in any design system that accounts for 
repetitions of loading, either for the analysis of fatigue or 
pavement distortion from traffic loads, separate analysis of 
the effects of each group of traffic loadings is the preferred 
method, and probably will be more widely used in the 
future. 

SEOMETRIC DESIGN 

Frost action in soils, and the severe winter weather condi¬ 
tions that prevail in frost areas, have had some degree of 
influence on certain aspects of the geometric design adopted 
by the various responsible agencies. Little information on 
this subject was obtained from the survey, however, because 
it was considered to be of marginal interest. Nevertheless 
it appears that some of the effects on geometric design may 
be grouped as follows: 

1. In frost areas special consideration must be given to 
surface and subsurface drainage. Examples: In frost areas 
the cross section would be affected by the need to provide 
for drainage of the base and subbase and to carry the ditch 
bottoms at grades lower than the subgrade, and the grade 
line by the need to maintain at least a certain minimum 
height above the seasonal high groundwater table. General 
aspects of drainage are outlined in a succeeding paragraph. 

2. For adequate pavement hearing capacity the grade line 
may have to be established at not less than a certain mini¬ 
mum height above a highly frost-susceptible soil stratum. 

3. Pavement slipperiness caused by ice or snow necessi¬ 
tates lower maximum longitudinal and transverse grades 
and also affects the horizontal and vertical curvature 
adopted to afford the advisable minimum stopping distance. 

4. The cross section conventionally adopted for low- 
volume roads may have shoulder widths that are inadequate 
for storage of banked snow plowed from the pavement and 
may have to be increased; also the grade line may need to 
be raised to minimize snow drifting on the pavement and 
to facilitate plowing. 

5. The side slopes in cuts and fills are affected by frost 
melting and may have to be made less steep to insure year- 
round stability. 

Some of these topics are covered elsewhere in this report; 
others are not mentioned further but arc adequately cov¬ 
ered in readily available highway engineering reference 
books. 

FLEXIBLE PAVEMENT DESIGN 

The flexible pavement design process is very complex. The 
foremost distress modes caused by traffic loading (Table 1 ) 
are fatigue failure (evidenced by alligator cracking in the 
wheelpaths) and whcelpath rutting, both caused by re¬ 
peated loading; and plastic flow, creep, or shear failure 
caused by a few excessive loads. Pavement distress of ther 
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types is of equal importance in seasonal frost areas and 
elsewhere. It has been found (92, 93) that a significant 
indicator of distress by wheeipath cracking is the maximum 
tangential strain at the bottom of the asphalt-stabilized 
layer. The capacity of a pavement to resist rutting by 
consolidation under repeated loads or by excessive plastic 
flow or creep is related to the vertical compressive strain in 
the top of the subgrade (92) and to the radial stress at the 
bottom of an unbound granular base course {.94). A sensi¬ 
tivity analysis (95) showed that both the vertical subgrade 
strain and the fatigue life itself are strongly influenced by 
the stress-strain properties of subgrade, base course, and 
asphaltic concrete pavement. Accordingly, an essential 
phase of the design process is the characterization of the 
materials that will be used within the layered structure. 
Most pavement design methods in current use are essen¬ 
tially empirical. To characterize subgrade soils and un¬ 
bound base materials, they make use of (a) measures of 
resistance to penetration by a loaded piston, (b) resistance 
to lateral deformation when loaded axially, or (c) index 
properties; to characterize bituminous mixtures, they make 
use of (a) resistance to plastic flow, (b) resistance to 
deformation, or (c) compressive strength. 

The nontraffic-associated distress modes that are of spe¬ 
cial concern in the cold regions are contraction cracks 
caused by low temperatures (influenced by the stiffness- 
temperature relationship for the asphalt-bound layers), and 
distortion from differential heave caused by frost action and 
from subsequent reconsolidation (influenced mainly by the 
properties of subgrade and unbound base materials). Other 
modes of distress that are not associated with traffic- 
caused by moisture changes, shrinkage (causing reflection 
cracking), differential heave caused by swelling clays, and 
differential settlement caused by consolidation in the sub¬ 
grade—may be important in seasonal frost areas or else¬ 
where. Pavement distress of these nontraffic-associated 
modes is influenced most strongly by the properties of one 
or more of the materials comprising the layered system, and 
by environmental conditions. 

Accordingly, the first topic considered under this heading 
is the characterization of the various materials under cur¬ 
rent design practices of the agencies surveyed. This is 
followed by the methods of treatment of environmental 
factors, and by the types of pavement response and per¬ 
formance models (design equation; ) used to determine the 
pavement sections that will resist the traffic loads. Special 
design provisions used to control frost heave, low-tempera¬ 
ture cracking, and disintegration are summarized. Finally, 
comments are presented regarding methods of treating the 
cumulative aspects of damage to flexible pavements caused 
by traffic loads. 

Characterization of Materials 

The response of materials within a flexible pavement sys¬ 
tem under wheel loads has the two components of (a) 
strength, the limiting or failure condition such as fracture 
or slip, and (b) deformability, the stress-strain-time re¬ 
sponse before failure is reached (Table 3). Failure can 
occur in fracture due to excessive tensile loads induced by 
raffic or thermal effects, in fracture due to repetitively 

applied tensile loads less than the ultimate tensile strength, 
or in shear. Tests to characterize the pertinent material 
properties would measure tensile strength, fatigue strength, 
and shear strength. The slress-strain-time response under 
loads short of failure includes recoverable and nonrecover- 
able (permanent) deformations. The principal means for 
characterizing such response is through use of a modulus 
defined as stress-strain, and Poisson’s ratio. The modulus 
is highly dependent on levels of stress, loading time, tem¬ 
perature, loading and freeze-thaw history, moisture condi¬ 
tions, or all of these, depending on the type of material. 
Consequently, tests used to define the modulus need to 
simulate adequately the real-world conditions (96). 

Although moisture and temperature affect directly the 
response of some types of materials to traffic loads, and 
consequently must be included in the real-world conditions 
being simulated by tests, both of these environmental fac¬ 
tors can also cause pavement distress not attributable to 
traffic, including cracking associated with thermal and mois¬ 
ture changes and distortion caused by differential heave or 
settlement. Accordingly, it is quite essential not only that 
the expected range and cycles of these environmental fac¬ 
tors be superimposed on the stress states and other condi¬ 
tions of tests for strength and deformability (Table 3), but 
also that tests be made to characterize the volume changes 
in pavement materials induced by environmental changes 
superimposed over the stress states that are expected to 
prevail in the pavement. 

For development of a mechanistic (sometimes termed 
rational ) method of pavement design, characterization of 

materials by the fundamental approaches described in the 
foregoing is essential. Both the mechanistic approach to 
pavement design and fundamental methods of characteriz¬ 
ing materials are now almost exclusively within the domain 
of research, whereas the practice of roadway design fol¬ 
lows criteria developed essentially empirically. For use in 
these empirical procedures, the characterization of materials 
is by arbitrary test procedures that have been found suitable 
and practical for production testing in the design agencies' 
laboratories. Because fundamental properties are not mea¬ 
sured, the adequacy and validity of current methods of 
characterizing materials cannot be judged independently of 
other criteria and procedures, but only by the performance 
of the pavements whose design is the product of a particu¬ 
lar combination of materials characterization, assessment of 
environmental factors, and application of a design equation. 
This is but one reason for the current interest in characteri¬ 
zation of materials by approaches more fundamental than 
the empirical procedures now in use. 

Suhnrodc Materials 

Table 3 gives the properties of materials believed to be sig¬ 
nificant to the performance of flexible pavements in sea¬ 
sonal frost areas. Those applicable to subgrades include 
shear strength, stress-strain modulus. Poisson's ratio, and 
volume change parameters. A strength parameter similar to 
fatigue strength may be applicable also; both strength and 
resistance to deformation of clays are lower under repeated 
loads than single loads (97, 98). In most cases the de¬ 
pendence of the deformability on load applications has 
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TABLE 3 

CHARACTERIZATION OF MATERIAL PROPERTIES FOR FLEXIBLE PAVEMENTS 
IN SEASONAL FROST AREAS* 

PROPERTIES THAT SHOULD 
BE CHARACTERIZED 

Strength: 
Tensile (hound layers only) 

Fatigue (bound layers only) 

Shear 

Resistance to deformation: 
Modulus (stress-strain) 
Poisson's ratio 

Constancy of volume: 
Susceptibility lo frost heave 

Expansive properlies 

Underconsolidation 

IMPORTANT FOR 
( AREA OF DESIGN ) 

Fracture under large load 
Slippage under braking loud 
Thermal cracking 
Fracture under repeated 

loading 
Plastic flow or shear under 

single or few excessive 
loads 

^ Analysis of stresses and 
1 strains for application to 

fracture and distortion 
modes of distress 

Distortion by differential 
heave 

Distortion by differential 
heave 

Distortion by differential 
settlement 

NEED TO CHARACTERIZE 
DEPENDENCE ON TEMPERA¬ 
TURE, FROST, OR MOISTURE? 1 

Temperature 

Temperature 

Frost, moisture, temperature 

Asphalt-bound: temperature 
Clean granular unbound 

base: moisture 
Clean granular cohesionless 

soil: none 
Silty and clayey soils: 

frost, moisture, temperature 

Frost, moisture 

Moisture, frost 

Moisture, frost (consolidation 
during thaw) 

" After Deacon (96). 
11 Dependence on other parameters. though highly signilicant. is beyond the scope of the present synthesis. 

greater significance in pavement design because the stress 
levels in subgrades under well-designed pavements are be¬ 
low those at which failure under repeated loads occurs 
(99). One of the more significant research studies of the 
characterization of the stiffness of subgrade soils affected by 
freezing and thawing was reported by Bergan and Moni- 
smith (/()0). It was found that the resilient modulus 
(stress/recoverable strain) measured on undisturbed sam¬ 
ples of a clay subgrade taken in the spring and tested fully 
thawed could be reasonably duplicated by tests on recom- 
pactcd samples only if the samples were subjected to at least 
two cycles of freezing and thawing. Quinn et al. (70) also 
reported measurements of resilient deformation in clay de¬ 
veloped under repeated loading starting with the sample 
completely frozen and then progressing through the thaw¬ 
ing phase and continuing after it was fully thawed. The 
methods in use by design agencies to characterize subgrades 
(Table 4) are, almost without exception, either indirect 
measures of strength or measures or estimates of index 
properties, of practical suitability for the empirical design 
procedures in current use. Excepting the Saskatchewan De¬ 
partment of Highways and Transportation, which is starting 
to use measurements of resilient modulus determined in a 
triaxial test after three freeze-thaw cycles, and the Kansas 
Highway Commission, which uses a modulus determined in 
a triaxial test, none of the agencies surveyed characterizes 
the strength or resistance to deformation of subgrades by 
any of the more fundamental properties listed in Table 3. 

Ä-value and CBR are widely used, and their advocates 
have achieved many successes with pavements dimensioned 
in accordance with CBR or R-value criteria. The tests them¬ 
selves have the advantages of simplicity and low cost; con¬ 
tinued use of the corresponding empirical design proce¬ 
dures has the advantage that both are proven by many years 
of experience. Accordingly, one may ask why so many of 
the leading North American flexible pavement engineers, 
from both research and design agencies, urge the adoption 
of more fundamental properties to characterize subgrades, 
usually linear elastic or viscoelastic parameters (/0/), 
Doubtless there are many reasons, but a principal objec¬ 
tion to empirical bases for characterizing materials is that 
use of the data is limited to a particular design system for 
particular combinations of environmental and traffic condi¬ 
tions and for particular traditional types of pavement ma¬ 
terials. To depart from the narrow bounds of the experi¬ 
ences from which a system was developed, for example to 
develop criteria for a previously unaccustomed type of base 
course, would require a long-term investigation to broaden 
the data base, by means of experimental loads, traffic test¬ 
ing, and other research. A second principal weakness of 
the widely used empirical bases for characterizing subgrades 
is the failure of such tests as R-value and CBR, as con¬ 
ventionally performed, to account for the dependence of the 
pertinent properties on frost. CBR tests are usually run on 
specimens that had been soaked four days, and Ä-value 
determined on relatively loosely compacted specimens tha* 
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SUBCiRADE CHARACTERIZATION IN CURRENT PRACTICE* 
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PARAMETER 

General soil classificai ion: 
AASHTO 

AASHTO and FS " group 
AASHTO and group index 

uses 
USCS and ES '' group 
USCS and group index 

FS '' group 
Group index 
Textural 

Frost-susceptibility classification or criteria ' : 
GSD,'1 ().02-mm size after Casagrande 

or Corps of Engineers 
Percentage passing No. 200 sieve 
GSD. other 
General soil classification 

Soil classification and silt content 
Visual identification 
Judgment 
None 
No information 

Strength, support value, or other soil index 
serving as basis for pavement design: 

R-value 
/Lvalue and soil classification 
/Lvalue and expansion pressure 

CBR 
CBR and FS '' group 
CBR and soil classification 
CBR. group index, and 

post-thaw resilient modulus 
CBR, /Lvalue, or bearing value 

Group index 
BB deflection 

BB ' deflection and soil classification 
FS group 
General soil classification 
Triaxial modulus 
Support value and soil classification 
Many different parameters depending on 

geographic area 
None 

ELEVEN AGENCIES 
SURVEYED IN 
DETAIL 

OTHER 29 AGENCIES 
REPORTING I ROST 
CONSIDERED IN DESIGN 

Not determined 

I 
I 

I 

9 
I 

6 

I 

I 

I 
3 
I 
1 

I 
i 

1 From information summarized in Appendixes A and B. which also include keys lo abbrevialions. 
'' Frost-susceptibility classification of Corps of Engineers 
I Susceptibility to thaw-weakening and or frost heave 
II Grain-size distribution. 

Benkelman beam 

had been compressed to the point of exuding moisture from 
them. These conditions arc probably more severe than the 
conditions prevailing during part of the year in a pavement 
subgrade. But they are also much less severe than the frost 
melting conditions, in which a subgrade previously ex¬ 
panded and loosened by ice segregation is saturated with 
melt water. Jessberger and Garbee (67) showed that the 
C BR value determined conventionally on soaked samples is 
much higher than CBR values determined for the same soils 
after one cycle of freezing and thawing. Conventional CBR 
and /Lvalue accordingly represent some intermediate de- 

'e of severity of environmental conditions and it is prob¬ 

ably thb averaging of seasonal effects that has made them 
serve quite well as bases for empirical pavement design 
methods. Although these tests do not account for thaw¬ 
weakening. it is possible to factor the transient weakened 
condition of the subgrade into the design equation by other 
means; the Minnesota Department of Highways, for ex¬ 
ample, characterizes subgrade support by /Lvalue and soil 
classification, which are input parameters for a mathemati¬ 
cal design model based on spring deflections measured by 
the Benkelman beam. Moulton and Schaub (/02) devel¬ 
oped a design procedure for the frost conditions of West 
Virginia that accounts for the reduction in /{-value during 
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thaw. The reduction of /{-value was studied in relation to 
plate bearing and CBR tests and was expressed as a func¬ 
tion of the normal /{-value, the frost classification, and the 
water content in the saturated state (Table 5). 

Other means of characterizing subgrade support (Table 
4), such as soil classification and group index, rely on cor¬ 
relations, developed over years of experience, between sub¬ 
grade classification and pavement performance. Most of 
the classification systems are not oriented in any special 
way toward the behavior of subgrades under the action of 
freezing and thawing; in these cases the loss of support in 
spring cannot be accounted for, except in a general way 
through additional pavement thickness based on experience. 
The Ontario Department of Transportation and Communi¬ 
cations uses as soil support parameter merely a textural 
classification; however, the design equation is based on 
limiting the spring deflections to certain levels proven by 
experience to assure good performance. The Wisconsin 
Division of Highways uses group index to characterize soil 
support, but the conventional group-index numerical scale 
has been modified to downgrade the more frost-susceptible 
soils found in that state. 

Only three agencies use a special frost-susceptibility 
classification, the FS group, as inputs to the design equa¬ 
tion with the function of characterizing subgrade support. 
The FS groups were developed to classify the relative sup¬ 
porting capacities of different soils during thaw, and are 
determined principally from grain size and Atterberg lim¬ 
its. They have been correlated approximately (Fig. 22) 
with classification criteria developed from heave rates mea¬ 
sured in laboratory freezing tests (32). Their value as 
parameters for selection of combined thickness of pavement 
and base has been proven in extensive use by the Corps of 
Engineers. Nevertheless, their use as sole index of soil sup¬ 
port could be subject to criticism in the sense that whereas 
CBR and /{-value fail to account for the most critical part 
of the annual cycle of subgrade supporting capacity, valida¬ 
tion of the FS groups was based on performance of test 
pavements under unusually intensive traffic during the 
spring melting period, without consideration of the pave¬ 
ment deterioration that would occur at different rates dur¬ 
ing other seasons. Clearly, there is a need for an evaluation 
of the changing levels of supporting capacity throughout its 
complete annual cycle. 

TABLE 5 

LOSS OF SUBGRADE SUPPORT AS A FUNCTION OF DESIGN STABILOMETER 
VALUE. SATURATED MOISTURE CONTENT, AND FROST CLASSIFICATION • 

C ORPS OF NORMAL 

ENGRS. 

FROST 

CLASS. 

SAT. MOIST. 

CONTENT,1' 

» \ 

VALUE OF (R\-Kt ) FOR R, OF 

5 Id 15 20 25 30 35 40 45 50 55 

F-l 

F-2 

F-3 

F-4 

0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 

0.5 0.9 
0.5 1.0 
0.6 I. I 
0.6 1.2 
0.7 1.3 
0.7 1.4 
0.8 1.5 
0.8 1.6 
0.9 1.8 
1.0 2.0 
1.1 2.1 
1.2 2.3 
1.2 2.5 
1.3 2.7 
1.4 2.8 
1.5 3.0 
1.6 3.2 
1.8 3.5 
2.0 4.0 
2.0 4.1 
2.2 4.3 
2.3 4.6 
2.4 4.9 
2.5 5.1 
2.7 5.4 
3.0 5.8 
3.1 6.2 
3.3 6.5 
3.4 68 
3.6 7.1 
3.7 7.4 
3.8 7.6 

1.4 1.9 
1.5 2.1 
1.7 2.3 
1.8 2.5 
2.0 2.7 
2.2 2.9 
2.3 3.0 
2.4 3.3 
2.6 3.5 
3.0 4.0 
3.2 4.3 
3.5 4.6 
3.7 5.0 
4.0 5.3 
4.2 5.6 
4.5 6.0 
4.8 6.4 
5.3 7.0 
5.9 7.8 
6.1 8.2 
6.5 8.6 
7.0 9.2 
7.3 9.7 
7.6 10.2 
8.1 10.8 
8.7 11.6 
9.2 12.3 
9.8 13.0 

10.2 13.6 
10.6 14.2 
11.0 14.7 
11.4 15.2 

2.3 2.8 
2.6 3.1 
2.8 3.4 
3.1 3.7 
3.3 4.0 
3.6 4.3 
3.8 4.6 
4.1 4.9 
4.4 5.3 
4.9 5.8 
5.3 6.4 
5.8 6.9 
6.2 7.4 
6.6 8.0 
7.1 8.5 
7.5 9.0 
8.0 9.6 
8.8 10.6 
9.8 11.7 

10.2 12.3 
10.8 13.0 
11.5 13.8 
12.1 14.5 
12.7 15.2 
13.5 16.2 
14.5 17.4 
15.4 18.5 
16.3 19.5 
17.0 20.4 
17.7 21.3 
18.4 22.0 
19.0 22.7 

3.2 
3.6 
3.9 
4.3 
4.7 
5.0 
5.3 
5.7 
6.2 
6.8 
7.5 
8.1 
8.7 
9.3 
9.9 

10.5 
11.2 
12.3 
13.7 
14.3 
15.1 
!6.1 
17.0 
17.8 
18.9 
20.3 
21.6 
22.8 
23.9 
24.8 
25.7 
26.5 

3.7 
4.1 
4.5 
4.9 
5.3 
5.7 
6.1 
6.5 
7.0 
7.8 
8.5 
9.2 
9.9 

10.6 
11.3 
12.0 
12.8 
14.0 
15.6 
16.3 
17.2 
18.4 
19.4 
20.3 
21.6 
23.2 
24.7 
26.0 
27.2 
28.4 
29.4 
30.3 

4.2 
4.6 
5.0 
5.5 
6.0 
6.4 
6.8 
7.3 
7.9 
8.8 
9.6 

10.4 
11.2 
12.0 
12.7 
13.4 
14.4 
15.8 
17.6 
18.4 
19.4 
20.7 
21.8 
22.9 
24.2 
26.1 
27.7 
29.3 
30.6 
32.0 
33.0 
34.1 

4.6 
5.1 
5.6 
6.1 
6.8 
7.2 
7.6 
8.1 
8.8 
9.7 

10.7 
11.5 
12.4 
13.3 
14.1 
14.9 
16.0 
17.6 
19.5 
20.4 
21.5 
23.0 
24.2 
25.4 
26.9 
29.0 
30.8 
32.5 
34.0 
35 ■> 
36.7 
37.9 

5.1 
5.6 
6.2 
6.8 
7.3 
7.9 
8.3 
8.9 
9.7 

10.7 
11.7 
12.7 
14.6 
14.6 
15.5 
16.4 
17.6 
19.3 
21.5 
22.5 
23.6 
25.3 
26.7 
27.9 
29.6 
31.9 
34.0 
35.8 
37.4 
39.0 
40.4 
41.7 

“ After Moulton und Schaub (102). 
11 Decimal form. 
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The highway agencies of the Provinces of Alberta and 
British Columbia assess the supporting capacity of the sub¬ 
grade by rebound deflections measured with the Benkelman 
beam. Deflections may be measured on the subgrade, for 
design of the layered structure, or on a partially constructed 
or completed pavement, in which case the deflections com¬ 
prise the response of the layered system, including the sub¬ 
grade, to loads. The Canadian Good Roads Association 
analyzed a large number of deflection measurements made 
throughout Canada {¡03). Deflections were measured 
throughout the spring, summer, and fall (Fig. 26). but the 
peak spring deflections comprise the critical input parame¬ 
ters to the RTAC design procedure except for roads on 
which spring axle loads will be restricted, in which case the 
average fall deflections govern the design. A major advan¬ 
tage of this method of characterizing subgrade support is 
that the seasonal variation in support is measured, and to 
some extent is factored into the design procedure. The fact 
that the measured deflection is a system response can be 
advantageous, because it gives insight into the seasonal 
variation of stiffness of the other layers and into the effect 
of the superposition of layers of different stiffness. It may 
also be disadvantageous, because the measured deflections, 
and the criteria for their use in design of conventional-type 
layered systems, are not easily interpreted for use in de¬ 
signing pavements with radically different materials or lay¬ 
ered structures, or for pavements for greatly different load¬ 
ing conditions. 

The dimensioning of pavement structures in three of the 
agencies surveyed is not dependent on subgrade soil prop¬ 
erties; no characterization of soil support is made. Stan¬ 
dard sections have been established as suitable for the con¬ 
ditions prevailing within each of the respective states, and 
one of these is selected in relation to projected traffic. Sub¬ 
grade properties are a factor in judging the depth of under¬ 
cutting and replacement with better materials; nevertheless, 
the question remaining for consideration is whether stan¬ 
dard sections that perform adequately over weak subgrades 
are not overdesigned and unnecessarily expensive for other 
locations where subgrade support is stronger. 

Turning to the characterization of susceptibility of sub¬ 
grade soils to frost heave. Table 3 indicates that the frost- 
susceptibility classifications or criteria most widely used are 
based on the percentage finer than 0.02 mm. the percentage 
passing the No. 200 sieve, and soil classification. Eight of 
the agencies surveyed have no criteria for identifying or 

classifying frost-susceptible subgrade soils. The research 
studies mentioned previously have shown that the percent¬ 
age finer than 0.02 mm is a reasonably reliable indicator of 
the relative severity of frost heaving that would be expected 
in various soils under given conditions of moisture and 
freezing temperature regime. Measurement of the fraction 
finer than 0.02 mm necessitates a hydrometer analysis or 
other test based on Stokes' law for the velocity of a spheri¬ 
cal particle falling through a fluid medium, and conse¬ 
quently is subject to the complications and inaccuracies 
inherent in those procedures. On the other hand, soil classi¬ 
fication including grain-size analysis by sieves down to the 
200-mesh size is not necessarily indicative of the fraction 
finer than 0.02 mm, and it can be questioned whether the 
[Percentage passing the No. 200 sieve can serve as a reliable 
indicator of frost action except within particular soil de¬ 
posits laid down under unchanging geologic conditions. The 
relationship of even the 0.02-mm fraction to observed frost 
heaves experienced in pavements is not yet well docu¬ 
mented. Many measurements of heave have been made 
(¡04, 105) on pavements constructed on subgrades for 
which the fraction finer than 0.02 mm was known and on 
which laboratory freezing tests had been performed, but it 
was found impossible to isolate the soil factor as a determi¬ 
nant of frost heave from other variables of moisture and 
temperature conditions. Further research is needed to re¬ 
late the fraction finer than 0.02 mm to measured pavement 
frost heaves; pending such further investigation, the 0.02- 
mm fraction still appears to be the most reliable indicator 
of susceptibility to frost heave, even though its principal 
utility is comparison of the relative frost susceptibility of 
different soils. As a basis for identification and classifica¬ 
tion of frost-susceptible soils, it can indicate the relative 
degrees of protection required over various subgrades to 
prevent damaging pavement distortion by frost heave. 

Base-Course Materials 

The essential properties of base and subbase courses affect¬ 
ing the design and performance of flexible pavements are 
(Table 3) strength, resistance to deformation, and con¬ 
stancy of volume. Deacon (96) showed that the key 
strength parameter for unbound granular base is shear 
strength, whereas for asphalt-treated bases (ATB) tensile 
and fatigue strength are the critical parameters. For 
cement-treated bases (CTB), shear strength, flexural 

Figure 26. Example of seasonal variation in rebound deflection under 18,000-lb single-axle 
load (103). 



strength, and fatigue strength are the most important 
strength parameters (/06). The modulus of resilient de¬ 
formation (resilient modulus) is a useful characterization 
of the resistance to deformation of the unbound granular 
base and ATB. The resilient modulus of unbound base is 
highly dependent on the confining pressure and moisture 
content (/07), and the modulus of ATB varies principally 
with type of bitumen, temperature, and rate of loading 
(108). Strength and modulus of elasticity of CTB are 
affected by mix variables and curing conditions. 

Because the strength and resilient modulus of unbound 
granular base are key determinants of the performance of 
pavements that incorporate such material, the designer seeks 
to optimize these properties by increasing the confining 
pressure. The effective confining pressure during applica¬ 
tion of a wheel load depends on the thickness of the over- 
lying layers and the pressure induced by the wheel load 
itself, reduced by the porewater pressure, if any, in the un¬ 
bound granular base. At degrees of saturation above about 
75 to 80 percent, pore pressure buildup in unbound granu¬ 
lar base under repeated loads has been shown by several 
investigators to severely reduce its resilient modulus ( 109. 

110. III. 112). Johnson (113) has reviewed these results 
and concluded that special drainage layers as advocated by 
Lovering and Cedergren (IN) are necessary to control 
pore pressures in unbound base materials in frost areas, 
because even a very low percentage of fines markedly re¬ 
duces the coefficient of permeability (Fig. 27). In charac¬ 
terizing unbound granular base the effect of a high degree 
of saturation must be accounted for. allowing the designer 
the alternatives of draining the base effectively or strength¬ 
ening the layered pavement structure to compensate for the 
severe weakening of the base when it becomes saturated. 

Unlike subgrade materials, which usually are not modi¬ 
fied and consequently must be tested to determine their 
properties for use in the design process, base course ma¬ 
terials usually arc mechanically processed, and often are 
chemically treated, to meet certain predetermined specifica¬ 
tion requirements for which certain properties and/or per¬ 

formance are assumed to apply. Volume changes in un¬ 
bound base courses caused by frost heave, and weakening 
during spring thaws, accordingly are restricted in current 
practice by establishing and enforcing certain requirements 
of grain size and plasticity (Table 6). Sieve analysis is the 
most widespread basis reported for restricting frost suscep¬ 
tibility, supplemented in many cases by Atterberg limits. As 
an indicator of frost susceptibility, the fraction passing the 
No. 200 and coarser sieves suffers from the same limita¬ 
tions as mentioned previously for subgrade materials. Sub¬ 
grade soils arc much more variable, however, and probably 
a better correlation could be established for base-course 
materials between that fraction and the liner fraction that 
governs frost susceptibility. It is also interesting to note that 
the maximum permissible percentage passing the No. 200 
sieve, as specified by the agencies surveyed (Table 7). 
ranges from 5 to 15 percent, irrespective of the existence of 
further specification controls on the 0.02-mm fraction. With 
bases containing up to 15 percent fines being used, there 
can be little doubt that some of those bases are detrimen¬ 
tally affected by frost action. 

The parameters characterizing the relative strength or 
stiffness of base and subbase courses, used in current prac¬ 
tice as inputs to the design equations, were determined only 
for the 11 agencies surveyed in greater detail. Pertinent 
information from the other 29 agencies that reported con¬ 
sideration of frost in their flexible pavement designs is lim¬ 
ited to responses to the question asking whether the total 
thickness of the pavement structure varies with the type 
and properties of base courses (see Appendixes A and B). 
The input parameters can be inferred from this informa¬ 
tion (Table 8). although the types of tests that are per¬ 
formed to determine some of the parameters are not known. 
HRB (/0/) has summarized the tests and criteria for mix 
design of bituminous-bound base used by the state highway 
departments of the United States. It is clear that the char- 
actei zation of base-course materials in current practice is 
indirect and suitable only for design procedures that are 
based on experience with accustomed types of pavement 

Figure 27. Gradation carves and associated permeabilities, in feet per ¡lay ( 114). 
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TABLE 6 

MEANS CURRENTLY USED TO RESTRICT FROST 
SUSCEPTIBILITY OF UNBOUND GRANULAR BASE 
AND SUBBASE MATERIAL ‘ 

OTHER 

29 AGEN¬ 

CIES RE¬ 

PORTING 

ELEVEN EROST 

AGENCIES CONSID- 

SURVEYED ERED IN 

TEST IN DETAIL DESIGN 

Grain-size distribution IGSD) by 
sieve analysis including No. 200 
sieve I 13 

GSD plus Atterberg limits 1 6 
GSD plus sand equivalent I 1 
GSD plus use of only crushed and 

processed materials I — 
GSD plus NaSO, soundness — I 
GSD plus abrasion and soundness — I 

Percentage finer than 0.02 mm 2 1 
0.02-mm fraction plus freezing test 2 — 

None 2 6 
None, because use only bound base I — 

B From information summarized in Appendixes A and B. 

structures under given environmental conditions. Under 
other, unaccustomed, conditions the dependence of the re¬ 
silient modulus of unbound base on effective confining pres¬ 
sure (a function of depth in the pavement profile and de¬ 
gree of saturation) and of asphalt-treated base on tempera¬ 
ture could lead to unsatisfactory performance of pavements 
designed by empirical methods. 

Asphaltic Surfacing Mixtures 

The properties of asphaltic surlacing mixtures that need to 
be characterized (Table 3) are tensile strength, fatigue 
strength, and stiffness. None is unique: instead, a strong 
dependence on loading conditions, mixture variables, and 
temperature has been shown (96). Meaningful characteri¬ 
zation of these properties is of critical importance to the 
design of pavements for adequate performance under par¬ 
ticular conditions, but such characterization is also very 
complex. With one exception the current practices in char¬ 
acterizing asphaltic surfacing mixtures have been excluded 
from the survey reported herein. The excluded topic is as 
important in frost areas as elsewhere: the high pavement 
temperatures that occur even in seasonal frost areas are m 
important cause of summer pavement distress, owing to the 
consequent severe reduction in strength and stiffness of 
asphaltic mixtures. The exclusion is justified only because 
the solutions to such problems reside essentially in the tech¬ 
nology of warm climates, and because of space limitations 
affecting the scope of this report. The exception mentioned 
is the current practices in designing pavements to minimize 
low-temperature cracking. Haas et al. (//5) summarized 
the investigations made in Canada of the serious problem 
of low-temperature transverse cracking of asphaltic pave¬ 
ments, which showed that the properties of the asphalt 

TABLE 7 

MAXIMUM PERCENTAGE PASSING NO. 200 SIEVE 
ALLOWED IN UNBOUND BASE AND SUBBASE 

MAXIMUM 

PERCENTAGE 

ALLOWED 

7 AGENCIES 

THAT SPECIFY 

ALSO 0.02-MM 

FRACTION OR 

SAND EQUIVA¬ 

LENT 

33 AGENCIES 

THAT 

DO NOT 

SPECIFY 

0.02-mm 
FRACTION 

OR SAND 

EQUIVALENT 

5-8 3 4 
10 2 7 

12-15 — 5 
No information 2 17 

TABLE 8 

CHARACTERIZATION OF BASE AND SUBBASE 
COURSES USED AS INPUTS TO DESIGN EQUATIONS 
FOR FLEXIBLE PAVEMENTS 

OTHER 

29 AGEN¬ 

CIES RE¬ 

PORTING 

ELEVEN FROST 

AGENCIES CONSID- 

SURVEYED ERED IN 

PARAMETER IN DETAIL DESIGN 

Layer coefficients ( AASHTO method ) 5 
Substitution ratios 2 
Gravel equivalencies — 
Crushed base aggregate equivalencies — 
CBR 1 
Triaxial modulus ( ATB only) — 
Stiffness, as function of layer thickness 

and subgrade strength 1 
Benkelman beam deflection I 
None (standard sections) 1 
No information — 

13 

1 
4 
2 

I 

I 

5 

comprise the principal factor affecting the severity of such 
cracking in pavements in a given locality, and that the most 
satisfactory parameter to characterize the low-temperature 
response of asphalts and mixes is stiffness modulus. Ac¬ 
cording to the definition of van der Poel (//6), 

-5(f, 7 )=17 (3) 
e 

in which 

SU, T) = stiffness modulus of the material for a par¬ 
ticular time, /, and temperature, T; 

<t = stress, at / and T\ and 
t = strain, at / and T. 

Stiffness modulus may be determined by direct testing or by 
indirect estimation. The relationships indicated by direct 
testing are well summarized by Haas et al. (//5), who also 
outlined the estimation of stiffness modulus of the bitumen 



by the method of van der Poel (//6), and the estimation 
of stiffness of the mix by an equation presented by Heuke- 
lom and Klomp (//7). Hajek and Haas (118) refer to 
experiments showing that indirect methods of estimating 
stiffness are satisfactory, and finding that the method of 
McLeod (//9) is the best indirect method. Hajek and 
Haas found it advantageous to use stiffness modulus of the 
bitumen as the basis for predicting the frequency of low- 
temperature cracks. The stiffness modulus is calculated for 
a loading time of 20,000 sec and a temperature equal to the 
minimum ambient temperature anticipated. Using only the 
penetration of the asphalt cement at 77°F (25°C) and its 
kinematic viscosity at 275°F (135°C), the penetration in¬ 
dex is determined (Fig. 28) and used to determine a base 
temperature corresponding to the temperature at the soften¬ 
ing point in the ring and ball test ( Fig. 29). The difference 
between the base temperature and the minimum ambient 
temperature chosen for design is entered into the nomo¬ 
graph of van der Poel (Fig. 30) to determine the stiffness 
modulus of the bitumen. 

According to the approach outlined in the preceding 
paragraph, only the penetration and viscosity are necessary 
to characterize the stiffness modulus of the bitumen for se¬ 
lection of asphaltic bitumens for mixtures that will resist 
low-temperature cracking. The specifications for viscosity- 
graded asphalts were developed (/2/) to include both these 
properties- together they define the temperature-suscepti¬ 
bility of the asphalt, those asphalts whose viscosity (275'F, 
135-0 is high for a given penetration grade or whose 
penetration (77-F, 25°C) is high for a given viscosity grade 
(Fig. 31) being less affected by temperature change and 
less susceptible to cracking. Tests at temperatures other 
than 275°F md 77°F may also be used to define tem¬ 
perature-susceptibility. Viscosity determinations at 140°F 

Uliiire 28. Mollification by Hajek and Haas (118) of 
McLeod's graph for estimation of penetration index. 

(60°C) are widely used, although the validity of tests at 
that temperature is controversial (/22). Also, it is widely 
recognized that control of low-temperature cracking ideally 
ought to be exercised through tests of the bitumen at low 
temperatures, rather than extrapolation from tests at mod¬ 
erate and high temperatures; unfortunately, simple tests at 
low temperatures with acceptable accuracy have not been 
developed as yet. 

Environmental Factors 

It has been shown in the preceding section that the proper¬ 
ties of materials used in pavement systems in seasonal frost 
areas are dependent on the environmental variables of mois¬ 
ture and temperature, including the change from frozen to 
thawed state and the critical transitional state that develops 
during the thawing process. Adequate characterization of 
materials includes definition of the effects of each of these 
variables. Application of the material parameters in the 
design process requires a forecast of the moisture and tem¬ 
perature (including frost) conditions that will exist in the 
proposed pavement system and the diurnal, seasonal, and 
long-term variations in those parameters. The methods 
available for making such forecasts are well summarized by- 
Thompson (35) and Dempsey and Thompson (124), and 
are commented upon in the following paragraphs, which 
include also a summary of current practices. In most cases, 
materials characterization in practice does not include defi¬ 
nition of variation in properties across the broad range of 
moisture and temperatures to which the materials will be 
subjected. Instead, design of pavements in much of the 
current practice is based on the most critical condition or 
some intermediate condition adjusted by a regional or cli¬ 
matic factor (123). 

Temperatures 

Temperatures (including frost) in the various layers are 
influenced by many climatic and intrinsic factors (35), 
including: 

1. Temperature factors, such as air temperature, short¬ 
wave solar radiation received at the paved surface, long¬ 
wave radiation emitted by the paved surface, and wind. 

2. Hydrologic factors, such as precipitation, evaporation, 
and condensation. 

3. Geographical location factors, such as elevation, lati¬ 
tude, degree of exposure, and proximity to bodies of water. 

4. Intrinsic factors governed by the properties of the soil, 
of which the most important are thermal conductivity, heat 
capacity, and latent heat of fusion. 

The methods of predicting temperatures in pavement sys¬ 
tems have been developed in relation to studies either of 
frost action or of the temperature-dependence of the prop¬ 
erties of asphalt-stabilized layers. The depth of frost pene¬ 
tration can be predicted by empirical and theoretical meth¬ 
ods. Empirical methods make frost penetration predictions 
based on direct measurement of frost depth in relation to 
air temperature, air freezing index, soil type, or moisture 
content, or combinations of these factors. Theoretical meth¬ 
ods are based on fundamental heat-transfer equations, from 
which formulas and charts have been developed for routine 
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use in design. The Stefan and modified Berggren formulas 
have been widely used in predicting the frost depth. Depth 
of frost penetration can also be predicted from heat-transfer 
theory, for which computer programs have been developed 
U24, from 35) that include as input parameters the cli¬ 
matic and intrinsic factors previously listed. Berg (/25) 
summarizes the numerical methods that have been applied 

to heat-transfer problems in soil/water systems, for which 
20 computer programs are currently available. 

These same heat-transfer models can be used also to pre¬ 
dict temperatures throughout the layered structure of the 
pavement, as a function of time and space. However, their 
use in practice has not been generalized as yet. and in those 
cases where temperature predictions are made at all they 
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are usually based on correlation studies between pavement 
temperatures and air temperature data recorded at nearby 
weather stations (126,127,128). 

Moisture 

Moisture in the layered structure of a pavement, like tem¬ 
perature, varies as a function of time and space, under a 
variety of mechanisms (see Chapter Two, “Identification 
of Factors Contributing to Frost Problems; Sources of 
Water”). Soil water may be classified (¿5, 124) as ground- 
water, gravitational water, and held water. The flow of 
groundwater usually is not of major concern to the per¬ 
formance of a well-designed road, which would include 
appropriate drainage facilities to negate its adverse effects, 
or would have the grade line set high enough to be above 
its influence. Gravitational water, which moves toward the 
water table under the influence of gravity, also is of sec¬ 
ondary importance to that of water held in the pores after 
gravitational flow has ceased, or which is drawn upward 
into the pores by surface tension and absorptive forces, 
whose effects create what is termed “soil suction," Soil 
suction is influenced by moisture content, soil structure. 

vegetation, and climate. The effect of each is summarized 
by Thompson (J5), who concludes that “climate is the 
dominant factor influencing the space-moisture conditions 
m pavement systems." Thompson cites the work of Croney 
and Coleman (/29) and Gurr et al. (130) relating to mois¬ 
ture transfer in the vapor phase under temperature gradi¬ 
ents, and the work of Hoekstra (/2/), which indicated sig¬ 
nificant transfer of moisture in the liquid phase toward a 
freezing front. Thompson also has summarized the avail¬ 
able empirical and theoretical methods for predicting mois¬ 
ture movement and moisture equilibria in pavement sys¬ 
tems, and concluded that although some of the empirical 
methods have been used successfully for assessing soil mois¬ 
ture and groundwater levels beneath pavement surfaces, "it 
is not presently possible to accurately predict field moisture 
conditions in pavement systems as a function of time and 
space.” 

Assessment of Environmental Variables in Practice 

In view of Thompson s conclusion, it should not be surpris¬ 
ing that empirical factors to account for environmental con¬ 
ditions are so widely used (Table 9). Of the 21 agencies 



reporting that frost is considered in design and that environ¬ 
mental factors are used, a majority use the regional factor 
of the AASHO (87) design procedure. This is a factor 
included in the design equation to make it applicable for 
design of pavements in areas with climatic and environ¬ 
mental conditions different from those at the AASHO Road 
Test site. Van Til et al. (132) summarized the use of re¬ 
gional factors by the state highway departments, and also 
the variables considered in each state in determining the 
values of the regional factors. Moisture, temperature, and 
depth of frost penetration are among the variables that have 
been used, but it is clear that the regional factor as cur¬ 
rently used is essentially a judgmental appraisal of environ¬ 
mental conditions. Van Til et al. also found that many 
agencies employing a regional factor use it only to make 
a general adjustment of the pavement design equation pre¬ 
sented in the AASHO Interim Guide (S7), according to the 
difference in severity of average environmental conditions 
within the particular state compared with those prevailing 
at the site of the AASHO Road Test. A smaller number 
of states have established a scale of intrastate regional fac¬ 
tors to account for variation in the severity of environmen¬ 
tal conditions within their boundaries. Under the AASHO 
flexible pavement design equation the regional factor is 
actually a multiplier on traffic, and its effect on structural 
number (proportional to pavement thickness) is modest. A 
typical range in regional factor of 1.0 to 3.0, for example, 
signifies variation in structural number of only about 16 per¬ 
cent. In most cases this variation would signify a difference 
of 1 to 2 in. (25 to 50 mm) of asphaltic concrete, or up to 
6 in. (150 mm) of gravel. Differences of this magnitude 
possibly can adjust adequately for differences in rainfall, 
temperature (excluding frost), drainage, etc., but further 
environmental factors or adjustments in design are neces¬ 
sary to account for the more damaging effects of frost heave 
and thaw-weakening. The AASHO Interim Guide recog¬ 
nizes that regional factors do not account for serious frost 
conditions, and leaves any additional thickness needed for 
frost protection to be determined by local experience. 

In some cases local experience is reflected in pavement 
designs by adjustment of thicknesses in certain locations, 
or over certain types of soil; in other cases freezing index 
or frost penetration is used as a factor that impacts directly 
upon design thickness, either in lieu of, or supplementing, 
the adjustment accomplished by the regional factor. Also, 
many agencies make an assessment of environmental in¬ 
fluences either in lieu of, or in addition to, the regional fac¬ 
tor by observations of the depth to the groundwater table 
(133) or the uniformity of subgrade conditions (suggesting 
little differential frost heave), or simply by the subjective 
judgment of the designing soils engineer. 

Selection of pavement structure based on the designer's 
perception of the most critical environmental conditions is 
exemplified by the practice of observation of the highest 
level attained by groundwater during the year, the highest 
freezing index experienced in a certain period of years, the 
highest static deflection observed on the subgrade or on 
nearby roads during the year, etc. Clearly, definition of the 
most critical levels reached by a time- and space-dependent 
variable is an essential element of the design process, bc- 
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Figure 31. General relationships between viscosity, 
penetration, temperature, and penetration indices for 
asphalt cements (alter McLeod, 25). 

cause failure under some modes can be caused by a severe 
condition that is reached only once. Nevertheless, with 
automatic data processing designers now can make use of 
large masses of data, and it is within their reach to base 
designs on the entire spectrum of values that each variable 
may assume. This subject is mentioned further in the next 
section under the heading "Cumulative Damage.” 

As a general conclusion to this section, it appears that 
assessment of environmental influences is one of the weak¬ 
est subsystems in the process of design of flexible pavements 
as currently practiced in seasonal frost areas. To a large 

TABLE 9 

USE OF ENVIRONMENTAL FACTORS 
IN CURRENT PRACTICE 

OTHER 

29 AGEN¬ 

CIES RE¬ 

PORTING 

I I AGEN- FROST 

CIES SUR- CONSID- 

EN VIRON MENT AL VEYED IN ERED IN 

FACTOR DETAIL DESIGN 

Regional or environmental factor used 
in design 7 14 

Freezing index or frost depth also 
used as design parameter 2 4 

Regional or environmental factor not 
used in design 4 15 

Freezing index or frost depth used 
as design parameter 1 5 
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extent the assessment is made by judgment rather than by 
evaluation of measurable parameters. Temperature vari¬ 
ables (including frost) can be modeled as a function of 
time and space by predictive techniques currently available. 
Moisture conditions cannot be accurately predicted, but 
useful empirical means of assessing soil moisture and 
groundwater are available. 

Pavement Design Equations 

The purpose of pavement design equations is to provide a 
Iramework for the systematic analysis of layered pavement 
structures to formulate the response to anticipated loads 
and environmental effects. Pavement design is but one es¬ 
sential part, or subsystem, of a pavement management sys¬ 
tem that embraces the diverse factors of cost, convenience, 
and safety of pavements throughout their life cycle. The 
design process must evaluate and account for all the spe¬ 
cific modes of distress (Table 1) to ensure a given level of 
serviceability and a given rate of deterioration. 

Fatigue 

HRB and FHWA {123), in summarizing research needs, 
concluded that well-developed and documented means exist 
for predicting the stress, strain, and deflection states within 
and at the surface of il.e pavement structure. The principal 
traffic-load-associated modes of distress, cracking under re¬ 
peated loading (fatigue) and rutting under repeated loading 
and single excessive loads, can be analyzed by the linear 
theories of elasticity and viscoelasticity. Monismith (3) 
suggests use of clastic-layer theory for structural analysis 
of distress caused by fatigue; computer programs CHEV 5L 
(Chevron Research Company), BISAR (Shell Oil Com¬ 
pany), and ELSYM (University of California) arc avail¬ 
able for this purpose. Bergan and Monismith (9/) used 
a modification of the fatigue formulation of Kasianchuk 
(/37) to simulate fatigue in a study of a four-lane divided 
highway near Regina, Saskatchewan. The fatigue failure 
predicted by the analytical procedure agreed well with the 
date on which the failure actually occurred. This study is 
an outstanding example of application of seasonal varia¬ 
tions in material properties to the analysis of the cumulative 
effects of traffic leading to fatigue failure of a road in a 
seasonal frost area. 

Permanent Deformation 

The state of the art in the analysis of permanent deforma¬ 
tion ( rutting ) under repeated loads is less advanced than 
the existing fatigue formulations. The stress-strain condi¬ 
tions in each layer must he analyzed to ensure that the 
contribution of each layer to surface rutting will be mini¬ 
mal. For the subgrade, an elastic-layer analysis can be used 
to compute the vertical compressive strain at top of sub- 
grade, for comparison with the limiting criteria of Shell 
( 134). The limiting criteria of The Asphalt Institute (/2/0 
were developed for airfield pavements, but the principles 
can be applied to roads as well. For unbound base/subbase 
courses. Brown and Pell {94) suggest as design criteria that 
the horizontal tensile stress be limited to 0.5 times the verti¬ 
cal stress plus the horizontal overburden pressure. Barks¬ 
dale (135) computes the principal stresses within the un¬ 

bound materials under wheel loads by linear or nonlinear 
elastic theory, and uses repeated-load triaxial tests to ascer¬ 
tain the corresponding plastic strains, which are summed to 
give rut depths. Field trials are needed to verify these ap¬ 
proaches to design of unbound layers. For asphalt-bound 
materials, two possible approaches still in the domain of 
research are viscoelastic analysis, with materials being de¬ 
scribed in terms of creep compliance functions, (/36) and 
an elastic analysis suggested by Heukelom and Klomp 
(/37). Neither of these approaches is readily available as 
a design method, and instead of predicting plastic strain in 
asphalt-bound layers the designer’s alternative approach is 
to minimize the contribution of asphalt-bound layers to sur¬ 
face rutting by following current standards for selection of 
bitumen of suitable viscosity, mix design, and adequate 
compaction. 

Frost Heave 

The principal nontraffic-associated modes of distress that 
depend on cold regions environmental variables are pave¬ 
ment distortion and cracking caused by frost heave and 
subsequent thaw-consolidation, disintegration of stabilized 
layers caused by freeze thaw degradation, and pavement 
cracking caused by low temperatures. There is no mecha¬ 
nistic model available, even in the domain of research, for 
prediction of frost heave or the consequent transient or 
permanent pavement roughness. The Corps of Engineers 
(20) has established design criteria for runway overrun 
pavements that express the thickness required over frost- 
susceptible subgrades to restrict differential heave within 
certain predetermined limits. These criteria, which have 
been used with apparent success on airfield pavements for 
high-speed aircraft, are based on limited field test data from 
airfield pavements and from pavement test sections. There 
are insufficient data to verify their applicability to the gen¬ 
erally thinner sections used on road pavements, on which 
greater differential heaves usually are tolerable. Experience 
has shown that heave at a point on the pavement surface 
depends on the temperature regime, the properties and 
moisture conditions of the layer or layers in which ice 
segregation occurs, and the thickness, stiffness, and weight 
of materials overlying the layer in question. A pressing 
need exists for research, including field measurements on 
pavements, for development of suitable probabilistic models 
for prediction of frost heave in terms of these parameters. 
Even more useful would be a model to express the effects 
of ice segregation directly in terms of differential heave, or 
pavement roughness. A statistical approach offers the best 
prospects for success in solving this difficult problem; how¬ 
ever, the natural variability of subgrade details will always 
leave some uncertainty, except to the extent that the ma¬ 
terials within the depth of freezing can be thoroughly 
processed for uniformity. 

Base-Course Drainage 

Effective drainage of unbound granular bases, to restrict 
transient pore-pressure buildup under rapidly applied wheel 
loads, improves pavement performance under the three dis¬ 
tress modes mentioned in the preceding paragraphs—fa¬ 
tigue cracking, permanent deformation (rutting), and frost 
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heave. Elsewhere in this report general drainage practices 
are summarized, including subsurface drainage to intercept 
inflows from springs and remove high groundwater. Special 
drainage facilities are needed, however, to remove excess 
water released by melting subsurface ice masses and water 
entering the pavement substructure by infiltration through 
pavement joints and cracks and through the pavement it¬ 
self. Substantial economies in the layered pavement struc¬ 
ture may be possible if pore pressures in unbound granular 
base or subgrade materials directly beneath the asphalt- 
bound layers may be precluded or relieved. 

Long-standing theoretical and experimental analyses by 
Casagrande and Shannon (138) form the basis for criteria 
adopted by the Corps of Engineers (56) for design of sub¬ 
surface drainage facilities for airfields. The spacing between 
perforated pipe drains under large paved areas for airfields 
is calculated to achieve 50 percent drainage of a saturated 
base course in a period not to exceed 10 days. No infiltra¬ 
tion is assumed during that period, and flow of water from 
the base toward the drain is nonsteady, decreasing at a 
diminishing rate. 

Among the most significant developments related to sub¬ 
surface drainage for highways is the work of Cedergren and 
his colleagues (114, 139. 140). Instead oí assuming ex¬ 
tended periods of no infiltration, these investigators calcu¬ 
lated the drainage conditions necessary to remove water 
from the base at a rate that would keep pace with the rate 
of infiltration of surface water through the pavement. Lat¬ 
eral flow towards a pipe drain through a base course con¬ 
taining even a small percentage of fines will not achieve this 
objective. According to their calculations, special open- 
graded drainage layers are needed, below or above the base 
course, to ailow vertical flow within the less pervious base 
along a short seepage path to the drainage layer. FHWA 
(141) adopted one of the details of the arrangements of 
drainage layers recommended by Cedergren and colleagues 
(Fig. 32), which includes an asphalt-treated (l! j to 2 per¬ 
cent bitumen) open-graded aggregate (graded from about 
'4 in. to the No. 4 sieve) below the base course. 

The arrangement shown in Figure 32 should be effective 
when the base and subgrade are unfrozen, but will not drain 
the base during midwinter partial thaws or during the early 
part of the spring thaw, when the upper part of the base 
itself would be thawed but drainage to the underlying layer 

would be blocked by the still-frozen condition at that lower 
level. Ring (142) recognized this problem and advocated 
a drainage layer placed high within the pavement system. 
Johnson (113) concluded that the open-graded drainage 
layer will have to be placed above the graded aggregate 
base, where it will thaw and become functional as a drain 
before the base itself thaws and requires pore-pressure re¬ 
lief. The essential function of the drainage layer in this 
case will be pore-pressure relief; the work of Seed et al. 
(Ill) with drained triaxial tests on saturated gravel, shows 
that the presence of water filling the voids of a gravel speci¬ 
men may not detrimentally affect the resilient modulus as 
long as pore-pressure buildup is prevented. Lovering and 
Cedergren mentioned the concept of placement of the 
drainage layer directly below the dcnsc-graded asphalt 
surface course, and Cedergrcn/KOA (140) advocated an 
open-graded drainage layer of nearly uniform grain sizes, 
bound with about 2 percent asphalt if necessary for stability 
(Fig. 33). The sound logic of this concept, particularly for 
frost areas, deserves the attention of designers and research¬ 
ers concerned with roads in frost areas. 

Currem Practice in Dimensioning Flexible Pavements 

In current design practice only empirical methods are used 
to dimension pavements to guard against excessive frost 
heave. Also, the available methods for analysis of traftic- 
load-associated distress modes are little used (Table 10). 
Nine of the eleven agencies whose practices were surveyed 
in more detail use an empirical procedure to dimension the 
pavement structures as a function of traffic, subgrade sup¬ 
port, and frost conditions: one uses standard designs de¬ 
pending only on traffic: and one uses elastic layered system 
theory. 

The most widely used design method, among these agen¬ 
cies. is that given in the AASHO interim guides. This 
method is not a frost design method, but. although relying 
on partial integration of environmental variables into the 
design by means of the regional factor, essentially leaves 
any additional thickness needed for frost protection to be 
determined by local experience. The effect of local ex¬ 
perience can be seen in Table 10. For example, Maryland 
uses 12 in. (300 mm) of granular cap over frost-susceptible 
subgrades. Maine uses an additional 24 in. (600 mm) of 
granular material in the north, and New Hampshire uses 
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Figure 32. Two-layer drainage blanket for flexible pavement system ( 141). 
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PAVEMENT SHOULDER 

a nonfrost-susceptible subbase from 0 to 24 in. thick, de¬ 
pending on the recommendation of the soils engineer. Ad¬ 
vocates of the New York standard pavement sections, with 
selection of the appropriate one based only on traffic, justify 
this system on the basis that “it works,” even under the 
great variations in terrain and environmental influences that 
are found in New York State. 

The Corps of Engineers' method includes the two alterna¬ 
tive approaches summarized in Table 10. The method gen¬ 
erally applied for road design in deep seasonal frost areas 
is based on traffic tests on airfield pavements during the 
frost-melting period. The reduced strength of the subgrade 
determines the design thickness required for various levels 
of traffic, in a manner similar to a CBR-type relationship; 
in fact, equivalent CBR values can be inferred for each FS 
group. The method also permits application of local ex¬ 
perience, if it indicates a need for additional thickness to 
provide satisfactory performance. 

Both Canadian provinces included in the tabulation use 
interesting approaches. Alberta's procedure using the de¬ 
flection measured in the spring on each layer as the basis for 
design of succeeding layers is, like the other methods based 
on AASHO. Corps of Engineers, standard thickness design, 
etc., performance proven. Saskatchewan uses the Shell Oil 
procedure based on layered system theory; currently the 
resilient modulus of the subgrade is being modeled as 
1,500 X CBR, but the laboratory test for direct measure¬ 
ment of resilient modulus is being integrated into the 
system. 

The methods of dimensioning flexible pavements were 
not queried of the other 29 agencies that reported frost is 
considered in design of their pavements. Other information 
provided in the questionnaires indicates that empirical de¬ 
sign methods are universally applied. The design equations 
used by a number of these states are described in the tech¬ 
nical literature. Minnesota's method (143, 144) is an ex¬ 
cellent example of the adaptation of the AASHO Road Test 
results to design of pavements over moderately to highly 
frost-susceptible soils in a region of deep seasonal frost. It, 
like the CGRA procedure (103), is based on spring deflec¬ 
tions, but the Minnesota procedure uses allowable deflec¬ 
tions that vary with traffic and thickness of surface course. 
In several states the empirical criteria include a require¬ 
ment that the total thickness of the pavement structure be 
not less than a prescribed fraction of the frost depth 

(Table 11). The diverse practices of the various agencies 
regarding undercutting of frost-susceptible soils in cut sec¬ 
tions also are an essential part of their respective thickness 
design practices, because the undercuts in many cases are 
backfilled with granular soil, which then comprises struc¬ 
turally superior layers within the subgrade that are addi¬ 
tional to the layered pavement structure dimensioned ac¬ 
cording to the respective empirical design method. These 
undercutting practices, summarized in Appendixes A and B, 
are influenced in some states and provinces by environ¬ 
mental variables. 

The empirical procedures used to determine the design 
thickness of flexible pavement structures include, in most 
of the agencies surveyed, an evaluation of the structural 
advantage of bound (treated with asphalt, portland cement, 
or other cementing agent ) as compared with unbound, base 
courses. The usual method is by means of layer coefficients, 
substitution ratios, or gravel equivalencies (Table 8 and 
Appendixes A and B). A notable exception is the criteria 
of the Corps of Engineers, which currently assign no addi¬ 
tional structural value to bound bases. Recent research 
findings have confirmed the structural advantage of bound 
bases, however, and recent designs by the Corps of Engi¬ 
neers have recognized these findings; modification of cur¬ 
rent criteria is anticipated. Bound bases in frost areas are 
particularly suitable for pavement structures whose design is 
not governed by the frost heave distress mode, but rather 
by traffic-load-associated distress. Examples are pavements 
over clay subgrade soils that are subject to thaw-weakening 
but do not heave severely, and over any type subgrade if 
insulation is used to prevent or restrict subgrade freezing. 

Because none of the agencies surveyed customarily em¬ 
ploys pavement structures thick enough to prevent sub¬ 
grade freezing, frost heaves occur generally in roads con 
structed throughout the northern tier of states and the 
Canadian provinces. A number of the agencies consider 
that the effect of frost heave on the serviceability of their 
pavements is minor or nil (Appendix B). This stems in 
part from the type of subgrade soils that prevail, for ex¬ 
ample, in the Great Plains, where moderately to highly 
plastic clays occur widely without inclusions or alternating 
layers of material that are more susceptible to heave. Vol¬ 
ume changes upon freezing of such clays in uniform de¬ 
posits, and particularly where favored by low rainfall re¬ 
gime, not only are slight to moderate but also tend to br 
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TABLE 10 

METHODS USED BY ELEVEN SELECTED AGENCIES 
FOR DIMENSIONING OF FLEXIBLE PAVEMENTS 

ESSENCE OK KLEXIB11 PAVEMENT DESIGN METHOD, BV WHICH THICKNESS 

STATE OR TOR GIVEN IRAI I 1C AND SERVICEABIl ITY CONDITIONS IS DETERMINED 

PROVINCE AS A I UNCTION Ol SUBGRADE SUPPORT AND TROST CONDITIONS 

Alherla 

Colorado 

Idaho 

Maryland 

Maine 

Nebraska 

New Hampshire 

New York 

Saskatchewan 

Wisconsin 
USA Corps of 

Engineers 

Emphasis is on achieving uniformity of subgrade conditions. Use stage 
construction. First construct subgrade and 2"-3" gravel. Second mea¬ 
sure BB deflection, which determines base design. Construct base plus 
2" "oil-bound" (temporary cold-mix pavement with MC asphalt). 
Third ( 1-4 years later) measure BB deflection, which determines sur¬ 
face course design. Construct AC surface course. 

AASHO interim guides, using /Lvalue and regional factor. Design ad¬ 
justed during construction after measuring /Lvalue of subgrade in com¬ 
pleted cuts and fills. 

Thickness (in gravel equivalent) determined from /Lvalue of subgrade 
and traflic index. Climatic factors are direct multipliers on gravel 
equivalent. Adjusted gravel equivalent converted to standard thick¬ 
nesses of AC surface and ATB or CTB. to determine required thickness 
additional base of unbound gravel. 

Design equation of AASHO interim guides used to determine thickness 
of AC plus equivalent DGA. Substitution ratios used to convert DGA 
to other types of bound and unbound bases. L ost conditions enter de¬ 
sign equation only through regional factor and FS classification of sub¬ 
grade. FS subgrades are reinforced with 12" granular cap (assigning 
it a CBR of 7) or stabilized with cement. 

AASHO interim guides used for Interstates, but checked also against 
thickness requirement from C of E design curve for 2()-k wheel load in 
relation to FS group. Usual thickness for HD roads about 32", but 
1-95 north of Bangor has additional 24'' gravel. Thickness I and S roads 
determined principally from C of E curve related to FS groups. 
Usual design is "full-depth AC," whose thickness is determined as the 
AC surface course thickness from AASHO interim guides, plus black 
base to achieve the structural number required by the interim guides. 
Frost conditions do not enter design equation. Full-depth used even 
on heavy clays, but only if treated with lime. 

Prefer provide NFS material to full depth of frost but actually get some 
subgrade freezing because Interstates have 5½ "-10" AC plus 4K" 
NFS. and other highways less. Thickness AC and granular base stan¬ 
dardized for particular values of A ADI. but thickness NFS subbase 
varies from 0 to 24" on recommendation of soils engineer. 

Standard designs depending only on class of highway and DHV, whose 
thicknesses were determined by evaluation of performance of pave¬ 
ments under similar terrain and environmental conditions. Emphasis 
is on achieving uniformity of subgrade conditions. 

Shell Oil procedure, which utilizes layered system theory. Stiffness value 
used for AC is a function of properties of bitumen and temperature. 
Slitfness of unbound bases varies with thickness and with strength of 
subgrade. Stiffness of subgrade taken as 1500 x CBR. after adjust¬ 
ment of CBR downward by 2 percent in cuts, downward severely in 
lake basin sediments, and upward by 2 percent where drainage is ex¬ 
cellent. 

AASHO interim guides. 
Thickness required above subbase, and above base, determined by em¬ 

pirical design curves, from their respective CBR values. Total thick¬ 
ness of NFS material required above subgrade determined as the 
lesser of: (1) thickness required to limit frost penetration into sub¬ 
grade. which depends principally on DFL or (2) thickness required 
over thaw-weakened subgrade to maintain structural adequacy of 
pavement, which depends on FS group. In latter case, additional thick¬ 
ness may be required to reduce heave. 

uniform and contribute little to pavement roughness. Some 
agencies take special precautions to avoid abrupt discon¬ 
tinuities in the subgrade at culverts by using sloping transi¬ 
tions in the depth of granular backfill (Table 12 and Fig. 
34). Similar granular wedges are also provided by some 

•’encies at transitions from cut to fill (Fig. 35). 

In soils that undergo serious ice segregation various tech¬ 
niques of subgrade preparation are employed to minimize 
differential frost heave. These include removal of isolated 
deposits of the most heavc-susccptiblc soils, scarifying and 
blending the top I to 2 ft (0.3 to 0.6 m) of the subgrade 
to break up undesirable stratification and distribute uni- 
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TABLE 11 

MINIMUM PAVEMENT STRUCTURE THICKNESSES 
IN RELATION TO FROST DEPTH_ 

MINIMUM PAVEMENT STRUCTURE 

STATE THICKNESS DESIGN PRACTICE 

Connecticut V* to -¾ depth of frosi in coldest y<.Ui in 
5 years. 

Nevada '/j estimated frost depth. 
New Hampshire Prefer 100'f of frost depth, but not always 

feasible. 
Oregon >/j maxmium frost depth. 
Pennsylvania '/'< to -¼ depth of frost in coldest year in 

10 years. 
Washington '/j recorded frost depth. 

:l In most cases the base and subbase must he NFS (see Appendixes A 
and B) 

formly pockets of silt or other heave-susceptible material, 
removal of boulders from the subgrade within the depth of 
frost penetration, special drainage facilities in wet areas, 
cleaning of soil-filled joints of rock in cuts and re-filling 
with better material, and fragmentation of rock in cuts 
to break up stratification and distribute heave-susceptible 
materials present in joints and seams. 

Low-Tempi-rature Cracking 

The second principal nontraffic-associated mode of distress 
that depends on cold regions environmental variables is 
transverse pavement cracking caused by contraction at low 

temperatures. A number of analytical approaches for solu¬ 
tion of this problem are available. Christison and Ander¬ 
son (145) analyzed test roads in Alberta and Manitoba and 
predicted their susceptibility to low-temperature cracking. 
Thermally induceu uresses in the asphaltic pavement were 
calculated by applying an assumed coefficient of thermal 
contraction in formulas applicable to an elastic beam, a 
viscoelastic beam, and a viscoelastic slab: the computed 
stresses were compared to tensile strengths of the asphaltic 
mixture determined by tensile splitting tests. 

Hajek and Haas (118) developed a mathematical model 
for predicting the cracking index (number of transverse 
cracks per 500-ft (150 m) section of two-lane highway) 
by means of a regression analysis of observed cracking 
indices and other pertinent data from 32 sites on roads in 
Ontario and the Ste. Anne Test Road. The equation ex¬ 
presses cracking index as a function of stiffness of the 
asphalt cement, total thickness of the asphaltic concrete 
layers, age of the asphaltic concrete layers, type of sub¬ 
grade, and minimvim winter temperature selected for design. 
Fromm an I Pliang (146) developed a simplified chart for 
selection of suitable asphalt cement for different tempera- 
iure regimes. Their relationship between design tempera¬ 
ture, penetration, and penetration index is based on findings 
from the Ste. Anne Test Road that r pavement should still 
be crack-free until the stiffness modulus of the asphalt 
cement has reached 20,000 psi ( 140 MPa). Based also on 
the Ste. Anne Test Road and observations of other roads in 
Canada, McLeod (25) concluded that cracking will not 
occur when the modulus of stiffness of the asphaltic con¬ 
crete is less *han 1,0^0,000 psi (7,000 MPa), measured at 
a loading time of 20,000 sec (5.55 hr), and developed 

Í- -/..- ,A>. 

Figure 34. Treatment of centerline culvi 'ts in plastic soils (Minnesota). 
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charts to select grades of asphalt cement to avoid low- 
temperature cracking (Fig. 36). 

As stated previously, 40 of the agencies surveyed re¬ 
ported the occurrence of low-temperature transverse con¬ 
traction cracks in their asphaltic pavements, and most of 
them recognized such cracks as significantly affecting the 
serviceability of their roads. The seriousness of the prob¬ 
lem has been recognized only within the past 10 to 15 years, 
however, and it is probably for this reason that so many 
agencies are taking no special action in selecting asphalts 
to minimize low-temperature cracking (Table 13). Sixteen 
of the 40 agencies are taking no precautions toward that 
end. The effectiveness of the practices of many of the other 
agencies also is questionable, insofar as specifications re¬ 
quire a measure of stiffness (viscosity or penetration) at 
only one temperature, thus admitting asphalts of widely 
differing temperature susceptibilities. Penetration grading 
under ASTM D 946 requires conformance with a specified 
range of penetration at 77'F (25°C), and unless the 12 
agencies using penetration-graded asphalts have supple¬ 
mented the ASTM standard with viscosity or penetration 
at another temperature the performance of their pavements 
at both high and low temperatures could be adversely af¬ 
fected. Viscosity grading is used by 6 agencies, and most 
of these adhere to the limits set by AASHO M226, which 
offers the important advantage of including requnements of 
penetration at 77'F and viscosity at higher temperature 
(two temperatures in fact, at 140 F—60'C—and 275 F— 
135'C). Viscosity grading per se. however, does not con¬ 
trol low-temperature cracking, particularly when the limit¬ 
ing penetration and viscosities were developed to include 
nearly all asphalts produced in the United States ( 21) and 
may not be high enough to control temperature suscepti¬ 
bility sufficiently to reduce low-temperature cracking ( 147). 
The asphalt selection practices that appear most effective 
are those of four Canadian provinces, where high-viscosity 
asphalt cement is specified or the asphalt is selected lo be 
within a limiting stiffness at the design low temperature. 
Softer grades of asphalt cement (to 300-400 pen.) also are 
used, as well as viscous grades of slow-curing road oils. 

Shahin and McCullough (26) have viewed thermally- 
induced cracks differently from most other investigators 
referenced in this section. Results from Shahin and Mc¬ 
Cullough's computer simulation, which predicted cracking 
by thermal fatigue and thermal shrinkage, agreed well with 
observed results from the Ontario Test Roads and the 
Stc. Anne Test Road in Canada. Additional quantitative 
data are necessary to more completely validate this 
procedure. 

Freeze-Thaw Effects in Stabilized Layers 

The third principal nontrartic-associated mode of distress 
that depends on cold regions environmental variables is 
disintegration of stabilized layers caused by frcczc-thaw 
degradation. The state of the art in the analysis and con¬ 
trol of such effects is summarized in a succeeding section 

f this report. 

Cumulative Domäne 

The combined destructive action of traffic and climatic or 
environmental loads causes distress mechanisms to develop 
within the layered pavement structure and to propagate and 
produce distress under the modes of cracking, distortion, 
and disintegration. In most cases the damage takes place 
under repeated applications of either wheel loads or cycles 
of freezing and thawing, each repetition causing damage 
which, in its cumulative effects, eventually leads to a level 
of distress such that the pavement is no longer serviceable 
and must be rehabilitated. The rate of damage accumula¬ 
tion is highly dependent on seasonal environmental changes. 

It has been shown, for example, that the rate of consump¬ 
tion of the fatigue life of a pavement is strongly influenced 
by the stress-strain properties of the asphaltic concrete and 
the subgrade soil ( 95), both of which change radically from 
one season to the next. Traflic-load-associated deformation 
also increases with increasing repetitions of wheel loads, 
and the effects of a given number of repetitions are more 
severe when the temperature of the asphaltic concrete is 
high and when the subgrade is softened by thawing condi¬ 
tions. Freeze-thaw degradation of stabilized layers clearly 
is progressive as the number of freezing cycles increases. 
Low-temperature cracking becomes more pronounced as 
the age of the bitumen increases, and probably also with 
an increasing number of diurnal and longer-term cycles of 
sharply falling temperatures. Even distortion caused by 
frost heave, often considered a transient manifestation of 
distress that produces roughness only in winter, sometimes 
leaves residual irregularities after thawing is complete, 
which become more severe after several years of seasonal 
freezing. This cumulative effect is particularly pronounced 
in the case of boulder heaves, which arc described in 
Chapter Two. 

In design practice the cumulative nature of damage to 
pavements, leading to manifestations of distress, is recog¬ 
nized and treated in varying degrees of eltectivencss and in 
various ways. Those agencies whose design procedures ac¬ 
count for low-temperature cracking, distortion caused by 
frost heave, and freeze-thaw degradation of stabilized lay¬ 
ers seek to employ materials or lasered structures that will 
prevent or minimize the initiation of distress of these types, 
rather than to limit the accumulated damage under a se¬ 
lected number of years or seasonal cycles to a certain pre¬ 
determined level in consonance with the desired perform¬ 
ance. Currently, no better alternative approach is available. 
The cumulative nature of damage caused by traffic loads is 
recognized and treated in current design practice by the 
dependence of the pavement structure thickness on the 
number of load repetitions selected for the design of each 
project. Such dependence is common to the design prac¬ 
tices of all the agencies surveyed, excepting those that em¬ 
ploy the CGRA procedure. The equations expressing the 
dependence have generally been developed through experi¬ 
ence showing that under the environmental conditions pre¬ 
vailing in the particular state, a given pavement structure 
reaches a terminal limiting level of serviceability a'ter a 
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TABLE 12 

USE OE IRANSITIONS AND OTHER MEANS TO REDUCE FROST ACTION AT CULVERTS AND STRUCTURES“ 

SI A11 . PROVINO-* OR AGENCV 

Alaska 

Alberta 

British Columbia 
California 

Colorado 
Connecticut 

Idaho 

Illinois 
Indiana 

loua 

Kansas 
Maine 

Maryland 
Massachusetts 

Michigan 

Minnesota 

Montana 
Nebraska 
Nevada 

Neu Hampshire 

New Mexico 
Neu York 

North Dakota 

Nova Scotia 
Ohio 
Ontario 

Oregon 
Pennsylvania 

Quebec 

Saskatchewan 
Utah 
Vermont 

Washington 
West Virginia 
Wisconsin 

USE NES UACKI II I ADJACENT 
TO CULVERTS? 

Yes. <l2ri passing No. 2(H) 
sieve and PI 6. 

No. Strive to prevent discon¬ 
tinuity in subgrade perform¬ 
ance. 

Occasionally 
Pervious backfill used for all 

structures. 
No 
Yes. pervious backfill for bet¬ 

ter compaction. 
No. always backfilled with soil. 

No 
Yes, granular fill. 10'í 

passing No. 200. 
No 

No 
Not done except by error in 

emergency repairs. 

No 
No 

Yes. loss by washing not to 
exceed lr/r . 

Use granular material with 
I 5r; passing No. 200. 

No 
No 
No 

Above and beside culverts, use 
sand and gravel with 15^ 
of minus No. 4 passing No. 
200. 

Use A-2-4 or belter. 
Yes, with <10f; p.,ssing No. 

200, and <70fr passing No. 
40. 

Use slightly cohesive granular 
material. 

Yes. free-draining granular. 
No 
Yes. granular backfill if frost 

below top of pipe. 

Yes, free-draining material. 
Yes. equivalent to subbase. 

Yes, «CIO'; passing No. 200. 
and <3fr passing No. 270. 

Nl 
Yes 
Yes. granular backfill for 

structures and culverts. 

Yes. free-draining material 
Yes. granular material. 
Yes. granular backfill. 

USE TRANSITIONS OE DEPTH 
OE NFS MATERIAL ADJACENT 
TO CULVERTS? 

Yes. 3:1 cut slope for trench 
filled with bedding material. 

No, require 2 feet cover of 
common fill between top 
of pipe and subgrade. 

Occasionally 
No 

No 
No 

No 

No 
No 

No 

No 
Sometimes. 20:1 slopes. 

ANY OTHER SPECIAL TREATMENTS 
TO MINIMIZE FROST ACTION 
AT STRUCTURES? 

Sleeves for piles to prevent frost 
jacking. 

Piles driven deep to resist frost. 

No 
No 

Yes 

Yes. of granular backfill. See 
Fig 

No 
No 
No 

Only if cover <4 feet. 

No 
Yes. if regional soils engineer 

so requests. 

Yes. in designated locations. 

No 
No 
Yes 

No 
No 

Yes 

Nl 
No 
Yes 

No 
No 
Yes 

Nl 
No 

No 
No 

Some pervious backfill used for 
structures at high embankments. 
No 
No 

Granular fill behind bridge abut¬ 
ments. utility ducts below frost. 

No 
Backfill with excavated soil. Use 
insulation above or below shallow 
culverts. 
No 
Gravel backfill for bridge footings 

and walls. 
Compacted granular backfill for 
footings. Minimum cover 3 feet 

over culverts, 4 to 5 feet over 
substructure units. 

Granular fill for bedding and for 
bridge approaches. 

No 
No 
Membranes to protect decks from 

deicing chemicals. 
Grade set to provide cover over 

culverts '4 feet. 

No 
Synthetic insulation for shallow 

pipes (experimental). Granular 
backfill for all structures. 

No 

No 
No 
Native soil backfill for warm pipes 

such as sewers: transition of 
granular fill at bridge approach. 

No 
Nonfrost-susceptible pervious 

backfill in critical areas. 
High strength required for con¬ 

crete exposed to deicing chemi¬ 
cals and to freeze-thaw. 

Nl 
No 
Polystyrene insulation beneath box 

culverts on frost-susceptible 
soils. 

No 
Underdrains for structures. 
Special drainage, polystyrene in¬ 

sulation. 
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TABLE 12 (CUwlinufil) 

STATE. PROVINCE. OR AGENCY 

Wyoming 

USDA-Forest Service 
USDOD-Corps of Engineers 

USDT-Federal Flighway 
Admin.. Region 15 

Massachusetts Turnpike 
Authority 

Portland Cement Asso¬ 
ciation 

USE NES BACKFILL ADJACENT 

TO CULVERTS? 

Sometimes use pervious back- 
till. 

Ves 
Ves 

Ves, free-draining material 
that will not be intruded by 
local soil. 

Yes. clean sand or gravel to 
top of slope. 

Nl 

USE TRANSITIONS OF DEPTH 

OF NFS MATERIAL ADJACENT 

TO CULVERTS? 

No 

No 
Yes 

No 

No 

Yes. we recommend this. 

ANY OTHER SPECIAL TREATMENTS 

TO MINIMIZE FROST ACTION 

AT STRUCTURES? 

No 

No 
Culverts and foundations below 

frost depth, also special drain¬ 
age. 

No 

Minimum cover over culverts 3 
feet. 

Nl 

— i informa 

certain number of traffic-load repetitions. The seasonally 
varying rate of damage accumulation in most cases has not 
been explicitly treated; instead, the total accumulation over 
a period of several years has been averaged. In other cases, 
such as the Corps of Engineers method and the Minnesota 
method, the design is based on the critical spring thaw con¬ 
dition, during which the rate of damage accumulation 
reaches a maximum. 

Methods are available, however, for design of pavements 
based on the annual accumulation of damage that occurs at 
widely varying rates depending on temperature and freez¬ 
ing cycles. Moulton and Schaub (/02) expressed the dura¬ 
tion of the spring period of reduced subgrade support as a 
function of frost penetration, pavement thickness, and frost- 
susceptibility classification, and assumed the occurrence, im¬ 
mediately following construction, of a period of reduced 

'■¡giire .(5. Granular wedges at transitions from cut to fill (Idaho). 
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,0r se,ec,in« Brades of asphalt cement to 
inouï Ion-temperature transverse pavement cracking (25). 

support equal to the sum of the annual weakened periods 
that occur throughout the design life. During the remainder 
of the des.gn life, normal subgrade support was assumed 
to prevail, and separate increments of pavement thickness 
were calculated to carry the traffic projected during each 
penod; the sum of the two incremental thicknesses gave 
the total thickness required. Marek and Dempsey U4fi) 

showed how a heat-transfer model may be combined with 
an elastic layered system analysis to compute stresses and 
deflections throughout the entire spectrum of seasonal varia¬ 
tion in material properties that occurs in a 12-month pe¬ 
no . This is an essential analytical process without which 
no analysis of cumulative damage could be wholly plausi¬ 
ble. As the authors made many simplifying assumptions 
regarding seasonal variations in material response, the re¬ 
sults are not definitive; their principal value is in the illusra- 
t.on of the concept and a procedure for use of heat-transfer 
mode s as an adjunct to stress analysis. An analysis of ac¬ 
cumulated fatigue damage on a highway in Saskatchewan 
has been reported by Bergan and Monismith (91). The 
stiffness of the asphaltic concrete in the critical spring, 
summer, and fall months of April through October was 
determined in relation to pavement temperatures calculated 
for an average day in each month. Subgrade moduli were 
calculated from deflection measurements during the same 
period. Daily fatigue was accumulated during six 4-hour 
intervals, and summed for each year since the road was 
opened to traffic; the accumulated fatigue damage was used 
successfully to predict the year of pavement failure. 

RIGID PAVEMENT DESIGN 

Rigid pavements also are layered structural systems But 
unlike flexible pavements, they consist usually of not more 
than three layers—the concrete slab, sometimes a base, and 
the subgrade. Rigid pavements evidence distress (Table I ) 

TABLE 13 

mwC. ASPHALTS TO CONTROL 
LOW-TEMPERATURE CONTRACTION CRACKING 

ASPHAL1 

SELECTION 

Peneiraiion grading, to 150 pen. 
Penetration grading, to 300 pen. 
Viscosity grading 
Viscosity grading, and use of 

softer grades, to AC-5 
Viscosity grading, and use of 

high-float emulsion 
High-viscosity asphalt cement 

in soft grades to 300-400 
pen. 

High-viscosity asphalt cement, 
and viscous grades of SC 
liquid asphalts 

Asphalts selected to have stiff¬ 
ness of 30.000 psi at design 
temp. 

No precautions taken 
No information 

11 AGENCIES 

SIRVEYED 

IN DETAIL “ 

4 
I 

OTHER 30 

AGENCIES 

REPORTING 

OCCUR¬ 

RENCE OE 

low- 

tempera- 
TURE 

TRANSVERSE 

CRACKS IN 

ASPHALTIC 

PAVEMENTS 

5 
T 

I 
16 

“One agency reponed that low-.emperalure cracking is no, a problem. 

m the form of cracking of the concrete slabs under the 
combined action of repeated traffic loading (fatigue) and 
changes in temperature and moisture, and distortion (which 
may lead to cracking) either by differential heave and 
settlement, pumping, curling caused by differential tem¬ 
perature and moisture conditions, or by faulting at joints 
and cracks. Distress in the form of abrasion by traffic and 
disintegration of the concrete is excluded from the scope of 
this report. 

Of the various causes of cracking and distortion, only 
differential frost heave and thaw settlement are unique to 
the frost areas. The load-associuted-cracking mode of dis¬ 
tress also ¡s materially affected by seasonal freezing and 
thawing—affected favorably when stresses in the slab caused 
by traffic loads are reduced owing to the frozen condition 
ot the supporting medium, and adversely when thaw- 
wcakenmg and differential thaw consolidation in supporting 
materials cause higher stresses to develop in the concrete 
slab. The net result of these contrary seasonal effects is a 
matter of controversy, as is seen in the following brief out¬ 
line of the procedures currently available for dimensioning 
concrete pavements to resist traffic and environmental 

Methods of Stress Analysis 

Tensile and flexural stresses causing cracking in rigid pave¬ 
ment slabs are of three principal types: 
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1. Warping stresses, caused as the weight of the slab 
resists the tendency of the slab to curl under temperature 
and moisture gradients from top to bottom. 

2. Longitudinal restraint (friction) stresses, caused as 
either the friction between the slab and the supporting 
medium or a physical tie to longer lengths of pavement, 
anchors, or structures restrains shrinkage of the concrete 
as its temperature and moisture content fall. 

3. Load stresses, caused as the slab resists wheel loads. 

In addition to the cracking caused by these stresses, 
cracking or crushing can also be caused by compressive 
longitudinal restraint producing lifting and buckling of the 
slab, commonly called "blow up" effects. 

These stresses can be calculated by methods summarized 
in any textbook or reference book on pavement design 
[N9, 150, for example). In usual practice, warping and 
friction stresses are relieved by dividing the pavement into 
discrete rectangular elements and providing properly de¬ 
signed joints between those elements, or are counteracted 
by steel reinforcement of the slab to control the ensuing 
cracking. The computed wheel load stress may also be in¬ 
creased by a factor to account for the residual effects from 
temperature and moisture gradients that are not neutralized 
by joints and steel reinforcement. The thickness of the slab 
is determined by calculating the flexural stresses in the 
concrete caused by wheel loads and comparing them with 
the modulus of rupture (flexural strength) determined for 
the selected concrete mix. The cumulative effects of re¬ 
peated wheel loads, causing fatigue in the concrete, also are 
taken into account in the stress analyses. 

Stresses in the slab caused by wheel loads can be analyzed 
by theories of continuously supported elastic slabs, theories 
of layered systems, or finite element models. A compre¬ 
hensive review of these methods by Barenberg (/5/) in¬ 
cludes an enlightening analysis and comparison of the criti¬ 
cal assumptions, advantages and disadvantages, and poten¬ 
tial of each approach for future development and applica¬ 
tion to pavement systems. The methods currently in use for 
analysis of rigid pavements are of the first type ( 152, 153), 
whose application is limited to two-layer systems in which 
the top layer, the concrete slab, is much stiffer than the 
bottom layer, the subgrade. ( When a very stiff base is intro¬ 
duced between the slab and the subgrade, a modified theory 
is more applicable.) In the Westergaard theory the assump¬ 
tion is made that the deflection at any point on the subgrade 
surface is directly proportional to the vertical stress applied 
at that point. The constant of proportionality, k, is termed 
the modulus of subgrade reaction, expressed in pounds per 
square inch per inch, or pounds per cubic inch. A princi¬ 
pal concern in designing pavements in frost areas to resist 
applications of wheel loads is the effect of seasonal varia¬ 
tion of subgrade modulus on the performance of concrete 
pavements. 

Three of the methods in current use (Table 14) for di 
mensioning concrete pavement structures are those of 
AASHO (87). Portland Cement Association (90). and 
Corps of Engineers (154, 20). Key assumptions and ap- 

•-oaches inherent in the three methods are compiled in 

TABLE 14 

ANALYTICAL METHODS FOR DESIGN OF 
RIGID PAVEMENTS IN CURRENT USE BY 
ELEVEN AGENCIES ' 

NO. OF 

ANALYTICAL METHOD AGENCIES 

AASHO 4 
PC A 1 
Corps of Engineers 1 
None; standard designs 2 
None; rigid pavements not used 3 

' See Appendix B 

Table 15; they are believed to be self-explanatory, and only 
certain aspects of subgrade support and of use of bases is 
enlarged upon. 

Subgrade Support 

Most of the agencies surveyed stated (Table 16) that the 
slab thickness selected by their designers varies with the 
modulus of subgrade reaction, k. Values of k determined 
in summer and tall are used in the design procedures of 
AASHO and PCA; by the former although recognizing that 
further research is needed to enable the design procedure 
to account for environmental conditions differing from 
those of the AASHO Road Test site, and by the latter in 
the professed belief that the periods of reduced subgrade 
support have very little effect on concrete pavements. PCA, 
in justifying that opinion, takes the position that concrete 
slabs reduce soil pressures to safe limits by distributing 
loads over large areas and that the accelerated fatigue 
effects during periods of reduced subgrade strength are 
offset by reduced fatigue during the period that the sub¬ 
grade is frozen. 

Vertical pressures on subgrades certainly are lower under 
rigid pavements than under flexible pavements; Barenberg 
(/57) estimated that maximum stresses transmitted to the 
subgrade through flexible pavements under highway vehi¬ 
cles range from about 5 to 30 psi ( 34 to 210 kPa), whereas 
the corresponding range under rigid pavements is about 
I to 5 psi (7 to 34 kPa). This relationship does not neces¬ 
sarily mean, however, that seasonal changes in subgrade 
stiffness arc relatively less significant for rigid pavements. 
A possible contrary perception of the lower subgrade pres¬ 
sures under rigid pavements is that if it can be assumed 
that both flexible and rigid pavements are dimensioned to 
have the least thickness the subgrade response will permit, 
the lower subgrade pressures under rigid pavements merely 
signify that to ensure acceptable performance this type of 
pavement must be dimensioned to transmit much lower 
pressures to the subgrade. Thus, simple consideration of 
the magnitude of subgrade stresses does not seem to pro¬ 
vide a definitive answer to this question. Measurements of 
pavement performance in terms of varying rates of damage 
accumulation throughout the year probably arc better indi¬ 
cators of the significance of seasonal changes in suhgrade 
/.-value, but such measurements are extremely rare. At the 
AASHO Road Test (6), a seasonal weighting function was 
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TABLE 15 

COMPARISON OF ASSUMPTIONS AND APPROACHES FOR PAVEMENT DESIGN IN SEASONAL FROST AREAS 
BY THREE CURRENT RIGID PAVEMENT ANALYTICAL METHODS 

APPROACH 

Calculation of wheel load stresses 
Equations of 
Definition of failure 

Stress calculated at 

Weslergaard (as modiñed by Spangler) 
From performance model 

Corner of slab 

PORT! AND CEMENT ASSOCIATION " 

Weslergaard 
Not explicitly defined. Design criteria 

adjusted by experience on in-service 
pavements. 

Transverse joint edge 

Factors applied to calculated stresses 
Impact factor 
Load factor 

Design factor 

Warping and f'iction stresses 
treated by 

Load repetitions treated by 

Not applied, because stress analysis used 
only to account for conditions differing 
from those at AASHO Road Test, such 
as properties of subgrade and concrete. 

Design criteria account only for such 
stresses that developed in pavements at 
AASHO Road Test 

Relationship derived from AASHO Road 
Test, expressing serviceability in terms 
of load applications 

Interstate class, 1.2; other, 1.0-1.1 

Control by proper joint design, and/or 
steel reinforcement 

Fatigue analysis based on calculated 
stress ratios,' accumulating damage 
under each axle-load group 

Modulus of rupture ( M-R ) M-R 
28 days 2g days' 
0.75 i.oo 

Modulus of subgrade reaction (I. ) k 

Determination of concrete strength 
Test for flexural strength 
Age of specimens when tested 
Factor applied to test value of M-R 

for use in design charts 

Subgrade support 
Parameter 
Determined by: 

Nonfrost areas 
Frost areas 

Increased as function of subbase 
thickness and type? 

Seasonal variation accounted for? 

Base required by design criteria 
Required for protection against 

pumping or frost action? 
Types recommended: 

Unbound 
Bound 

Thickness recommended 

Plate test or estimate 
Plate test in summer or fall, or estimate 

No, except that performance equation ac¬ 
counts for whatever seasonal variation oc¬ 
curred during AASHO Road Test. 

Dense-graded, open-graded 
CTB. ATB. lime-treated 
4 in. min. Additional thickness for frost 

protection determined by local experience. 

Plate test or estimate 
Plate test in summer or fall, or estimate 

Yes. both 

No. Summer/fall value used as rea¬ 
sonable mean value. 

Pumping 

Dense-graded. open-graded 
CTB 
4-6 in. 

Pumping and frost action 

Yes. both 

* AASHO 1972, Highway Research Board 1962 (K7. 6). 
'' Portland Cement Association 1966. Portland Cement Association 1971 (90. US). 

Department of the Army 1969, Department of the Army 1965. Hutchinson 1966. Ohio River Division laboratories 1961 1/54 2« /56 *91 
" More advanced cracking is foreseen in thickness criteria for subgrades with k > 30(] psi in 
‘ Load stress divided by modulus of rupture 
' Under certain conditions use of 90-day strength is advocated 

developed for the performance analyses of flexible pave¬ 
ments; but for rigid pavements all observed distress was 
related to pumping, seasonal variations in damage rate were 
less pronounced, and no seasonal weighting function was 
developed. Although this result of the AASHO Road Test 
supports the position taken by the Portland Cement Asso¬ 
ciation, it was shown by the Corps of Engineers’ Frost 

Effects Laboratory ( 158, 159)* that the spring reduction 
in subgrade reaction in plate bearing tests is very large, and 
examination of design criteria of the Portland Cement As¬ 
sociation (90) shows that its effect on fatigue life also is 

• Many other research investigations of loss in hearing capacity during 
thaw also have been conducted. For a comprehensive review of the litera¬ 
ture. sec Cumberledge (160' 
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CORPS OP UNPINEtRS ' 

Westerguard 
First crack in 50% of slabs '' 

Free edge or joint without load transfer 
device 

1.25 
Stress reduced by 33% to account for load 

transfer 
1.30 

Partially included in design factor, and 
partially controlled by proper joint de¬ 
sign 

F'mpirical relationship, from traffic tests 
on airfield pavements, between load 
repetitions and a thickness parameter. 
Design factor accounts for fatigue. 

M-R 

2« days 
1.00 

k 

Plate test or estimate 
Chart of k as function of FS group of 

subgrade, and thickness of subbase 
Thickness only 

No. Thaw-weakened value used for design. 

Pumping and frost action; must satisfy 
drainage criteria. 

Open-graded 

Pumping: 4 in. min. 
Frost action: varies: usually min. thickness 

equal to thickness of slab, unless soil 
and groundwater conditions favorable. 

very large. It can be shown that in accordance with the 
latter criteria the total damage accumulation (consumption 
of fatigue life) during the period of subgrade weakening, as 
determined by Sayman, would in some cases far exceed the 
total damage accumulation for an entire year computed by 
means of the design criteria by assuming the summer/fall 
¿-value applied as a reasonable mean throughout the year. 

TABLE 16 

DETERMINATION AND USE OF MODULUS 
OF SUBGRADE REACTION, k, IN DESIGN 
OF RIGID PAVEMENTS 

OTHfcR 

29 MjtN- 

CIES RK- 

PORTING 

I I AGEN- PROST 

CIES SUR- CONSID- 

VEYED IN ERËD IN 

ITEM DETAIL ' DESIGN '' 

Use of rigid pavements: 
Used K 22 
Not used 3 7 

Does design thickness of slab vary 
wiih ¿-value? 

Yes 7 14 
No I 7 
No information — 1 

How is ¿-value determined? 
Correlated with CBR, W-value, or 

triaxial test data 4 7 
Correlated with soil classification 

data I I 
Inferred from FS group I — 
Estimated I — 
Plate test or estimate — I 
No information — 5 

Is ¿-value increased depending on 
thickness and/or type of selected 
subbase'’ 

Yes 5 10 
No 2 4 

" See Appendix B. 
'' See Appendix A. 

The Corps of Engineers, in current design criteria for 
rigid pavements in seasonal frost areas (20), makes use of 
sharply reduced ¿-values, which were developed from ex¬ 
tensive traffic tests on airfield pavements during frost melt¬ 
ing periods. Values of reduced ¿-value divided by normal 
summer ¿-value corrected for saturation depend upon the 
frost-susceptibility classification (FS group) of the subgrade 
soil, and with the thinnest permissible bases (4 in., 100 mm) 
generally are between about 0.1 and 0.5. With thicker bases 
the reduction is considerably less. The thickness of the 
concrete slab is determined as if the reduced ¿-value were 
applicable throughout the year. 

The practice of the Corps of Engineers of applying the 
reduced ¿-value in the design of pavements for service 
throughout the year appears to be excessively conservative, 
although the assumption by the Portland Cement Associa¬ 
tion that the summer/fall value is a reasonable mean an¬ 
nual value seems to be decidedly unconservative. On the 
other hand, experience indicates satisfactory performance 
of pavements designed by both these methods. The AASHO 
method, leaving to local experience the determination of 
necessary frost protection, could lend itself to either under¬ 
estimation or exaggeration of the seasonal effects. To com¬ 
plicate matters further, the diversity of special factors ap¬ 
plied to stresses and strengths, and other differing practices 
of the three agencies (Table 15). makes it virtually impossi- 
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ble to compare the design methods solely on the basis of 
method of appraisal of seasonal variation of /t-value. 

One is led to conclude that the state of the art in assess¬ 
ing subgrade support is quite rudimentary on at least two 
counts: First, excepting the design ¿-values used by the 
Corps of Engineers that are based on traffic tests, the sub¬ 
grade modulus is conventionally measured under a single 
application of a static load on a plate, or estimated from the 
results of other static and nonrepetitive load tests, even 
though the dynamic etfects of traffic loads, and their many 
repetitions, are known to cause a different subgrade re¬ 
sponse. Second, the subgrade modulus is conventionally 
assessed at only one season, even though its seasonal varia¬ 
tion has a marked effect on the rate of accumulation of 
fatigue damage. 

Use of Base 

Bases are used beneath rigid pavements for many reasons, 
including: (a) to prevent pumping; (b) to control volume 
change in expansive clay subgrades; (c) to reduce frost 
heave; (d) to minimize loss of subgrade support during 
spring thaw; (e) to increase the modulus of subgrade re¬ 
action; (f) to provide a more stable working platform for 
construction equipment; (g) to replace soft or highly com¬ 
pressible subgrade soils; and (h) to provide drainage. The 
prevention of pumping is a primary and essential require¬ 
ment and most of the agencies surveyed recognize its im¬ 
portance (Table 17). Pumping is a problem that must be 
addressed in designing any rigid pavements whose support¬ 
ing materials may at some time have high moisture con¬ 
tents. Consequently, prevention of pumping through use of 
a suitable base course is especially critical in pavements 
whose subgrades will experience freezing and thawing, 
which in most instances cause a sharp increase in moisture 
content during the spring. Criteria are available, from the 
three design procedures already referred to, for selecting 
either granular unbound base or one of several types of 
treated bases for the purpose of affording protection against 
pumping. 

Among the various functions of bases, only those related 
to frost heave and loss of subgrade support during thaw are 
considered further herein, as the others are important also 
m regions that do not experience frost. The use of granular 
base or subbase as a means of draining a flexible pavement 
substructure (see earlier sections on “Base-Course Mate¬ 
rials" and “Base-Course Drainage”) in large part is ap¬ 
plicable to rigid pavements as well. Both detrimental heave 
and thaw-weakening can be controlled and largely pre¬ 
vented by use of thick bases. Criteria of the Corps of 
Engineers (56) that were developed from research and ex¬ 
perience with airfield pavements can be used to determine 
the combined thickness of pavement and nonfrost-suscepti¬ 
ble base that would be necessary either to prevent subgrade 
freezing or to severely limit the depth of frost penetration 
into the subgrade. These criteria were developed to restrict 
total and differential heave to amounts acceptable for high¬ 
speed airfield runways. In areas of high freezing index, the 
thickness required to fulfill these criteria is too great to be 
economically feasible for roads. Furthermore, the high 
degree of control of frost-induced pavement roughness 

afforded by these airfield pavement criteria is not necessary 
for roads, which under Corps of Engineers’ criteria gen¬ 
erally are designed by the alternative approach of ensuring 
only that the pavement can resist the imposed wheel loads 
during the critical spring period of reduced subgrade sup¬ 
port {133). Frost heave in such cases can be excessive, 
however, and additional base thickness is sometimes used 
to keep pavement heave and consequent cracking within 
tolerable limits (Table 18). A more generalized practice 
of the agencies surveyed is to control differential heave by 
special techniques of subgrade preparation and tapered 
transition wedges. These techniques are similar to those 
described for flexible pavements (see earlier section on 
Current Practice in Dimensioning Flexible Pavements") 

and include undercutting of heave-susceptible soils and re¬ 
placement with selected material, removal of boulders, 
scarifying and blending the top I to 2 ft (0.3 to 0.6 m) 
of subgrade to interrupt undesirable stratification, cleaning 
of soil-filled joints of rock in cuts and refilling with better 
material, in-place fragmentation of rock in cut sections by 
blasting, and transition wedges of granular soils at center- 
line culverts and at changes from cut to fill either in the 
subgrade profile or cross section. 

There is general agreement that base course reinforces 
the subgrade; the three design methods summarized in 
Table 15 recognize an increasing ¿-value with increasing 
thickness of base, and 15 of the 21 agencies that use 
¿-values in design apply a scale of increases of that pa¬ 
rameter related to increases in base thickness (Table 16). 
As the fatigue damage to a concrete slab appears to depend 
heavily on the degree of spring weakening of the subgrade, 
it follows that use of base course of adequate thickness 
should be an effective means of reducing the incremental 
slab thickness that, in the absence of a base, would be 
necessary for satisfactory performance in fatigue during the 
weakened period. The strengthening effect of untreated and 
treated base course is shown by the criteria of the Portland 
Cement Association (90) reproduced in Figure 37. The 
values given refer to average summer/fall conditions and 
do not include any reduction during the spring thaw. Corps 
of Engineers’ practice in selection of the thaw-weakened 
¿-value of a given subgrade soil, as a function of the thick¬ 
ness of granular nonfrost-susceptible base, is shown in 
Figure 38. 

Use of Rigid Pavements and Selection of Design 

Thickness in Practice 

Although the extent of use of different types of pavements 
was not a principal topic of inquiry in the survey of prac¬ 
tices, it is worthy of note that 10 of the 40 agencies report¬ 
ing that frost is considered in their road design do not use 
rigid pavements. The reasons for this policy were not 
queried, but it is known that among the various factors are 
local or regional conditions affecting construction costs and 
concern with the effects of differential frost heaving. On 
the other hand, Appendix B shows that several agencies 
have made only limited use of flexible pavements, particu¬ 
larly on Interstate and other heavy-duty roads, where pave¬ 
ments in those states have been almost entirely rigid. These 
use patterns appear to have developed in response partly tr 
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performance and cost experience, partly to traditional pref¬ 
erences and prejudices of the agencies concerned, and 
partly to the particular established sources of financing 
for construction and maintenance activities. 

It has been noted that in the design practices of several 
agencies no measurement or estimate of subgrade support 
is made and slab thicknesses are selected without regard to 
subgrade properties, whose reasonable uniformity and ade¬ 
quacy are achieved through various techniques of subgrade 
preparation. In those cases, the slab thickness depends only 
on a proiection of the number of repetitions and weight of 
axle loadings. Nevertheless, it appears that even those agen¬ 
cies making use of ¿-values in their design procedures have 
adopted slab thicknesses, and in many cases bases as well, 
that are essentially standardized. Only a slight dependence, 
even on traffic, can be discerned from the pattern of use 
of particular slab thicknesses. The limited data on layered 
pavement structures summarized in Appendix B tend to 
confirm the extensive survey of practice reported by the 
Portland Cement Association ( 161), which shows that most 
concrete pavements for highways in the United States and 
Canada are 8 or 9 in. (200 or 230 mm) thick, with a few 
as thick as 10 in. (250 mm) and fewer still that are less 
than 8 in. These results, which apply across a wide range 
of temperature and moisture conditions, and to a wide 
range of traffic loadings and repetitions, strongly suggest 
an element of overdesign in many existing pavements where 
environmental conditions and traffic are less severe; they 
also lay emphasis on a need for adoption of procedures to 
optimize the slab thickness as a function of these critical pa¬ 
rameters. This need can be met in part by making use of 
a cumulative damage approach similar to the fatigue analy¬ 
sis of the Portland Cement Association (90), but with the 
important distinction of use of seasonal mean ¿-values from 
measurements in spring, summer/fall, and winter rather 
than values assumed to represent annual means. Further 
developments, to assess more accurately the effects of bases, 
stabilized or cemented materials in multiple layers, com¬ 
posite pavements comprising several stages of overlays, dy¬ 
namic effects of moving loads, etc., must await evolution, 
from the domain of research to that of design practice, of 
the layered system and finite element models, which have 
greater potential for these purposes than the elastic slab 
models currently in use. 

ROADWAY DRAINAGE PRACTICE 

As is well known, adequate surface and subsurface drain¬ 
age is a fundamental objective of the pavement design 
process. Adequate drainage is even more essential in areas 
of seasonal frost than elsewhere, because water is responsi¬ 
ble for the majority of the ill effects of low temperatures. 
Virtually all highway design agencies in areas subject to 
seasonal frost employ drainage features in design that arc 
particularly suited to minimizing frost problems. It is not 
intended here to give a synthesis of general drainage prac¬ 
tice, but rather to detail the aspects of drainage that arc 
used or adjusted to achieve satisfactory drainage in the 
seasonal frost environment. 

All agencies were queried as to whether the water-table 
elevation with respect to frost-susceptible soil influences 

TABLE 17 

USE OF BASE UNDER RIGID PAVEMENTS 

OTHER 

29 agen¬ 

cies RE¬ 

PORTING 

1 I AGEN- FROST 

CIES SUR- CONSID- 

VEYED IN ERED IN 

ITEM DETAIL DESIGN 

Rigid pavement not used 3 7 
Type of base used: 

Granular 4 9 
CTB 1 6 
Granular or CTB I 3 
Granular, CTB. or ATB 1 3 
Granular or ATB I — 
ATB or CTB — 1 

Base is intended to: 
Control pumping 4 10 
Reduce frost heave I 1 
Neither — I 
Both 3 8 
No information — 2 

How base thickness is determined: 
Standard thickness 4 13 
Varies with subgrade classification 

or strength — 3 
For a certain total thickness in 

relation to frost depth 1 5 
Leveling course — I 
As necessary to achieve required 

strength 2 — 
As necessary to support construc¬ 

tion traffic 1 

roadway design. Only California, New Mexico, New York, 
and Pennsylvania indicated that it did not. However, it is 
probable that their practices do not disregard this considera¬ 
tion. but accommodate it in fashions similar to Colorado 
and Utah (which indicate that drainage design is influ¬ 
enced) or Kansas (where standard sections include deep 
ditches). All the other respondents offered remarks to indi¬ 
cate the way in which the water table with respect to frost- 
susceptible soil influences their designs. Some states or 
provinces have several approaches to the problem. 

The use of underdrains or interceptor drains is the most 
widely employed technique (22 of the respondents), with 
the objective of lowering the water table. Alternatively, 

TABLE 18 

USE OF ADDITIONAL BASE UNDER 
RIGID PAVEMENTS FOR FROST PROTECTION 
BY ELEVEN AGENCIES SURVEYED IN DETAIL 

NO. 

OF 

AGF.N- 

ITEM CIES 

Rigid pavement not used 3 
Additional base used for frost protection? 

Yes 3 
No 5 
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Tabl« 1. Effect of Untreated Subbaae 
on k Values, pci 

Subgrade 

k value 

Subbase k value 

4 in. 6 in. 9 in. 12 in. 

50 

100 

200 

300 

65 

130 

220 

320 

75 

140 

230 

330 

85 

160 

270 

370 

110 

190 

320 

430 

Table 2. Design k Values for 
Cement-Treated Subbases 

(Subgrade k value—approx. 100 pci) 

Thickness, in. k value, pci 

4 300 

5 450 

6 550 

7 600 

Figure 37. Effect of base on modulus of sitbgrade reaction, k, 
according to design criteria of Portland Cement Association 
(90). 

raising the grade to provide greater separation between the 
water table and the subgrade is a technique used by 12 
agencies. Some of these respondents have as a criterion a 
minimum specified height that the final grade shall be above 
the water table: Massachusetts, 7 ft ( 2.1 m); Michigan and 
Minnesota, 5 ft (1.5 m): Saskatchewan, 8 to 12 ft (2.4 to 
3.7 m). Nebraska's criterion is that the subgrade shall be 
3 to 4 ft (0.9 to 1.2 m) above the water table in granular 
materials, and 7 ft (2.1 m) above the water table in 
cohesive soils. 

The removal of frost-susceptible soils and backfilling with 
acceptable materials can also be done where the water table 
and frost-susceptible soils lie in an unfavorable relation¬ 
ship. This practice was reported by four states. 

Alterations in details of the typical section are also made. 
Alberta, Idaho, Illinois, Maine, Minnesota, Nebraska. Que¬ 
bec, Wisconsin, and Wyoming use deepened ditches. Al¬ 
berta places ditches 1 to 2 ft (0.3 to 0.6 m) lower than 
normal on frost-susceptible soils; in Quebec the ditch depths 
are designed to be 0.8 times the depth of frost penetration. 
Thickening of the base is practiced by Alaska, Illinois, and 
Oregon. In Alaska, a high water table dictates an increase 
of 0.5 to 1.5 ft (0.2 to 0.5 m) in the total thickness of the 
pavement structure. Oregon's practice, wherever a high 
water table is encountered, is to increase the base thickness 
to something more than their standard of one-half the depth 
of frost penetration. Nevada and Washington use deeper 
typical sections; the former’s decision criterion is capillary 
wetting of the * 'grade, and the latter’s is that the water 
table lies within 5 ft ( 1.5 m) of the subgrade. 

Other respondents have given comments that do not indi¬ 
cate how their designs are influenced by the relationship 

between the water table and frost-susceptible soil, but rather 
provide criteria that determine only whether their designs 
shall be influenced. Delaware indicates concern “only if 
this condition exists relatively close to the subgrade.” Iowa 
considers the condition a determinant in design if the water 
table is found within frost-susceptible soil with sand pockets 
below. Montana does not consider a soil to be frost- 
susceptible unless the water table is present. Vermont states 
that material classified A-4 under the AASHO system, if 
dry, is generally not replaced at the subgrade level. In West 
Virginia it is assumed that water has an influence if the silt 
content is greater than 30 percent in silty clays or clayey 
silts. Wyoming’s designs are affected only if water can be 
anticipated from below, within the vertical limits of frost 
penetration. In Ohio, frost-susceptible soils are specially 
treated in nonfill sections, but the treatment is unspecified. 

The questionnaire sought to determine if different drain¬ 
age features are used in areas subject to frost problems 
compared with nonfrost areas. Owing to the wording of the 
question, many states replied in the negative because their 
entire areas are subject to frost problems. Nonetheless, 
several states responded affirmatively and gave comments 
(some of which duplicate or amplify the information al¬ 
ready given in the foregoing). In Alaska, slopes have been 
planted with willow and alder, so that evapo-transpiration 
will remove water from the soil. Alaska also has a practice 
of placing 2 ft (0.6 m) of gravel as an underlay beneath 
culverts on frost-susceptible soil. Connecticut’s underdrains 
are 6-in (150 mm) pipe, placed 5 ft (1.5 m) below the 
pavement on the high side of the road. As the severity of 
frost problems increases in Illinois, the number of under¬ 
drains used increases, and ditches are placed deeper. A 
similar comment comes from Minnesota, with the added 
notations of deeper subgrade corrections and the use of 
granular drainage material. In Massachusetts, underdrains 
in cut sections and bleeders in embankment sections are 
standard throughout the state. Montana indicates that cul¬ 
vert sizings vary with respect to frost problems, and it is 
understood that this is done in response to icing difficulties. 
Designers in Nevada attempt to maintain ditch bottoms 
within the subgrade at all locations, and no special ap¬ 
proaches apply to frost areas in particular. Saskatchewan 
uses drainage tiles in cuts or slopes to intercept water from 
broad aquifers. Vermont covers wet slopes in frost- 
susceptible soil with gravel or rock. Wisconsin's treatment 
of ditches includes not only deepening but also widening; 
that state also uses a full-width base where the improve¬ 
ment of drainage is required. 

Finally, the respondents were asked if ditch bottoms are 
carried at a lower level than the subgrade in frost areas, and 
if so, how much lower. Only California and Colorado in¬ 
dicated that this is not done. But among the design agen¬ 
cies that do carry ditches lower than the subgrade, there is 
a broad range in the elevation difference chosen (Table 19). 
Three states gave their standard ditch depths as referenced 
to final pavement grade: Delaware. 2 ft (0.6 m); Iowa, 
5 ft (1.5 m); and North Dakota. 4.9 ft (1.5 m). The 
District of Columbia. Indiana. Maine. Quebec, and Sas¬ 
katchewan indicated that ditch bottoms are always placed 
below the subgrade, and Texas indicated that this is gen¬ 
erally done, but no depths were stated. However, as noted 
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earlier, in Quebec the design ditch depth is 80 percent of the 
frost-penetration depth. In New Hampshire, ditches are 
level with the subgrade, or lower if possible. Massachusetts 
also places ditches lower than the subgrade, but not below 
the depth of any nonfrost-susceptible material that has been 
used to replace frost-susceptible soil. In Ohio, the ditches 
are not always placed below the subgrade level; rather, the 
bottom elevation is dependent on the pavement depth. 

It is somewhat surprising that there was little or no men¬ 
tion by the respondents of certain items such as base-course 
drainage, base-course permeability criteria, filter courses, 
filter criteria, the effect of width of base in relation to that 
of the pavement, paved shoulders, or particular culvert and 
underdrain loo aion practices. These items can affect drain¬ 
age performance vis-a-vis the seasonal frost environment. 
For example, paved shoulders arc widely used for a variety 
of purposes. However, one benefit of paved shoulders is the 
limitation of water entry into the base, subbase, and sub¬ 
grade. For a second example, the Corps of Engineers 

specifies the general criterion that base courses shall be 
capable of 50 percent drainage in 10 days (see section on 
“Flexible Pavement Design, Base-Course Drainage"). A 
third example is that in Alaska and parts of Canada one 
component of the selection practice for culvert locations is 
to anticipate where extra culvert capacity will be needed 
when normally designed culverts will be obstructed by 
icing. This leads to more numerous cross drainage on 
valley sides, larger-than-normal culvert sizes, and the use 
of "stacked" culverts (i.e., culverts located well above the 
base of a fill, generally above and to one side of the normal 
culvert). Stacked culverts can carry the flow that runs on 
the surface of an icing in the spring, such that a washout 
is prevented during the critical period while the normal cul¬ 
vert is blocked by an icing; oversize culverts and more 
numerous culverts serve a similar purpose. Other ap¬ 
proaches applicable to icings, which may be considered in 
the design process, arc discussed by Carey (30). 
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TABLE 19 

ELEVATION DIFFERENCES FOR DITCHES 
LOWER THAN SUBGRADE IN FROST ARFAS. 
BY RESPONDING AGENCIES 

ACihNCIES 

Minnesota (minimum); Michigan (mini¬ 
mum ) ; Vermont ( normally ) ; Wash¬ 
ington 

Wisconsin (minimum) 
Idaho (minimum); Michigan (preferred); 

Nebraska (minimum); U.S. Forest 
Sers ice 

Illinois 
Oregon (as much as); Wyoming (standard, 

but may be as deep as frost-penetration 

ELEV. DIFF. 

( FT ) ( M) 

0.5 0.15 

0.7 0.2 
10 0.3 

2.5 0.8 
3.0 0.9 

depth ) 
3-5 LI Alberta (standard, but 4 to 6 ft—1.2 to 

1.8 m—deep in frost-susceptible soil) 
Variable Alaska; Brit. Columbia; Connecticut; Kan¬ 

sas; Maryland; Mass, l.’inpike Auth.; 
Montana; New Mexico; New York; 
Nova Scotia ( 2 to 3 ft—0.6 to 0.9 m ) ; 
Ontario ( I to 5 ft—0.3 to 1.5 ni); Ten¬ 
nessee ( I to 2 ft—0.3 to 0.6 m >; Utah 

OTHER FACTORS 

Differential Frost Action at Culverts, Utility Ducts, 
Drains, and Structures 

A culvert, duct, drain, or other structure crossing the pave¬ 
ment comprises a discontinuity in a roadway foundation in 
terms of its strength, its deformation unde' load, and its 
behavior under conditions of seasonal frost. Consequently, 
the design of any such structure must tend toward mini¬ 
mizing the effects of the discontinuity as well as providing 
for structural integrity and functional serviceability. Inso¬ 
far as behavior under frost conditions is concerned, a va¬ 
riety of approaches is used by highway design agencies to 
avoid or reduce any ill effects these discontinuities may 
impose (sec Table 12). 

The most common technique employs nonfrost-suscepti¬ 
ble granular material as backfill around structures generally, 
and especially around culverts. Although most respondents 
simply indicated that granular, pervious, free-draining ma¬ 
terial is used, some agencies provided their gradation limits, 
as follows: 

Alaska 

Delaware 
Indiana 
Minnesota 
New Hampshire 

New York 

Quebec 

Maximum of 12% passing No. 200, 
PI < 6 

Maximum of 25% passing No. 200 
Maximum of 10% passing No. 200 
Maximum of 15% passing No. 200 
Of the minus No. 4 fraction, maximum 
of 15% passing No. 200 

Maximum of 70% passing No. 40, and 
maximum of 10% passing No. 200 
Maximum of 10% passing No. 200, 
and maximum of .3% passing No. 270 

Idaho notes that granular backfill is used only on certain 

structures supporting high embankments. In Iowa, granu¬ 
lar backfill is used only behind bridge abutments, where it 
extends from the full abutment depth upward on a I : I slope 
out from the structure. The practice in Massachusetts is to 
use gravel us backfill, placed a minimum of 12 in. outside 
of br'dge footings, walls, etc. Vermont indicates that 
granular backfill is applied to culverts and structures, and 
in the latter case the backfill that is placed adjacent to 
structural elements is as much as 4 ft (1.2 m) in width. 
The criterion in Pennsylvania is that structure backfill shall 
be equivalent to subbase material. In North Dakota there 
is a preference for using slightly cohesive granular material. 
Granular material is used at structures in Ontario, and also 
around culverts if the frost penetration depth is below the 
top of the pipe. However, for warm pipes, such as sewers 
or certain utility ducts, Ontario uses a native soil backfill. 
In Maine there is a strong belief in maintaining soil uni¬ 
formity by using the native soil as backfill. The philosophy 
in Alberta is somewhat similar, with the aim being to pre¬ 
vent discontinuities in final performance. 

The occurrence of abrupt differential heaving at culverts 
can be minimized by a transition or gradual increase in 
dc <h of nonfrost-susceptible material on each side of a 
ce .ert, Only 12 questionnaire respondents indicated that 
ihi^ 'et:,nique is used. Of these, Alaska uses a 3:1 cut slope 
tor th. transition, Maine uses 20:1 transition slopes, and 
Ne V Hampshire applies the practice only to culverts having 
cs' ihan 4 ft (1.2 m) of cover. The Portland Cement 

A 1 ociation also endorsed this design approach. 

The placing of structure footings below seasonal frost is 
probably a much more common design practice than the 
questionnaire responses would indicate. Only eight agen¬ 
cies mentioned this approach; of these, Wyoming noted that 
both the top and bottom surfaces of spread footings are 
placed below the frost penetration depth. 

Similarly, a minimum-cover requirement for drains, cul¬ 
verts, and ducts is believed to be a more widespread cri¬ 
terion than could be inferred from the questionnaire re¬ 
sponses. Only five agencies indicated a minimum cover 
requirement: Alberta (2 ft—0.6 m—or more between top 
of culvert and subgrade), Iowa (for utility ducts only, kept 
below the frost penetration depth), Massachusetts Turnpike 
Authority (3 ft—0.9 m), Michigan (3 ft. with the note that 
substructure units receive 4 to 5 ft—1.2 to 1.5 m—of cover, 
depending on soil textures), and New Hampshire (4 ft). 

The insulation of culverts, utility ducts, and drains is find¬ 
ing increasing use, but the practice is not yet widespread. 
In Alaska, in situations where other constraints may make 
the deep placement of water and sewer lines impractical, 
these facilities arc insulated. On very shallow drainage 
facilities in Maine it is standard practice to apply insulat¬ 
ing material as a layer either above or below the conduit. 

In Michigan, only utility ducts receive insulation, where this 

is indicated by the specific site conditions. Wisconsin some¬ 

times employs polystyrene insulation layers above draina* 
facilities to reduce frost penetration. New York has co. 

ducted experiments with insulating shallow culvert pipes; 

rigid polystyrene and foamed-in-placc polyurethane have 
been used, but conclusive results of these experiments are 

not yet available. On frost-susceptible soils in Vermont, 
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polystyrene insulation has been used beneath reinforced 
concrete box culverts to prevent or minimize frost heaving. 

A variety of other techniques was reported to be em¬ 
ployed in connection with structures in areas subject to frost 
effects. In both Alaska and Alberta, piles are driven deep 
to prevent heaving and frost-jacking. Additionally, pile 
sleeves may be used in Alaska to prevent adfreezing of 
heaving soils to the pile surfaces. In West Virginia it is 
standard practice to provide underdrains for structures, with 
the objective of reducing seasonal frost problems. 

Thermal Barriers 

Two principal types of thermal barriers are used in highway 
construction. The first type consists of materials with large 
heat storage capacities. Normally these are materials with 
high moisture content, resulting in large volumetric latent 
heats of fusion of the moisture. They have been used pri¬ 
marily in the Scandinavian countries; various types of heat 
sink" materials have been used, but tree bark has been the 
most successful. Materials of this type have not been used 
to a significant extent in highway practice in seasonal frost 
areas of the United States or Canada. 

The second type of thermal barriers consists of materials 
with low thermal conductivity, generally termed “thermal 
insulators." Generally, two basic types of insulators arc 
considered: ( 1 ) relatively rigid materials that exhibit brit¬ 
tle fracture, and (2) materials that behave plastically, for 
which the strength is normally determined at some arbitrary 
strain. Materials of the former type include lightweight 
portland cement concrete, lightweight asphaltic concrete, 
cellular glass, and foamed sulfur. Materials in the latter 
category are molded and extruded polystyrene boards and 
foamed-in-place polyurethane. Certain composites of these 
materials also are available, such as portland cement con¬ 
crete that makes use of polystyrene beads as aggregate. For 
this report, however, these composites would be rigid 
materials. 

Of the states and provinces that responded to the ques¬ 
tionnaire, 19 have used insulating materials in roadways 
(Table 20). Nearly all of the states have reported on the 
performance of their test sections, either in publications of 
the Highway Research Board or in state research reports. 
AASHO-ARBA (/62) also summarized performance of 
most of these sections. From Table 20 it is apparent that 
all states and provinces with sufficient data indicated that 
the insulated roadways have performed adequately, except 
that three states indicated reservations regarding the prob¬ 
lem of surface icing. Most agencies have used the manu¬ 
facturers' recommendations on the thickness of insulation 
used and the depth c f burial of the insulating materials. 
Extruded polystyrene boards have been used by all of the 
19 states and provinces; 4 have also used other types of 
insulation. 

Eleven agencies have observed differential icing condi¬ 
tions between insulated and uninsulated pavements. Seven 
of these indicated that differential icing conditions are to 
some extent an obstacle to more widespread use of insulat¬ 
ing layers. A wide range in severity of freezing tempera¬ 
tures is represented in this group, with freezing indexes 
from less than 500 to more than 4,000 degree-days. Areas 

with low freezing indexes may sustain near-freezing tem¬ 
peratures for longer periods, thus increasing ihs possibilities 
of differential icing between insulated and un: isulated pave¬ 
ments. It is believed that the hazard of differential icing will 
be reduced with construction of longer segments of insulated 
roadway. The New York State Department of Transporta¬ 
tion is currently engaged in a study to investigate the causes 
and occurrences of differential icing on pavements. 

Starting in 1973 the sole manufacturer of extruded poly¬ 
styrene began requiring a "release and hold harmless agree¬ 
ment" as a condition for selling their insulating material for 
use in most highway construction applications. The stated 
reason for this requirement was the occurrence of differ¬ 
ential icing between insulated and uninsulated pavements. 
To date, most states have chosen not to sign the agreement. 
As a result, little insulation was installed in 1973 and use of 
insulation in highway applications may decline in the near 

future. 
As indicated in Table 20. most states still use the manu¬ 

facturers' recommendations concerning the necessary thick¬ 
ness of the insuiation. AASHO-ARBA (/62) recom¬ 
mended that “thicknesses should equal 'i inch (13 mm) 
per 500 degree-days plus '/2 inch." The recommendation 
was based on experiences by the various agencies, and 
thicknesses obtained by this rule of thumb were indicated 
to be adequate to prevent frost penetration into the under¬ 
lying soil. Analytical methods are also available to estimate 
the required thickness of insulation for a specific project. 
Numerical methods offer the most sophisticated models and 
are becoming increasingly more readily available (/25). 
For the next few years, closed-form procedures appear to 
be most suited for estimating thickness requirements for 
insulation, two suitable procedures arc described in the 
following. 

The first, an analytical technique developed by Lachen¬ 
bruch (/6./). can be used to estimate insulation thickness 
required to prevent frost penetration beneath the insulating 
layer. In using this technique, the surface freezing index 
and mean annual temperature arc used to determine the 
sinusoidal surface temperature variation. The technique 
estimates damping of this sinusoidal temperature variation 
with depth, and the amount of damping is dependent on the 
thermal properties of the soil. In using this method the 
latent heat of fusion of the moisture in the base-course 
material above the insulating layer is not considered; there¬ 
fore. the method slightly overestimates the required thick¬ 
ness of insulation. In Lachenbruch's model (Fig. 39). the 
variables arc i\„ the difference between the mean annual 
soil temperature and 32 F, and A. the surface temperature 
amplitude. The value of A is determined from (4()) 

/ 
365 

V /1 (4) 

in which /• is the surface freezing index in F-days. This 
equation can be solved readily by trial and error on a desk 
calculator or by iteration on a digital computer. To illus¬ 
trate the use of Lachenbruch's model, the required insula¬ 
tion thicknesses for various air freezing indexes have been 
calculated for the pavement profile shown in Figure 40. 
The results of the calculation using Lachenbruch's tech- 
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nique are given by Curve A in Figure 40, showing reason¬ 
ably good agreement with the AASHO-ARBA recommen¬ 
dation below freezing indexes of about 1.000 degree-days, 
but rapid divergence at high freezing indexes. Accordingly, 
the AASHO-ARBA linear relationship appears suitable for 
use only in moderate frost areas. 

Assuming that extruded polystyrene boards are used, the 
Lachenbruch curve of Figure 40 should be adequate to 
estimate the amount of insulation required to prevent sub¬ 
grade freezing at any given location, provided the pavement 
profile is similar to that shown. Thicker bases or bases with 
higher moisture content will cause larger discrepancies be¬ 
tween actual and theoretical requirements for insulation, 
owing to the neglected latent heat of fusion. A second 
approach, the modified Berggren equation (Eq. 2), ac¬ 
counts for the heat of fusion of the base course, but cannot 
be used to determine the thickness of insulation required to 
totally prevent freezing of the subgrade. If 1 ft (0.3 m) of 
frost penetration is allowed into the subgrade beneath the 
same pavement section shown in Figure 40, the thickness of 
insulation indicated by this approach is given by Curve C. 
Curves D and E were presented by Refsdal U64). The 
Norwegian design, Curve D, corresponds closely with the 
Lachenbruch curve for complete protection; i.e., allowing 
no frost penetration beneath the insulation. The thickness 
design used in Finland corresponds to the AASHO-ARBA 
line. Based on Curve C, it is expected that slightly more 
than 1 ft of frost penetration is allowed beneath the insulat¬ 
ing layer in Finland. 

Temp —— 

Ground Surface 

I tKttrc 39. 1 entperulitrc variables in Lachenbruch's 
model for determination of dampinn of sinusoidal 
surface temperature variations (163). 

Moisture Barriers 

A dearth of recent U.S. and Canadian literature on the sub¬ 
ject of moisture barriers apparently reflects the feeling that 
such barriers will not solve the problem of preventing mi¬ 
gration of significant volumes of subsurface water to the 
freezing front. Krebs and Walker ( 165) state that the use 
of a capillary cutoff below the freezing zone but above the 
water table has a sound theoretical basis, but caution that 
an impervious layer used for this purpose may cause infil¬ 
tration water from the surface to become trapped, thereby 
forming a perched water table above the cutoff material 
and possibly within the freezing zone. Fear that a perched 
water table may be formed or that the moisture barrier may 
not be permanently effective probably contributes to the 
scant use of such layers. 

In summarizing methods of controlling subsurface mois¬ 
ture in pavement systems, Haas (/66) states; 

Other methods for the control of moisture have been 
suggested by research, but these are not generally con¬ 
sidered practical, at least for conditions in the United 
States. One approach is to provide cutoff la,,ers using 
either porous material such as sand to interrupt the 
capillary rise of the soil, or a layer of clay which 
would effectively serve as a moisture barrier. This has 
been tried in practice and is generally not considered 
feasible by those agencies within the United States, 
although this approach is used in Europe to some 
extent. Another variation of this scheme is to provide 
a membrane of film plastic to cut off the flow of 
moisture to the freezing zone. Not enough experience 
has been gained to know how this method will work 
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out. Also, there are a number of practical problems 
associated with such an approach, such as a loss of 
effectiveness of the barrier if it becomes punctured. 

Yoder {149) suggests that clean sand or gravel can be 
used below the frost zone as a capillary cutoff material 
Armstrong and Csathy (/67) reported that some Canadian 
provinces used a granular or a clay capillary cutoff layer 
where that treatment was more economical than raising the 
subgrade surface elevation to conform with some estab¬ 
lished minimum height above the groundwater table. Tai- 
vamen ( /6«) stated that nonfrost-susceptible sand had been 
used as a capillary cutoff in Finland, and Rcngmark (/69) 

stated that sand and asphalt-impregnated felt had been suc¬ 
cessfully used in Sweden. When granular material is used 
as a capillary cutoff, the layer must be placed above the 
bottom of the ditches so that it will not become saturated. 
Rcngmark stated that solifluction from the slopes into the 
diches has occasionally caused water percolation into the 
cutoff layer; therefore in Sweden the cut-off layer is now 
used only on light-duty unsurfaced roads. 

Encapsulation 

It has long been recognized that fine-grained cohesive soils 
exhibit the desirable properties of high strength and modu¬ 
lus of deformation when well compacted at water contents 
below the optimum at which maximum density is obtained 
It has not been possible to rely on the maintenance of these 
desirable properties, however, because various mechanisms 
of moisture transfer lead to a gradual increase in the mois¬ 
ture contents of the base course and subgrade beneath a 
pavement. The concept of complete encapsulation of soils 
to preserve the moisture content at its initial low level is not 
new, and information is available from both laboratory 
testing and field demonstration projects. 

In 1930, an asphalt membrane was used on a test section 
of road in Bavaria (/70). Benson (/7/, discussed en¬ 
capsulation of soils with sprayed-in-place asphalt mem¬ 
branes. Harris (/72) reported on 10 to 14 years of ex¬ 

perience with envelope membranes in Texas to stabilize 
medium to highly plastic clay soils. The Department of 
Highways, Province of Alberta, completely encapsulated a 
gravel base course within an asphalt membrane (/72). Re¬ 
sults of a comprehensive research study of membrane- 
encapsulated system were presented by Bell and Yoder 
(/74). They discussed, in quantitative terms, the likeli¬ 
hood of moisture movement associated with freezing of 
encapsulated soil. From coldroom studies of frost action 
m soils, ACFEL (/75) concluded that in controlled closed- 
system freezing of a soil sample 6 in. (150 mm) in height, 
limiting the initial percent saturation of compacted soil 
specimens to about 70 percent reduced heave substantially 
and also reduced moisture gain in the top inch of the 
sample. 

Peyton et al. (/76) reported a laboratory study on the 
encapsulation, within either polyethylene or vinyl plastic- 
sheets, of the silt (loess) soil common to interior Alaska 

Sods were subjected to closed-system freezing tests, and 
heave, moisture migration, and post-thaw CBR were mea- 

ThC USe °f membrane-encapsulated soil layers 
(MESL) in construction of expedient airfields also has 

been studied at the Waterways Experiment Station (WES). 
several test sections were subjected to accelerated traffic 
testing (/77). Burns et al. (/7Ä) reported a MESl con- 

taimng highly compacted lean clay (CL), was successfully 

iTunn m'T^ °f a 12-whccl assemb|y load of 
75 000 lb. Traffic tests showed that the MESL performed 
better than granular materials in layers having the same 

thickness and subjected to the same loading. Techniques 
developed in these investigations were applied, in mid-1972. 
in the construction of an 0.5-mile access road at Fort Hood 
lex., in which MESL serves as base course under a thin 
bituminous pavement. WES currently is continuing to cx- 
p.ore the validity of previous findings in regard to thickness. 

luce?’ und COSt advantases of pavements that include 
MfcSL base course (/79). 

Quinn et al. (70) reported the results of closed-system 
reezmg tests at the Cold Regions Research and Engineer¬ 

ing Laboratory (CRREL) on a moderately plastic clay, a 
san > silt, and a lean clay that were proposed for possible 
encapsulation projects. The test specimens were compacted 
at water contents ranging from slightly above to well below 
the optimum for compaction. The results for the moder¬ 
ately plastic clay were very favorable: in a single cycle of 
closed-system freeze-thaw, the soil showed little or no pro- 
pensity to heave, much of the moisture remained unfrozen 
moisture migration toward the freezing front was insignifT 
cam, thaw-weakening was moderate, and strength remained 

density ar y ,f ^ ^ W3S ini,ially moIded to high 

The results for the silt and lean clay, however, showed 
substantially less severe frost effects than would be expected 

m open-system freezing; nevertheless, significant moisture 
migration and thaw-weakening were observed CRREL is 
continuing its work in this area and has constructed field 
est sections in frost areas with MESL base courses of both 

the lean clay and the sandy silt to further evaluate this 
promising technique. Practical problems that may com¬ 
prise limitations on its application include the possible need 
to limit its use to encapsulated soil that can be located in a 
borrow pit at water contents somewhat below optimum 
and the special care needed in field construction practices 
to prevent puncturing of the membrane. 

Soil Stabilization 

Soil stabilization as applied to roadway design and con¬ 
struction may be defined as a method of processing soil in 
order to render it suitable for base course, subbase or im- 
p.ovcd subgrade under the prevailing traffic and climatic 

c< ' 'V®11*- ^ue ,0 *ac*s °f abrasion resistance, stabilized 
materials are not generally used as surface or wearing 
course. The objective of soil stabilization in seasonal frosT 
areas may be twofold: ( 1 ) to produce a firmly stabilized or 
cemented mass that is capable of withstanding the stresses 
imposed on it by traffic loads in severe climatic conditions 
mcluding frost action, without excessive deformation, and 
which will remain sound and resist degradation after re¬ 
peated cycles of freezing and thawing; or (2) to modify or 
stabilize a frost-susceptible but otherwise satisfactory soil, 
enabling it to resist frost heaving and thaw-weakening, but 
. Jt necessarily producing a cemented or firmly stabilized 
material of high stiffness or strength. 
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•1 llernutive A pproaches 

Effective stabilization of a frost-susceptible soil against frost 
heaving requires modification of one or more of three in¬ 
trinsic soil properties, by: (I) eliminating the effects of 
soil fines, by mechanical removal or by immobilization by 
means of physico-chemical means, such as cementacious 
bonding; (2) effectively reducing the quantity of soil mois¬ 
ture available for migration to the freezing plane, as by 
essentially blocking off all migratory passages; or (3) alter¬ 
ing the freezing point of the soil moisture. Where large 
quantities of silty sand or silty gravel are involved and the 
hauling distance is not too great, mechanical removal of the 
fines by washing may be less costly and more permanent 
than chemical treatment. 

Cementing agents and chemical and other commercial 
additives provide approaches by which frost-susceptible 
soils may be modified to eliminate or reduce heaving and 
thaw-weakening. Cementing agents include portland ce¬ 
ment, bitumen, lime, and lime-flyash. Most of the success¬ 
ful soil-stabilizing chemicals belong in one of three cate¬ 
gories—synthetic resins, trace waterproofing chemicals, and 
organic stabilizers t ISO. 181, 182). Some of the approaches 
are discussed in the following (180). 

Pint; Soil Voids.—If water cannot migrate, ice lenses can¬ 
not grow. The cementing agents mentioned in the fore¬ 
going comprise one type of void fillers, and are among the 
more effective additives. Many commercial void fillers 
(such as sodium metasilicate) are available but are expen¬ 
sive. The Corps of Engineers (2. 13) experimented suc¬ 
cessfully with Bunker C oil. Tar RT-2. and combinations 
of Bunker C oil and 'ar. A serious disadvantage that limits 
use of these methods for soil stabilization is that the 
amounts of the additives needed can approach the percent¬ 
ages used in pavement surface courses, making a particular 
method economically impractical. Also, many of the bi¬ 
tuminous additives require special mixing and curing for 
best results, making field treatment slow and expensive. 

Cement Soil Panules.—The cementing of soil particles 
not only effectively removes fine particles as individual en¬ 
tities but also acts to plug capillary passages. Portland 
cement, bitumen, lime, and lime-fly ash are quite effective 
for this purpose. 

Alter Characteristics of Void I'litid.—Salt may be added 
to lower the freezing point of soil water. Lowering the 
freezing point may preclude freezing or reduce the number 
of freeze-thaw cycles under a given set of temperature con¬ 
ditions, but does not affect the soil s propensity for heave 
if and when freezing occurs. The main disadvantage to the 
use of soluble salts for void-water treatment is that they are 
removed by leaching. It has been suggested (70) that this 
problem might be avoided by complete encapsulation of the 
salt-treated soil within a plastic membrane. 

Alter Soil Properties hy Attitré fiat ion of Pines.—A frost- 
susccptible soil, such as a silty gravel base course, can be 
made nonfrost-susceptiblc by eliminating the troublesome 
fines. The most effective method is to remove the fines by 
washing, but the effect of fines also may be reduced by addi¬ 
tives that cause small particles to "aggregate" to form larger 
units. Aggregating chemicals arc expensive and limited lab¬ 
oratory results show the effectiveness to be unpredictable. 

Alter Properties hy Dispersion of Pines.—Treatments 
that can increase the interparticle repulsion in the soil fines 
tend to disperse the soil aggregates. Particles that do not 
stick together can be manipulated into a more orderly and 
denser structure, whose concomitant and advantageous ef¬ 
fect is a lower permeability. The effectiveness of trace 
quantities of chemical polyphosphate dispersants in achiev¬ 
ing this purpose by altering soil properties has been dis¬ 
cussed in reports by Lambe et al. (180) and Croney and 
Jacobs (183). Available data ( ACFEL unpublished), how¬ 
ever. indicate gradual diminution of effectiveness. Recent 
advances in encapsulation techniques would make disper¬ 
sants more attractive. Calcium lignosulfonate, a lignin de¬ 
rivative that is a major by-product of the papermaking 
industry, also was found to be effective in reducing frost 
heave in laboratory tests. Lignin is extracted from the 
wood by treatment with sulfide chemicals, and the acid thus 
obtained is treated with lime to produce calcium ligno¬ 
sulfonate. sometimes called "lignin sulfonate" or “lignin.” 
Lignosulfonates are water-soluble polymers with high and 
variable molecular weight; in roads they act as a binder, 
cementing particles together and reducing dusting (184). 
During rain, lignosulfonates disperse the clays in the soil, 
causing them to swell and thus plugging the soil voids to 
reduce water penetration. The lowered permeability caused 
by clay dispersion is believed to be a factor in the reduction 
of frost susceptibility of lignin-treated roads. This treat¬ 
ment usually has to be repeated every few years because the 
lignin is gradually leached out. 

Alter Characteristics of the Surfaces of Soil Particles.— 
With proper additives, mineral surfaces can be made hydro- 
phobic. A soil waterproofed in this manner cannot be 
"wetted" and should have little or no absorbed moisture in 
the soil voids. Conversely, coating soils with additives that 
have highly polar groups exposed to the soil moisture can 
increase the amount of moisture absorbed and thus reduce 
the permeability of fine-grained soils enough to make them 
nonfrost-susceptible. The need to dry the soil and the high 
cost of waterproofers preclude use of this method even 
though waterproofers can be extremely effective in reducing 
frost effects. 

The addition of certain chemicals to a soil has been found 
to have a marked effect in reducing water absorption ( 183). 
This may be due to modification of the suction characteris¬ 
tics of the soil or from a reduction in its permeability, al¬ 
though the latter seems the more likely mechanism. Croney 
and Jacobs' investigations of various chemicals indicated 
that Vinsol resin was effective but costly. 

Mechanical Stabilization.—The importance of gradation 
control, adequate drainage, and compaction in contributing 
to soil stabilization cannot be overemphasized. Many base 
materials and subgrade soils that appear to be unsatisfactory 
may satisfactorily fulfill their intended function if the per¬ 
centage of fines can be reduced, drainage facilities arc pro¬ 
vided. and the materials arc well compacted. Should it be 
determined that chemical or physico-chemical soil stabiliza¬ 
tion is necessary, adequate drainage and proper compaction 
arc essential to the proper construction and functioning of 
stabilized soil mixtures. Several possible courses of action 
that do not involve additives may be taken to improve the 
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stability of the pavement substructure and enhance its re¬ 
sistance to frost action, as follows: 

1. Drainage may be improved and soil may be com¬ 
pacted to a greater density. 

-. Undesirable soil may be removed and replaced with 
better-quality material. 

3. The grade line may be raised by placing better-quality 
materials over the weaker soil. 

4. The water table may be lowered. 
5. Frost-susceptible base course soils may be improved 

by washing out fines. 

6. Frost-susceptible base-course soils may be blended 
with coarser-grained soil to reduce the percentage of fines. 

7. A frost-susceptible soil may be completely encapsu¬ 
lated within a plastic membrane to curtail the availability 
of moisture and thus reduce frost effects. 

Durability of Cemented Soil Mixtures 

Many of the soil treatments outlined in the foregoing im¬ 
prove the properties of the soil and enhance its resistance 
to frost effects, but do not produce a firmly cemented mass. 
In those cases, the effectiveness of the stabilization treat¬ 
ment in reducing frost effects can be determined by the 
same methods used to determine frost susceptibility of un¬ 
treated soils, with the emphasis principally on measurement 
of frost heave in laboratory freezing tests. The main fac¬ 
tor on which the permanence of the treatment depends is 
the ability of the treated soil to resist leaching of the addi¬ 
tive under the action of flowing or percolating water. With 
cemented or partially cemented soils, the mode of distress 
under repeated cycles of freezing and thawing is disintegra¬ 
tion. In its early stages it is characterized by a gradual 
degradation in strength and soundness, sometimes accom¬ 
panied by volume increase: later this leads to complete 
disintegration and reversion to an unbound and friable soil. 

Durability of cemented soil mixtures is a topic far too 
extensive to treat adequately in the present synthesis, and 
no attempt is made to do so; only the most essential in¬ 
formation is given and several references arc cited as 
sources for detailed treatment. 

Lime Stabilization.—Lime-pozzolanic treatment of soil to 
improve its strength is one of the oldest techniques used for 
road construction, dating back to highways built by the 
Romans. In the United States lime stabilization has been 
used extensively in some states, and both lime and lime- 
pozzolanic treatments are gaining use elsewhere in the 
country. 

Considerable experience is now available in the United 
States on use and effectiveness of lime and lime-fly ash 
stabilization of subgrade soils. Only fine-grained soils can 
be effectively stabilized with lime. Thompson (185) has 
distinguished between nonreactive soils, in which the addi¬ 
tion of lime improves plasticity, workability and expansive 
properties but does not greatly increase the strength, and 
reactive soils, in which the same beneficial changes occur 
and also substantial strength gain accrues from the cement¬ 
ing action associated with the pozzolanic reaction. Lime 
has been found most effective with clay soils containing 
montmorillonite, illite, and kaolinite. Case histories have 
been reported fWisconsin, Nebraska, Iowa, Oklahoma) in 

the literature where performance of lime-treated frost- 
susceptible subgrades has been satisfactory under freezing 
conditions. On the other hand, tests at CRREL have shown 
that lime treatment of certain clay soils can convert a ma¬ 
terial that shows negligible to moderate frost heave into one 
that is highly susceptible to frost heaving, acquiring charac¬ 
teristics more typically associated with silts. It is believed 
that at least part of this adverse effect was caused by in¬ 
sufficient curing prior to freezing; Thompson (106) has 
emphasized the critical importance of adequate curing. 
Lime-fly ash stabilization is applicable to a broader range 
in soil types because its cementing action is less dependent 
on fines contained within the soil. 

Thompson (186) in a comprehensive state-of-the-art re¬ 
port on soil stabilization, concluded that the major dura¬ 
bility consideration for lime-soil mixtures is resistance to 
cyclic freezing and thawing. Freeze-thaw damage is char¬ 
acterized by volume increase and strength loss, which are 
interrelated. Thompson found that initial unconfined com¬ 
pressive strength, prior to freeze-thaw cycling, is a valid 
measure of freeze-thaw resistance, and proposed an ap¬ 
proach to mixture design that includes compressive strength 
requirements (Table 21). 

Portland Cement Stabilization.—Portland cement is 
widely used for stabilizing medium-textured sandy and 
granular materials to improve the engineering properties of 
strength and stiffness. Use of soil-cement stabilization has 
increased greatly since it was first introduced in the United 
States about 1935. Most coarse-grained and many fine¬ 
grained soils (both silts and clays) have been treated suc¬ 
cessfully, but soils containing organic matter or deleterious 
chemicals have been found unsuitable for soil-cement treat¬ 
ment (63). Increasing the cement content increases the 
quality of the mixture. At low cement contents the product 
is generally termed “cement-modified soil," which is a soil 
with improved properties such as plasticity, expansive char¬ 
acteristics, and frost susceptibility. At higher cement con¬ 
tents the end-product is soil-cement, defined by the Port¬ 
land Cement Association as a "hardened soil-cement 
structural material. The design of soil-cement mixtures for 
use in seasonal frost areas is usually based on the require¬ 
ments of resistance to disintegration or excessive degradation 
caused by cyclic freezing and thawing. AASHO and A STM 
have standardized freeze-thaw tests applicable to soil-cement 
mixtures; both arc closed-system tests. One of the require¬ 
ments is that the maximum volume of the specimens at any 
time during 12 cycles of the freeze-thaw test shall not ex¬ 
ceed the volume at the time of molding by more than 
2 percent. Evaluation of the deterioration of the cemented 
mixture caused by freeze-thaw cycles is made by observing 
surface softening and loss of strength. The Portland Ce¬ 
ment Association (/88) concluded from its research on 
durability that generally a soil-cement mixture having a 
compressive strength of 300 psi (2.070 kPa) or more at 
7 days, and that is increasing, will pass the freeze-thaw test. 

Although procedures for assessing freeze-thaw resistance 
of soil-cement are established and widely accepted. Thomp¬ 
son (/86) pointed out that formal procedures for deter¬ 
mining the necessary cement contents for cement-modified 
soil in frost areas have not been established. He advocated 



TENTATIVE LIME-SOU MIXTURE COMPRESSIVE STRENGTH REQUIREMENTS 
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STRENGTH REQUIREMENTS (PSI) K)R VARIOUS 
ANTICIPATED SERVICE CONDI! IONS ' 

RESIDUAL 

STRENGTH EXTENDED CYCLIC EREEZE-THAW 
REQUIREMENT1, (X-DAY) 
(PSD SOAKING 3 CYCLES'1 ‘ 7 CYCLES ' ' 7 CYCLES 1 ' 10 CYCLES''' 

Modified subgrade 20 
Subbase: 

Rigid pavement 20 
Flexible pavement: 

Cover thickness ■ 10 in, 30 
K in, 40 
5 in. 60 

Base 100" 

50 

50 

60 
70 
90 

130 

50 

50 

60 
70 
90 

130 

90 

90 

100 
1 It) 
130 
170 

50 

50 

60 
75 

100 
150 

120 

120 

130 
140 
160 
200 

“ Source: Ref. UK7t. 
•' Minimum anticipated strength following first-winter exposure. 

Strength required at termination of field curing (following construction) to provide adequate residual strength 
1 Number of freeze-thaw cycles expected in the lime-soil layer during the first winter of service 

■ Freeze-thaw strength loss based on 10 psi per cycle. 
( Freeze-thaw strength loss based on previously established regression equation 
-Total pavement thickness overlying the subbase. The requirements are based on the Boussinesq stress distribution. Rigid pavement requirements 

apply if cemented materials are used as base courses. 
'* Flexural strength should be considered in thickness design. 

determination of the minimum tolerable strength and lab¬ 
oratory verification that the residual strength of the stabi¬ 
lized soil at the end of the first winter will not be less than 
ihe minimum required (Fig. 41 ). 

Bituminous Stabirization.—Bituminous-stabilized materi¬ 
als are generally used for base and subbase construction. 
In many parts of the country well-graded coarse aggregate 
is scarce. However, these same regions may have an abun¬ 
dance of sandy and silty soils or other materials that can 
be readily stabilized with bituminous materials. The bi¬ 
tuminous materials most commonly used in stabilization 
practice are asphalt cements, cutbacks, emulsions, and road 
oils, and various formulations of tars. The multiplicity of 
naturally occurring materials and bitumen types indicates a 
wide versatility possible with bituminous stabilization. Use 
of bitumen as a stabilizing agent produces different effects, 
depending on the soil, and may be divided into three princi¬ 
pal groups, as follows: 

1. Sand-bitumen, "reduces strength in cohesionless soils, 
such as clean sands, ty acting as binder or cementing agent. 

2. Soil-bitumen. Stabilizes the moisture content of co¬ 
hesive fine-grained soils. 

.3. Sand-gravel-bitumen. Provides cohesive strength and 
waterproofs pit-run gravelly soils with inherent frictional 
strength. 

The mechanism of bituminous stabilization is primarily 
mechanical, and improved stability is due to cementing and 
or waterproofing characteristics. Important properties of a 
bitumen-stabilized mixture include strength, modulus of 
deformation, and moisture absorption. Both strength and 
modulus of deformation are highly dependent on tempera¬ 
ture and time of loading, and procedures for testing and 
determination of the amount of bituminous material re¬ 
quired must account for both these variables. Thompson 
(/7(6) has summarized the various laboratory procedures, 

empirical equations, and suggested criteria for selection of 
bitumen content. The durability of bitumen-stabilized mix¬ 
tures generally can be assessed by measurement of their 
water-absorption characteristics. Herrin ( 1H9) suggests that 
water absorption should be less than 7 percent after 7 days 
immersion in water. A primary determinant of water ab¬ 
sorption is percent air voids in the mixture, and both the 
air voids and the water absorption generally decrease with 
increasing bitumen content. With some soils, however, in¬ 
creasing the bitumen content also decreases the strength, 
and a thorough series of laboratory tests is essential in such 
cases. 

Full-Depth Bituminous Pavements 

Full-depth asphalt pavements as defined by The Asphalt 
Institute (M) are "pavements in which asphalt mixtures are 
employed for all courses above the subgrade or improved 
subgrade." The design procedure promulgated by The As¬ 
phalt Institute for full-depth pavements refers to pavement 
structures built entirely of dense-graded asphaltic concrete. 
Information obtained in this survey indicates, however, that 
a number of states and agencies construct asphaltic con¬ 
crete surface courses over other types of asphaltic mixtures, 
herein termed collectively asphalt-treated base (ATB), and 
consider the pavements to he full-depth asphaltic pavements. 

Application of the concept of full-depth asphaltic pave¬ 
ments in frost areas represents a substantial departure from 
two traditional pavement design practices that have been 
followed by some agencies. By definition, full-depth as¬ 
phaltic pavements contain no layers of pervious granular 
materials, which in the past were widely held to be essen¬ 
tial, especially in frost areas, for drainage of the subgrade 
and base course. Full-depth pavements, especially those 
built entirely of dense-graded asphaltic concrete, also repre¬ 
sent a new concept for designers of flexible pavements who 
have held that the need for strength, stiffness, or stability 
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Figure 41. The residual strength concept ( 186). 

in a particular layer of the pavement structure decreases as 
the depth of the layer below the surface increases. These 
two departures from traditional views of flexible pavement 
structures have left full-depth asphaltic pavements for frost 
areas still a controversial concept. The eleven agencies from 
which more detailed information was obtained include a 
broad range in opinions and practices regarding full-depth 
asphaltic pavements—from rejection of the concept to full 
adoption of full-depth structures for all flexible pavements 

TABLE 22 

USE OF FULL-DEPTH ASPHALTIC PAVEMENTS 
BY ELEVEN AGENCIES 

STATE OH HAVE YOU USED FULI.-DEPTH ASPHALTIC 

PROVINCE CONCRETE PAVEMENTS? 

Yes, have used 5 years. Have about 300- 
400 miles on primary roads and 300-400 
miles on secondaries. 
Yes, about 50 miles, on primary and sec¬ 
ondary roads. Choice based strictly on 
cost, except not used on Interstates, where 
always require unbound subbase. 
No, but expect to use over good subgrades. 
Use thick AC pavements extensively, but 
always use 4 in. crushed stone unless sub¬ 
grade is gravel. 
No, but now using greater thickness of 
asphaltic material. 
Yes. Present design for intermediate and 
secondary roads is full-depth. 
No. Concerned about possible greater 
tendency for low-temperature contraction 
cracks, and reluctant to place AC directly 
on FS subgrade. 
No. This concept is objectionable because 
it violates the principle that strength needs 
decrease with depth. 
Yes. About 200 miles, from 7¼ to 9½ in. 
Yes. two projects of 6 miles each. One is 
9¼ in., the other 12 in. 

USA Corps of Eng. No. except experimental pavements. 

(Table 22). Of the 40 agencies that reported frost action 
is considered in their pavement design, 20 have constructed 
full-depth asphaltic pavements (Table 23). Total thickness 
ranges from 40 to 75 percent of the thickness of pavements 
of conventional design that include unbound granular lay¬ 
ers. Full-depth pavements have been constructed by some 
states and provinces on all classes of roadway; others have 
confined their test or demonstration sections to roads of 
heavy-duty or intermediate classifications; still others have 
used them only on intermediate or secondary roads. 

In most cases the thicknesses of full-depth asphaltic pave¬ 
ments are being determined by the AASHO interim guides 
or some other procedure that makes use of layer coefficients 
or equivalence factors to relate the thickness requirements 
for layers of different types of materials. Nebraska ex¬ 
plained that they use the AASHO Interim Guide method 
to design a conventional pavement structure, and then add 
to the asphaltic pavement required in the conventional 
structure one-half the thickness of the granular base in 
additional asphaltic concrete. Some Tates indicated that 
economics was the final factor in their decision to construct 
full-depth pavements; as more full-depth sections are in¬ 
stalled, and if their performance proves satisfactory, eco¬ 
nomics will undoubtedly be the final consideration in using 
larger segments of full-depth asphaltic pavement. Economic 
comparisons with pavements of other types will be strongly 
affected by the availability of asphalt. 

Nine of the 20 agencies that have used full-depth pave¬ 
ments indicated that they had performed adequately; how¬ 
ever, several added the phrase “to date,” indicating that the 
evaluation of their performance is continuing. Five states 
indicated that they had inadequate data at this time to 
properly evaluate their full-depth pavements. 

Alberta indicated that frost heaving has not been notice¬ 
ably reduced by the use of full-depth pavement, but owing 
to their greater stiffness (compared to pavements with 
gravel base), full-depth pavements may more successfully 
bridge a subgrade that has been weakened during the thaw. 
Maryland uses thick asphaltic pavements, but always uses 
4 in. (100 mm) of crushed stone on the subgrade. 

Alberta 

Colorado 

Idaho 
Maryland 

Maine 

Nebraska 

New Hampshire 

New York 

Saskatchewan 
Wisconsin 
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TABLE 23 

USE OF FULL-DEPTH ASPHALTIC PAVEMENTS BY THE 4« AGENCIES THAT REPORTED FROST 
IS CONSIDERED IN THEIR PAVEMENT DESIGN 

STATE, 

PROVINCE. 

OR OTHER 

AGENCY 

HAVE YOL1 

USED 

FULL-DEPTH 

PAVEMENTS? 

THICKNESS 

( c/c OF 

THICKNESS OF 

CONVENTIONAL 

PAVEMENTS) 

CLASS OF ROADS 

ON WHICH 

FULL-DEPTH 

PAVEMENTS USED 

ARE FULL-DEPTH 

PAVEMENTS 

CONSIDERED 

SUCCESSFUL? 

Alberta Yes 
British Columbia Yes 
Colorado Yes 
Illinois Yes 
Indiana Yes 
Iowa Yes 
Kansas Yes 
Michigan Yes 
Minnesota Yes 
Montar'1 Yes 
Nebras Yes 
Ohio Yes 
Ontario Yes 
Pennsylvania Yes 
Saskatchewan Yes 
Washington Yes 
Wisconsin Yes 
Wyoming Yes 
Asphalt Institute Recomm. 
U.S. Forest Service Yes 
20 other agencies No 

60 

50-70 

50 
55-65 

Yes 

Primary, secondary 
Secondary 
All 
Primary, secondary 
All 
Widening and intersection projects 
All 

Yes 

Insutf. experience 
Yes 

Insuff. experience 
Insuff. experience 

75 Intermediate and secondary 
50 Intermediate and secondary 
50 Heavy duty 
— Secondary 

>40 Arierial and collector 

60 Heavy and intermediate 
40-60 All 
§50 All 
<50 < 400 ADT 

Insuff. experience 
Yes 

Insuff. experience 
Yes 

Yes 
Yes 
Yes 
Yes 

CHAPTER FOUR 

CONSTRUCTION AND MAINTENANCE 

CONSTRUCTION 

Need for Uniformity and Gradual Transitions 

Differential frost i'eaving during the winter may produce 
abrupt changes in pavement elevation at culvert and pipe¬ 
line crossings, bridge abutments, catch basins, and wherever 
trenches have been cut. Differential heaves of several inches 
are not uncommon; they not only are damaging to vehicles 
but also may cause loss of vehicle control. Differential 
heaves cause pavement cracking and opening of pavement 
joints; the attendant ingress of water worsens the heave 
problem, leading to pavement disintegration and high 
maintenance costs. 

Differential heaving frequently occurs in cut-to-fill transi¬ 
tion zones, as a consequence of an abrupt change in sub- 
grade soil type and of varying groundwater conditions. It 
may occur within a continuous cut or fill because the sub¬ 
grade soil varies along the alignment as lenticular inclusions 
or differing strata are exposed in grading operations, or 
owing to the presence of shallow bedrock that may have 
frost-susceptible soil filling joints and seams and may have 

an irregular or undulating surface that impedes drainage 
and serves as irregular reservoirs for water that can feed 
growing ice lenses. The presence of large stones and bould¬ 
ers in the base course or subgrade also comprises a serious 
threat of irregular surface heaves, owing to their tendency 
to migrate upward toward the surface. 

The .Tcations of man-made discontinuities, such as cul¬ 
verts and trenches, can be anticipated during design stages. 
Other conditions, such as variable soils or shallow bedrock, 
are more difficult to foresee unless extremely detailed sub¬ 
surface explorations are conducted for design, but often can 
be recognized during construction. The most common rea¬ 
son for abrupt elevation change at culvert locations is the 
practice of backfilling trenches with a more select material, 
usually coarser-grained and more pervious, than the ma¬ 
terial in the roadway adjacent to the trench. Abrupt changes 
in elevation can be avoided by providing gradual transitions 
of suitable material in these troublesome areas. Similarly, 
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variable subgrade conditions can be treated by mixing, 
blending, and selective grading to guard against pronounced 
nonuniformity of frost heave and subgrade support. 

Grading Operations 

A roadway must be constructed within prescribed limits of 
grade and alignment. Grading or earthwork operations, 
consisting of excavating in high areas and filling in low 
areas, constitute a major phase of road construction, and 
require the greatest effort in terms of manpower and 
equipment. 

Selective Grading 

Many potential frost problems can be reduced considerably 
if. based on experience and terrain investigations, the con¬ 
ditions and specific locations along the route where such 
problems are likely to occur are recognized and treated. 
One approach to treatment of such problem areas is by 
means of various special grading practices that, collectively, 
have been termed “selective grading." Materials obtained 
from required roadway or borrow excavations arc selected 
and segregated for specific uses in embankment construc¬ 
tion and subgrade preparation. The more highly frost- 
susceptible soils are placed in the lower portions of em¬ 
bankments and less-susceptible soils are crosshauled to form 
the upper portion of the subgrade. Undesirable soils also 
are used in the outermost parts of embankments rather than 
beneath the roadbed. Crosshauling and mixing also are 
used at cut-fill transitions to correct abrupt changes in soil 
type (/55). 

Cut sections frequently have been reported as sources of 
trouble, and in saturated and poorly drained areas it is good 
practice to set the grade line high enough to minimize the 
number of cuts. Cuts alter the natural drainage, with ad¬ 
verse consequences including bearing-capacity failures and 
more severe frost heaves because of ample water supply 
from adjoining higher ground. In some cases where eleva¬ 
tion of the grade line is not feasible, the problem can be 
eased by subsurface drainage, or it may be necessary to 
undercut and remove the wet and unstable soil and replace 
it with selected material. 

Blending. Mixittfi, and Boulder Removal 

In seasonal frost areas reasonably smooth pavements may 
be achieved over frost-heaving soils by providing base 
courses and subgrades of uniform texture and consistency 
throughout the roadway. This approach has long been rec¬ 
ognized by the states, provinces, and federal agencies, a 
number of which place great emphasis on the need for 
achieving subgraoe uniformity. 

One of the first requirements during construction and 
prior to preparation of subgrade should be inspection of the 
subgrade to verify the validity of subgrade design assump¬ 
tions, including an assessment of the texture of the soil and 
its uniformity in vertical and horizontal directions. In cuts, 
inspection should be made for frost-susceptible materials, 
seepage, ground or capillary water, logs, stumps, boulders, 
rock outcrops, and other conditions that may result in non- 

uniform subgrade conditions. Treatment will include re¬ 
moval of logs, stumps, and boulders; interception and 
drainage of seepage water; undercutting and replacemem 
of unsuitable materials; and scarifying, mixing, and blend¬ 
ing of the subgrade soils to achieve maximum uniformity. 

The maximum size of stone permitted in road construc¬ 
tion varies in different states and provinces, and also with 
position in the road profile and whether crushed gravel or 
crushed ledge is used. New Hampshire excludes 3-in. stones 
from the top 6 in. of sand and gravel base. Boulders larger 
than '/2 cu yd are removed from within 4 ft of the grade 
line. New Brunswick excludes boulders larger than 8 in. 
from the top 24 in. of subgrade; Manitoba allows no stones 
over 4 in. in diameter within the top 12 in.; and Newfound¬ 
land requires all borrow be less than 6 in. in size. Ontario 
requires that all boulders be removed from the top 24 in. 
of the subgrade, or to a depth of 48 in. below the top of 
granular base, whichever is greater (Fig. 42). 

Removal of boulders from the subgrade can be accom¬ 
plished by excavating the top layer, scalping the boulders 
from it. and relaying it; or, during processing of the sub¬ 
grade, by in-place scarifying, mixing, and blending. Where 
soils vary widely or frequently in texture, mixing them is 
effective in preventing differential frost heave. With modern 
construction equipment, the mixing of nonuniform soils to 
form a uniform subgrade is often more economical than 
importing select materials from borrow pits. 

Silt Pockets 

I he soil profile has a profound influence on frost action, 
as has been widely experienced and reported in the litera¬ 
ture. The most important effect of the soil profile is the 
influence that may be exerted by highly variable soil strati¬ 
fication or irregular pockets of extremely frost-susceptible 
soil. Hofmann (Ã/) stated that in New York State the most 
critical differential pavement heave problems occur in cuts 
through käme, outwash, and esker terrains generally com¬ 
posed of clean, granular materials. The stratification, per¬ 
meability, and topography of such deposits, as well as the 
presence of silt layers and lenses in them, produce great 
problems in differential heave. Cuts through folded rock 
formations produce differential heave problems of similar 
magnitude. In some cases stratification results from the 
manner of deposition; in other cases as a result of weather¬ 
ing and modification by percolating water. 

Pockets, layers, or lenses of silt or other highly frost- 
susceptible soil not only may themselves contain consider¬ 
able moisture, but concavities in the top surfaces of the 
lenses of fine-grained soil in contact with more pervious soil 
will act as basins to hold water that may supply moisture 
to potentially frost-susceptible soil above it. or to growing 
ice lenses within the silt lenses. Such lenses should either 
be removed or be scarified and thoroughly blended with the 
surrounding, more pervious, material. Silt lenses or strata 
within less frost-susceptible clay layers should be treated 
similarly. If the silt pocket is removed, it is usual practice 
to replace it either with nonfrost-susceptible soil, providing 
gradual transitions to adjacent slightly frost-susceptible soil, 
or with soil similar to the adjacent soil (Fig. 43). In Al¬ 
berta, where fissured silt is present it is undercut up to 3 ft 
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Figure 42. Boulder treatment (Ontario). 

and the excavated material is replaced with less frost- 
susceptible material. Saskatchewan, however, uses under¬ 
cut material after thorough mixing to achieve uniformity. 

Sttbgrade Preparation in Rock Cuts 

The irregular surface in rock cuts forms basins and catch¬ 
ment areas for gravitational water, which cat. cause adverse 
frost action in the base course. Also, bedrock often con¬ 
tains frost-susceptible soil fillings in seams, cracks, and 
joints. Aside from these two sources of problems, rock cuts 
also comprise a serious discontinuity in subgrade support 
conditions compared with the adjacent fills. To minimize 
adverse effects, current practice includes treatment of rock 
cuts by two alternative procedures, both intended to ease 
the abrupt change in subgrade conditions: (1) undercut¬ 
ting of the rock subgrade and replacement with material 
similar to the adjacent fills, providing tapered transitions of 
increasing depth at each extremity of the cut; and (2) in- 
place fragmentation of rock subgrades with blast holes 3 to 
6 ft deep throughout the subgrade (Fig. 44). As an al¬ 
ternative to the latter method of fragmentation, New York 
sometimes requires drilling and blasting only along a toe-of- 
slope trench at the higher side of the cut. In addition to 
fragmentation by blasting, shale rock in subgrades is some¬ 
times ripped and recompacted. In rock cuts a leveling 
course of asphaltic concrete or portland cement concrete 
may also be placed over the rock and then followed by a 
normal pavement section. 

Transitions (Cut-to-Fill and Culverts) 

Drains, culverts, or utility ducts placed under pavements 
on frost-susceptible subgrades are frequently the cause of 
abrupt differential heaving. Where such facilities are re¬ 
quired they should be put in place before the base course, 
rather than trenching through it later, so the base-course 
material can be carried across them without interruption 
to obtain uniformity of pavement support. Otherwise, a 
marked discontinuity in uniformity and compaction of the 

base course would result, and some mixing of frost-suscepti¬ 
ble subgrade with the base course would be inevitable, 
owing to difficulties of separating the two materials during 
excavation of the trench. 

Two schools of thought regarding backfill material for 
culverts across the roadway centerline arc evidenced by the 
design practices described in Chapter Three under "Other 
Factors, Differential Frost Action at Culverts, Utility Ducts, 
Drains, and Structures": (1) nonfrost-susceptible backfill, 
to minimize frost heave at the culvert; and (2) native soil 
backfill, to make heave at the culvert equal to that in ad¬ 
jacent sections of the roadway. Neither of these is com¬ 
pletely successful in preventing a differential depression or 
heave at the culvert under all climatic conditions, because 
the prevalence of atmospheric temperatures within the cul¬ 
vert induces a thermal regime in the ground surrounding 
the culvert that differs from that elsewhere under the road¬ 
way. All-around insulation of the culvert may be helpful, 
but generally, in the interest of avoiding pavement rough- 

Figure 4i. Frost-susceptible silt pocket replaced tvith soil similar 
to surrounding material ( 155 ). 



Redi snotwr Arta 

Profilt Orad« 

Bat« Court« 

Rock Oradt- 

Suttidt or cut Ditch 

PLAN OF ROCK SHATTER 
Usure 44. Rock subsrade fragmentation (Ontario). 

ness over the culvert, it is good practice to provide gradual 
transitions in the depth of backfill material, sloping gently 
upward from the full depth of the trench to intersect the 
normal top-of-subgrade some distance away. Some of the 
current practices in design of transitions are described in 
the section mentioned. 

It is also good practice to provide gradual transitions at 
other discontinuities of subgrade support, such as cut-fill 
intersections (which may occur in a transverse or longi¬ 
tudinal section), junctions of sharply differing types of sub¬ 
grade soils, and lines of intersection of rock and earth sub¬ 
grade. In the first two cases, mixing of the two types of 
soil is a feasible and effective practice, but an alternative 
practice, which also is effective for the rock/earth inter¬ 
section, is to construct gradual transitions between the two 
intersecting materials. These transitions may be ■ ade of 
(a) embankment material (Fig. 45); (b) granular, nonfrost- 
susceptible material, sometimes called granular wedges (Fig. 
35); or (c) combinations of earth fill, rock fill, and granu¬ 
lar fill (Fig. 46). 

Hauling, Placing, and Spreading of Materials 

Placing and spreading of material on a prepared subgrade 
may begin at the point nearest the source or at the point 
farthest from the source. The advantage of working from 
a location nearest the source is that the hauling vehicles can 
be routed over the spread material to assist in compacting 
the base and avoid cutting up the subgrade. Advantages of 
working from the point farthest from the source are that 
hauling equipment will further compact the subgrade, re¬ 
veal any weak spots so that they can be corrected promptly, 
and interfere less with the movement of spreading and com¬ 
pacting equipment. However, when hauling vehicles are not 
desired on the subgrade and placing begins at the point 
farthest from the source, hauling vehicles may be routed 
over adjacent finished working strips and the material 
spread transversely at the point of deposit. There is danger 
in hauling over finished base course that silt, clay, and soil 
fines will be carried by the truck tires and dropped over a 
clean base course, thus contaminating it with fines and mak¬ 
ing it frost-susceptible. Excessive compactive effort also can 

fi£rCOMM£A/OCD TTMMS/r/OA/ 
Figure 4.1. Detail of tapered transition used where embankment material differs from natural 
subgrade in cut (Maine). 
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degrade the particles in clean base courses (/90). Base 
courses laden with tines lose their stability more rapidly with 
increase in water content and are susceptible to frost heav¬ 
ing and pumping. Hauling operations that tend to deposit 
tines on a clean base course should be rerouted to eliminate 
the problem. It also may be necessary to scrape off the top 
inch or so of compacted material and replace it with clean 
material. 

Moisture-Density Control 

Achievement ot the highest possible density of subgrade and 
base course is essential to good road stability. High density 
of the base course provides resistance to heaving, increases 
resistance to moisture infiltration, and provides higher 
strength and stiffness modulus. Determination of density 
requirements, preparation of corresponding specifications, 
and construction control should be based on compaction 
tests. For large construction projects it may be highly de¬ 
sirable to investigate the compaction characteristics of the 
soil by means of a field test section, using prototype equip¬ 
ment. The range of moisture contents for effective compac¬ 
tion in silty soils and silts may be very narrow, and close 
moisture control is necessary for optimum results. Equip¬ 
ment and methods used must be adjusted on each job to suit 
the characteristics of the base material, because thorough 
compaction is highly important in developing maximum 
stability. 

Rolling should not be attempted when subgrade has been 
softened by rain. In such cases it may be necessary to 
scarify and dry out the soil before continuing with compac¬ 
tion operations. Compaction difficulties and pavement prob¬ 
lems can be avoided by limiting stone size in the base course 
and subgrade. Some specifications require that maximum 
stone size be no larger than two-thirds the thickness of the 
layer being compacted. 

Inspection and Control of Work 

Snhf/rade anti Base Course 

Field control of highway pavement construction in areas ol 
seasonal freezing must specifically consider conditions and 
materials that will result in detrimental frost action. Con¬ 
tract plans and specifications should provide for special 
treatments, such as removal of unsuitable materials en¬ 
countered. with sufficient information included to identify 
those materials and specify necessary corrective measures. 
Construction operations quite frequently expose potential 
frost-troublesome conditions not previously revealed by 
even the most thorough subsurface exploration program 
conducted during the design phase. Personnel assigned to 
field construction control should be made aware of their 
responsibility to recognize situations that require special 
treatment and field correction. 

Visual inspection, although important, is not sufficient for 
control of the construction of subgrades, subbasc and base 
courses, particularly those that contain considerable fine 
material. Depending on the type of material, necessary 
control tests include determinations of gradation, mixture 
proportions if blended, plasticity characteristics, moisture 
content, field density, layer thickness, and strength or sta¬ 

bility values. Construction operations must be adjusted if 
requirements are not being met. 

Subtirade Preparation.—Selective grading, cross-hauling, 
mixing, undercutting, and other practices that lead to better 
uniformity of the subgrade cannot be achieved merely by 
including requirements in the specifications, but only 
through the active collaboration of construction technical 
and management personnel and a corps of trained inspec¬ 
tors. Otherwise, with the exception oí very undesirable 
materials such as humus or peat, soils usually will be taken 
as found and used to whatever advantage can be developed. 
Although it is desirable to separate soils from different 
horizons of natural formations and place those with the best 
properties in the most critical portions of embankments or 
at subgrade elevation, considerable mixing is unavoidable, 
and constant inspection and supervisory efforts are essen¬ 
tial to achieve the most effective utilization of the available 
materials. The construction inspection personnel should 
check the validity of the design assumptions, and if pockets 
of unexpected frost-susceptible material or wet subgrade 
conditions are revealed, remedial measures should be ini¬ 
tiated. Gradation tests should be performed on any ques¬ 
tionable materials encountered during grading operations, 
and pockets of frost-susceptible soils in an otherwise non- 
frost-susceptible subgrade should be removed and replaced 
with materials of the same type as the surrounding soils, or. 
il this is impractical, transition zones between areas of lower 
and higher frost susceptibility should be provided. Alterna¬ 
tively. the subgrade should be thoroughly scarified and proc¬ 
essed to blend pockets of frost-susceptible soils with the sur¬ 
rounding soils. Clean granular soils should be employed in 
situations where frost action will affect the construction. 

At the transition between cut and fill sections the topsoil 
and humus should be completely removed to the depth of 
frost penetration, even though specifications may not re¬ 
quire general stripping in most fill areas. Special attention 
should be given to wet areas in the subgrade, and special 
drainage measures should be installed as required, particu¬ 
larly in providing intercepting drains to prevent infiltra.ion 
into the subgrade from higher ground adjacent to the road. 
In areas where rock excavation is required, the character of 
the rock and seepage conditions should be considered. Ex¬ 
cavations in rock should be made so that positive transverse 
drainage is provided and no pockets are left on the rock 
surface that will permit ponding water within the maximum 
depth of freezing. The irregular groundwater availability 
created by such conditions may result in markedly irregu¬ 
lar heaving under freezing conditions. Rock subgrade frag¬ 
mentation should be considered, or it may be necessary to 

fill drainage pockets with lean concrete or asphalt mix. 

Rock subgrades where large quantities of seepage are in¬ 

volved should be blanketed with a highly pervious material 

to permit the escape of water. Frequently the fractures and 

joints in the rock contain frost-susceptible soils. These ma¬ 

terials should be cleaned out of the joints and replaced with 

nonfrost-susceptible material. If this is impractical, it may 
be necessary to remove the upper part of the rock subgrade 
and replace it with earth fill. 

Base-Course Constitution. -Where the available base- 

course materials are nonfrost-sus, eptible, the base-cours«* 



construction control should follow normal practice. In 
instances where the base-course materials selected for use 
have a significant percentage of fines, frequent gradation 
checks should be made to ensure that the materials meet 
specification requirements, including gradation limits such 
as the 0.02-mm size, for control of frost susceptibility. 
Where borrow pits are variable, selection in the pit may be 
necessary in order to obtain suitable materials; on jobs in¬ 
volving large volumes of base course, inspection should be 
made at the pit, because usually it is more feasible to reject 
unsuitable material at the source. Complete surface strip¬ 
ping of pits should be enforced to prevent mixing of top¬ 
soil or other detrimental fine soil particles or lumps in clean 
base material. The gradation of the base-course materials 
after compaction should be determined at the start of the 
job, and checked frequently to see if excessive fines are 
being manufactured in the base under the abrasion and 
pounding of compaction equipment. 

When pit material is variable, thorough mixing can be 
done at the pit by stockpiling and mixing in windrows, and 
by spreading the material in thin lifts on the subgrade to 
insure uniformity. To avoid mixing base-course materials 
with frost-susceptible subgrades during and after construc¬ 
tion, the subgrade should be properly graded and com¬ 
pacted prior to placement of base course, and protected if 
necessary by a filter layer over the subgrade to prevent 
movement of subgrade fines into the subbase or base under 
traffic. Experience has shown that excessive rutting by 
hauling equipment tends to cause mixing of subgrade and 
base materials. This can be greatly minimized by the fre¬ 
quent rerouting of material-hauling equipment. Soft or 
weak areas may be recognized both by visual examination 
of the materials and by observation of their action under 
compaction equipment, particularly when the materials are 
wet. The first layer of base or subbase may have to be 
thicker than normal to support hauling equipment and 
avoid mixing of soft subgrade materials into the granular 
layers. Fine-grained silty material should not be used as a 
construction expedient to choke open-graded base courses, 
because this action could make the base susceptible to both 
frost heave and thaw-weakening. 

Drainaye Details anti Transitions 

Settlement and depressions at drainage structures can be 
avoided by careful placing and compacting of the backfill 
in these areas. Extra care must be exercised in seeing that 
a pipe or culvert is uniformly bedded on a compacted se¬ 
lect material free from stones and cobbles. The same care 
must be .’xerciscd in hand placing and hand compacting 
around the pipe until it is covered. Pushing in fill with a 
bulldozer is unsatisfactory and inevitably results in sub¬ 
sequent consolidation. Once the pipe or culvert section is 
covered with fill and hand compacted, additional layers ma\ 
be compacted with field equipment with due care at these 
locations. The same concern and care applies to fill being 
placed around any structure, such as a bridge abutment, a 
retaining wall, or a sewer manho'e. To minimize transient 
pavement roughness caused by uitfcrential frost heave at 
drainage structures, it is essential that careful consideration 

be given to selection of the backfill material and that grad¬ 
ual transitions in its depth be provided, as outlined 
previously. 

Thermal and Moisture Barriers 

Many states and provinces have recently experimented with 
or are designing roads with thermal insulating layers of 
thermoplastic foam in the form of panels or sprayed-in- 
place polyurethane, to prevent or reduce frost penetration 
into the subgrade. Use of thermal insulation has been dem¬ 
onstrated to be effective for this purpose. The long-term 
performance and effectiveness of such an installation is 
dependent on the workmanship and good field practice dur¬ 
ing installation. Subgrade soils should be graded smooth 
and crowned to the same slopes as the finished grade. If 
necessary a 1- or 2-in. under-bedding of clean sand should 
be applied to provide a uniform and smooth foundation. 
Insulation boards should be placed snugly together with 
staggered joints. Generally it is good practice to prohibit 
traffic of equipment over the insulation prior to placing at 
least b to 8 in. ( 150 to 200 mm) of base course by end¬ 
dumping and spreading with a small dozer. Heavy equip¬ 
ment and trafficking should be avoided until the second 
base-course layer is placed. With certain high-strength for¬ 
mulations of foamed plastic, traffic can be permitted di¬ 
rectly on the insulation. To avoid abrupt changes in heave 
at termination of insulated sections, it is necessary to pro¬ 
vide a transition zone between the insulated and conven¬ 
tional sections. If several layers of insulation are used, this 
can be accomplished to a reasonable degree by gradually 
tapering off the insulating layers. 

Moisture barriers (either capillary cutoffs or complete 
encapsulation) require the strictest inspection and control. 
Principal problems are punctures, tears, imperfect sealing of 
joints, and incomplete sealing of pores of some materials 
that require impregnation with bitumen. Soil in contact 
with the membranes usually must be limited to sand or fine¬ 
grained soil free from gravel or sharp stones. Depending 
on the type of membrane, traffic directly on it may have to 
be prohibited. 

Construction During Cold Weather 

Embankment Construction 

Compared with other categories of work within the con¬ 
struction industry, horizontal earthwork is extremely 
weather sensitive. Although freezing temperatures affect 
both excavation and filling, usually no restrictions are im¬ 
posed on excavation of frozen ground except those of prac¬ 
tical and economic import. The major problem lies in the 
construction of tills and compaction of soil at freezing tem¬ 
peratures. It has been learned—and sadly relearned many 
times -that frozen soil is not good fill material. Failures 
and instability have been the principal result. In the most 
usual practice, specifications prohibit the placing of frozen 
soil in fills, and many design and construction agencies also 
restrict the placing of unfrozen material on frozen ground. 
The reason for these restrictions is obvious: frozen soil in 
the foundation or the fill cannot be compacted properly, 
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and furthermore if it contains ice layers or lumps of snow 
or ice it will have reduced stability and will settle upon 
thawing. 

Construction of fills using quarry-run rock, crushed rock, 
slag, or well-drained clean gravel can be accomplished dur¬ 
ing the winter with no loss in quality of the end result. Care 
should be taken to exclude large chunks of ice or snow from 
the tills. Underwater backfill for replacement of peat can 
be accomplished effectively in winter. Winter construction 
of embankments using preheated soils also is technically 
feasible, but can be economically justified only when abso¬ 
lutely necessary to complete the work at an early date. 
Surfaces of fills being constructed in cold weather can be 
protected overnight or over the weekend by placing calcium 
chloride on the surface or by covering with a layer of hay 
or other insulating material. Calcium chloride has been 
found effective only if the temperature does not drop below 
25°F (—4°C). 

In the United States most states require that frozen ma¬ 
terial shall not be used in construction of embankments or 
backfilling around structures, and that embankments shall 
not be constructed on frozen ground. A survey of state 
highway department practices (/9/) shows that the speci¬ 
fications of Maine, Pennsylvania, and Wisconsin permit 
frozen material to be placed in embankments. Maine's 
specification requirements are that •'embankments may be 
formed when the depth of the fill plus the depth of the 
frozen ground does not exceed 5 feet.” Maine's specifica¬ 
tions also state that "base courses may be formed on frozen 
subgrade when the subgrade has been properly compacted 
prior to freezing. Pennsylvania allows the forming of em¬ 
bankments on ground frozen to a thickness no greater than 
3 in- (73 mm). Wisconsin prohibits the formation of em¬ 
bankments in the fall or early winter except when the 
material is primarily granular. Five other state highway 
departments do not specifically exclude frozen material 
from embankments, but specify that embankments shall be 
constructed of material acceptable to the engineer, contain¬ 
ing no unsuitable, perishable, or deleterious material. 

On the other hand, embankments have been constructed 
successfully in freezing weather; but care and close control 
arc required to place and compact nonfrozen material be¬ 
fore it freezes. According to a summary of practices of 
21 northern states given in Table 14 of Yoakum’s (/9/) 
survey, many states have reported successful fills at tem¬ 
peratures below 32 F (OX) when clean granular mate¬ 
rials of low moisture content were used and when fills were 
permitted to consolidate for a year or more. A high em¬ 
bankment was reported successfully constructed during the 
winter of 1955 by the Massachusetts Turnpike Authority. 
The fill consisted of alternating layers of 8 in. (200 mm) 
of glacial (ill (30 to 35 percent passing the No. 200 sieve) 
and 8 in. of clean sand compacted to 9 percent of Standard 
Proctor density. During the day the soil did not freeze; 
however, overnight temperatures dropped as low as O F 
( —18 C) and the surface of the fill froze to a thickness of 
about 3 in. (75 mm). The thin frozen crusts were not re¬ 
moved. Since construction no noticeable settlements have 
been observed; it is believed that the sand layers acted as 
wicks for absorbing moisture and added stability to the 
embankment. 

Salts can be used to depress the freezing point of soil 
moisture and keep it workable at subfreezing temperatures. 
Brine can be sprayed on (he unfrozen soil after spreading 
each layer, or can be mixed into the soil at the borrow area. 
This approach can not be used if the soil is already frozen 
or already has a high moisture content. Furthermore, pub¬ 
lic concern about pollution and environmental protection 
would preclude extensive use of salt. The New York State 
Highway Department experimented with mixing calcium 
chloride into the soil to prevent freezing, but abandoned the 
practice because of the cost of the chemical and the mixing 
effort required (/92). Other experience by New York in¬ 
dicates great difficulty in achieving specified densities at low 
temperatures, even in relatively clean cohesionless soils. It 
was concluded that when the temperature drops to 20 F 
(—7°C), it is extremely uneconomical to construct em¬ 
bankments in the winter. 

Portland Cement Cotia ete Pavinp 

The quality of portland cement concrete paving is adversely 
affected if it is frozen during setting and curing. For this 
reason specifications usually prohibit placement of concrete 
when the temperature is below about 40 F (4CC), or allow 
placement only with the permission of the responsible en¬ 
gineer. When concreting is permitted at temperatures be¬ 
low 40 F, specifications generally require that the water 
or the aggregate, or both, be heated and that the concrete 
be protected during curing by warmed enclosures, or by use 
of straw, hay, tarpaulins, or insulation (blankets), to retain 
heat given off during curing. Specifications of temperatures 
to be maintained during curing are varied. The recom¬ 
mendations of the American Concrete Institute (/92) arc 
comparatively liberal; concrete temperatures during curing 
should be above 40T for 3 days (2 days for high-early- 
strength cement) and above freezing for .3 days thereafter. 
Salts or chemicals to lower the freezing point of mixing 
water are prohibited. 

Accelerators such as calcium chloride are permitted in 
some cases and in limited proportions (about 2 percent, by 
weight, of the cement). The Russians have experimented 
with mixing and placing concrete containing mixtures of 
sodium chloride and calcium chloride totaling as much as 
20 percent by weight of the mixing water to prevent freez¬ 
ing of concrete at temperatures down to 0°F ( —18°C). 
Stormer (/94) conducted experiments of a similar nature 
that appeared to support the validity of the Russian work: 
however, he suggested further investigations of freeze-thaw 
durability in the presence of water, coordination of re¬ 
inforcement, and other critical factors. Lacking further 
supporting evidence, the prevalent view in the United States 
is that if portland cement concrete is to remain undamaged 
by frost in a moist exposure, it must be made with frost- 
resistant aggregates, air entrainment, and protected from 
freezing until it has developed approximately 3.500 psi 
(24 MPa) compressive strength. 

Hituminoux Pavitifi 

I he requirements for placing bituminous paving mixtures in 
cold weather arc as exacting as those for portland cement 
concrete. Increased viscosity upon cooling interferes with 
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compaction ot' bituminous mixtures and makes application 
of prime coats and seal coats ineffectual at low tempera¬ 
tures. Bonding of adjacent paving lanes is adversely af¬ 
fected if constructed in cold weather, unless the second lane 
is paved soon after the first lane, wh . the mixture tem¬ 
perature is still high. Many states have arbitrary cutoff 
dates in the fall after which no hot-mix asphaltic concrete 
may be placed. There are. however, numerous cases re¬ 
ported where bituminous work has been done successfully 
at subfreezing temperatures. The asphaltic surfacing of 
Calumet Skyway Bridge in Chicago was constructed through 
the winter of 1957 when temperatures were below freezing, 
with no apparent loss of strength or durability of the as¬ 
phaltic pavement. Special precautions were taken in trans¬ 
porting the hot asphaltic mix in insulated trucks and in 
compacting it immediately. The only restriction was that 
the surface on which the mixture was placed must be free 
of ice and snow. Studies and experimentation by The As¬ 
phalt Institute have shown that hot-laid asphaltic mixtures 
are not injured by freezing weather and may be placed at 
temperatures as low as (VF provided the mixture is com¬ 
pacted immediately after placing (/95). Corlew and Dick¬ 
son (/96) developed an analytical method for predicting 
the temperature of hot-mix asphaltic concrete from the time 
it leaves the paver until compaction to the required density 
is complete. 

Placement of deep-lift bituminous-stabilized base and 
full-depth hot-mix pavement at below-freezing temperatures 
has been reported. In these cases the hot mix is laid directly 
on the subgrade. Good results have been reported in New 
Jersey (/97) and some midwestern states. Thicker sections 
of hot mix provide increased flexibility for cold-weather 
paving because of greater volumetric heat retention of the 
thicker layer (8 to 10 in.—200 to 250 mm—or greater). 
Beagle ( /9Ä) states that "hot plant-mixed asphalt base can 
be placed on frozen subgrades, in subfreezing weather—if 
it can be kept hot enough during rolling." 

MAINTENANCE AND REPAIR 

Preventive Maintenance 

Certain preventive maintenance measures can be taken to 
eliminate or minimize detumental effects of frost action on 
pavements. Many agencies seal joints and cracks with bitu¬ 
men (Appendix A). Table 24 summarizes responses to the 
question on whether low-temperature contraction cracks are 
sealed, and when they are sealed. Thirty-one agencies re¬ 
sponded positively that cracks are sealed; however, there is 
no consensus as to the best season to accomplish this work. 
In general, agencies operating in the colder, more northerly, 
regions tend to fill cracks in the spring, summer, or fall; 
some states enjoying warmer climates indicated that cracks 
are filled in the winter as the cracks occur and as tempera¬ 
tures permit. A detailed treatment of joint and crack scal¬ 
ing has been presented bv the Highway Research Board 
(27). 

Although highway snow and ice control were excluded 
from the scope of this synthesis, it is pertinent to note 
(Appendix A) the large part of maintenance budgets that 
is devoted to these operations, which, in the states and 
orovinces that responded to this question, ranges from 

insignificant to 50 percent. Several publications containing 
information on this subject are worthy of mention. The 
Highway Research Board (/99) provided guidelines for 
maintenance personnel using the equipment and technology 
then available. Since that time, snowplow trucks have gen¬ 
erally become larger and faster moving, necessitating de¬ 
sign changes in the plows. New types of snowplows (such 
as the underbody plow) have been developed, and un¬ 
doubtedly more chemicals are used now than were used in 
1962. Byrd et al. (200) recommended snow removal and 
ice control techniques at interchanges and presented infor¬ 
mation on snowplows; the Highway Research Board (201) 
discussed research in the area of snow removal and ice 
control; and Mellor (202) discusses blowing snow. The last 
two references also consider the location of snow fencing. 
At least one issue of Rural ami Urban Roads (203) was 
devoted almost entirely to articles discussing snow and ice 
control and equipment. 

Spring load restrictions also may be considered preven¬ 
tive maintenance procedures: all of the agencies were polled 
to determine the extent of application of load restrictions. 
The replies of 42 states and provinces that experience some 
frost action are summarized in Appendix A. Twenty-four 
of the respondents do not impose special spring load restric¬ 
tions (Table 25); of the 18 that do. 15 qualified their af¬ 
firmative replies to indicate that the restrictions are applied 
only on older roads, secondary roads, or in other special 
cases. Nine of the 18 determine the load restrictions and 
their duration by experience, and most of the remainder 
make use of deflection measurements for this purpose. The 
plate loading te>>t is used in Minnesota, but experience and 
Bcnkleman beam tests are also used. North Dakota plans 
to use the Dynaflect ( 10) to determine load restrictions. 
In Quebec the duration of the restrictions is controlled by 

l ABI.E 24 

SI AI INC. OF LOW TEMPERATURE TRANSVERSE 
CONTRACTION CRACKS IN ASPHALTIC PAVEMENTS 

NO. ()1 

him A(;i;Ncir;s 

Agencies reporting occurrence 
of low-temperature cracks 40 

Reponed effect of low-temperature 
cracks on pavement serviceability: 

Significant 33 
Slight, or significant 

only in certain conditions 4 
Not significant 3 

Sealing of cracks: 
Not sealed 5 
Sealed in. 

Spring 4 
Summer S 
Fall 7 
Winter 3 
Spring or summer I 
Spring or fall 1 
Spring, fall, or winter 3 
Warm weather 2 
Not stated 8 

No information 1 



TABLE 25 

RESTRICTIONS ON AXLE LOADINGS 
IMPOSED IN SPRING ‘ 

NO. OK STATES 

QUESTIONS AND RESPONSES AND PROVINCES 

Are special restrictions imposed on maximum 
axle loadings allowed in Ihe spring? 

No 24 
Yes. unqualified 3 
Yes, old roads, weaker roads. 

or secondary roads g 
Yes, certain roads 4 
Yes. except Interstates 

or heavy-duty roads 2 
Yes. on incompleted roads 

in stage construction | 
Basis for determination of restricted loads, 

and of duration of restrictions: 
Experience q 
Deflections, measured with 

Benkelman beam 5 
Experience, deflections, and 

plate bearing tests | 
Visual inspection plus Dynaflect 1 
Judgment of local authorities | 
No information | 

' From information summarized in Appendix A. 

law, but restrictions are imposed normally for only a por¬ 
tion of the period, and that portion is determined by experi¬ 
ence. Nebraska uses restrictions only on stage-constructed 
roads, with the restrictions being applied only until the 
design pavement thickness is achieved. 

Several countermeasures are used by maintenance forces 
to minimize problems due to icings. Few of these can be 
classified as preventive maintenance measures, being in¬ 
stead measures that are applied as the problems arise. By 
far the most common practice is to melt openings through 
ice-filled culverts and ditches, by means of steam, hot water, 
burners of various types, or electrical heating devices. Steam 
is generally supplied from truck-mounted boilers, and ap¬ 
plied through hoses and nozzles. Use of steam is reported 
by Alaska, British Columbia, Alberta. Saskatchewan. Mon¬ 
tana, Minnesota. Wisconsin, Iowa, Ontario, Quebec. Ver¬ 
mont, New Hampshire, and Maine. In Alaska and parts of 
northern Canada, where icing of many culverts occurs regu¬ 
larly. permanent thaw pipes are installed within culverts, 
and periodically a steam hose is attached to a riser pipe at 
one end of the culvert, with a condensate-return hose at¬ 
tached to a riser pipe at the other end. Steaming operations 
can thus be performed quickly and efficiently. In addition 
to steam. Vermont and Maine also use hot water to thaw 
ice-filled drainage facilities. 

Burners arc reportedly used in Alaska, Idaho. North 
Dakota, and Wyoming. Except in Alaska these burners are 
portable units (such as weed burners or propane torches) 
employed as needed to thaw openings in blocked drains or 
culverts. In Alaska, however, a type of burner is used that 
remains in place throughout the winter, generally at the 
upstream end of a culvert. This type of burner, which uses 
a fuel oil-gasoline mixture, is often operated continuously. 

either during the entire winter, or at least during the late 
winter-early spring period. Burner techniques similar to 
those used in Alaska are also known to be employed in 
northern Canada. 

A substantial improvement over the use of steam or burn¬ 
ers is represented by the introduction of electrical heating 
devices. In the survey questionnaire, electrical heating was 
reported to be in use in Alaska and Saskatchewan. Mineral- 
insulated, metal-sheathed heating cables are generally em¬ 
ployed. They are strung through culverts in much the same 
manner as permanent steam thaw pipes. The installations 
may be permanent or only for the duration of the winter 
season. Where electric power is available, a switch control 
is operated by maintenance personnel when thawing is re¬ 
quired. In areas not served by power lines, truck-mounted 
generators must visit each site and actuate the heating de¬ 
vice until the desired opening is thawed. In Alaska, some 
installations have been equipped with thermostatic controls, 
timers, or cycling devices, tor the purposes of more closely 
matching power outputs with thawing requirements and 
achieving unattended operation. Power outputs depend on 
cable resistances and lengths, but most installations have 
performed well with power outputs of 50 watts per linear 
foot ( 160 W m ) or less. 

Some highway departments (e.g.. Colorado. Michigan. 
Indiana) have reported the use of NaCI or CaCT in clearing 
ice-blocked drainage facilities, but current water-quality cri¬ 
teria make the introduction of chemicals directly into water¬ 
ways undesirable if not illegal. Hand or mechanical removal 
of ice. reported by C olorado and Delaware, but clearly used 
elsewhere, may involve blades, scarifiers, and rippers, as 
well as hand tools. These techniques are usually practiced 
as expedient or emergency measures, rather than as parts 
of a planned maintenance program. 

Pavement Repairs 

Repair ot trost-damaged roads may be accomplished by any 
of three methods, singly or in combinations. The two most 
commonly used procedures involve ( I ) removal of frost- 
susceptible soil and replacement with nonfrost-susceptible 
material, and (2) installation of a subsurface drainage net¬ 
work. The drainage network generally consists of perfo¬ 
rated pipe or tile underdrains, but may include french 
drains. Side ditches may be cleaned, regraded, or deep¬ 
ened to solve localized frost heaving problems. The follow¬ 
ing statement from Highway Research Board Synthesis 9 
(27) summarizes these two procedures: "A correction of 
serious frost heaves involves removal ot existing pavement 
and provision of uniformity of soils and drainage within the 
depth of zone of freezing." 

Recently, thermal-insulating materials have been used in 
reconstruction of badly frost-damaged roads. Either of two 
methods has been employed where insulation was used for 
this purpose. The first and most common procedure is to 
remove the pavement and ail or a portion of the base ma¬ 
terial. and then repave the area. The second method has 
taken two forms. In the first, insulation is placed directly 
on the old pavement and new base material and pavement 
is placed over the insulation (Fig. 47). The principal ad¬ 
vantages of this method are that no excavation is required 
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and irattic can he mainlained easiK h> rcconstrucling i>nc- 
halt the width of the roadwa> and leaving the other hall 
open to traffic. V^illiams (.’.’4) statev that about I.2IK) It 
' 3bS mi of two-lane roadwav can he reconstructed each 
da> using this procedure The primarv disadvantage of this 
reconstruction procedure is that the finished grade is raised 
by about 2 ft.

In Norway a 'top insulation " concept has recently been 
used i205i This concept is similar to that discussed by 
Williams except that a new pavement is placed directly on 
the insulating layer. Polyurethane and polystyrene having 
minimum compressive strengths of 114 psi i 7Hti kPal at 
5 percent deflection have been used, and flexible pavr-nent’' 
approximately .t'a to 4'a in to 121) mm) thick we e 
placed directly over the insulating layer. The average ra;e 
of reconstruction of a 2 2-milc (.'.54 km) segment of road­

way using this concept was 4 t() tl per day ) I .'<) m day); 
the maximum rate was I.MX) ft per day (.'.V5 m day). 
which included placing the asphaltic pavement in three lay­
ers over the insulation By using the "lop insulation ' con­
cept. the final grade line is raised only 5 to 9 in. I 125 to 
2.'() mm), depending on the thicknesses of the insulating 
material and the pavement. Borg Hansen and Kefsdal 
i2(M) state: "One obvious disadvantage with such a con­
struction IS the danger of ice forming on the surface be­
cause of the reduced heat flow toward the surf.'.ce Surface 
conditions were observed daily during the winter 1972-7.'. 
and although a certain degree of ice l.'.rmation took place 
during the autumn, this was offset by light salting I rom 
IX-cember on. the ice formation was nuire equal to that of 
uninsulated road: but when using this method, it must he a 
condition that salting takes place whenever required. "
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RESEARCH NEEDS

The fundamental ditferences between roadway design in 
seasonal frost areas and nunfrost areas are that in frost 
areas consideration must he given to surface roughness and 
weakening >f the layered system caused by frost effects and 
to cracking that develops when temperai.::-.-'' fall to low 
levels. These ditferences have been rccogni/ed for several 
decades, but a thorough understanding of the complex 
physical processes causing these effects has not yet been 
ichievcd Mathematical models coupling heat and mass

flux, stresses and strains in multilayerec systems, and cumu­
lative damage must be developed Wii;i these models sensi­
tivity tests should be conducted '.o ascertain the particular 
parameters and relatisvnships that should he emphasized in 
continuing research C urrent knowledge is inadequate in 
a number of broad topical areas, which may he grouped 
under the general headings of fundamentals of frost action 
anu pavement design and performance Research currently 
being conducted by the agencies surveyed (.\ppendix A i
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embraces both these general areas, and reflects an assess¬ 
ment by each of the agencies of the particular topics on 
which research is apt to be fruitful. The following is a brief 
assessment of the topics on which the current state of the 
art seems to be most deficient, and on which further re¬ 
search has the most promise of improving the cost effective¬ 
ness of roadway design in seasonal frost areas. 

RESEARCH ON FACTORS FUNDAMENTAL TO 

FROST ACTION 

The broad topic of frost action has engaged the interest of 
research workers for many years. Although much has been 
learned, understanding of the factors influencing frost ac¬ 
tion is still deficient. There is an acute need for applied 
research directed toward providing better answers for the 
following: 

1. What are the soil factors that determine the severity 
of ice segregation, frost heave, and thaw-weakening, and 
how can they be measured and used to predict the severity 
of frost effects? 

2. How can moisture migrations engendered by frost ac¬ 
tion be defined and forecast, and how can the moisture 
equilibrium conditions be predicted as a function of time, 
temperature, and space? 

3. Given an accurately defined thermal regime, known 
soil properties, and a valid prediction of moisture equilib¬ 
rium conditions, how can the volumetric expansion of a soil 
undergoing freezing be predicted? 

4. What are the effective mechanisms of thaw-weakening 
and how can the resilient modulus and shear strength of 
soils be determined as a continuous function of tempera¬ 
ture, freezing history, stress, and stress history? 

RESEARCH ON DESIGN AND PERFORMANCE 

OF PAVEMENTS 

Analysis and Design of Multilayered Systems 

[ he most pressing need is that research workers who have 
access to methods of analysis of pavements based on 
mechanistic approaches translate those analytical ap¬ 
proaches into design procedures accessible to pavement 
engineers. The choice of analytical models could be re¬ 
solved initially in favor of either a linear elastic layered sys¬ 
tem analysis or a finite clement model; the important cri¬ 
terion is that the model admit a mechanistic analytical 
approach; that is, an analysis of the transmitted forces and 
their action on the layered structure. This function of tech¬ 
nology transfer will not be pioneering work, because 
mechanistic design systems already have been implemented 
on a small scale. Once they are more widely implemented, 
attention can be directed to research that will improve their 
application in seasonal frost areas. Improved application 
will come about through research and development in six 
topical areas, as follows: 

1. Techniques for materials characterization, with model¬ 
ing of strength, resistance to deformation, and volumetric 
equilibrium of the various materials, including the depen¬ 
dence of each of these properties on temperature, frost, and 
moisture. 

2. Means of assessment of environmental influences, par¬ 

ticularly the prediction of field moisture conditions in pave¬ 
ments as a function of time and space. 

3. Yearly cumulative damage models, including both fa¬ 
tigue and distortion, that will account for variation of rate 
of damage incurred under repeated load applications, de¬ 
pending on temperature and on frozen, thawing, or thawed 
condition of the materials in the layered structure. 

4. Coupling of mathematical models of temperature, 
moisture, and stresses and strains in the layered structure, 
with the cumulative damage model. 

5. Means of predicting heave at a point on the pavement 
surface caused by frost action in the layered structure, in 
terms of temperature regime, properties and predicted mois¬ 
ture conditions of the layer or layers in which ice segrega¬ 
tion occurs, and the thickness, stiffness, and weight of the 
materials overlying the layer in question. 

6. Probabilistic models of surface roughness in terms of 
the predicted heave at a point on the surface, and of the 
properties of the layered structure. 

Other Design Topics 

I here are countless other topics on which further research 
may be worthwhile. Four topics are mentioned that appear 
especially meritorious: 

I Low-temperature cracking of asphaltic pavements. Re¬ 
search in the last ten years has significantly advanced the 
state of the art in selection of asphalts that are less suscepti¬ 
ble to embrittlement at low temperatures. The emphasis 
now should be in transferring this technology to the domain 
of design and construction. Further research also is needed 
on the low-temperature rheology of asphalts, methods for 
testing asphalts at low temperature, the effect of additives, 
and methods of rehabilitating cracked pavements. 

2. Thermal barriers. Insulating layers for pavements and 
for culverts have great promise. Further research is needed 
to define the thermal regime around culverts and to ex¬ 
amine and find solutions for the problem of surface icing of 
insulated pavements. 

3. Encapsulation. This technique has promise as a means 
of utilizing poor-quality soil to replace better, but increas¬ 
ingly scarce, granular soil as base course. Laboratory and 
field experiments are needed to define limitations as to soil 
types suitable for encapsulation, and to determine the place¬ 
ment conditions, such as density and moisture content, that 
are necessary to minimize frost action. 

4. Soil stabilization. Chemical and physical stabilization 
also offers a potential means of utilizing inferior and plenti¬ 
ful materials. Further research is needed to develop better 
approaches to mixture formulations that resist detrimental 
frost heave and freeze-thaw degradation. Encapsulation of 
soil containing small percentages of stabilizing additives also 
is a promising technique and a worthwhile topic for field 
experimentation. 

5. Base-course drainage. The effectiveness of conven¬ 
tional base-course drainage that relies on horizontal flow 
within the base course needs to be assessed, and alternative 
systems providing vertical drainage tested. Subdrainage re¬ 
quirements need to be defined for wide paved areas (such 
as multilanc highways), for full-depth asphaltic pavements, 
and for insulated pavement systems. 
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_Smg, province or agency 

Alabama 

Alaska 

Albeita 

British Columbia 

California 

Colorado 

Connecticut 

Delaware 

Georgia 

Idaho 

Illinois 

Indiana 

Iowa 

Kansas 

Maine 

Maryland 

Massachusetts 

Michigan 

Minnesota 

Missouri 

Montana 

Nebraska 

Nevada 

New Hampshire 

New York 

New Mexico 

North Dakota 

Nova Scoria 

Ohio 

Research « Roadwiy Deelp la Saasceal Frost Areas 

What are the principal unresolved 
Topics ol „cent or curre« work by problems .llectlng roadway de- Which unresolved problems are the 
-0f*a"ltall^L__sign In seasons/ frost areas?_ most promising arena lor research? 
Measured depth of frost penetration un- NI — N. 
der Alabama roads. 

FS of base courses, culvert icings, 
vegetation for cut slopes, insulation. 

Seasonal deflections, snow and ice 
symposium. 

Regression analysis of deflection data. 

Plan to incorporate a climatic or geo¬ 
graphic variable in design method. 

None 

Sponsoring development of rapid test 
for identification of PS soil. 

None 

None 

Measurement of frost heaves, insula¬ 
tion. Benkelman beam deflection. 

Freeze-thaw effects on durability of 
stabilized materials and on soil re¬ 
siliency. moisture movements within 
pavement systems. 

Polystyrene insulation. 

None 

NI 

Aggregates, frost action, insulation, 
pavement life, studded tire wear. 

None 

Rapid test of FS of soil. 

Stability, dramability and environ¬ 
mental factors in granular materials. 

Insulation of centerline culverts. 

None 

Study of pavement cracking. 

Dynaflect in overlay design, regional 
factors. 

None 

Development of rapid frost heaving 
test. 

Pavement design, insulated pave¬ 
ments including surface icing. 

BB deflection tests 

BB and fynaflect tests to study rate 
of recovery after spring thaw weaken¬ 
ing. 

BB deflection studies. 

Thermal cracking, heave predictions, 
thickness design. 

Thermal cracking, freeze-thaw de¬ 
terioration. seasonal strength changes. 

Relationship of strength to soil type, 
topography, drainage, freezing index 
etc. 

Frost not a severe problem in Cal¬ 
ifornia. 

FS classification, insulation transi¬ 
tions. 

Greater sub-drainage problem on 
multi-lane pavements. 

Nl 

NI 

Heave control drainage, effect of 
thaw weakening on design method. 

Durability in relation to climate, 
thaw weakening, differential frost 
heave. 

Identification and mapping of FS 
soils. 

None, design seems adequate. 

Insufficient use of available know¬ 
ledge. 

Difficulty in achieving uniformity 
of mat »-.als, life of bituminous pave¬ 
ments. 

Frost is not a major problem in Mary¬ 
land. 

Thermal cracking, and longitudinal 
construction joints in flexible pave¬ 
ments. 

Dramability vs. saturation, and sta¬ 
bility vs saturation, in granular 
materials. 

Advance identification of areas that 
will heave. 

NI 

NI 

NI 

NI 

Positive identification of areas that 
will heave. 

Simple criteria for FS of soils, addi¬ 
tives to reduce FS; simple tests for 
thsw weakening. 

NI 

Rate of recovery of normal subgrade 
strength. 

Effect of frost action on subgrade 
strength. 

Thermal cracking, frost heave and heave 
pressures. 

Thermal cracking. 

Field studies of surface strength. 

NI 

NI 

Allowable retention time for moisture un¬ 
der pavements. 

NI 

NI 

Heave control and thaw weakening. 

Thaw weakening. 

Identification and mapping of FS soils. 

NI 

Better dissemination of information. 

Durability and skid resistance of pave¬ 
ments. 

NI 

Need for better longitudinal Joints. 

Study of granular materials. 

Reduce frost effects by subgrade in¬ 
sulation. 

NI 

NI 

NI 

NI 

Insulation to prevent subgrade freezing 
without surface conditions, plastic 
moisture barriers. 

All those listed under the foregoing 
heading. 

NI 

Use of Dynaflect to determine recovery 
period. 

NI 

None NI NI 



_Sm«. pmvlnct or tgency 

Ontario 

Oregon 

Pennsylvania 

Ouebec 

South Carolina 

Saskatchewan 

Tennessee 

Tenas 

Utah 

Vermont 

Washington 

West Virginia 

Wisconsin 

Wyoming 

National Research Council ot Canada 

USDA-Forest Service 

USDT-Federal Highway Admm.. 
Region 15 

Massachusetts Turnpike Authority 

New York State Thruway Authority 

11 IN PW IIMUIH 

1 ' '1 

Raseareh oa Roadway Daslgn ln leasanal Front Arena 

Topics of tecent or current work by 
your organization 

What are the principal unresolved 
problems affecting roadway de¬ 

sign In seasonal frost areas? 
Which unresolved problems are the 
most promising areas lor research? 

Thermal cracking. Brampton test 
roads for field evaluation of various 
bases and pavement systems, sea¬ 
sonal strength variations, design 
systems. 

None 

Frost action in soils (at M.I.T.). pave¬ 
ment evaluation. 

Seasonal variations in BB deflections. 

None 

BB deflection, thermal cracking, 
effects of swelling clay on service¬ 
ability. 

None 

Loss of support in the spring. 

Loss of support in the spring. 

Loss of support in the spring. 

None 

Relationship among tempetature, 
frost penetration, and pavement per¬ 
formance in W. Va. 

Seasonal BB deflections, freezing 
indes to predict deflections. 

Plan to study deflections and 
spring load restrictions. 

Thermal and structural behavior of 
insulated roads. 

None 

None 

None 

None 

Drainage of surface water in winter, 
quality control on construction, de¬ 
signing for uniform heaving. 

(Pavements built by our current de¬ 
sign standards have not been a 
problem with respect to (Tost. ) 

Finding economical solutions to frost 
problem. 

Pavement failure caused by winter 
rains and thaws. 

N1 

Thermal cracking, effects of swelling 
clay on serviceability. 

NI 

Distress due to ftequent freeze-thaw 
cycles. 

NI 

NI 

Inadequate drainage. 

NI 

Discovery of silt pockets contained 
In sand subgrade strata, frost tent¬ 
ing (heave at cracks). 

Recognition, treatment and design for 
frost. 

Predicting depth of frost, and FS 
criteria. 

Identification of FS materials, fre¬ 
quent and cyclic freeze-thaw, need 
for rational design. 

Determination of a realistic soil 
support value. 

Frost action at culverts, and in 
shade of overpass structures. 

Cut-fill transitions, high culverts, 
shoulders, shadow areas. 

Keeping moisture away from the pave¬ 
ment structure. 

NI 

NI 

Permeability effects in strength recovery. 

NI 

Use of soft grades of asphalt of high vis¬ 
cosity to control thermal cracking. 

NI 

NI 

NI 

NI 

Inadequate drainage. 

NI 

Those listed under the foregoing heading. 

NI 

Correlating CSD. freezing tests, and 
field behavior. 

Development of simple rational frost 
design procedure. 

Determination of a realistic soil support 
value. 

NI 

Shoulders 

Asphalt Institute Low-temperature contraction crack- Heave predictions in relation to Yearly cumulative damage model.* 
ing. soil, temperature, and GW conditions; 

defining what differential heave con¬ 
stitutes failure, development of year¬ 
ly cumulative damage model to 
account for frozen and thawed con¬ 
ditions. 

Portland Cement Association Limited research on insulating lay- NI NI 
eta. _ 

• Suggested approach: (1) Use multilayered elastic stress-strain analysis. (Î) Characterize each material by resilient modulus, determined in frozen state and at 
various water contents in unfrozen state. (3) Combine multilayered analysis with model for frost penetration under various thermal regimes. (4) Compute critical 
strains for various time intervals throughout yearly period to check cumulative damage model. 
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APPENDIX B 

SELECTED.NFORMAT|()N ON ROADWAY DESIGN PRACTICES IN SEASONAL FROST AREAS 
(11 AGENCIES) 

The information contained in this summary was obtained 
from questionnaires and visits to 10 states and provinces, 
and from practices of the U. S. Army Corps of Engineers. 

Abbrevia¬ 
tions Used 

BB 
Cof E 
AADT 
CADT 
DHV 
DEI 

FS 

NFS 
FS group 

Benkelman beam 
U.S. Army Corps of Engineers 
Annual average daily traffic 
ADT of commercial vehicles 
Design hourly volume (traffic) 
Design freezing index: corresponds to a cold 

year with recurrence interval of 10 years 
Frost susceptible, frost susceptibility 
Nonfrost susceptible 

Frost susceptibility classification of C of E. 
F-l. F-2. F-3, or F-4 

GSD Grain size distribution 
GW Groundwater 
DGA Dense-graded aggregate (base) 
AC Asphaltic concrete 
ATB Asphalt-treated base 
CTB Cement-treated base 
PCC Portland cement concrete (unreinforced) 
RC Reinforced concrete 
CRC Contit.uously reinforced concrete 
PCA Portland Cement Association 
USCS Unified Soil Classification System 
Blank space No information 

dm 
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Published reports of the 

NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM 

are available from: 

Highway Research Board 
National Academy of Sciences 

2101 Constitution Avenue 
Washington, D.C. 20418 

Rep. 
No. Tille 

—* A Critical Review of Literature Treating Methods of 
Identifying Aggregates Subject to Destructive Volume 
Change When Frozen in Concrete and a Proposed 
Program of Research—Intermediate Report (Proj. 
4-3(2)), 81 p„ $1.80 

1 Evaluation of Methods of Replacement of Deterio¬ 
rated Concrete in Structures (Proj. 6-8), 56 p.. 
$2.80 

2 An Introduction to Guidelines for Satellite Studies of 
Pavement Performance (Proj. 1-1 ), 19 p., $1.80 

2A Guidelines for Satellite Studies of Pavement Per¬ 
formance, 85 p. 4 9 figs., 26 tables, 4 app., $3.00 

3 Improved Criteria for Traffic Signals at Individual 
Intersections—Interim Report (Proj. 3-5), 36 p., 
$1.60 

4 Non-Chemical Methods of Snow and Ice Control on 
Highway Structures (Proj. 6-2), 74 p., $3.20 

5 Effects of Different Methods of Stockpiling Aggre¬ 
gates—Interim Report (Proj. 10-3), 48 p., $2.00 

6 Means of Locating and Communicating with Dis¬ 
abled Vehicles—Interim Report (Proj. 3-4), 56 p. 
$3.20 

7 Comparison of Different Methods of Measuring 
Pavement Condition—Interim Report (Proj. 1-2). 
29 p„ $1.80 

8 Synthetic Aggregates for Highway Construction 
(Proj. 4-4), 13 p.. $1.00 

9 Traffic Surveillance and Means of Communicating 
with Drivers—Interin. Report (Proj. 3-2), 28 p., 
$1.60 

10 Theoretical Analysis ol Structural Behavior of Road 
Test Flexible Pavements (Proj. 1-4), 31 p., $2.80 

11 Effect of Control Devices on Traffic Operations— 
Interim Report (Proj. 3-6), 107 p., $5.80 

12 Identification of Aggregates Causing Poor Concrete 
Performance When Frozen—Interim Report (Proj. 
4-3(1)). 47 p.. $3.00 

13 Running Cost of Motor Vehicles as Affected by High¬ 
way Design—Interim Report (Proj. 2-5), 43 p., 
$2.80 

14 Density and Moisture Content Measurements by 
Nuclear Methods—Interim Report (Proj. 10-5), 
32 p., $3.00 

15 identification of Concrete Aggregates Exhibiting 
Frost Susceptibility—Interim Report (Proj. 4-3(2)), 
66 p„ $4.00 

16 Protective Coatings to Prevent Deterioration of Con¬ 
crete by Deicing Chemicals (Proj. 6-3). 21 p., 
$1.60 

17 Development of Guidelines for Practical and Realis¬ 
tic Construction Specifications (Proj. 10-1 ), 109 p., 
$6.00 

18 Community Consequences of Highway Improvement 
(Proj. 2-2), 37 p., $2.80 

19 Economical and Effective Deicing Agents for Use on 
Highway Structures (Proj. 6-1 ), 19 p„ $1.20 

Hmhway Research Board Special Report 80 

Title 

Economic Study of Roadway Lighting (Proj. 5-4), 
77 p., $3.20 
Detecting Variations in Load-Carrying Capacity of 
Flexible Pavements (Proj. 1-5), 30 p., $1.40 
Factors Influencing Flexible Pavement Performance 
(Proj. 1-3(2)), 69 p., $2.60 
Methods for Reducing Corrosion of Reinforcing 
Steel (Proj. 6-4), 22 p. $1.40 
Urban Travel Paticrns for Airports, Shopping Cen¬ 
ters, and Industrial Plants (Proj. 7-1), 116 p., 
$5.20 
Potential Uses of Sonic and Ultrasonic Devices in 
Highway Construction (Proj. 10-7), 48 p., $2.00 
Development of Uniform Procedures for Establishing 
Construction Equipment Rental Rates (Proj. 13-1), 
33 p., $1.60 
Physical Factors Influencing Resisti ncc of Concrete 
to Deicing Agents (Proj. 6-5), 41 p., $2.00 
Surveillance Methods and Ways and Means of Com¬ 
municating with Drivers (Proj. 3-2), 66 p., $2.60 
Digital-Computer-Controlled Traffic Signal System 
for a Small City (Proj. 3-2), 82 p., $4.00 
Extension of AASHO Road Test Performance Con¬ 
cepts (Proj. 1-4(2)), 33 p.. $1.60 
A Review of Transportation Aspects of Land-Use 
Control (Proj. 8-5), 41 p„ $2.00 
Improved Criteria for Traffic Signals at Individual 
Intersections (Proj. 3-5), 134 p., $5.00 
Values of Time Savings of Commercial Vehicles 
(Proj. 2-4), 74 p., $3.60 
Evaluation of Construction Control Procedures— 
Interim Report (Proj. 10-2), 117 p., $5.00 
Prediction of Flexible Pavement Deflections from 
Laboratory Repeated-Load Tests (Proj. l-3'3)), 
117 p., $5.00 
Highway Guardrails—A Review of Current Practice 
(Proj. 15-1). 33 p.. $1.60 
Tentative Skid-Resistance Requirements for Main 
Rural Highways (Proj. 1-7), 80 p„ $3.60 
Evaluation of Pavement Joint and Crack Sealing Ma¬ 
terials and Practices ( Proj. 9-3), 40 p., $2.00 
Factors Involved in the Design of Asphaltic Pave¬ 
ment Surfaces ( Proj. 1-8), 112 p., $5.00 
Means of Locating Disabled or Stopped Vehicles 
(Proj. 3-4(1)), 40 p„ $2.00 
Effect of Control Devices on Traffic Operations 
(Proj. 3-6), 83 p„ $3.60 
Interstate Highway Maintenance Requirements and 
Unit Maintenance Expenditure Index (Proj. 14-1), 
144 p„ $5.60 
Density and Moisture Content Measurements by 
Nuclear Methods (Proj. 10-5), 38 p„ $2.00 
Traffic Attraction of Rural Outdoor Recreational 
Areas (Proj. 7-2), 28 p., $1.40 
Development of Improved Pavement Marking Ma¬ 
terials—Laboratory Phase (Proj. 5-5), 24 p 
$1.40 
Effects of Different Methods of Stockpiling and 
Handling Aggregates (Proj. 10-3), 102 p.. 
$4.60 
Accident Rates as Related to Design Elements of 
Rural Highways (Proj. 2-3), 173 p., $6.40 
Factors and Trends in Trip Lengths (Proj. 7-4) 
70 p.. $3.20 
National Survey of Transportation Attitudes and 
Behavior—Phase I Summary Report (Proj. 20-4), 
71 p„ $3.20 

Rep. 
No. 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 



Rep. 
No. Title 
50 Factors Influencing Safety at Highway-Rail Grade 

Crossings (Proj. 3-8), 113p., $5.20 
51 Sensing and Communication Between Vehicles (Proj. 

3-3), 105 p„ $5.00 
52 Measurement of Pavement Thickness by Rapid and 

Nondestructive Methods (Proj. 10-6), 82 p„ 
$3.80 

53 Multiple Use of Lands Within Highway Rights-of- 
Way (Proj. 7-6), 68 p., $3.20 

54 Location, Selection, and Maintenance of Highway 
Guardrails and Median Barriers (Proj. 15-1(2)), 
63 p., $2.60 

55 Research Needs in Highway Transportation (Proj. 
20-2), 66 p„ $2.80 

56 Scenic Easements—Legal, Administrative, and Valua¬ 
tion Problems and Procedures (Proj. 11-3), 174 p., 
$6.40 

57 Factors Influencing Modal Trip Assignment (Proj. 
8-2), 78 p., $3.20 

58 Comparative Analysis of Traflic Assignment Tech¬ 
niques with Actual Highway Use (Proj. 7-5), 85 p., 
$3.60 

59 Standard Measurements for Satellite Road Test Pro¬ 
gram (Proj. 1-6), 78 p„ $3.20 

60 Effects of Illumination on Operating Characteristics 
of Freeways (Proj. 5-2) 148 p., $6.00 

61 Evaluation of Studded Tires—Performance Data and 
Pavement Wear Measurement (Proj. 1-9), 66 p., 
$3.00 

62 Urban Travel Patterns for Hospitals, Universities. 
Office Buildings, and Capitols (Proj. 7-1 ), 144 p.. 
$5.60 

63 Economics of Design Standards for Low-Volume 
Rural Roads (Proj. 2-6), 93 p., $4.00 

64 Motorists' Needs and Services on Interstate Highways 
(Proj. 7-7), 88 p„ $3.60 

65 One-Cycle Slow-Frcezc Test for Evaluating Aggre¬ 
gate Performance in Frozen Concrete (Proj. 4-3( 1 )), 
21 p., $1.40 

66 Identification of Frost-Susceptible Particles in Con¬ 
crete Aggregates ( Proj. 4-3(2)), 62 p., $2.80 

67 Relation of Asphalt Rheological Properties to Pave¬ 
ment Durability (Proj. 9-1), 45 p., $2.20 

68 Application of Vehicle Operating Characteristics to 
Geometric Design and Traffic Operations (Proj. 3- 
10). 38 p.. $2.00 

69 Evaluation of Construction Control Procedures— 
Aggregate Gradation Variations and Effects (Proj 
10-2A), 58 p„ $2.80 

70 Social and Economic Factors Affecting Intercity 
Travel (Proj. 8-1 >, 68 p., $3.00 

71 Analytical Study of Weighing Methods for Highway 
Vehicles in Motion (Proj. 7-3), 63 p., $2.80 

72 Theory and Practice in Inverse Condemnation for 
Five Representative States (Proj. 11-2), 44 n 
$2.20 

73 Improved Criteria for Traffic Signal Systems on 
Urban Arteriais (Proj. 3-5/1), 55 p„ $2.80 

74 Protective Coatings for Highway Structural Steel 
(Proj. 4-6), 64 p„ $2.80 

74A Protective Coatings for Highway Structural Steel— 
Literature Survey (Proj. 4-6), 275 p.. $8.00 

74B Protective Coatings for Highway Structural Steel— 
Current Highway Practices (Proj. 4-6). 102 p 
$4.00 

75 Effect of Highway Landscape Development on 
Nearby Property (Proj. 2-9), 82 p., $3.60 

Rep. 
No. Title 
76 Detecting Seasonal Changes in Load-Carrying Ca¬ 

pabilities of Flexible Pavements (Proj. 1-5(2)), 
37 p„ $2.00 

77 Development of Design Criteria for Safer Luminaire 
Supports (Proj. 15-6), 82 p., $3.80 

78 Highway Noise—Measurement, Simulation, and 
Mixed Reactions (Proj. 3-7), 78 p., $3.20 

79 Development of Improved Methods for Reduction of 
Traffic Accidents (Proj. 17-1), 163 p., $6.40 

80 Oversize-Overweight Permit Operation on State High¬ 
ways (Proj. 2-10), 120 p„ $5.20 

81 Moving Behavior and Residential Choice—A Na¬ 
tional Survey (Proj. 8-6), 129 p.. $5.60 

82 National Survey of Transportation Attitudes and 
Behavior—Phase II Analysis Report (Proj. 20-4), 
89 p., $4.00 

83 Distribution of Wheel Loads on Highway Bridges 
(Proj. 12-2), 56 p„ $2.80 

84 Analysis and Projection of Research on Traffic 
Surveillance, Communication, and Control (Proj. 
3-9), 48 p„ $2.40 

85 Development of Formed-in-Place Wet Reflective 
Markers (Proj. 5-5), 28 p„ $1.80 

86 Tentative Service Requirements for Bridge Rail Sys¬ 
tems (Proj. 12-8), 62 p., $3.20 

87 Rules of Discovery and Disclosure in Highway Con¬ 
demnation Proceedings (Proj. 11-1(5)), 28 p., 
$2.00 

88 Recognition of Benefits to Remainder Property in 
Highway Valuation Cases ( Proj. 11-1(2)), 24 p., 
$2.00 

89 Factors. Trends, and Guidelines Related to Trip 
Length (Proj. 7-4). 59 p., $3.20 

90 Protection of Steel in Prestressed Concrete Bridges 
(Proj. 12-5), 86 p„ $4.00 

91 Effects of Deicing Salts on Water Quality and Biota 
—Literature Review and Recommended Research 
(Proj. 16-1), 70 p„ $3.20 

92 Valuation and Condemnation of Special Purpose 
Properties (Proj. 11-1(6)), 47 p., $2.60 

93 Guidelines for Medial and Marginal Access Control 
on Major Roadways (Proj. 3-13), 147 p„ 
$6.20 

94 Valuation and Condemnation Problems Involving 
Trade Fixtures ( Proj. 11-1 (9) ), 22 p., $1.80 

95 Highway Fog (Proj. 5-6), 48 p„ $2.40 
96 Strategies for the Evaluation of Alternative Trans¬ 

portation Plans (Proj. 8-4), 111 p„ $5.40 
97 Analysis of Structural Behavior of AASHO Road 

Test Rigid Pavements (Proj. 1-4( 1)A), 35 p„ 
$2.60 

98 Tests for Evaluating Degradation of Base Course 
Aggrptrrucs (Proj. 4-2), 98 p. $5.00 

99 '/isual Requirements in Night Driving (Proj. 5-3) 
38 p.. $2.60 

100 Research Needs Relating to Performance of Aggre¬ 
gates in Highway Construction (Proj. 4-8), 68 p„ 
$3.40 

101 Effect of Stress on Freeze-Thaw Durability of Con¬ 
crete Bridge Decks (Proj. 6-9), 70 p„ $3.60 

102 Effect of Weldments on the Fatigue Strength of Steel 
Beams (Proj. 12-7), I14p., $5.40 

103 Rapid Test Methods for Field Control of Highway 
Construction (Proj. 10-4), 89 p., $5.00 

104 Rules of Compensability and Valuation Evidence 
for Highway Land Acquisition (Proj. 11-1), 
77 p., $4.40 



Rep. 
No. Title 

105 Dynamic Pavement Loads of Heavy Highway Vehi¬ 
cles (Proj. 15-5), 94 p„ $5.00 

106 Revibration of Retarded Concrete for Continuous 
Bridge Decks (Proj. 18-1), 67 p„ $3.40 

107 New Approaches to Compensation for Residential 
Takings (Proj. 11-1(10)), 27 p„ $2.40 

108 Tentative Design Procedure for Riprap-Lined Chan¬ 
nels (Proj. 15-2), 75 p., $4.00 

109 Elastomeric Bearing Research (Proj. 12-9) 53 n 
$3.00 

110 Optimizing Street Operations Through Traffic Regu¬ 
lations and Control (Proj. 3-11 ), 100p., $4.40 

111 Running Costs of Motor Vehicles as Affected by 
Road Design and Traffic (Proj. 2-5A and 2-7) 
97 p„ $5.20 

112 Junkyard Valuation—Salvage Industry Appraisal 
Principles Applicable to Highway Beautification 
(Proj. 11-3(2)), 41 p., $2.60 

113 Optimizing Flow on Existing Street Networks (Proj 
3-14), 414 p„ $15.60 

114 Effects of Proposed Highway Improvements on Prop¬ 
erty Values (Proj. 11-1(1 ) ), 42 p., $2.60 

115 Guardrail Performance and Design (Proi 15-1(2)) 
70 p„ $3.60 

116 Structural Analysis and Design of Pipe Culverts 
(Proj. 15-3), 155 p„ $6.40 

117 Highway Noise—A Design Guide for Highway En¬ 
gineers (Proj. 3-7), 79 p„ $4.60 

118 Location, Selection, and Maintenance of Highway 
Traffic Barriers (Proj. 15-1(2)). 96 p„ $5.20 

119 Control of Highway Advertising Signs—Some Legal 
Problems (Proj. 11-3(1)), 72 p., $3.60 

120 Data Requirements for Metropolitan Transportation 
Planning (Proj. 8-7), 90 p., $4.80 

121 Protection of Highway Utility (Proj. 8-5), 115 p 
$5.60 

122 Summary and Evaluation of Economic Consequences 
of Highway Improvements (Proj. 2-11), 324 p, 
$13.60 

123 Development of Information Requirements and 
Transmission Techniques for Highway Users (Proj. 
3-12), 239 p„ $9.60 

124 Improved Criteria for Traffic Signal Systems in 
Urban Networks (Proj. 3-5), 86 p„ $4.80 

125 Optimization of Density and Moisture Content Mea¬ 
surements by Nuclear Methods (Proj. 10-5A), 
86 p„ $4.40 

126 Divergencies in Right-of-Way Valuation (Proj. 11- 
4), 57 p„ $3.00 

127 Snow Removal and Ice Control Techniques at Inter¬ 
changes (Proj. 6-10), 90 p., $5.20 

128 Evaluation of AASHO Interim Guides for Design 
of Pavement Structures (Proj. 1-11), 111 p„ 
$5.60 

129 Guardrail Crash Test Evaluation—New Concepts 
and End Designs (Proj. 15-1(2)), 89 p„ 
$4.80 

130 Roadway Delineation Systems (Proj. 5-7), 349 p , 
$14.00 1 

131 Performance Budgeting System for Highway Main¬ 
tenance Management (Proj. 19-2(4)) 213 p 
$8.40 

132 Relationships Between Physiographic Units and 
Highway Design Factors (Proj. 1-3(1)), 161 p 
$7.20 

Title 

Procedures for Estimating Highway User Costs, Air 
Pollution, and Noise Effects (Proj. 7-8), 127 p 
$5.60 
Damages Due to Drainage. Runoff, Blasting, and 
Slides (Proj. 11-1(8)), 23 p., $2.80 
Promising Replacements for Conventional Aggregates 
for Highway Use (Proj. 4-10), 53 p., $3.60 
Estimating Peak Runoff Rates from Ungaged Small 
Rural Watersheds (Proj. 15-4), 85 p., $4.60 
Roadside Development—Evaluation of Research 
(Proj. 16-2), 78 p„ $4.20 
Instrumentation for Measurement of Moisture— 
Literature Review and Recommended Research 
(Proj. 21-1), 60 p„ $4.00 
Flexible Pavement Design and Management—Sys¬ 
tems Formulation (Proj. 1-10), 64 p„ $4.40 
Flexible Pavement Design and Management—Ma¬ 
terials Characterization (Proj. 1-10), 118 p 
$5.60 
Changes in Legal Vehicle Weights and Dimensions— 
Some Economic Effects on Highways (Proj. 19-3), 
184 p„ $8.40 
Valuation of Air Space (Proj. 11-5), 48 p, 
$4.00 
Bus Use of Highways—State of the Art (Proj. 8-10), 
406 p„ $16.00 
Highway Noise—A Field Evaluation of Traffic Noise 
Reduction Measures (Proj. 3-7), 80 p., $4.40 
Improving Traffic Operations and Safety at Exit Gore 
Areas (Proj. 3-17) 120 p„ $6.00 
Alternative Multimodal Passenger Transportation 
Systems—Comparative Economic Analysis (Proi. 
8-9), 68 p„ $4.00 
Fatigue Strength of Steel Beams with Welded Stiff¬ 
eners and Attachments (Proj. 12-7), 85 p.. 
$4.80 
Roadside Safety Improvement Programs on Freeways 
—A Cost-Effectiveness Priority Approach (Proj. 20- 
7), 64 p., $4.00 
Bridge Rail Design—Factors, Trends, and Guidelines 
(Proj. 12-8), 49 p„ $4.00 
Effect of Curb Geometry and Location on Vehicle 
Behavior (Proj. 20-7), 88 p„ $4.80 
Locked-Wheel Pavement Skid Tester Correlation and 
Calibration Techniques (Proj. 1-12(2)), 100 p., 
$6.00 
Warrants for Highway Lighting (Proj. 5-8). 117 
p., $6.40 
Recommended Procedures for Vehicle Crash Testing 
of Highway Appurtenances (Proj. 22-2), 19 p 
$3.20 F 
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Synthesis of Highway Practice 

No. Title 
1 Traflic Control for Freeway Maintenance (Proj. 20-s, 

Topic 1 ), 47 p., $2.20 
2 Bridge Approach Design and Construction Practices 

(Proj. 20-5, Topic 2), 30 p., $2.00 
3 Trafiic-Safc and Hydraulically Efficient Drainage 

Practice (Proj. 20-5, Topic 4), 38 p., $2.20 
4 Concrete Bridge Deck Durability (Proj. 20-5, Topic 

3), 28 p„ $2.20 
5 Scour at Bridge Waterways (Proj. 20-5, Topic 5), 

37 p., $2.40 
6 Principles of Project Scheduling and Monitoring 

(Proj. 20-5, Topic 6), 43 p., $2.40 
7 Motorist Aid Systems (Proj. 20-5. Topic 3-01), 

28 p„ $2.40 
S Construction of Embankments ( Proj. 20-5, Topic 9), 

38 p„ $2.40 
9 Pavement Rehabilitation—Materials and Techniques 

(Proj. 20-5, Topic 8), 41 p„ $2.80 
10 Recruiting, Training, and Retaining Maintenance and 

Equipment Personnel (Proj. 20-5, Topic 10), 35 p.. 
$2.80 

11 Development of Management Capability (Proj. 20-5, 
Topic 12), 50 p„ $3.20 

12 Telecommunications Systems for Highway Admin¬ 
istration and Operations (Proj. 20-5, Topic 3-03), 
29 p„ $2.80 

13 Radio Spectrum Frequency Management (Proj. 20-5, 
Topic 3-03), 32 p., $2.80 

14 Skid Resistance (Proj. 20-5, Topic 7), 66 p„ 
$4.00 

15 Statewide Transportation Planning—Needs and Re¬ 
quirements (Proj. 20-5. Topic 3-02), 41 p„ 
$3.60 

16 Continuously Reinforced Concrete Pavement (Proj. 
20-5, Topic 3-08), 23 p., $2.80 

17 Pavement Traffic Marking—Materials and Applica¬ 
tion Affecting Serviceability (Proj. 20-5, Topic 3- 
05), 44 p„ $3.60 

18 Erosion Control on Highway Construction (Proj. 
20-5, Topic 4-01), 52 p., $4.00 

19 Design, Construction, and Maintenance of PCC 
Pavement Joints (Proj. 20-5, Topic 3-04), 40 p„ 
$3.60 

20 Rest Areas (Proj. 20-5, Topic 4-04), 38 p.. 
$3.60 

21 Highway Location Reference Methods (Proj. 20-5, 
Topic 4-06), 30 p„ $3.20 

22 Maintenance Management of Traffic Signal Equip¬ 
ment and Systems (Proj. 20-5, Topic 4-03) 41 p., 
$4.00 

23 Getting Research Findings into Practice (Proj. 20-5, 
Topic 11 ) 24 p„ $3.20 

24 Minimizing Deicing Chemical Use (Proj 20-5, 
Topic 4-02), 58 p„ $4.00 

25 Reconditioning High-Volume Freeways in Urban 
Areas (Proj. 20-5, Topic 5-01), 56 p„ $4.00 

26 Roadway Design in Seasonal Frost Areas (Proj. 20-5, 
Topic 3-07), 104 p.. $6.00 




