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CHAPTER 1.0
INTRODUCTION
1.1 THE PROBLEM

In areas of the United States which are subject to moderate or severe
seasonal freezing, pavement structures can be susceptible to weakening during
the thawing period (normally during the spring but this can occur several
times during the winter months). To preclude accelerated pavement deteriora-
tion two possibilities exist:

(a) Apply load restrictions during the thawing (or critical) period.
(b) Design, construct, or otherwise modify the pavement structure to
prevent or reduce the thaw weakening phenomenon.
Due to budget constraints for many agencies faced with this problem, the only
choice is Item (a) above.

A review of the literature quickly reveals that few rational procedures
have been used to determine the magnitude of the load restrictions, when to
apply them and when to remove them. Therefore a need exists to develop
guidelines oriented toward local agencies to assist them in handling this
serious problem.

1.2 BACKGROUND

Frost action in soils can cause several detrimental effects. The effect
commonly addressed is that of frost heave. Less information is available on
an equally serious problem, that of loss in structural capacity. This loss
in strength occurs during the thaw period (usually late winter or early
spring) when the moisture content increases in the pavement layers. This
action is similar to the one due to the rise of the ground water table or
infiltration of moisture through a porous pavement surfacing or shoulder.
Whatever the cause, the presence of moisture levels in the subgrade above the
amount assumed for pavement design will reduce the strength (or stiffness) of
the various pavement layers. The same is true for most base and subbase
materials.



The majority of currently used design methods is based on empirical
studies of pavement behavior. The strength of the subgrade is usually
estimated at the equilibrium conditions of moisture and density after soaking
for several days (e.g., the CBR test). Empirical design methods based on the
above classification procedures cannot account for adverse subgrade condi-
tions caused by the thaw period or unusually high water tables, unless such
conditions were generally prevalent when the original empirical studies, on
which the methods are based, were conducted. This is because the methods are
based on the average subgrade conditions exhibited by the subgrade throughout
most of the pavement's life.

The damage to a pavement structure is directly related to the magnitude
and frequency of the load applied. This was clearly demonstrated by the
AASHO Road Test [1.1]. Subsequent studies of material behavior have demon-
strated that the fatigue and permanent deformation characteristics of many
materials depend on the magnitude and frequency of stress and strain levels
induced [1.2]. A majority of the state DOT's use the AASHTO Interim Guide
for Design of Pavement Structures [1.3] for designing their pavement thick-
nesses (or at Teast a portion of the AASHTO Guide). In designing a specific
pavement using this method the traffic is converted to equivalent 18,000 1b.
Toads for a given design period and for known or assumed material properties.
Any lowering of material strength or increase in the number of equivalent
18,000 1b. loads reduces the 1ife of the pavement. Thus, the method of
reducing loads when the strength of the pavement materials is reduced is a
reasonable way to maintain the design life and general serviceability of the
pavement. Hence, the need for load restrictions during critical pavement
periods. 4

Local and state highway agencies have a wide variety of practices for
imposing weight restrictions in advance of the "spring thaw.” Truck weight
enforcement programs adopted by the various agencies vary widely in terms of
the weight 1imits applied, the forms the restrictions take and their imple-
mentation. The decision of closing or opening a facility is largely deter-
mined by experience and sometimes political pressures. There is very little
definitive data to help in decision making, especially for secondary and




lower category highways even though these types of highways form the bulk of
county and city highway systems. The local governments generally have low to
modest maintenance budgets and normally cannot afford to overlay the pave-
ments after damage during the spring thaw. Therefore, a need exists to
develop criteria for the restriction of truck weights during the spring
thaw.

1.3 OBJECTIVES

The objective of the reported study was to develop guidelines for local
governments to use in establishing weight restrictions on county and city
pavements in advance of spring break-up. To achieve this objective the fol-
Towing was accomplished by the study team:

(a) conducted a literature search and summarized the findings,

(b) established contacts with various highway agencies and conducted

in-person interviews,

(c) used the available data from the literature and interviews and
analyzed them in order to develop load restriction magnitudes and
timing,

(d) developed guidelines which can be used by local agencies to assess
the need, magnitude, and time to apply and remove load restric-
tions, and

(e) developed a summary report and videotape presentation to be used
for implementation of the study findings.

1.4 REPORT ORGANIZATION

The report is organized into six chapters and seven appendices. The six
chapters are the following:

(a) Chapter 1.0 - Introduction

(b) Chapter 2.0
(c) Chapter 3.0
(d) Chapter 4.0
(e) Chapter 5.0
(f) Chapter 6.0

Literature Review

Survey of Current Practice
Analysis

Development of Guidelines

Conclusions and Recommendations






CHAPTER 2.0
LITERATURE REVIEW
2.1 INTRODUCTION

In areas where the ground is subject to freezing and thawing, flexible
pavements often experience extreme variations in bearing capacity. During
the spring, periods of “thaw weakening" occur, greatly reducing the bearing
capacity. Where pavements have not been adequately designed to substantially
reduce or eliminate the loss of strength occurring during thaw, considerable
damage may occur resulting in high maintenance costs. Many areas in the
United States, Canada and Europe have experienced these problems and have
resorted to imposing some form of load restrictions on particular classes of
roads in critical locations to minimize the damaging effects. ‘

This literature review deals with several subject areas related to the
use of load restrictions. Among these are current practices regarding load
restrictions in the United States, Canada and Europe. In addition, studies
related to pavement response during spring thawing are reviewed, including
methods for evaluating and predicting the pavement response. Since the
spring bearing capacity reductions which occur are due to climatological
effects, a review of the literature pertaining to the relationship of spring
thaw weakening and climate is also included.

2.2 LOAD RESTRICTION PRACTICES
2.2.1 CURRENT U.S. AND CANADIAN PRACTICES

The NCHRP Report No. 26 [2.1] contains a summary of the states and
Canadian provinces which, at that time, applied 1o0ad restrictions on some
classes of roads during spring thawing. The eighteen states and provinces
which reported using load restrictions are listed in Table 2.1. In addi-
tion, Quimont [2.2] reported that load restrictions are used extensively in
Quebec due to the severity of the freezing season.



Table 2.1. States and Provinces Applying Load Restrictions

as of 1874 (NCHRP Report No. 26).

State or Province

Comments Regarding Use of Restrictions

Alaska

. Alberta
British Columbia

Idaho
{liinois

Maine
Michigan
Minnesota

Montana

Nebraska

New Hampshire

North Dakota
Nova Scotia
Ontario

Quebec

Utah

Wisconsin

Wyoming

Older underdesigned roads

Selected roads
Limit spring deflection to <.05 mm

Experience dictates
Local agencies restrict some secondary roads

Inadequate roads >20 years old

Older roads

Only on incompleted stage constructed roads
Feeder roads

Limited to classes of roads other than
interstates and primary highways

Secondary roads, 75%+ normal loads

Weaker roads

Oilder inadequate roads

Occasionally




2.2.2 EUROPEAN PRACTICES

Several countries in Western Europe are in climatic zones where cyclic
freeze-thawing occurs. At the 1974 Symposium on Frost Action in Roads,
Finland [2.3] and France [2.4] reported the results of studies showing
variations in load carrying capacity with season. France reported imposing
load restrictions and reduced speed limits on certain classes of roads. In
1978 France implemented a program outlining procedures for imposing spring
use restrictions [2.5]. Temperature, weather trend data and frost depth
measurements are taken during freezing and thawing periods. In addition,
deflection measurements are taken during thawing and compared to reference
values. This is done on representative road sections in various locations
and restrictions are imposed based on the data obtained.

Norway reported imposing load restrictions when thawing depths reach 4
to 8 in. [2.6]. The amount of the reduction is based on deflection measure-
ments collected over several years throughout the country. The typical
reduction is 20 percent of the maximum allowable Toad. The duration of the
restriction is based on the total and “critical® frost depth, as shown in
Table 2.2. Typical load restriction durations by geographic location are
shown in Figure 2.1.

Several other Western European countries experience frost related pro-
blems including Sweden, Switzerland and West Germany. Kubler [2.7] reported
that load restrictions were used in West Germany starting in 1954, While all
of these countries report using various frost susceptibility measures in
designing their roads, information was not found related specifically to the
use of load restrictions.

2.3 STUDIES OF SPRING BEARING CAPACITY
2.3.1 EARLY U.S. STUDIES

Most authors point to the pioneering work of Taber [2.8], which identi-
fied frost heaving phenomenon and related thaw weakening, as the first step
of understanding the reduced bearing capacities of pavements in spring. The
first formal investigation in the U.S. of thaw weakening was undertaken by a
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committee formed at the 1948 Meeting of the Highway Research Board [2.9].
Regional and national maintenance engineers practicing in areas subject to
cyclic freeze-thaw had been aware for years of the detrimental effects of
heavy loads on roads during the spring and, as a result, prior to that time,
load restrictions had been in use. However, the degree of thaw weakening had
not been estimated quantitatively.

In 1947, field investigators in Minnesota using plate bearing tests
showed a loss of strength of up to 60 percent during thawing. Typically the
losses occurred nearly simultaneously with the beginning of thawing (Fig-
ure 2.2). Base and subgrade materials alike exhibited a loss of strength
during thawing based on plate test results (Figure 2.3). Based on this
information, nine states agreed to participate in an extensive field study of
thaw weakening. These states included Indiana, lowa, Michigan, New Hamp-
shire, New York, North Dakota, Ohio, Oregon and Minnesota. Nebraska subse-
quently submitted data over the study period. Test sites were typically
located in areas where load restrictions were currently in use with satisfac-
tory results, i.e., 1ittle pavement deterioration occurred during thawing.
Material profiles were identified at the test locations and samples of mate-
rials were examined in the laboratory to identify the dry density and mois-
ture content of the bases and subgrades. In addition, air temperature,
precipitation and ground temperature were measured in the vicinity of the
test locations. Plate tests, performed at various times during spring thaw-
ing and throughout the year, were used to measure deflections. In some
states, other deflection testing techniques were used including the North
Dakota Cone Bearing Test, the Housel Penetrometer Test, and the Subgrade
Resistance Test. :

Results from the participating states were published throughout the
study period [2.10, 2.11, 2.12, 2.13, 2.14]. Indiana reported that plate
tests showed spring bearing values that were 52 percent to 95 percent of the
previous fall values, with moisture contents in spring generally higher than
those in fall. In addition a tabulation of the results by soil type was also
presented [2.12]. Data from Oregon showed a definite trend in reduction of
bearing capacity in the spring, although results showed a wide variation

10
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[2.12, 2.13]. 1In general, the test period was quite mild with low frost
penetrations, often less than one foot. The data therefore were inconclu-
sive. Nebraska contributed data from approximately 160 sites using plate
load tests performed in 1952-53 [2.12]. Strength losses in spring varied
from 0 to 65 percent with an average value of 29 percent. A comparison of
the loss and recovery of strength for major soil groups is shown in Fig-
ure 2.4. Tests were performed in North Dakota from 1948 to 1951 to estimate
bearing values using the North Dakota Cone Device [2.11]. Average subgrade
bearing values for all tests sites were also estimated for each year and were
plotted against time. The results showed that the subgrade bearing value was
reduced by 43, 55 and 25 percent (relative to fall values) for the years of
1949, 1950 and 1951. Plate bearing tests were performed in studies conducted
in Iowa. The plates were located at the surface, top of the base course and
top of the subgrade. Overall, spring bearing losses varied from 16 to
62 percent of the corresponding fall value.

Studies continued in Minnesota in 1948 and 1949 using plate tests. The
results of 126 tests were recorded. The spring strength reduction ranged
from 15 to 84 percent of the fall value with an average of 42 percent.
Average strength values for all tests are plotted for the spring against time
and shown with the comparable thawing depth in Figure 2.5.

In addition, correlations between moisture content and bearing and/or
various meteorologic factors were considered in several of the studies.
However, no conclusive findings were forthcoming.

2.3.2 EARLY BENKELMAK BEAM STUDIES

Preus and Tomes [2.15] performed early work using the Benkelman Beam for
detecting seasonal changes in load carrying capacity. The approach taken was
to use the Benkelman Beam to obtain a deflection profile by moving the wheel
relative to the placement of the probe. Data was obtained on road sections
in Minnesota using this technique. Maximum deflection, initial rate of
deflection and flection were obtained (Figure 2.6). The results were plotted
against bearing capacity estimates obtained from plate bearing tests and
suggested that the critical parameter was flection when compared to autumn

13
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reference values. Estimates of strength loss by plate bearing measurements,
deflection measurements and rate of deflection showed reasonable agreement.

Armstrong and Csathy [2.16] suggested that older, flexible pavements in
Canada are generally susceptible to damage as a result of thaw weakening.
Benkelman Beam deflection data recorded throughout Canada suggested that
spring load-carrying capacity was reduced by 40 percent in Alberta, 50 per-
cent in Ontario and 30 to 60 percent in New Brunswick.

2.3.3 EARLY DYNAFLECT STUDIES

Early use of the Dynaflect to evaluate seasonal changes in the load
carrying capacity of flexible pavements was performed by Scrivner et al.
[2.12]. The measurements obtained and the typical deflection basin are
shown in Figures 2.7 and 2.8. Using the measured deflections, a surface
curvature index, SCI, can be obtained where:

SCI = W] - W2
d
M g2 se
dxZ  500a2
where:

a = distance between w1 and Wo

For all analysis in this study, *a" was assumed to be 12 inches.

Dynaflect measurements were taken on an average of once a week during
spring thawing at 24 test sites located in I11inois and Minnesota. A com-
parison of the critical period, as defined by this study, and the actual
restricted period is shown in Table 2.3. In general, the restricted period
was conservative compared to the critical period obtained from deflection and
SCI measurements. The maximum SCI and deflection measurements are shown in
Table 2.4. It was felt that, based on this information, SCI was a somewhat
better indicator for imposing load restrictions. Based on the wide range of
temperature conditions at test sections in this study, the authors felt that

the use of deflection and/or SCI measurements were most appropriate when the
following conditions were met:

17
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(a) a single distinct freezing period existed, and
(b) the freezing index was greater than 200°F days.
The recommended equation for estimating the "safe" spring load, based on a
normal SCI of 0.35 for an axle load of 18,000 1b is the following:
6.3

Lsafe (kips) =
max
Where the normal (summer) SCI is less than 0.35, the pavement should not
require any load restriction.

In addition, Benkelman Beam, Curvature Meter and Plate Bearing measure-
ments were obtained at different times throughout the year. The correlation
of Dynaflect deflection and measurements from the Benkelman Beam and plate
bearing test are shown in Figures 2.9 and 2.10.

2.3.4 FATIGUE BASED ANALYSIS OF THAW WEAKENING

Hardcastle and Lottman [2.18, 2.19] proposed an analytical method for
obtaining spring load 1imits based on the cumulative damage ratio:

p=ZINij
Ji Nij
where:

njj = actual number of applications of the ith 1oad while the pavement
is the jth condition, and
Nij = predicted number of applications to failure of the itP 1oad
while the pavement is in the jtP condition.
The fatigue pa. ameter used is the maximum tensile strain in the pavement
(Figure 2.11). Comparisons of damage for lbad limit policies A and B can be
made by:

ij A
J T
Da . Nyj
D

Nij

Load levels for spring were obtained using this approach by collecting field
samples of materials to measure elastic properties in the laboratory and
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performing a layered elastic analysis of the pavement system using computer
program CHEV5L. From the results (stress strains and deflections) obtained,
the spring load corresponding to the reference summer strain and deflection
conditions could be determined. These results were compared with measured
Benkelman Beam deflections with reasonable results. A comparison of spring
loads obtained using fatigue consumption to load levels predicted by the
NCHRP method [2.17] is shown in Table 2.5. The NCHRP method results in the
greatest load reduction, approximately 50 percent. Using fatigue consumption
further allows one to estimate the remaining service 1ife of a flexible
pavement for various choices of load level.

Connor [2.20] used a similar approach for estimating load reductions
based on spring deflection measurements and equivalent fatigue life. He
recommended comparing maximum spring deflections to acceptable pavement
deflection Tevels based on asphalt concrete thickness and traffic index
where summer reference deflections are unknown. The load level for an equiv-
alent fatigue life can be obtained from Figure 2.12 knowing the maximum
deflection in spring. Where summer deflections are known, this value can be
used to enter the graph in Figure 2.12.

Stubstad and Connor [2.21] have developed an extensive pavement monitor-
ing system using the Falling Weight Deflectometer (FWD) to be used in areas
where severe winter weather conditions exist and thaw weakening affects a
major portion of a road network. The FWD was selected 1in this study because
material properties can be realistically backcalculated from the deflection
basin data.

The configuration of loading and deflection measurements taken with the
FWD are shown in Figure 2.13. The range of thaw depth conditions, layer
thicknesses and modulus values assumed is shown in Table 2.6. From this,
using the Chevron N-layer computer program a solution table was developed for
about 350 cases or combinations of layer thicknesses, thaw depths, and resil-
ient properties. For each case the resulting deflection basin, the horizon-
tal tensile strain in the asphalt concrete and the vertical strain at the
surface of the thawed base was obtained.
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2 3 4 5 6 7
Distance from (mm) 0 200 300 450 650 900 1200
cenerofbad (in) 0 79 118 177 256 354 472

Figure 2.13. Falling Weight Deflectometer Load and Deflection Measurement
Configuration (after Stabstad and Connor, 1982)
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Table 2.6 Range of Pavement Structure Conditions
Assumed to Represent Alaskan Roadway Conditions

Layer Thickness (in.) E-value (psi)

Aspnalt 3/4 to 3 430,000 to 870,000
Concrete

Granular 12 3,500 to 65,000
Base

Subbase/ 59 11,000 to 22,000
Embankment

Subgrade Semi-infinite 7,000 to 15,000

A1l Frozen 1,500,000
Material

Note: The thaw depth below the asphait was varied from 2 inches

to (4 feet.
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For monitoring, the FWD was used to obtain deflection basins at various
stations along the road network. The data were input into the FROST program
which compared the measured deflection basin at each station with the deflec-
tion basins in the solution table. The best fit of the data was obtained and
the output gave the estimated depth of thaw, the adjusted center deflection
for the *summer® (no frost) condition and the damage indicator. For this
study the vertical strain at the top of the base course was assumed to be the
damage indicator. The information obtained from analyzing the FWD data in
the FROST program can be used to impose load restrictions and/or identify
specific locations in need of repair.

Lary et al., [2.22] performed an extensive investigation of spring
pavement bearing capacity in the State of Washington. The FWD was used to
monitor pavement response at six locations during an eighteen month period.
Field sampling and laboratory testing was performed for material identifica-
tion. Most material properties, in particular the resilient modulus, was
estimated using the measured deflection basins and backcalculation tech-
niques in the program BISDEF. By assuming a nonlinear elastic stress dis-
tribution and the material properties obtained in BISDEF, the vertical strain
at the top of the base and subgrade (Evb and €,¢), the tensile strain at
the bottom of the pavement (et), and the surface deflections (§) were
evaluated. Using summer strain and deflection levels as reference values,
load levels producing strains or deflections equivalent to the summer values
were obtained. This was done for tire sizes ranging from 8 - 22.5 to 16.5 -
22.5. Assuming that any one of the four parameters ( eyg, €yps €¢ OT 6 )
created a critical condition, the load level at which any one of these
quantities exceeded the summer value was defined as critical. For the six
sections analyzed, combining the most critical loading configuration and
fatigue parameter, spring load limits of 33 to 45 percent of the equivalent
summer loading configuration (i.e., a 55 to 67 percent load reduction) were
obtained. Based on a review of all loading cases and their likelihood, a
recommendation of a 60 percent reduction in loads during spring thaw weak-
ening was recommended.
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2.3.5 TEST ROAD STUDIES OF THAW WEAKENING

Studies on the loss of bearing capacity in spring have been performed on
instrumented test roads. Some of these were reported in the Symposium on
Bearing Capacity of Roads and Airfields in Trondheim, Norway, in 1982. These
studies primarily focused on improved understanding of the mechanisms of
frost heave and thaw weakening and their potential relationship. Kubo and
Sugawara [2.23] investigated the bearing capacities of subgrades, subbases
and bases using buried plates in the Bibi Test Road in Hokkaido, Japan. The
results suggest a range of spring bearing capacities of 65 to 85 percent of
normal values for all materials combined. This range of values is high
compared to most results obtained from U.S. studies.

The Vormsund Test Road in Norway has been extensively studied for frost
heave and bearing capacity during spring thaw by Nordal [2.24]. For this
purpose several different test profile sections were estab]ished. For most
sections, base and subbase materials were essentially the same. The sub-
grades were either silt or clay materials. Benkelman Beam deflection mea-
surements were obtained during thawing and compared to summer values. No
strong correlations of frost heaving and thaw weakening were found. Spring
strength reductions were on the order of 30 percent for the silt material and
70 percent for the clay based on measurements obtained over a period of
several years.

Dys1i [2.25] studied thaw weakening on a full scale test road in Switz-
erland under carefully controlled environmental conditions. Loading, temper-
ature and subgrade water level were maintained at specified levels in various
tests. SubgraJe and subbase densities, moisture contents and material
stiffness properties were carefully measured. Soil temperature was measured
at eight different depths. Vertical displacements were measured at nine
depths with'magnetic sensors. MWater contents were monitored with nucleo-
meters. A refrigeration system maintained temperature conditions and traffic
loads were simulated with a dynamic jack acting on two circular plates. By
varying environmental conditions, freeze-thaw cycles causing slight deforma-
tions up to punching failures could be reproduced. Dysli suggested that the
results indicate that rate of thaw plays an important role along with the
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permeability of the subbase and subgrade. Where punching failures had
occurred, an increase in pore pressures was observed prior to failure.

The results of a study performed by Esch [2.26] on 120 pavement sections
in Alaska showed a significant correlation between the maximum seasonal
deflection levels, obtained with a Benkelman Beam, and the percentage of
0.075 mm and 0.02 mm particles in the base and subbase, typically a quantity
used as an indicator of frost susceptibility. The fines content was obtained
at six depths in the pavements that were monitored in the study. Stress
levels due to a standard dual wheel load were obtained assuming a homogeneous
elastic material below the pavement with a Poisson's ratio of 0.25. For the
resulting vertical stress levels with depth, the critical fines content was
obtained, above which increased deflections in spring would occur. The
critical fines content was 6 percent (passing 0.075 mm) for depth ranging
from 0 to 6 in. The critical fines content increased for greater depth.

Johnson et al., [2.56] reported on the resilient modulus of a silt under
various thicknesses of asphalt concrete (for frozen, thawed and fully
recovered conditions). Both field and laboratory data was obtained to
examine this process. Based on field deflection data, they found resilient
moduli for this specific silt soil as Tow as 290 psi during the critical thaw
period and as high as 14,500 psi when fully recovered (thus a loss in
stiffness of 98 percent when compared to summer conditions). Further, the
resilient modulus of the silt when frozen ranged from a low of 20,300 to
40,600 psi and a high exceeding 200,000 psi (the resilient modulus of the
frozen silt being a function of temperature and water content).

2.4 THERMAL CONSIDERATIONS

2.4.1 INTRODUCTION

Soil properties, specifically structure, particle size, pore size and to
a lesser extent surface chemistry, are largely responsible for the nature of
the ice present in a frozen soil. In addition, and of equal significance,
are the environmental factors controlling the degree, rate and history of
freezing and thawing occurring in a particular season. Many studies of thaw
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weakening have focused on identifying climatic conditions and freezing
depths, seeking relationships with the degree of thaw weakening.

While no evidence has been found to suggest that depth of frost penetra-
tion is an indicator of the severity of thaw weakening, the amount of frozen
ground present suggests the potential for spring bearing strength loss. In
addition, in order to study the pavement response in spring, the extent of
frozen and thawed states must be known.

In 1929, at the Ninth Annual Meeting of the Highway Research Board
[2.27], F.H. Eno outlined the importance of climate on

(a) drainage,

(b) subgrade and surface stability, and

(c) load restrictions.
The concept of duration of subfreezing temperatures as a critical index for
frost related pavement problems was introduced by Bouyoucos and Petit. From
this, Sourwine produced the first mapping of the critical index line for the
United States in 1930. From the time of the work of Eno and Taber [2.8]
until the 1950's, numerous studies were performed investigating the relation-
ship of several climatic factors related to thaw weakening. However, no
conclusive correlations were forthcoming. It was suggested by Crawford and
Boyd [2.27] and later echoed by Kubler [2.7, 2.28] that rate of accumulation
of the freezing and or thawing index is significant in the severity of thaw
weakening. Kubler's conclusions were based on an extensive study of
climatological data collected in West Germany from 1952 to 1957.

2.4.2 DEVELOPMENT OF A ONE-DIMENSIONAL MODEL FOR GROUND FREEZING
2.4.2.1 SINGLL LAYER MODELS

In 1860, Neumann presented the first solution for the one dimensional
advance of a freezing front due to a step increase in surface temperature in
a homogeneous soil. This solution can be found in Carlslaw and Jaeger
[2.29]. The solution is of the form:

X =0 th
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where:

depth of freezing,

duration of the freezing period, and

constant which is a function of several soil and temperature
parameters.

An approximate solution for this problem was proposed by Stefan in 1890,
assuming a 1inear temperature distribution in the zone above the freezing
front, and neglecting the temperature profile in the unfrozen zone. This
solution becomes:

2keTot 2
L

where:
kf = thermal conductivity of frozen soil,
Tg = applied constant temperature,
t = duration of freezing period, and
L = soil latent heat of fusion.

While the Stefan equation was considerably easier to solve, the resulting
calculated freezing depths were typically greater than measured values.

Aldrich and Paynter [2.30] obtained a solution, which closely approxi-
mated the Neumann solution upon which it is based, by introducing dimension-
less parameters® , M and » and making some slight approximations in the
transcendental equation in the Neumann solution so that it could be solved
digitally. The value necessary for the solution is presented in a nomo-
graph form. This solution is called the Modified Berggren solution and is
expressed as:

- [48 Kayg N FI]*%

L

where:
ku + kg
kavg = — in Btu/ft°F hr,
n = surface temperature coefficient, and
FI = air freezing index, (°F-days).

A1l other terms have been defined previously.
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2.4.2.2 MULTILAYER MODELS

This solution was expanded by Aldrich [2.31] to include any number of
layers of different materials. The equation for the depth of freezing for
multilayer modified Berggren becomes:

where:

ﬁj eff = ratio of the effective thermal properties for an n-layer

system
Olerr = =3 [ (1Lt Lydgr ...+ Ldy) +2 (2292 4 g+ .00 Lay)
k'e X¢ "kp 2 kp 2

d L dp

'En( T3]

In addition, the value of X is determined by using weighted values of C and L
to evaluate the fusion parameter 1y,

where:
_ cldl + Czdz + ... + Cndn
cwt o X
_Lydy + Lodp + ... + Lpdy
Lwt - X
where:

C = volumetric heat capacity.

A multilayer Stefan solution was proposed by Kersten and Carlson [2.32]
which follows the same assumptions as the single-layer Stefan solution. The
solution proceeds by requiring that heat flow be balanced at the layer inter-
faces. This approach yields the following equations:

for Layer 1: F} & —o——
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where:
F] = the number of °F-days required to freeze layer 1

- Lnhn (hn-l + hn)

for Layer n: Fn 26 kg 2K
n- n

The Stefan and Berggren solutions are by far the most widely used
methods for estimating depth of freezing or thawing. Several similar
approaches have been proposed throughout the early to mid 1900's. The reader
is referred to an excellent literature summary by Moulton [2.33] for a
thorough treatment of this topic.

2.4.3 EVALUATION OF THERMAL PROPERTIES

Three thermal properties, conductivity, volumetric specific heat and
latent heat, are required to evaluate the equations outlined above or to
perform any ground heat transfer analysis where freezing occurs. Latent heat
and specific heat can be measured using calorimetric techniques. Thermal
conductivity can only be evaluated indirectly by measuring temperature dif-
ferences resulting from controlled heat flow in the medium where boundary
conditions conform to some known analytic solution.

For engineering purposes, these properties are rarely measured. For
soils, they are primarily functions of the dry density (yd) and the moisture
content (w). Typically, estimates for ground thermal properties are made
using the following equations:

(a) Latent heat:

L = (144 Btu/1b)Y 4 w (Btu/ft3)

(b) Volumetric specific heat:

Unfrozen soil
Cy = vgq4 (0.17 + 1.0 706 ) (Btu/ft3)
Frozen soil

W
Cs = v 4 (0.17 + 0.5 799 ) (Btu/ft3)

The equations for thermal conductivity of soils most frequently used
were developed by Kersten (2.34). They are the following:
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(c) Thermal conductivity:
Unfrozen soil:
Fine-grained: ky = (0.9 logqgw - 0.2)100-01Yd ()

Coarse-grained: ky = (0.7 Togygw + 0.4)100-01Yd (y)

Frozen soil:
Fine-grained: k

Coarse-grained: . 0.076(10)0-013vd 0.032(10)0-0146vd

2.4.4 EVALUATION OF THE “"n® FACTOR

Lunardini [2.35] discusses the necessity of observing the precise defin-
ition of the n factor used in the Stefan and Berggren solutions:
_ Surface FI
" Rir FI

It should be obtained from temperatures measured above the ground surface
level (typically four feet) and on a particular surface type and not "back-
calculated" from a particular heat transfer solution such as Modified Berg-
gren. The n-factor, as it appears in the Stefan and Berggren equations, is
intended to be representative only of surface effects.

Kersten and Johnson [2.36] suggest an n-factor for freezing of 0.8 for
Minnesota pavements. This, however, is based on comparing measured and
predicted freezing depths. Argue and Denyes [2.37] reported the comparison
of air freezing index and surface freezing index based on the measured values
of the frost depth compared to calculated values using a Modified Berggren
approach, which is not in strict adherence with the definition. The results,
shown in Figur 2 2.14 for cleared asphalt surfaces, show decreasing n with
decreasing FI. Using an n-factor from Figure 2.14 and the specific layer
properties, the Modified Berggren equation predicted frost depths within a
standard error of seven inches when compared to the measured depths.

An extensive study of climatological factors related to frost action was
performed in Pennsylvania from 1969 to 1976 and reported by Hoffman et al.
[2.38]. Fourteen sites throughout the state were instrumented with thermo-
couples to collect ground temperature data. Surface and air temperatures
were compared at all sites to estimate n-factors. The average value of n for
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Figure 2.14. Freezing Index Surface/Air Correction Factor versus
Air Freezing Index (after Argue and Denyes, 1974)
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the eight years of data collection at all sites ranged from 0.25 to 0.51.
The n-factor was found to increase with increasing air freezing index for the
Pennsylvania data. The regression line obtained for the data was:

68.0596
AFI

n = 0.6106 -

where:
AFI = air freezing index

Surface and air temperatures were recorded during freezing seasons in
New Jersey from 1975 to 1977 at three different locations (report by Berg
[2.39]). The freezing season <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>